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SUMMARY

The objective of the proposed research is to design low power, miniaturized and
ultrasensitive microwavetransmission line based metamaterialsvaluate their
performance then utiize hem f or bul k material sé consti:t
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 sensorslaRar metamateridtased sensors
feature high measurement accuracy, excellent imaging capability, design simplicity and
flexible design parameters. Moreover, one of their significant advantages is their
compatilility 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 kuitablde
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 dagglatforms 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

Xvii



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 higita processing units. Ambitious scientists and
engineers strive to reshape current sensing networks based on the future demand and
technology advancement by deploying milkaf sensing spots that are synchronized and
linked together to enable continuaarsd remote monitoring of several and crucial physical
inputs. Examples of such inputs include but not limited to heartbeats of patients and
el der | i es, amdertilityocsrrosion riatestandrdegradation of structural steels,
toxic gas presencand 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 (loT)
technology offerssmart data acquisition, interpretation amdmediate executiorof
necessargyctions when neededs the electrical and magnetic properties of materials are
strong functions of the materials6é configu
other camditions, no doubt electromagnetic based sensors are going to be extensively

utilized and will be indispensable elements in the future 10T technology.

loT utilizes abundant spatially distributed sensing noilhed arelinked to the
processing unit(s)i& predefined communication protocols. Each sensing node has its own
controlled status which is a function of the interacting object/material properties and the

nodeds sensing mechani sm. Due to the expec



finite netwak power, it is required to design each sensing node assegsing 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 0T applications with high efficiencyl'he £nsing 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 grdpsitin to attain

the required performance.

This research utilizestransmission line based metamaterialdtiercharacterization
of isotropic, low loss and nondispersivaterials. One way to realize such metamaterial is
to load microstrip line oraplanar waveguide with a substrate inclusion rnesanator
such as split ring resonator or a defected ground structure-resetaator such as
complementary split ring resonator. The following section prevaderief overview of

metamaterials.

1.2 Metamaterials

Electromagnetic Metamaterial is an artificial structure with unusual properties that
dondot exi s tAn éampled suchrsteuctyreziricludes 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-Iefihded (LH) structure. LH
materials were theoretically introduced in 1964 by the Russian physicist V. Veselago [3].

Three decaddater a group of researchers was able to realize a 3D LH structure consisting



of conductive square split ring resonators and conductive wire strips deposited on
fiberglass circuit board [&]. After that, twedimensional metamaterial (widely known as
planar metamaterials or metasurfaces) were realized wsimgtaresonator loaded to
conventional microwave transmission lines [@]he introduction of such type of planar
metamaterials was a remarkable advancemetiteimetamaterials field as it allows the
realization ofa metamateriabased system using PCB technol@gg transmission lines

A transmission line based metamaterial is designed @agphgnar transmission line such

as microstrip line (MTL) and Coplanar waveguide (CPW) loaded with arestenator in

the form of either defected ground structure (DGS) or surface substrate inclusitmg7].

structure can be utilized for various sensingliagtions 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 differeswawer
devices such as passive filters, oscillators and phase shifters. They were also utilized for

sensing applications due to their distinct features.

One of the advantagef a metaresonator compared to conventional microwave
resonator is that the emnl is an electrically small resonator and can be utilized for
miniaturized systems. This implicitly means, at resonance -restmators store the
resonating electrical and magnetic fields at a confined volume. These fields can interact
with the electricdl 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 stedse type



metamataals can be utilized as microwave sensdrs.2012, a group of researchers

utilized this type of metamaterials for the estimatiomdfi el ect ri ¢ sampl ebs
[8]. This research opened the door for others to utdizenilar type of sensors fohé

estimation of effective permittivity and permeability within specific sensing zones for

wide range of applications. Examples of such applications, iadud not limited to

microfluidic sensing, displacement and velocity estimation, crack detectmmh a

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 mprecisely 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 dielectricsSuch theorem provides a basic idea on how planar metamaterials
sense dielectrics however, it was developed based on a homogenous closed cavity
assumption and hence doesnoét provide a d
considerations. Also, previouw o r k s di dnot di scuss I n det ¢
transmission |ine parameters, resonatoros
sensitivity of planar metamaterials. Thus, major research gaps and unanswered questions
that need to be addresisand thoroughly investigated were identified by the researcher.

This dissertatioraims to address the following questions:



1- What are the influential factors that affect the performancgaoismission line
based metamaterialshich are utilized forthe claracterization of isotropic, low
loss and nondispersiveaterial® 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 conditidghat 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 basethemplanar metamaterials

equivalent circuit model?

The rest of this deertation 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 dissses the sensing mechanism of permittivity and/or
permeability sensors. Chapterpdesents a comprehensive sensitivity analyisa
investigates the effect of the metae sonat or 6s excitation sche
or double CSRR), and transmissibni ne6s substrate thicknes
transmission line based metamateriadsaddition the chapter proposes a condition of
sensitivity uniformity and venés it. The chapter includes also a design of a high
sensitivity rectangular CSRR basednsor for relative permittivity measurement.
Chapter Spresents a comprehensive sensitivity analyssinvestigates the effect of
the metaresonator path width and split length on the sensitivity of transmission line
based metamaterials. It also mets a design of ultrasensitive sectorial CSRR based

sensor for relative permittivity measurement and use for microfluidic and crack



sensing. The dissertation is concluded in chapter 7 whichttistsiajor outcomes,

contributions and future work.



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.
Permit i vity and permeability are, in general,
However, permittivity has a stronger frequency dependence within RF and microwave
frequency bands compared to permeability. Moreover, most dielectrics have poor
magneization 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 proparties
material [936]. Material characterization usitgansmission line based metamaterials
one of the emerging techniques. This technique depends on the direct interaction between
the materi al under test (MUT) and the tran:
high measurement accuracy and excellent imaging capabilt$9BThetype ofplanar
metamaterialin consideration in this dissertatiols composed ofa conventional
transmission line loaded with a met&sonator such as split ring resonator (SRR) or
complementary split ring resonator (CSRR). Proper selection of the hostisgnission
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 metamaterialas introduced for relative permittivity



measuremdnin [8]. This paper utilized a microstrip line loaded with CSRR tfug
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 nterest 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-440 as well as other sensing
applications with a narrower scope such as fluidic sensing[@5] , obj ect 6s di s
and velocity [7185], crack sensing [885]. The upcoming subsections discusss of

these applications in detalil.

2.2 Permittivity Measurement of Homogenous Dielectric Samples

The first implementation of a metamatefimlsed sensor using planar
transmission line was presented in [8]. This paper used a sensing platform composed of
MTL loaded with a double CSRR. The passive stmgcis basically a passive stamd
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 thetup
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 corresