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SUMMARY  

The objective of the proposed research is to design low power, miniaturized and 

ultrasensitive microwave transmission line based metamaterials, evaluate their 

performance then utilize them for bulk materialsô constitutive parameters extraction and 

other practical applications with a narrower scope such as nondestructive and microfluidic 

sensing. Also, the research aims to introduce, model and verify a condition of sensitivity 

uniformity for permittivity and permeability sensors. Planar metamaterial-based sensors 

feature high measurement accuracy, excellent imaging capability, design simplicity and 

flexible design parameters. Moreover, one of their significant advantages is their 

compatibility with the printed circuit board (PCB) technology which eases their integration 

with passive and active microwave components. These features allow the designer to easily 

customize the sensor design to realize various sensing platforms that are suitable for a wide 

range of applications.  

The research starts by revisiting the operational theory of CSRR based sensors to 

identify the influential factors that govern their performance. Then, the identified factors 

are going to be utilized to come up with sensing platforms with significantly improved and 

controlled sensitivity. As proof of concepts, the proposed platforms are going to be 

fabricated, tested and utilized for practical applications such as crack and microfluidic 

sensing.  
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CHAPTER 1. INTRODUCTION  

1.1 Motivation  

Future sensing networks will revolutionize numerous medical, agricultural and 

industrial applications. The envisioned role of these networks is to provide massive and 

instant data with high accuracy to big data processing units. Ambitious scientists and 

engineers strive to reshape current sensing networks based on the future demand and 

technology advancement by deploying millions of sensing spots that are synchronized and 

linked together to enable continuous and remote monitoring of several and crucial physical 

inputs. Examples of such inputs include but not limited to heartbeats of patients and 

elderlies, soilôs moisture and fertility, corrosion rates and degradation of structural steels, 

toxic gas presence and spreading, instantaneousness weather conditions and global 

warming progression. In fact, traditional paradigms for the design and implementation of 

sensing networks are not going to be an option if the future Internet of Things (IoT) 

technology offers smart data acquisition, interpretation and immediate execution of 

necessary actions when needed. As the electrical and magnetic properties of materials are 

strong functions of the materialsô configuration, electrical sizes, temperature and several 

other conditions, no doubt electromagnetic based sensors are going to be extensively 

utilized and will be indispensable elements in the future IoT technology.     

IoT utilizes abundant spatially distributed sensing nodes that are linked to the 

processing unit(s) via predefined communication protocols. Each sensing node has its own 

controlled status which is a function of the interacting object/material properties and the 

nodeôs sensing mechanism. Due to the expected huge amount of sensing nodes and the 
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finite network power, it is required to design each sensing node using a sensing platform 

that draws almost zero power from the interrogating signal [1]. Transmission line based 

metamaterials fulfill this requirement and consequently can be utilized as sensing nodes 

for IoT applications with high efficiency.  The sensing node is the front end of any sensing 

network and almost the most vital element in the network. It affects the network integrity 

and suitability. Thus, such node should be thoroughly studied and properly design to attain 

the required performance.    

This research utilizes a transmission line based metamaterials for the characterization 

of isotropic, low loss and nondispersive materials. One way to realize such metamaterial is 

to load microstrip line or coplanar waveguide with a substrate inclusion meta-resonator 

such as split ring resonator or a defected ground structure meta-resonator such as 

complementary split ring resonator. The following section provides a brief overview of 

metamaterials. 

1.2 Metamaterials 

Electromagnetic Metamaterial is an artificial structure with unusual properties that 

donôt exist in nature [2].  An example of such structure includes a structure with negative 

permittivity, negative permeability or negative permittivity and permeability within RF and 

microwave frequency. A structure with negative permeability or negative permittivity is 

called a single negative (SNG) structure while one with negative permittivity and 

permeability is usually called double negative (DNG) or left-handed (LH) structure. LH 

materials were theoretically introduced in 1964 by the Russian physicist V. Veselago [3]. 

Three decades later a group of researchers was able to realize a 3D LH structure consisting 
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of conductive square split ring resonators and conductive wire strips deposited on 

fiberglass circuit board [4-5]. After that, two-dimensional metamaterial (widely known as 

planar metamaterials or metasurfaces) were realized using a meta-resonator loaded to 

conventional microwave transmission lines [6].  The introduction of such type of planar 

metamaterials was a remarkable advancement in the metamaterials field as it allows the 

realization of a metamaterial-based system using PCB technology and transmission lines. 

A transmission line based metamaterial is designed using a planar transmission line such 

as microstrip line (MTL) and Coplanar waveguide (CPW) loaded with a meta-resonator in 

the form of either defected ground structure (DGS) or surface substrate inclusion [7]. This 

structure can be utilized for various sensing applications as detailed in the next section.  

1.3 Sensing with Transmission Line Based Metamaterials 

The realization of planar metamaterials using planar transmission lines, allowed 

many researchers and engineers to utilize these metamaterials in different microwave 

devices such as passive filters, oscillators and phase shifters. They were also utilized for 

sensing applications due to their distinct features.  

One of the advantages of a meta-resonator compared to conventional microwave 

resonator is that the earlier is an electrically small resonator and can be utilized for 

miniaturized systems. This implicitly means, at resonance meta-resonators store the 

resonating electrical and magnetic fields at a confined volume. These fields can interact 

with the electrically and/or magnetically close objects or fields and couple them to the 

resonating structure. Thus, the resonance frequency and the other associated resonance 

parameters change due to the presence of nearby samples which suggest that these types of 
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metamaterials can be utilized as microwave sensors. In 2012, a group of researchers 

utilized this type of metamaterials for the estimation of a dielectric sampleôs permittivity 

[8]. This research opened the door for others to utilize a similar type of sensors for the 

estimation of effective permittivity and permeability within specific sensing zones for a 

wide range of applications. Examples of such applications, include but not limited to 

microfluidic sensing, displacement and velocity estimation, crack detection and 

characterizations.  

1.4 Problem Statement 

Previous research in the field, focused more on the design and introduction of novel 

topologies of planar metamaterials for material characterization with little elaboration on 

the involved sensing mechanism or more precisely the factors that manipulate the sensor's 

sensitivity. The majority of the previous works utilized the discussed cavity perturbation 

theorem to explain the general behavior of the proposed metamaterials and how do they 

interact with dielectrics. Such theorem provides a basic idea on how planar metamaterials 

sense dielectrics however, it was developed based on a homogenous closed cavity 

assumption and hence doesnôt provide a detailed insight into the structures under 

considerations. Also, previous works didnôt discuss in detail the effect of various 

transmission line parameters, resonatorôs excitation schemes and resonatorôs order on the 

sensitivity of planar metamaterials.  Thus, major research gaps and unanswered questions 

that need to be addressed and thoroughly investigated were identified by the researcher. 

This dissertation aims to address the following questions:  
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1- What are the influential factors that affect the performance of transmission line 

based metamaterials which are utilized for the characterization of isotropic, low 

loss and nondispersive materials? How do we interpret their influence based on the 

available electromagnetic theories and applicable system models and how can we 

control and optimize them?  

2- What are the necessary conditions that need to be fulfilled by a permittivity and 

permeability sensors to obtain a uniform sensitivity over a large spectrum? How do 

we implement and interpret these conditions based on the planar metamaterials 

equivalent circuit model? 

The rest of this dissertation is organized as follows: Chapter 2 provides a literature 

survey that summarizes the previous research efforts in the field. Chapter 3 presents 

the theoretical background and operation theory of transmission line based 

metamaterials. It also discusses the sensing mechanism of permittivity and/or 

permeability sensors. Chapter 4 presents a comprehensive sensitivity analysis that 

investigates the effect of the meta-resonatorôs excitation scheme, its order (i.e. single 

or double CSRR), and transmission lineôs substrate thickness on the sensitivity of 

transmission line based metamaterials. In addition the chapter proposes a condition of 

sensitivity uniformity and verifies it. The chapter includes also a design of a high 

sensitivity rectangular CSRR based sensor for relative permittivity measurement.  

Chapter 5 presents a comprehensive sensitivity analysis that investigates the effect of 

the meta-resonator path width and split length on the sensitivity of transmission line 

based metamaterials. It also presents a design of ultrasensitive sectorial CSRR based 

sensor for relative permittivity measurement and use for microfluidic and crack 



 6 

sensing. The dissertation is concluded in chapter 7 which lists the major outcomes, 

contributions and future work.    
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CHAPTER 2. LITERATURE SURVEY  

2.1  Overview 

Electromagnetic wave propagation and scattering are controlled by materials 

configuration, electrical sizes, permittivity, and permeability. Precise identification of 

these parameters leads to accurate modeling and design of electromagnetic systems. 

Permittivity and permeability are, in general, functions of the interfering waveôs frequency.  

However, permittivity has a stronger frequency dependence within RF and microwave 

frequency bands compared to permeability. Moreover, most dielectrics have poor 

magnetization properties within the same bands. Thus, the estimation of material 

permittivity is more significant than permeability for the design of most electromagnetic 

systems.  

Several techniques have been utilized to estimate the electromagnetic properties of a 

material [9-36]. Material characterization using transmission line based metamaterials is 

one of the emerging techniques. This technique depends on the direct interaction between 

the material under test (MUT) and the transmission lineôs evanescent field which results in 

high measurement accuracy and excellent imaging capability [37-39]. The type of planar 

metamaterial in consideration in this dissertation is composed of a conventional 

transmission line loaded with a meta-resonator such as split ring resonator (SRR) or 

complementary split ring resonator (CSRR). Proper selection of the hosting transmission 

line as well as the resonating structure is an essential factor that controls the performance 

of the designed planar metamaterial (i.e. designed sensor). 

Transmission line based metamaterials was introduced for relative permittivity 
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measurement in [8]. This paper utilized a microstrip line loaded with CSRR for the 

characterization of homogenous dielectric samples. It should be noted that the 

measurement of a permittivity within a specific sensing zone can be utilized to identify a 

material of interest when a homogenous material occupies the whole sensing zone, and/or 

utilized to measure a physical quantity of interest associated with a permittivity variation 

within a specified sensing zone. Numerous researchers have proposed different topologies 

of planar metamaterial for permittivity measurement [40-44] as well as other sensing 

applications with a narrower scope such as fluidic sensing [45-70], objectôs displacement 

and velocity [71-85], crack sensing [86-95].  The upcoming subsections discuss some of 

these applications in detail.  

2.2 Permittivity Measurement of Homogenous Dielectric Samples  

The first implementation of a metamaterial-based sensor using a planar 

transmission line was presented in [8]. This paper used a sensing platform composed of 

MTL loaded with a double CSRR. The passive structure is basically a passive stopband 

filter with a resonance frequency controlled by the MTL and CSRR design parameters. To 

estimate the relative permittivity of a homogenous dielectric sample using this setup, the 

authors loaded the loaded resonator (CSRR in this paper) with MUT. Fig.2.1 shows the 

used setup. Using a numerical solver, the whole setup was simulated where the relative 

permittivity of the loaded MUT was changed from 1 to 10 and the corresponding changes 

in the minimum transmission and minimum reflection coefficients were recorded and 

utilized to extract a mathematical relation between the change in the MUTôs relative 

permittivity and the change in the sensing platformôs scattering parameters.  
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The paper claimed that the CSRR based sensor is more sensitive than SRR based 

sensor for permittivity measurement. This claim was supported with a performed 

comparison between the performance of a double SRR and a double CSRR based sensors 

for permittivity measurement. The results of the comparison are shown in Fig.2.2. The 

presented procedure for this comparison overlooked critical details such as the used type 

of excitation, minimum transmission and minimum reflection frequency of the resonator 

Figure 2.1 General setup of the used sensing platform in [8] (Reprinted 

from [8], © IEEE [2012]) 
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and whether the used MUT covers the whole resonator footprint or it only covers the area 

of the maximum electric field. Moreover, the presented comparison and details didnôt 

clarify whether the obtained results could be generalized to higher or lower resonator order 

(single or triple SRR and CSRR resonator) or not.  These notes are critical as each one of 

them changes the resultant equivalent MUTôs capacitance and how it is coupled to the 

sensing platform.      

  

Figure 2.2 Behavior of the SRR and CSRR based sensors with respect to the 

permittivity of the surrounding medium. (Reprinted from [ 8], © IEEE [2012]) 
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Based on the results of [8], the minimum transmission frequency of the sensing platform 

is more sensitive to the variation of the loaded MUTôs permittivity compared to the 

minimum reflection frequency. Thus, many papers that have been published since 2012 

utilized this parameter to estimate the effective permittivity of the sensing zone. In fact, 

many of the published papers have utilized even similar excitation schemes, resonator order 

and substrate thickness. As it is going to be seen in this dissertation, all of these factors 

play an essential role in the sensitivity of the sensing platform.  

 The previous paper was the first journal paper in the field and it paved the way for 

other researchers to develop similar or new designs with additional applications and 

specifications for material characterization. For example, in [40] the author utilized CSRR 

based sensors for the estimation of MUTôs relative permittivity as well as its loss tangent. 

This feature is crucial at the presence of two regions within the sensing zone with different 

permittivity and conductivity. An example of such case includes anomaly detection of 

insulated metal surfaces or rusty metal surfaces. In such a case, the sensor will have a 

minimum transmission frequency shift due to permittivity variation as well as a variation 

in the magnitude of the minimum transmission and minimum reflection due to MUTôs 

conductive and dielectric losses. Such sensors are good candidates for structural health 

monitoring systems. 

 It should be noted that a meta-resonator based sensor, interacts with the materialôs 

permittivity using its evanescent field at resonance. The extent of this field around the 

resonator is highly dependent on the resonance frequency. Thus, this type of sensor was 

used in [41] for the estimation of the relative permittivity of the MUT as well as its 

thickness.     
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2.3 Permittivity Measurement of Liquid (Microfluidic Sensing) 

In 2013, a group of researchers published two journal papers where they utilized 

SRR based sensor [45] and CSRR based sensor [46] to estimate the complex permittivity 

of liquid samples.  Fig. 2.3 and Fig. 2.4 show the setup of the proposed sensors in these 

papers. The proposed sensors validated the ability of the meta-resonator based sensors to 

distinguish between different microfluidics with different complex permittivity. 

 

Figure 2.3 Setup of the proposed sensor in [45] (Reprinted from [45], © Elsevier 

[2013]) 
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Figure 2.4 Setup of the proposed sensor in [46] (Reprinted from [46], © IEEE [2013]) 

The sensing platform of these sensors was designed using simple MTL loaded with 

a meta-resonator. In the SRR based sensor, the meta-resonator was deposited as a substrate 

surface inclusion with close proximity to the MTL strip. At resonance, this configuration 

ensures the development of a high electric field within the SRR split which basically 

defines the sensing zone for a permittivity sensor. For the CSRR based sensor, the meta-

resonator was etched at the ground plane perpendicular to the MTL strip. At resonance, 

this configuration ensures the development of a high electric field within the CSRR 

circumference which is located at the opposite side of the resonatorôs split.  Thus, the 

sensing zone of the CSRR based sensor is bigger than the sensing zone of the SRR based 

sensor. This fact doesnôt mean that CSRR based sensor has a better performance than SRR 

based sensor as this is a general statement that needs to be restated based on the basis of 

comparison. For example, when the microfluidic channel of the two sensors was loaded 

with water, the minimum transmission frequency of the CSRR based sensor changed by 
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25% while the corresponding frequency of the SRR based sensor changed by almost 7.5% 

yet the later consumed less water than the earlier to come up with this result. Moreover, 

CSRR is optimally excited using MTL, while SRR is optimally excited using coplanar 

waveguide (CPW) [7].  In addition, for microfluidic sensing the design, dielectric constant 

and location of the microfluidic channel affects the sensitivity of the sensor as it changes 

the effective permittivity within the sensing zone. Thus, the equivalent channelôs 

capacitance seen by the SRR based sensor which uses a confined channel around its split 

to trap the loaded liquid, is totally different than the equivalent channelôs capacitance seen 

by the CSRR based sensor which uses broader channel that covers part of its circumference.  

A modified SRR based sensor was used in [47]. The used sensor depends on the 

edge excitation of the utilized double SRR using two unconnected MTL strips. Fig. 2.5 

shows the setup of the proposed sensor in this reference. Unlike previous design which 

uses a passive bandstop filter for sensing applications, this passive structure results in a 

passive bandpass filter. The microfluidic channel extends along the interface of the two 

SRRs. Two versions of this sensor were proposed. The microfluidic channel of each one 

of them was designed with different materials and sizes. When the microfluidic channel of 

each version was filled with water, the maximum transmission frequency of the first 

version which has a bigger channel changed by 2.4% while the corresponding change in 

the second version was 0.6%.   Thus, despite the fact that the proposed two versions are 

relatively more complex than the conventional SRR ones, both of them have very limited 

sensitivity. The reason is that edge coupling is not the optimum excitation of SRR due to 

the loss of considerable part of the exciting electric and magnetic fields in the non-guiding 

medium above the MTL strip (i.e. the air). However, this design has an advantage as it 
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utilized a bandpass filter structure rather than a bandstop structure which allows the 

utilization of this setup as a microfluidic switch within a narrow band. In addition, the 

proposed sensor has a narrow microfluidic channel that was designed in the same plane of 

the substrate. This increases the sensorôs compactness and increases the practicality of this 

sensor especially for applications where the afforded sensor space is limited in the third 

dimension.      

 

Figure 2.5 Utilized sensor in [47], the microfluidic channel extends between the two 

SRRs (Reprinted from [47], © IEEE [2014]) 
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The previously discussed sensors, use two experimental steps to estimate the 

permittivity of a given sample. In the first step, the free space minimum transmission 

frequency of the sensor is measured. In this step the sensorôs meta-resonator is unloaded 

and the measured frequency is the reference frequency that is needed for all subsequent 

measurements. In the second step, the minimum transmission frequency of the sensor is 

measured after loading its meta-resonator with the MUT. The minimum transmission 

frequency in this step is compared to the reference one which leads to the approximate 

permittivity of the loaded MUT. This traditional procedure is not immune to the possible 

stochastic noise from the testing equipment or environmental condition around the sensor. 

Moreover, re-utilization of a sensor may cause a slight shift in its minimum transmission 

frequency due to the accumulation of tiny particles above its most sensitive area (i.e. above 

the meta-resonator) or due to a slight deformation of the sensor surfaces. For this reason, a 

novel sensing platform based on differential sensing was proposed in [48].  

The proposed microwave microfluidic differential sensor is composed of 

splitter/combiner MTL that is loaded with two identical double SRRs. The splitter splits 

the guided microwave signal evenly among the two branches. Each SRR is loaded to a 

single branch of the branched MTL and excited with equivalent power compared to its 

counterpart.  In addition, each SRR is loaded with an identical microfluidic channel. Fig. 

2.6 shows the design of the proposed differential sensor in [48].  
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Figure 2.6 Proposed differential sensor in [48], the electric field at resonance is shown 

in (b) (Reprinted from [48], © IEEE [2017]) 

If the two meta-resonators are loaded with identical MUTs, the effective 

permittivity sensed by each resonator is going to be identical as well as the electrical length 

of the combined resonator/MUT structure thus, a single local minimum transmission 

frequency is going to be detected within the frequency band of operation. However, if there 

is a tiny difference between the loaded MUTs, the branched line will be unbalanced and 

two local minima are going to be detected within the frequency band of operation. Thus, 

differential sensing allows the designer to relax the required designôs complexity to obtain 

permittivty estimations with more integrity by adapting splitter/combiner configuration 

which detects the variation between two MUTs under the same environmental and setup 

conditions.   An example of the practically of this type of sensor is the detection of 

concertation variation among different microfluidic. Fig. 2.7 shows the measured 

transmission coefficient for different microfluidics that were tested using the discussed 

sensing platform.  It should be noted that differential sensing can be implemented using 

different meta-resonators and different transmission lines as long as the branched lines are 
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split and combined with two different ports. Additional differential sensors for 

microfluidics and other sensing applications can be found in [96-102].  

 

Figure 2.7 Measured transmission coefficient of the differential sensor presented in 

Fig. 2.6 for different channels loading (Reprinted from [48], © IEEE [2017]) 

Despite the fact that the differential sensor is able to detect a very small difference 

between two MUTs, the sensitivity of this sensor itself depends on the sensitivity of the 

two sub-sensors that compose it. Thus, the differential sensor that is composed of two 

sensors that have low resolution might not be able to produce distinct local minima when 

the loaded MUTs are not electrically and/or magnetically similar. For this reason, the 

introduction of the differential sensor doesnôt eliminate the need for the enhancement of 

the existing meta-resonator based sensors sensitivity. 



 19 

2.4 Crack Sensing  

Crack detection using a meta-resonator based sensor was first proposed in [86]. The 

proposed sensor composed of MTL loaded with double CSRR. It was used to detect straight 

fine crack that was artificially created in the upper surface of an aluminum cube.  The 

CSRR footprint and the MTL ground plane was covered with a Teflon sheet to reduce the 

conductivity between the ground plane and the aluminum cube. It was also used to mimic 

the presence of a paint layer above the cracked surface which is usually the case in practice. 

The used CSRR is a square resonator with a 3-mm side. Such resonator provides high 

intensity and highly confined sensing fields that can detect tiny cracks at an early stage. 

Fig.2.8 shows the proposed sensor and scanning direction. The minimum transmission 

frequency of the proposed sensor shifts by 240 MHz for a crack with 0.1mm width.  

 

Figure 2.8 Proposed crack sensor in [86] and scanning direction (Reprinted from [86], 

© IEEE [2012]) 

The same research group published a paper that discussed in detail the proposed 

sensor and utilized it for the detection and characterization of surface cracks in both 

metallic and non-metallic surfaces [87]. The paper explained the detection mechanism 
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based on both metallic and non-metallic surfaces.  At resonance the loaded CSRR has its 

maximum electric field at one side of the CSRR opposite to the CSRRôs split as shown in 

Fig. 2.9 while the maximum surface current appears at the CSRRôs split as shown in Fig. 

2.10. For optimized crack detection and characterization in non-metallic (dielectric) MUT, 

the CSRR side with the dominant electric field needs to be parallel to the crack. Similarly, 

for optimized crack detection and characterization in metallic MUT, the CSRR split which 

has the dominant surface current needs to be parallel to the crack.   

 

Figure 2.9 Electric field profile of the loaded CSRR at resonance, (Reprinted from 

[87], © Sensors [2014]) 
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Figure 2.10 Surface current profile of the loaded CSRR at resonance, (Reprinted 

from [87], © Sensors [2014]) 

Previously discussed sensors were designed using conventional double CSRR. This 

type of resonator is basically an unclosed rectangular path etched in the ground plane. 

When this type of sensor is used to detect a crack in a metallic MUT, the internal island of 

the CSRR and the metallic surface of the MUT compose an equivalent coupling 

capacitance that degrades the performance of the sensor. Thus, a modified CSRR design 

was used to reduce the coupling capacitance between the crack sensor and the metallic 

MUT [92]. The used CSRR has many rectangular strips within its internal island which 

dramatically decreases the conductivity of the internal surface and consequently reduces 

the equivalent CSRR-MUT electrical coupling. Fig.2.11 shows the proposed sensor 

topology. Compared to previous designs, the proposed sensor has a higher dynamic range 

and consequently higher frequency resolution. The minimum transmission frequency of 

the proposed sensor has a frequency shift of 1.5 GHz for a surface crack with a 0.2mm 

width and 2mm depth. The paper discussed the influence of the standoff distance (a gap 
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between the sensor and MUT) on the integrity of the sensor outcomes. As the sensor senses 

with the evanescent field, the sensed crack needs to be within the sensorôs sensing zone 

which extends few microns below the loaded meta-resonator. Thus, as the standoff distance 

increases, the integrity of the sensor outcomes decreases. In addition, it should be noted 

that the integrity of the sensor outcomes depends on the crack orientation with respect to 

the sensing elements within the loaded meta-resonator [92]. For example, using the 

proposed sensor with the proposed meta-resonator orientation, the existing MUT crack 

needs to be parallel to the MTL strip for optimized detection.    

 

Figure 2.11 Proposed crack sensor in [92] and scanning direction (Reprinted from 

[92], © IEEE [2017]) 

2.5 Permeability and Permittivity Measurement of Magneto-dielectrics   

Magneto-dielectric substrates are substrates with non-unity permeability and 

permittivity. Non-unity permeability and permittivity increase the magnetic and electric 

energies storage within the substrates. They also reduce the electrical lengths of microwave 

systems as they allow more control over the wave velocity within the guiding structure 
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compared to conventional substrates. For these reasons, these types of substrates are 

utilized for the design of high efficiency electrically small antennas [106]. 

As discussed previously, the permittivity of a dielectric can be measured using the 

resonating electric field of the meta-resonator based sensor. The resonating electric field 

polarizes the molecules of the dielectric and stores electric energy within the MUT which 

can be modeled with an equivalent capacitance loaded to the meta-resonator. For 

permeability measurement, the resonating current within the meta-resonator is utilized to 

induce a current within the loaded MUT. The induced current is directly proportional to 

the resonating current. The induced current within the MUT stores part of the resonating 

energy in the form of magnetic energy, thus the MUT in this case can be modeled with 

equivalent inductance. Based on the discussed mechanism, it should be noted that the 

resonating electric field as well as the resonating currents contribute to the resonance 

frequency variation. Thus, for better estimation, the sensing zone of the MUT permittivity 

and the sensing zone of the MUTôs permeability should not be closely located. It should 

also be noted that, as magnetic charges donôt exist and utilized only as an analogy to the 

presence of electric charges, the losses determined by the complex permeability of a given 

magneto-dielectric is essentially associated with the magnetic losses caused by the induced 

current polarity oscillations (i.e. magnetic dipoles oscillations).   

A single meta-resonator based sensor for complex permeability and complex 

permittivity measurement was proposed in [107]. The sensor was designed using modified 

double CSRR loaded to MTL. Two tests were performed for each MUT, one test to 

measure the MUTôs permittivity while the other is used to measure the MUTôs 

permeability. In each test, the loaded MUT was placed at the location of the maximum 
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field/current of interest (i.e. maximum electric field for permittivity measurement and 

maximum surface current for permeability measurement). Fig.2.12 shows the proposed 

sensor topology and the resonating fieldsô profile. 

A key advantage of the proposed sensor is the clear difference between the locations 

of the two sensing zones. Loading the MUT to meta-resonator at the permittivity sensing 

zone causes a frequency shift based on the materialôs permittivity only. Similarly loading 

the MUT to meta-resonator at the permeability sensing zone causes a frequency shift based 

on the materialôs permeability only. Thus, the two quantities are estimated with high 

accuracy.   

The provided study didnôt discuss the optimized excitation scheme for high 

sensitivity. It didnôt also estimate the error related to the air gap presence for permeability 

and permittivity measurement. The air gap is a common source of error for a near field 

sensor. The presence of such gap influences the impedance seen by the meta-resonator and 

consequently varies the impedance of the loaded MUT which may results in a serious 

fluctuation in the obtained reading.  As this sensor has two different sensing zones, air gap 

error should be molded using two different formulas where each one is related to a specific 

sensing zone and specific materialôs parameter (i.e. permeability and permittivity). 
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Figure 2.12 Proposed sensor for Magneto-dielectric MUTs (Reprinted from [107], © 

IEEE [2018]) 
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2.6 Remarks on the Platformôs Practicality and Sensitivity Comparison  

CSRR based sensing platforms are two-port networks where a change in the 

minimum transmission frequency is utilized to extract unknown permittivity of a loaded 

MUT. Such setup is suitable for a test at an equipped laboratory using a vector network 

analyzer. However, the planar metamaterial based sensors can be utilized as sensing spots 

in a wireless sensing network when they are integrated with RFID tags for IoT applications. 

For example, for a chip-less RFID, the loaded resonator will interact with the interrogating 

electromagnetic wave and introduces a change in the tag load impedance based on the 

variation of the permittivity within the sensing zone. One way to realize such a scheme 

with a chip-less RFID tag, is to excite the resonator with MTL strip within the RFID 

internal circuitry [108].  

To measure materialôs permittivity with a sensor composed of a planar resonating 

structure, MUT should be brought into the sensing zone which is characterized by the 

presence of high resonating electric field intensity. Key performance enhancement for a 

relative permittivity sensor is to enlarge its sensing zone and strengthen its resonating 

electric field while maintaining uniform sensitivity over a large band of frequency. Proper 

selection of the hosting transmission line as well as the resonating structure is an essential 

factor to attain such enhancement.  

The sensitivity of various sensors can be compared using the relation between the 

minimum transmission frequency and the MUTôs relative permittivity. Previously 

proposed sensors had different operational bands and minimum transmission frequencies. 

It is expected that a sensor with a high free space minimum transmission frequency to have 

a higher shift magnitude (i.e. shift measured in GHz) compared to a sensor with a lower 
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one when they are loaded with identical MUTs. Thus, to have a consistent sensitivity 

comparison irrespective of shift magnitude (i.e. irrespective of the resonatorôs size), it is 

recommended to compare the percentage of the minimum transmission frequency shift 

rather than the magnitude of minimum transmission frequency shift.  

MUTôs relative permittivity range is another crucial factor for consistent 

comparison. The MUTôs equivalent capacitance is inversely proportional to the minimum 

transmission frequency shift increment. Consequently, as the permittivity of the loaded 

MUTôs increases, the increment in the magnitude and percentage of the minimum  

transmission frequency shift with respect to free space minimum  transmission frequency 

decreases. For large permittivity, the corresponding increment starts to be negligible. For 

this reason, the sensitivity of a permittivity sensor with a free space minimum transmission 

frequency less than 10 GHz could be evaluated efficiently using MUTs with a variable 

relative permittivity between  1 and 10. Table 2.1 shows a sensitivity comparison based on 

the percentage of the minimum transmission frequency shifts as the MUTôs relative 

permittivity changes from 1 to 10 for previous studies that used CSRR based sensors for 

permittivity measurements. The basic configuration of the compared sensors is similar 

where a coaxial line is used to feed a microstrip transmission line (MTL) loaded with a 

CSRR. These studies used the same alignment of single or double CSRR with respect to 

the MTL strip (i.e. the resonatorôs slit is oriented perpendicularly to the MTL strip). The 

used orientation ensures resonance excitation with pure electric excitation through the 

time-varying electric field between the MTL strip and the ground plane. 
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               Table 2-1 Sensitivity Comparison between Recent CSRR Based Sensors  

Ref. Freq. Band (GHz) Resonator Freq. Shift 

[8] 0.8-1.3  Double CSRR 38 % 

[40] 1.8-2.8 Double CSRR 36% 

[41] 1.08-1.63  Single CSRR 34% 

[41] 2.16-3.33 Single CSRR 35 % 

[42] 1.75-2.7 Double CSRR 35% 

[43] 5.23-8.45 Double CSRR 38% 

 

 

 

 

 

 

 

 

 

 

 



 29 

CHAPTER 3. CSRR BASED SENSORS: OPERATION THEORY  

To develop a microwave sensor we need to design a microwave system that has a 

tangible variation in at least one of its characterizing parameters caused by a corresponding 

variation in the permittivity and/or permeability of a given MUT. The optimum 

performance of a sensor is attained when the interaction between the sensor and the MUT 

is maximized which consequently maximizes the variation of the characterizing parameter 

or parameters.  

Each proposed sensor in this research is designed using a microwave planar 

transmission line (MTL) that is loaded with a passive resonator (CSRR). Every 

transmission line has its unique electric and magnetic field profiles within and around its 

spatial extent. The resonance of a passive resonator can be optimally excited using 

optimum alignment between the resonator and interacted electric and/or magnetic fields. 

Therefore, it is necessary for a sensor designer to understand transmission linesô 

propagating modes and fieldsô profiles as well as resonator excitation requirements to be 

able to select a transmission line that better fits the resonatorôs optimum excitation scheme. 

The following subsections provide a smooth background that rationalizes the utilization of 

microstrip line loaded with a CSRR in this dissertation to realize high sensitivity relative 

permittivity sensors.       

3.1 Sensing with Two-Port Network 

Unlike low-frequency electrical systems, microwave systems or networks can be 

characterized using the networkôs scattering parameters. This is due to the fact that the 

wavelength of a microwave signal is too small compared to the physical dimensions of the 
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system which makes it difficult to measure the voltage and current variations within its 

physical extent with high accuracy [109]. Microwave network has at least two ports. A 

scattering parameter between two ports in a microwave network could be either a 

transmission or a reflection parameter. Each scattering parameter is represented by a 

complex number with a magnitude and phase. The magnitude and phase of a given 

scattering parameter are functions of the microwave network and the feeding network 

impedances. Consequently, they are functions of the frequency band of operation. For ideal 

and matched two ports network, the magnitudes of the normalized transmission and 

reflection coefficients are unity and zero, respectively.  However, in practice these 

coefficients have slightly different values due to the presence of a non-preventable 

mismatch between the impedance of the two-port network and the corresponding 

impedance of the feeding network. The subsequent discussion in this chapter, is focused 

on a transmission line based two-port network as it is the utilized network in this 

dissertation.    

In principle, the variation in the magnitude and/or phase of one or more scattering 

parameters could be utilized to estimate the permittivity and/or permeability of the medium 

through which the wave propagates. Thus, for a given transmission line the mentioned 

variation could be utilized to estimate the permittivity and/or permeability of the lineôs 

substrate. Moreover, if a dielectric material has a direct electric and/or magnetic coupling 

with the lineôs substrate and/or the propagating wave, scattering parameters could be 

utilized to estimate the permittivity and/or permeability of the interacting dielectric 

material (MUT).  For example, when a simple planar transmission line is loaded with MUT 

(i.e. a slab of dielectric material is placed on top of a straight MTL signal strip), the velocity 
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of the microwave signal within the network decreases compared to the unloaded case which 

consequently varies the phase of the scattering parameter. In addition, if the loaded MUT 

is a lossy dielectric, the magnitude of the scattering parameter is also going to be changed. 

Yet, for both examples, the expected changes in the magnitude and phase might be 

insignificant/unidentifiable especially for a low loss dielectric sample with dielectric 

constant close to the dielectric constant of the transmission lineôs substrate. A recent study 

proposes a permittivity sensor using a planar transmission line with a meandered strip[114]. 

The proposed sensor has better sensitivity compared to a transmission line with a straight 

strip as the variation in the signal velocity (i.e. variation in the electrical length of the line) 

is higher.  

The prior discussion considers using a simple transmission line as a microwave 

sensor. The magnitude of the transmission and reflection coefficients of such line is almost 

flat and in general doesnôt have an easily identified characteristic features such as local 

minima and/or local maxima which mandate the use of a high precision measurement 

system if they are utilized for sensing applications. To reduce the need for such 

measurement system, microwave sensors are usually designed using a two-port network 

that exhibits minimum and/or maximum transmission and/or reflection within the 

frequency band of operation. This minimum/maximum changes its location within the 

frequency band of operation based on the properties of a loaded MUT. It should be noted 

that it is also preferred to have other characteristic features such as the bandwidth variation 

which is utilized to estimate the relative permittivity of a dielectric MUT in chapter five of 

this dissertation.  
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 To design a two-port network with a scattering parameter that has at least one local 

minima and/or local maxima, the designer needs to purposely break the matching condition 

between input and output port of the two-port network by inserting an object with different 

impedance within the transmission medium. One way to realize such network (or sensor in 

our case) is to load a transmission line with a resonator. In such case, at a specific frequency 

(or frequencies) the system resonates and the energy of the injected wave is trapped within 

the resonator in the form of oscillating electric and magnetic energy, a case at which the 

transmission coefficient of the network reaches its minimum value (for bandstop 

configuration) or its maximum value (for bandpass configuration) within the frequency 

band of operation. Loading the loaded resonator with MUT, changes the resonator 

impedance which consequently changes the position of the minimum/maximum 

transmission coefficient.  

To optimize the design of a microwave sensor for permittivity measurement, we 

need to determine the optimum resonator that better fit a transmission line with a given 

propagating mode for sensing applications. The upcoming section revisits the most popular 

types of transmission lines and their propagating modes.  

3.2 Types of Transmission Lines Propagating Modes   

The mode of a propagating wave can be classified as transverse electromagnetic 

(TEM), transverse electric (TE), transverse magnetic (TM) or hybrid mode. In the TEM 

mode the electric and magnetic fields are both orthogonal to each other as well as to the 

direction of the wave propagation. On the contrary, the TE (TM) mode has only electric 

(magnetic) field orthogonal to the direction of wave propagation. Hybrid mode is a 

combination of TE and TM propagating modes.  
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Electromagnetic waves propagate in a bounded or unbounded mediums. They 

propagate in unbounded homogenous medium with a TEM mode. On the other hand, when 

the EM waves are bounded within nonhomogeneous materials (i.e. conductors and/or 

dielectrics) the boundary conditions may alter the mode of the propagating waves. For 

example, EM propagates within coaxial cable with TEM mode however, single-conductor 

rectangular waveguide supports either TE or TM modes while MTL supports hybrid mode 

[109]. The question is which mode is better for passive resonator excitation. 

At resonance, electric and magnetic fields induce magnetic (fictitious) and 

conduction current, respectively within a passive resonator that is composed of dielectric 

and conductive materials.  They also induce displacement magnetic and electric currents. 

To maximize the resonance strength, these currents should be synchronized to increase the 

corresponding constructive interferences and reduce the destructive ones. For a given 

symmetric resonator loaded to a planar transmission line, this can be reasonably achieved 

by placing the resonator at a confined zone where almost all vector components of electric 

and magnetic fields that exist within the homogenous guiding medium (i.e. dielectric 

substrate) are perpendicular to each other as well as to the corresponding wavevector 

components. Thus, TEM mode is the preferred mode of excitation for passive resonator 

loaded to a planar transmission line.      

A TEM transmission line with two conductors, has uniquely defined voltages, 

currents and characteristic impedances along its length. This type of line can be modeled 

by series inductors and shunt capacitors. The series inductances and shunt capacitances 

account for the strength and orientation of the magnetic and electric fieldsô, respectively.  

Strictly speaking this model is valid for a perfect TEM transmission line. The series 
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inductances and shunt capacitances in the model indicate that at each electrically small 

section within the transmission line, all magnetic fields (electric fields) vector components 

are orthogonal to the corresponding electric fields (magnetic fields) vector components as 

well as to the corresponding wave vector components. This model fits more a coaxial cable 

where all transmitted wave is guided through a homogenous tubular dielectric which is 

sandwiched between central and circumferential conductors. However, it doesnôt fit 

precisely planar transmission lines where the guided wave is transmitted in a non-

homogeneous medium composed of a dielectric substrate and non-uniform layers of the 

surrounding medium (i.e. air). In such case, the planar transmission line has a propagating 

wave that is composed of a dominant TEM mode and a fractional TE-TM mode [109].  

This mode is called the quasi-TEM mode. The propagating mode of a coplanar waveguide 

(CPW) and MTL is a quasi-TEM mode [109]. At a confined volume within their substrates, 

a CPW has a TEM mode with a parallel magnetic field with respect to the hosting substrate 

surface plane vector while MTL has a TEM mode with a parallel electric field with the 

same reference. Thus, the selection of either line for sensing applications depends on the 

optimum orthogonal excitation requirements of the loaded passive resonator. It also should 

take into account the type of circuit components that share the same transmission line. For 

example, CPW might be a preferred choice for a microwave sensor that shares the substrate 

with circuit elements that need easy access to the transmission lineôs ground.  

3.3 Defected Ground Structure and Substrate Inclusion  

MTL and Coplanar waveguide (CPW) are two of the most popular planar 

transmission lines.  Both lines are used primarily for low power signal transmission. 

However, their function could be altered by changing their configurations or by adding 
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other passive or active elements to realize numerous microwave circuit components such 

as resonator-based sensors, filters and antennas. This dissertation proposes sensors that are 

designed using a planar transmission line loaded with scalable resonators. One way to 

realize such device, is to load the transmission line with either a conductive substrate 

inclusion or a ground plane defect. 

Defected ground structure (DGS) and conductive substrate inclusions have been 

extensively utilized for various sensing and filtering applications. Ground defects and 

substrate inclusions are coupled to the quasi-TEM mode of the MTL or CPW. TEM mode 

is intense within a limited volume of the substrate of these transmission lines [109]. This 

limitation restricts the designerôs choice of ground defect/substrate inclusion position 

within the hosting transmission line for proper coupling (excitation) purposes. Ground 

defect and substrate inclusion form mismatched loads, therefore they enforce new 

boundary conditions that change the profile of the original fields and induced currents 

within the hosting transmission line, which consequently causes a wave reflection and 

possibly a resonance at specific frequency band. For this reason, these two structures are 

considered as resonators.  

Resonance occurs when a system stores an oscillating and balanced electric and 

magnetic energy. When a microwave circuit resonates, electric and magnetic energy 

oscillates between each other. The resonance frequency of the microwave resonator 

changes when the distribution of the electromagnetic fields within the resonator vicinity 

perturbs. This is due to the variation of the overall systemôs effective permittivity and 

permeability. The word system is referred to the resonator and the surrounding 

environment which includes interacted electromagnetic fields and/or electrically close 
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objects. Accordingly, when MUT brought into direct contact or close proximity to a 

resonating structure or when it interferes with the guided waves within a resonating 

structure, it perturbs its electromagnetic field distribution and consequently its resonance 

frequency changes. The change in the resonance frequency and the MUT properties can be 

related to each other using cavity perturbation relation in (1) [8].  
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where ЎὪ is the shift in the resonance frequency Ὢ , Ўʀ and Ўʈ are the change in 

the permittivity and permeability, respectively. ʀ and ʈ are the free space permittivity 

and free space permeability, respectively. Ἇ and ἒ  are the original fields. Ἇ and ἒ  are 

the fields with perturbation. ○ is the perturbed volume.  

For extremely low power resonator with negligible variation in the magnitude of 

the electric and magnetic fields before and after the resonance, the relation can be 

simplified to (2) 
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For sensing applications, the design and parameter selections of the planar 

transmission line as well as the defect/inclusion should be optimized to maximize the 

resonance strength and to optimally confine the resonating electrical (magnetic) fields 

within permittivity (permeability) sensing area. Moreover, the resonatorôs selection should 

consider the available excitation power by the feeding network. For example, it is expected 

that numerous sensing spots will be utilized for the emerging internet of things (IoT) 
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applications where each point will have very low power [1]. Thus, the utilization of 

electrically small resonators with almost zero power is a preferred choice for such 

applications.       

3.4 Resonator Type 

Split ring resonator (SRR) and its complement (CSRR) are electrically small 

structures with circular current paths which in turn develop tightly spaced inductance(s) 

and capacitance(s) at resonance.  Such structures reduce the length of the current path 

required by conventional transmission line resonators which allow the realization of 

miniaturized resonator-based devices [8]. Fig.3.1 shows a layout of double square SRR and 

CSRR. Single SRR or CSRR can be obtained by simply removing the inner or outer ring 

of the double counterpart.  

 

Figure 3.1 The layout of double (a) SRR (b) CSRR. Gray color designates conductive 

material. (Reprinted from [110], © IEEE [2019]) 
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In principle, SRR and its complement can be magnetically and/or electrically 

excited. However, the normal time-varying magnetic (electric) field is considered as the 

dominant SRR (CSRR) excitation. For this reason, to ensure proper excitation of these 

resonators when loaded to a transmission line, SRR is placed as a substrate conductive 

inclusion in the bottom of a CPW substrate centered at the narrow gap between one of the 

ground strips and the central signal strip.   On the other hand, CSRR is placed as a ground 

defect in the MTL ground plane normal to the MTL strip [7]. This excitation schemes force, 

conduction current circulation within the SRR circumference and magnetic current 

(fictitious) circulation within the CSRR circumference. It should be noted that a CSRR 

loaded to a transmission line is not a perfect complement of its counterpart due to the 

presence of the dielectric substrate and finite ground plane [7]. However, the overall 

expected response of the exact CSRR is slightly affected by these two factors especially 

for a thin substrate with low permittivity.  

For electrically small resonators, the size of the sensing zone determines which 

resonator to be utilized as the captured energy is relatively low for both resonators. At 

resonance, CPW loaded with SRR concentrates the resonating electric field within its slit 

while MTL loaded with CSRR has a larger concentration area within its circumference. 

Therefore, each proposed sensor in this research is designed using MTL loaded with a 

CSRR.    
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CHAPTER 4. RECTANGULAR CSRR BASED SENSOR  

4.1 Introduction  

This chapter proposes miniaturized, lightweight and high sensitivity planar 

metamaterial based sensors for relative permittivity measurement within [0.9-10.9] GHz 

band. Each proposed sensor is designed using a thin-substrate microstrip line loaded with 

a single complementary split ring resonator (CSRR). The loaded resonator is excited using 

maximum electric/magnetic (cross-polarization) excitation to maximize the sensorsô 

sensitivity. Each proposed sensor operates at different frequency ranges within [0.9-10.9] 

GHz band based on the size of the loaded resonator. Compared to similar state-of-the-art 

sensors, the proposed ones are at least (30)% more sensitive. The minimum transmission 

frequency shifts (50)% as the sampleôs relative permittivity changes from 1 to 10. The 

chapter proposes a condition of sensitivity uniformity to maintain a uniform sensitivity 

over the specified band irrespective of the resonator size. Utilizing the proposed condition, 

the sensitivity of all sensors remains uniform throughout [0.9-10.9] GHz band for all 

dielectric samples with relative permittivity between 1 and 10. This vital feature allows the 

practical realization of resonant probes with less computational operations and consistent 

measurements over a wide dynamic range of the sensing-related frequency. Experimental 

measurements are in good agreement with the numerical findings. The chapter includes a 

comprehensive sensitivity analysis that investigates the effect of resonatorôs excitation 

scheme, resonatorôs order (i.e. single or double CSRR) and substrate thickness on the 

sensitivity of CSRR based sensors. The proposed sensing platforms are recommended for 
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the development of highly sensitive, consistent and reliable planar sensors such as 

microfluidics, displacement, nondestructive and biomedical sensors. 

The chapter is organized as follows. Section 4.2 provides a comprehensive sensitivity 

analysis where the effect of the excitation scheme, resonatorôs order, and substrate 

thickness on the sensorsô sensitivity are thoroughly investigated. This section also presents 

a condition of sensitivity uniformity with the required proof of concept. Section 4.3 

summarizes the sensorsô design and outlines the measurement procedure. The experimental 

results are presented in section 4.4. The air gap effect is numerically studied in section 4.5.  

4.2 Sensitivity Analysis 

A comprehensive sensitivity study was conducted to investigate the effect of various 

excitation schemes, CSRRôs order (i.e. single or double) and substrate thickness on the 

sensitivity of a CSRR based sensor. Throughout this chapter the considered cases were 

numerically studied using full-wave numerical simulation package ANSYS HFSS. The 

simulation setup consists of a planar sensor loaded with a variable permittivity MUT 

positioned underneath the MTL ground plane in direct contact with the etched CSRR. For 

all cases, the used CSRR is a square CSRR with a path width of 0.2mm. The split length 

as well as the separation between inner and outer rings for double CSRR are also 0.2mm 

for all cases. The used MUT is a rectangular dielectric cube with a 5-mm height. The width 

and length of the MUT are identical and assumed to be two times higher than the side 

length of the square CSRR. The planar center of the CSRR and the interfaced MUTôs 

surface coincide.  Except for the air gap study at the end of this chapter, the MUT is 

assumed to be in direct contact with the etched CSRR. Fig.4.1(a) and Fig.4.1(b) show the 



 41 

general sensorsô setup. For each studied case, the general structure was changed based on 

the case-specific excitation scheme, CSRRôs order (single or double), substrate thickness 

and CSRR side length (CSRRôs size). 

Minimum transmission frequency was used to define the sensitivity of the proposed 

sensors. The minimum transmission frequency of MTL loaded with a CSRR is given by 

(4.1) [111]. The change in the minimum transmission frequency was calculated based on 

(4.2). The sensitivity of a CSRR based sensor at each studied case was calculated based on 

the percentage change in the minimum transmission frequency as given by (4.3).  
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where Ὢ  is the minimum transmission frequency at the presence of MUT with 

a 0-mm air gap . ὒ  and ὅ  are the equivalent inductance and capacitance of the 

loaded CSRR, respectively. ὅ  is the equivalent capacitance of the loaded MUT.  Ὢ  

is the free space minimum transmission frequency  (i.e. Ὢ  =  Ὢ  with ὅ π) 

ЎὪ  is the change in the minimum transmission frequency in GHz. ЎὪ  Ϸ is the 

percentage change in the minimum transmission frequency. 
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Figure 4.1 (a) Top (b) bottom view of the general sensorsô setup. The etched resonator 

in this figure is a single CSRR with cross-polarization excitation. The MUT appears 

as a semi-transparent cube attached to the ground plane. (Reprinted from [110], © 

IEEE [2019]) 

4.2.1 CSRR Excitation: Pure Electric Vs. Electric/Magnetic  

CSRR loaded to a waveguide can be excited using electric and/or magnetic 

excitations [7]. However, CSRR loaded to MTL has limited excitation choices as pure 
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magnetic excitation is not realizable. Excitationôs strength and type can be controlled by 

rotating the CSRRôs magnetic wall (i.e. line of symmetry for a square CSRR) with respect 

to the axis of the MTL conducting strip. CSRR is excited using electric excitation when its 

magnetic wall is orthogonal with respect to the MTL conducting strip. On the other hand, 

CSRR is excited using electric/magnetic excitation when its magnetic wall is not 

orthogonal with respect to the MTL strip. As a special case, when the magnetic wall of the 

loaded CSRR is parallel with respect to the MTL conducting strip, then the CSRR will be 

excited with maximum electric/magnetic excitation. This type of excitation is also called 

cross-polarization excitation [112]. In this chapter we will refer to electric excitation as 

pure electric excitation to further stress that the magnetic field effect in this type of 

excitation is negligible. 

Four cases were simulated to extract the relative permittivity of the MUT using a 

6-mm square CSRR with identical MUTs. The aim of these cases is to study the influence 

of the CSRRôs excitation scheme on the sensorsô sensitivity. For each case, the utilized 

MTL has a 0.125-mm substrate thickness with a dielectric constant of 2.9 and a strip width 

of 0.267mm. The relative permittivity of the MUT was varied from 1 to 10 with a 0.25-

step. A single CSRR was used for the first two cases with pure electric excitation in one 

case as shown in Fig.4.2(a) and a maximum electric/magnetic (cross-polarization) 

excitation in the other one as shown in Fig.4.2(b). A double CSRR was used for the third 

and fourth cases with pure electric excitation in one case as shown in Fig.4.2(c) and 

maximum electric/magnetic (cross-polarization) excitation in the other one as shown in 

Fig.4.2(d). 
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Figure 4.2 Top view of MTL loaded with square (a) single CSRR with pure electric 

excitation (b) single CSRR with cross-polarization excitation (c) double CSRR with 

pure electric excitation (d) double CSRR with cross-polarization excitation. The 

dashed lines show the magnetic wall of the loaded CSRR. (Reprinted from [110], © 

IEEE [2019]) 

 

The sensitivity of the four simulated sensors was compared based on the change in 

the minimum transmission frequency as defined by (4.3). Fig.4.3 shows the results of the 

first two cases while Fig.4.4 shows the results of the third and fourth cases. The obtained 

results show higher sensitivity for the sensors with maximum electric/magnetic (cross-

polarization) excitation compared to the ones with pure electric excitation for either single 

or double CSRR.  

To further investigate the influential factor that causes this superiority, a fifth 

simulation case was added. In this case a single 6-mm square CSRR based sensor was used 

with seven excitation schemes ranging from pure electric to maximum electric/magnetic 
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(cross-polarization) excitation. The seven schemes were realized by rotating the CSRRôs 

magnetic wall from its reference position (0o) (i.e. Fig.4.2(a)) which corresponds to pure 

electric excitation toward (90o) (i.e. Fig.4.2(b)) which corresponds to maximum 

electric/magnetic (cross-polarization) excitation using a 15-degree step. It should be noted 

that as the rotation angle increases from 0o to 90o, the influence of the exciting magnetic 

field increases [43].  

 

Figure 4.3 Change in the minimum transmission frequency versus MUTôs relative 

permittivity for single CSRR with pure electric (blue) and cross-polarization (red) 

excitation. (Reprinted from [110], © IEEE [2019]) 
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Figure 4.4 Change in the minimum transmission frequency versus MUTôs relative 

permittivity for double CSRR with pure electric (blue) and cross-polarization (red) 

excitation. (Reprinted from [110], © IEEE [2019]) 

Fig.4.5 shows the minimum transmission frequency for the seven excitation 

schemes while Fig.4.6 shows the variation of the minimum transmission frequency for the 

same cases. These figures show almost identical minimum transmission frequency for the 

sensors with CSRRs at 0o (pure electric excitation), 15o and 30o (both have different levels 

of electric/magnetic excitation). This indicates that the exciting magnetic field or more 

specifically its induced currents do not have a noticeable contribution to the equivalent 

inductance and capacitance of the CSRR and consequently do not alter its minimum 

transmission frequency. However, as the excitation gradually moves toward a higher 

electric/magnetic excitation scheme, the sensorsô sensitivity starts to vary. From 30o angle 

upward, the exciting magnetic field begins to have a noticeable influence which is revealed 

by the gradual increase in the free space minimum transmission frequency as shown in 

Fig.4.5 as well as the gradual rise in the sensorsô sensitivity as shown in Fig.4.6. Based on 
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(4.1), the gradual increase in the free space minimum transmission frequency is a sign of a 

reduction in the combined CSRR equivalent reactive elements term ὒ ὅ . Such 

reduction increases the dependence of the minimum transmission frequency on the 

ὒ ὅ  term or more specifically on the loaded MUT permittivity that is modeled 

by ὅ . This justifies the superiority of CSRR based sensors with maximum 

electric/magnetic (cross-polarization) excitation scheme with respect to other excitation 

schemes.     

 

Figure 4.5 Minimum transmission frequency versus MUTôs relative permittivity for 

single CSRR with seven excitations ranging from pure electric (0o) to cross-

polarization (90o) excitation using a 15- degree step. (Reprinted from [110], © IEEE 

[2019]) 
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Figure 4.6 Change in the minimum transmission frequency versus MUTôs relative 

permittivity for single CSRR with seven excitations ranging from pure electric (0o) to 

cross-polarization (90o) excitation using a 15- degree step. (Reprinted from [110], © 

IEEE [2019]) 

4.2.2 Single Vs. Double CSRR  

The reported studies in the introduction utilized either single or double CSRR for 

materials characterization. To the best knowledge of the authors, the optimum choice of 

either single or double CSRR for material characterization using MTL based sensors has 

not been investigated before. Here we are performing a systematic sensitivity comparison 

between two sensors with identical substrate and MUTs. The first one uses a single 6-mm 

square CSRR while the other one uses a double 6-mm square CSRR. Four cases were 

simulated to extract the relative permittivity of loaded MUTs using the specified sensors. 

In each case the relative permittivity of the MUTs were varied from 1 to 10 with a 0.25-

step. In the first two cases a single and a double CSRR with pure electric excitation were 

used.  The third and fourth cases have a single and a double CSRR with maximum 
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electric/magnetic (cross-polarization) excitation. Fig.4.7 shows the results of the first two 

cases while Fig.4.8 shows the results of the third and fourth cases. The results confirm the 

superiority of the MTL sensors with single CSRR over the ones with double CSRR for 

relative permittivity measurements. This superiority is irrespective of the used excitation 

scheme, as the single CSRR sensors were more sensitive in both excitation schemes. The 

obtained results are expected as double CSRR has two concentric rings with a very small 

separation between the inner and the outer rings.  This configuration increases the 

equivalent capacitance of the resonator, which consequently reduces the dependence of the 

sensorôs minimum transmission frequency on the MUTôs equivalent capacitance. 

 

Figure 4.7 Change in the minimum transmission frequency versus MUTôs relative 

permittivity for single (red) and double (blue) CSRR with pure electric excitation. 

(Reprinted from [110], © IEEE [2019]) 
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Figure 4.8 Change in the minimum transmission frequency versus MUTôs relative 

permittivity for single (red) and double (blue) CSRR with cross-polarization 

excitation. (Reprinted from [110], © IEEE [2019]) 

4.2.3 Substrate Thickness Effect 

The dielectric substrate is a medium through which a substantial portion of the 

guided EM waves propagates in electrically thick MTL. When a given structure resonates, 

the resonating electric field polarizes the surrounding dielectrics. Each homogenous 

polarized dielectric can be represented by an equivalent capacitance. Thus, for a given 

MTL that is loaded with a CSRR, the resonating electric field polarizes a portion of the 

MTL substrate and a portion of the loaded MUT if any. ὅ  and ὅ   depend on the 

polarized portion of the substrate and  the polarized portion of the loaded MUT, 

respectively. Reducing the polarized portion of the MUT, decreases the dependence of the 

minimum transmission frequency on ὅ  and decreases the sensorôs sensitivity. For this 

reason, the used MUTs in this chapter have a 5-mm height to ensure efficient interaction 

with the resonating electric field. Furthermore, reducing the polarized portion of the 
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substrate increases the polarized portion of the loaded MUT which consequently increases 

the dependence of the minimum transmission frequency on ὅ  and increases the sensorôs 

sensitivity. Reducing the polarized portion of the substrate can be achieved by reducing the 

portion of the substrate that falls under the influence of the resonating electric field. This 

reduction can be realized by reducing the thickness of the substrate.  

Eight cases were considered where we studied the sensitivity of various CSRR 

based sensors with different substrate thicknesses.  In each case a single 6-mm square 

CSRR with cross-polarization excitation was utilized as a sensorôs resonator. Eight 

different sensors with eight different substrate thicknesses were considered. The dielectric 

constant of the used substrates is 2.9. Each sensor has a different MTL strip width to match 

its impedance to the feeding network impedance (i.e.50-ohm). For each case, the relative 

permittivity of the loaded MUT was varied from 1 to 10 with a 0.25-step. The results of 

the considered cases are shown in Fig.4.9 and Fig.4.10. The utilized thicknesses are also 

shown in the figures. The obtained results show that the free space minimum transmission 

frequency is higher for CSRR based sensors with thinner substrates. As per (3), this 

indicates that the combined CSRR equivalent reactive elements term ὒ ὅ   is 

smaller for thinner substrates which consequently increases the dependence of the 

minimum transmission frequency on the loaded MUT. Thus, the sensitivity of the sensor 

with the thinnest substrate used in these cases (i.e. 0.125mm) has the highest sensitivity as 

shown in Fig.4.10. It should also be noted that for relatively thicker substrates (i.e. 1mm 

and 1.28mm in these cases), the minimum transmission frequency and the sensorôs 

sensitivity of a CSRR based sensor do not depend on the substrate thickness. This can be 

understood based on the discussed polarization mechanism in the previous paragraph. As 
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the thickness of the substrate increases, the polarized substrate portion increases which 

increases ὅ . At a certain thickness, the substrate portion which is close to the CSRR 

will be completely polarized and the  ὅ  will be fixed. Any increment in the substrate 

thickness will add additional substrate or additional dielectric layers which will not be 

under the influence of the resonating electric field and consequently will not affect the 

minimum transmission frequency and the sensorôs sensitivity as it will not change the 

equivalent capacitance of the CSRR.  

 

Figure 4.9 Minimum transmission frequency versus MUTôs relative permittivity for 

CSRR based sensors with different substrate thicknesses. (Reprinted from [110], © 

IEEE [2019]) 
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Figure 4.10 Change in the minimum transmission frequency versus MUTôs relative 

permittivity for CSRR based sensors with different substrate thicknesses. (Reprinted 

from [110], © IEEE [2019]) 

4.2.4 Sensitivity Uniformity 

Relative permittivity is a frequency-dependent parameter. A single sensor that 

operates within a specific band of frequency is required to extract materialôs relative 

permittivity within a specified band.  However, if the characterization is going to be 

conducted over different frequency bands, different sensors are needed where each sensor 

has its own frequency range of operation and its own sensitivity. Therefore, if the 

sensitivity of the utilized sensors is different, the obtained relative permittivities will not 

be consistent. To overcome this problem, a general condition of sensitivity uniformity is 

presented in this dissertation (Appendix A) for CSRR based sensors that are utilized for 

relative permittivity measurement. For completeness, another general condition of 

sensitivity uniformity is also presented for relative permeability measurement  
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The minimum transmission frequency of MTL based resonator can be varied by 

varying the substrateôs thickness, its dielectric constant or the resonatorôs design 

parameters. Changing a substrate thickness and/or it's dielectric constant may require an 

associated change of the MTL strip width to match it to the feeding network impedance. 

Uncontrolled variation of all or some of these three parameters may result in an unpleasant 

disorder of wave confinement within the MTL substrate which drastically reduces the 

amount of the fields at the resonator vicinity and consequently reduces its sensitivity. It 

will also cause different sensitivity for different frequency bands due to the variation of 

wave confinements within the MTL substrate. Therefore, changing one or more of the 

resonatorôs parameters (i.e. the size of CSRR in this chapter) would be a better option to 

vary the minimum transmission frequency which will consequently change the frequency 

band of operation. Sensitivity uniformity across a large spectrum could be achieved using 

the condition of sensitivity uniformity which is derived in Appendix A.    

Sixteen cases were considered to study the sensitivity uniformity of a thin substrate 

MTL loaded with a single square CSRR and excited using cross-polarization excitation. 

Each case, has a specific CSRR size, MUT size and frequency band of operation. To vary 

the frequency of operation, the size of the loaded CSRR was varied by varying its side 

length from 3mm to 18mm with a 1-mm step. To maintain a uniform sensitivity, the ratio 

between ὅ  and ὅ  maintained constant (see Appendix A). Thus, for each scaled 

CSRR, the width and length of the MUT assumed to be identical and to be two times higher 

than the side length of the scaled CSRR. For example, for a CSRR with a 3-mm side length 

the loaded MUT has a length and width of 6-mm. For each case, the relative permittivity 

of the loaded MUT was varied from 1 to 10 with a 0.25-step. 
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The minimum transmission frequency and corresponding sensitivity of the tested 

sensors are presented in Fig.4.11 and Fig.4.12, respectively.  The presented results declare 

excellent sensitivity uniformity throughout [0.90-10.90] GHz band for each relative 

permittivity and each utilized sensor. As this band encompasses all used bands in the 

previously proposed sensors in [8,40-43], these results verify the superiority of the 

proposed sensors' sensitivity over previously reported ones even within their bands. 

 

Figure 4.11 Minimum transmission frequency versus CSRR side length for MUTs 

with relative permittivity ranging from Er=1 to Er=10. The curves are in sequence 

from top to bottom starting from Er=1 (at the top) to Er=10 (at the bottom). 

(Reprinted from [110], © IEEE [2019]) 
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Figure 4.12 Change in the minimum transmission frequency versus CSRR side length 

for MUTs with relative permittivity ranging from Er=2 to Er=10. The curves are in 

sequence from top to bottom starting from Er=2 (at the top) to Er=10 (at the bottom). 

(Reprinted from [110], © IEEE [2019]) 

Here is another advantage of the condition of sensitivity uniformity. Previous 

studies estimated MUTôs permittivity using a single equation that relates MUTôs 

permittivity to the measured magnitude of change in the minimum transmission frequency 

(i.e. eq.4.2) rather than the percentage of change (i.e. eq.4.3) [8,40-43]. Following such 

procedure for a multi-band sensor requires the extraction of a unique equation for each 

frequency band. However, when the sensorôs sensitivity is independent of the frequency 

band of operation, we can extract a single equation that can be utilized over a large 

spectrum by relating the MUTôs permittivity to the measured change in the minimum 

transmission frequency ratio or percentage (i.e. eq.4.3) rather than frequency shift 

magnitude (i.e. measured in GHz as per eq.4.2). This is a vital feature especially when such 
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sensors are utilized as sensing spots for massive sensors network applications such as IoT 

where networksô computational power is limited [1]. The relation between the free space 

minimum transmission frequency and the side length of the square CSRR is given in (4.4). 

A single relation that relates the MUTôs relative permittivity to the change in the minimum 

transmission frequency for all considered sensors that operate at different frequency bands 

is given in (4.5).  

Ὢ πȢπππυψὒὩὲὫὸὬ πȢπσὒὩὲὫὸὬ πȢυχὒὩὲὫὸὬ υ

ὒὩὲὫὸὬ ρω                                                               τȢτ 

‐ φȢχ ρπ ЎὪ  Ϸ πȢππρφЎὪ  Ϸ πȢπωφЎὪ  Ϸ

πȢωτ                                                                                            τȢυ 

Where Ὢ  is the free space minimum transmission frequency in (GHz), 

ὒὩὲὫὸὬ  is the CSRR side length in (mm), ‐  is the estimated MUTôs relative 

permittivity and ЎὪ  Ϸ is the change in the minimum transmission frequency. 

4.3 Sensors Design 

This section summarizes the design of the proposed sensors. Each proposed sensing 

platform is composed of a 30-mm by 30-mm MTL loaded with a single square CSRR. The 

resonator line of symmetry coincides with the MTL strip projection on the ground plane as 

shown in Fig.4.1(b). This CSRR/MTL strip configuration ensures the resonatorôs 

excitation with maximum electric/magnetic (cross-polarization) excitation. The MTL is 

expected to be fed with a coaxial cable with a 50-ohm impedance. To match the MTL to 

the impedance of the feeding network, the conducting strip is designed with a 0.267 mm 
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strip width. CSRR path width is 0.2 mm. CSRR split length is identical to its path width 

(i.e.0.2 mm). The used substrate has a 0.125 mm thickness with a dielectric constant of 2.9. 

The size of the loaded CSRR can be scaled to vary the minimum transmission frequency 

and the associated frequency band of operation as per Fig.4.11. In this study the side length 

of the square CSRR was scaled from 3mm to 18mm with a 1-mm step for performance 

verification. The corresponding frequency band of operation for MUT with relative 

permittivity ranging from 1 to 10 is [0.90 to 10.90] GHz. It should be noted that the 

proposed sensorsô can also be utilized outside this range with larger CSRRs or with MUTs 

with higher relative permittivity. However, this range is the range through which the 

performance of the proposed sensorsô was studied. 

The following steps summarize the required procedure to measure MUTôs relative 

permittivity using the proposed sensors: 

1. Identify the band of operation based on the MUT intended application. 

2. Select a CSRR side length ὒὩὲὫὸὬ  that better fits the identified band of 

operation using Fig.4.11 and Fig.4.12. 

3. Use the selected ὒὩὲὫὸὬ  to calculate the free space minimum transmission 

frequency Ὢ  using (4.4). 

4. Fabricate the sensor using the selected ὒὩὲὫὸὬ  and the detailed MTL 

specifications then measure its Ὢ  experimentally and confirm that it matches 

the calculated one from step (3).  

5. Load the sensor with a MUT then measure the new minimum transmission 

frequency Ὢ . 
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6. Calculate the change in the minimum transmission frequency ЎὪ  Ϸ  by 

substituting the measured Ὢ   and   Ὢ  using (4.3). 

7. Use (7) and the calculated ЎὪ  Ϸ  from step (6) to calculate MUTôs relative 

permittivity (‐ Ȣ  

4.4 Experimental Measurements  

To verify the performance of the proposed sensors experimentally, a prototype sensor 

was fabricated using a 30-mm by 30-mm low loss flexible substrate. The dielectric constant 

of the substrate is 2.9 with a 0.116 mm thickness. This substrate is slightly thinner than the 

used one in the previous sections (i.e. 0.125mm) however, such fabrication error is 

expected for thin substrates. A single square CSRR with a 6-mm side length was etched in 

the ground plane. The CSRR excited using cross-polarization excitation. The path width as 

well as the split length is 0.2mm. The planar sensor is fed with a 50-ohm coaxial cable. 

The obtained free space minimum transmission frequency is 5.39 GHz. This frequency is 

almost in the middle of the sensorsô free space minimum transmission frequencies. Hence, 

the selection of this sensor is an optimal choice for experimental verification. Three cubic 

MUTs were fabricated using Roger substrates RO3003, RO3006 and RO3010. The 

nominal relative permittivities of these substrates are 3, 6.15 and 10.2, respectively. Each 

MUT was constructed by vertically stacking four layers of corresponding copper-free 

substrate. Each layer is a 15 mm by 15mm layer. Fig.4.13 shows the fabricated porotype 

and the constructed MUTs. Four measurements were obtained. The first one is the free 

space minimum transmission frequency. The other three are the minimum transmission 

frequencies of the RO3003, RO3006 and RO3010 MUTs. The MUTs minimum 
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transmission frequencies were obtained by placing each MUT directly underneath the MTL 

with direct contact with the CSRR to interrupt its resonating fields. Fig.4.14 shows the 

obtained experimental measurements as well as the corresponding numerical results. The 

experimental and numerical results are in a good match. The simulation results presented 

in Fig.4.14 are extracted using a 0.116 mm substrate. The little mismatch is caused by the 

air gap between the MUTs layers which reduces their corresponding effective permittivity. 

Another source of error is the air gap layer between the CSRR footprint and the MUTs. 

This effect is discussed in the next section.   

 

Figure 4.13 Fabricated sensor and three MUTs fabricated using Roger substrates 

RO3003, RO3006 and RO3010. (Reprinted from [110], © IEEE [2019]) 
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Figure 4.14 Comparison between numerical (solid line) and experimental (dashed 

lines) results for the 6-mm CSRR based sensor. The red curve for Er=1.The used 

MUTs have relative permittivities of Er=3 (green), Er=6.15 (blue) and Er=10.2 (pink). 

(Reprinted from [110], © IEEE [2019]) 

4.5 Air Gap Effect  

Previous numerical results assumed direct contact between the CSRR footprint and 

the loaded MUT. This setup ensures perfect coupling as the CSRRôs resonating fields are 

in a sole interaction with the MUT at the sensing zone. However, in practice an air layer 

may exist between the two objects forming an air gap. The presence of an air gap alters the 

equivalent resonatorôs load capacitance which consequently introduces an error in the 

obtained measurements. The introduced error is directly proportional to the air layerôs 

thickness and the MUT relative permittivity.  

For a permittivity sensor with a uniform air layer (i.e. air layer with a constant 

thickness all over the CSRR footprint), the air gap can be modeled with two equivalent 

capacitances in series with the MUTôs equivalent capacitance [113]. As the thickness of 
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the air gap increases its equivalent capacitance decreases consequently the resonatorôs load 

formed by the three series capacitances (i.e. air gap /MUT/air gap) decreases. Similarly, 

for a non-zero fixed air layer thickness, as the MUTôs relative permittivity increases the 

resonatorôs load formed by the three series capacitances decreases. Therefore, as the air 

gap widens the coupling between the sensor and the MUT is minimized. Consequently, a 

large air layer vanishes the coupling between the sensor and the loaded MUT a case at 

which the sensorôs minimum transmission frequency becomes independent of the loaded 

MUT.  

A case was considered and studied numerically to extract the relative permittivity 

of a loaded MUT at the presence of variable air gap layers using a 6-mm CSRR based 

sensor. The air gap layer in the considered case was varied from 0 mm to 100 um with a 

10-um step. The relation of the change in the minimum transmission frequency magnitude 

and percentages (ЎὪ ͺ  ȟ   (ЎὪ ͺ  Ϸ   are shown in (4.6) and (4.7), respectively. In 

these two relations, Ὢ  refers to minimum transmission frequency with a 0-mm air 

gap while  Ὢ  refers to the minimum transmission frequency when an air gap exists 

between the CSRR and the loaded MUT. Fig.4.15 shows the change in the minimum 

transmission frequency with respect to the air gap thickness and the MUTôs relative 

permittivity. The figure verifies the discussed air gap effect. The positive frequency shift 

percentages indicate that the change in the minimum transmission frequency moves toward 

the free space the change in the minimum transmission frequency as the air layer thickness 

and/or the MUT permittivity increase(s) which implicitly indicate that the coupling 

between the sensor and the loaded MUT decreases in either case.  
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ЎὪ ͺ Ὢ  Ὢ                                        τȢφ 

ЎὪ ͺ  Ϸ
Ὢ  Ὢ

Ὢ
ρππ                  τȢχ 

 

Figure 4.15 Change in the minimum transmission frequency versus air layer 

thickness for MUTs with relative permittivity ranging from Er=2 to Er=10. The 

curves are in sequence from bottom to the top starting from Er=2 (at the bottom) to 

Er=10 (at the top). (Reprinted from [110], © IEEE [2019]) 
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CHAPTER 5. SECTORIAL CSRR BASED SENSOR  

5.1 Introduction  

This chapter proposes miniaturized, lightweight and ultrasensitive planar 

metamaterial sensor for relative permittivity measurement. The proposed sensor is 

designed using a thin-substrate microstrip line loaded with tapered sectorial 

Complementary Split Ring Resonator (CSRR).  Compared to similar state-of-the-art 

sensors, the proposed one is least (60)% more sensitive with a wide dynamic range of the 

sensing related frequency. Moreover, unlike previously proposed sensors, the relative 

permittivity of a dielectric sample can be estimated using the variation of the minimum 

transmission frequency as well as the variation of the 10-dB sensorôs bandwidth which 

increases the integrity and accuracy of the obtained results. The minimum transmission 

frequency of the proposed sensor shifts by almost 7.6 GHz with a percentage change of 

(61)% when the relative permittivity of the material under test (MUT) changes from 1 to 

10. In addition, the 10-dB bandwidth is reduced by almost 7.7 GHz for the same MUT 

relative permittivity changes. Experimental measurements are in good agreement with the 

numerical findings. The chapter includes a comprehensive sensitivity analysis that 

investigates the effect of resonatorôs split length as well as its path width on the sensitivity 

and dynamic range of CSRR based sensors. Finally, the proposed sensor was used for 

biomedical microfluidic sensing to further demonstrate its practicality using different 

samples with different electrical properties. The sensor was able to provide distinct features 

for three different eye drops. The proposed sensor can be utilized as an effective 
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permittivity sensor for various sensing applications such as displacement, nondestructive 

and biomedical sensing. 

The chapter is organized as follows. Section 5.2 provides an overview of the 

proposed sensor design and sensing mechanism. Section 5.3 presents a comprehensive 

sensitivity analysis that discusses the effect of the path width and split length variation on 

the sensorsô sensitivity. It also illustrates how we can increase the sensitivity of the 

proposed sensor using two dielectric test samples instead of one. The experimental results 

are presented in section 5.4. Section 5.5 and section 5.6 provide the required proof of 

concept for the sensor practicality as they demonstrate how we can utilize the proposed 

sensor as a microfluidic or crack sensor.  

5.2 Sensor Design  

 The proposed sensor in this chapter is designed using a planar transmission line that 

is loaded with a passive resonator.     Meta-resonator is an electrically small resonator that 

can be modeled by lumped circuit elements. It can be modeled by equivalent resonatorô 

capacitance and equivalent resonatorô inductance.  These two circuit elements control the 

minimum transmission frequency and the bandwidth of the meta-resonator.  

For sensing applications, the loaded meta-resonator should have efficient 

interaction with the loaded MUT. This interaction results in additional parallel equivalent 

MUTôs capacitance for a permittivity sensor or parallel equivalent MUTôs inductance for 

a permeability sensor. The change in the minimum transmission frequency of the 

composite structure (meta-resonator/MUT) is directly proportional to the equivalent 

MUTôs capacitance for a permittivity sensor or equivalent MUTôs inductance for a 
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permeability sensor. Thus, the selected resonator should be able to induce a strong electric 

field (magnetic field) within the loaded MUT to create a high enough equivalent 

capacitance (inductance) for permittivity (permeability) sensor.  

At resonance, SRR creates a normal magnetic dipole that can induce a magnetic 

field within the interacted MUT while CSRR creates a normal electric dipole that can 

induce an electric field within the interacted MUT. Since we are proposing a sensor for 

relative permittivity measurement, CSRR is used in this chapter. MTL is selected as the 

hosting transmission line as CSRR can be optimally designed with a vertical time-varying 

electric field [7].  

Minimum transmission frequency was used to define the sensitivity of the proposed 

sensors. The minimum transmission frequency of MTL loaded with a CSRR is given by 

(5.1) [111]. The change in the minimum transmission frequency was calculated based on 

(5.2). The sensitivity of a CSRR based sensor at each studied case was calculated based on 

the percentage change in the minimum transmission frequency as given by (5.3).  

Ὢ
ρ

ς“ ὒ ὅ ὅ
              υȢρ      

ЎὪ Ὢ  Ὢ                                         υȢς 

ЎὪ  Ϸ
Ὢ Ὢ

Ὢ
ρππ                  υȢσ 

where Ὢ  is the minimum transmission frequency at the presence of MUT with 

a 0-mm air gap . ὒ  and ὅ  are the equivalent inductance and capacitance of the 
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loaded CSRR, respectively. ὅ  is the equivalent capacitance of the loaded MUT.  Ὢ  

is the free space minimum transmission frequency  (i.e. Ὢ  =  Ὢ  with ὅ π) 

ЎὪ  is the change in the minimum transmission frequency in GHz. ЎὪ  Ϸ is the 

percentage change in the minimum transmission frequency. 

From these equations, we can conclude that a reduction in the equivalent CSRR 

capacitance results in better sensitivity. Another important parameter for the design of a 

permittivity sensor is the determination of the dynamic range of the required sensor. MUT 

could be solid or liquid samples. Some liquid samples have distinct properties in a specific 

band of frequency   compared to other bands. Moreover, some applications that use a 

permittivity sensor to measure the effective permittivity of the surrounding environment 

(i.e. displacement or velocity sensor) require sensors with high dynamic range. The 

dynamic range of a meta-resonator based sensor depends on the equivalent capacitance and 

equivalent inductance of the loaded resonator. In our case as we are using a CSRR based 

sensor, the dynamic range of the sensor for a specific MUTôs permittivity range can be 

calculated using (5.2) and can be varied by varying the free space minimum transmission 

frequency which is a function of the ὒ  and  ὅ .  

The previous chapter study optimized the sensitivity of a CSRR based sensor using 

thin substrate MTL, with cross-polarized single CSRR. The previous study didnôt address 

the contribution of the CSRRôs path width as well as the CSRRôs split length on the 

sensitivity and dynamic range. The effect of these two parameters is studied in this chapter. 

As per (5.1), decreasing the equivalent capacitance of the CSRR ( ὅ  increases 

the free space minimum transmission frequency as well as the sensitivity of the sensor. The 



 68 

path width of a CSRR controls ὅ . As the path width of the CSRR increases,  ὅ   as 

well as the quality factor of the resonator decreases. In addition as the path width of the 

CSRR increases, its bandwidth increases. This is due to the fact that more electrical paths 

are afforded to the resonating displacement currents compared to a resonating CSRR with 

a narrower path width. When a dielectric MUT is loaded to a CSRR with a large path width 

(tapered CSRR), the permittivity of the loaded MUT increases the effective capacitance of 

the sensor (i.e. increases the termὅ ὅ ) which decreases the minimum 

transmission frequency and consequently increases the sensitivity compared to the 

sensitivity of a non-tapered CSRR sensor. Moreover, the loaded MUT varies the resonating 

current velocity as it varies the electrical length of resonating structure which is composed 

of the CSRR as well as the interacting portion of the loaded MUT. This in turn, varies the 

quality factor as well as the bandwidth of the resonating structure. 

As per (5.1), decreasing the equivalent inductance of the CSRR ( ὒ  increases 

free space minimum transmission frequency.  ὒ  is a strong function of the CSRR split 

length. It has an influence on the sensorôs sensitivity however, this influence (for 

permittivity sensor) is not equivalent to the influence of the ὅ . As the split length of 

the CSRR increases,  ὒ  and the quality factor of the sensor decrease while the 

bandwidth and sensitivity of the sensor increase. When a dielectric MUT is loaded to a 

CSRR with a large split length, the permittivity of the loaded MUT increases the effective 

inductance of the sensor as it increases the current flow from the ground plane to the CSRR 

internal island which decreases the minimum transmission frequency and consequently 

increases the sensitivity compared to the sensitivity of non-tapered CSRR sensor. 
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5.3 Sensitivity Analysis  

This section presents a comprehensive numerical study that discusses the influence 

of the meta-resonatorôs path width and split length on the sensitivity of a meta-resonator 

relative permittivity sensor. Many scenarios were simulated to extract the scattering 

parameters and analyze the contribution of the two meta-resonator parameters on the 

sensitivity of the proposed sensor. The study was conducted using the full -wave numerical 

simulation package ANSYS HFSS. The used sensing platform (sensor) consists of a thin-

substrate MTL loaded with a case-specific meta-resonator. For all simulated scenarios, the 

properties of the MTL and its substrate were fixed. The substrateôs dielectric constant and 

thickness are 2.9 and 0.125mm, respectively. The MTL strip width is 0.267 mm to match 

the sensing platform to a 50-ohm feeding network.  

The simulated scenarios can be categorized into two categories. In the first category, 

the sensor is assumed to be loaded with a single cubic dielectric sample (single MUT) in 

direct contact with the meta-resonator (i.e. loaded to the sensor from the ground plane side). 

In the second category, the sensor is loaded with two cubic dielectric samples (two MUTs) 

one of them is in direct contact with the meta-resonator while the other is placed above the 

MTL strip. For all simulated cases, the used MUT is a rectangular cube dielectric material 

with a 5-mm cube height and 15mm length and width. The MUT relative permittivity was 

varied for each simulated case as detailed in the upcoming subsections.  Fig.5.1 shows the 

general setup of the used sensor and MUTs. 
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Figure 5.1 (a) Top view of the general sensorôs setup with one MUT (b) top view of 

the general sensorôs setup with two MUTs (c) bottom view of the general sensorôs 

setup for both categories. The etched resonator in the figure is a non-tapered CSRRB. 

The MUT appears as a semi-transparent cube attached to the ground plane. 
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Two sectorial CSRRs were used interchangeably as the sensorôs meta-resonator. 

They are both sectorial CSRR where one of them has a CSRRôs split on the bigger arc 

(CSRRB) while the other has a CSRRôs split on the smaller arc (CSRRS). For each CSRR, 

the length of the outer bigger arc, outer smaller arc and side length are 9 mm, 6 mm and 6 

mm, respectively. Fig.5.2 shows the used CSRRs. Each of the sectorial CSRR was utilized 

with each category of the simulated scenarios. The loaded CSRR is excited using cross-

polarization excitation as it is the optimum excitation scheme for a permittivity sensor.  The 

path width and the split length of the utilized sectorial CSRR were varied based on the case 

requirement as detailed in the upcoming subsections.  

 

Figure 5.2 (a) Top view of the sensor with non-tapered CSRRB. (b) Top view of the 

sensor with non-tapered CSRRS. (c) Top view of the sensor with tapered CSRRB (d) 

Top view of the sensor with tapered CSRRS. The substrate was removed for more 

clarity. The MTL strip  

 



 72 

5.3.1 One MUT 

In this category of the simulated scenarios, CSRRB and CSRRS based sensors were 

used with a single MUT. The CSRRôs path width was varied from 0.2 mm to 2.8 mm with 

a 0.2 mm step. Also, the CSRRôs split length was varied from 0.2 mm to 2.0 mm with a 

0.2 mm step. The used MUT has a relative permittivity of either 1 or 10.  

Fig.5.3 shows the free space minimum transmission frequency of the CSRRB based 

sensor while Fig.5.4 shows the free space minimum transmission frequency of the CSRRS 

based sensor.  

 

Figure 5.3 Free space minimum transmission frequency of the CSRRB based sensor 

in (GHz) versus CSRRBôs path width and split length in (mm) 
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Figure 5.4 Free space minimum transmission frequency of the CSRRS based sensor 

in (GHz) versus CSRRSôs path width and split length in (mm) 

As per these two figures, the minimum transmission frequency of the CSRRB or 

CSRRS sensors increases with the increase of the CSRRôs path width or with the increase 

of the CSRRôs split length. However, it should be noted from the same figures that the rate 

of increase in the free space minimum transmission frequency for both CSRRs is higher 

when the path width of the CSRR increases for fixed split length compared to the rate of 

increase when the split length increases for fixed path width. This indicates that the rate of 

the equivalent CSRRôs capacitance reduction in (5.1) is higher than the rate of the 

equivalent CSRRôs inductance reduction in the same relation. Also, based on (5.1) and 

these figures, CSRRs with 2 mm split length and 2.8 mm path width (tapered CSRR), has 

the minimum equivalent CSRRôs inductance and capacitance while CSRRs with 0.2 mm 

split length and 0.2 mm path width has the maximum equivalent CSRRôs inductance and 

capacitance.  
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To quantify the rate of increase in the free space minimum transmission frequency, 

all minimum transmission frequencies in the two figures were normalized using the lowest 

minimum transmission frequency (i.e the minimum transmission frequency of the CSRRs 

with 0.2 mm split length and 0.2 mm path width). Fig. 5.5 and Fig. 5.6 show the normalized 

free space minimum transmission frequency of the two sensors.  

 

Figure 5.5 Normalized free space minimum transmission frequency of the CSRRB 

based sensor versus CSRRBôs path width and split length in (mm) 
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Figure 5.6 Normalized free space minimum transmission frequency of the CSRRS 

based sensor versus CSRRSôs path width and split length in (mm) 

As shown, the minimum transmission frequency of the CSRRsô sensors with 2 mm 

split length and 2.8 mm path width (tapered CSRR) is almost 2.6 times the minimum 

transmission frequency of the CSRRs with 0.2 mm split length and path width. As the 

minimum transmission frequency is controlled by the effective permittivity of the CSRR 

and MUT if any, and based on the mentioned factors it is expected that the dynamic range 

and sensitivity of the tapered CSRR are going to be higher than the dynamic range and 

sensitivity of the non-tapered one. This is verified by the upcoming figures and simulated 

cases.   

Fig.5.7 and Fig.5.8 show the change in the minimum transmission frequency of the 

CSRRB and CSRRS sensors, respectively in GHz when the relative permittivity of the 

loaded MUT was changed from 1 to 10. These two figures are utilized to define the 

dynamic range of the two sensors. Fig.9 and Fig.10 show the percentage change in the 
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minimum transmission frequency for the same cases. These two figures are utilized to 

calculate the sensitivity of the considered CSRRs sensors. 

 

Figure 5.7 Change in the minimum transmission frequency for the CSRRB based 

sensor in (GHz) when the relative permittivity of the loaded MUT changes from 1 to 

10 versus CSRRBôs path width and split length in (mm) 

 

Figure 5.8 Change in the minimum transmission frequency for the CSRRS based 

sensor in (GHz) when the relative permittivity of the loaded MUT changes from 1 to 

10 versus CSRRSôs path width and split length in (mm) 
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Figure 5.9 Change in the minimum transmission frequency for the CSRRB based 

sensor in (%) when the relative permittivity of the loaded MUT changes from 1 to 10 

versus CSRRBôs path width and split length in (mm) 

 

Figure 5.10 Change in the minimum transmission frequency for the CSRRS based 

sensor in (%) when the relative permittivity of the loaded MUT changes from 1 to 10 

versus CSRRSôs path width and split length in (mm) 
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As per these four figures, the change in the minimum transmission frequency of the 

two sensors is similar. The dynamic range and sensitivity of the considered CSRR sensors, 

increase with the increase of the CSRRôs path width or with the increase of the CSRRôs 

split length. It is also noticed that the rate of increase is higher when the path width of the 

CSRR increases for fixed split length compared to the rate of increase when the split length 

increases for fixed path width. The dynamic range of the CSRRB and CSRRS sensors with 

2 mm split length and 2.8 mm path width (tapered CSRR) are almost 7.59 GHz and 7.67 

GHz, respectively. The dynamic range of the CSRRB and CSRRS sensors with 0.2 mm 

split length and path width are almost identical and equal to 2.5 GHz. Moreover, the 

sensitivity of the two tapered sensors is 61% while the sensitivity of the non-tapered ones 

is 50%. Thus, the tapering technique improves the dynamic range and the sensitivity of the 

sensor by more than 300% and 22%, respectively. Fig. 5.11 and Fig.5.12 show specific 

sensitivity and resolution comparison between the non-tapered and tapered CSRRB and 

CSRRS sensors when the relative permittivity of the loaded MUT was varied from 1 to 10 

with a 0.25- step. The figures show the superiority of the tapered CSRRs based sensors in 

terms of sensitivity and resolution.  
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Figure 5.11 Change in the minimum transmission frequency versus MUTôs relative 

permittivity for the non -tapered CSRRB (red) and tapered CSRRB (blue) based 

sensors. 

 

Figure 5.12 Change in the minimum transmission frequency versus MUTôs relative 

permittivity for the non -tapered CSRRS (red) and tapered CSRRS (blue) based 

sensors. 






















































































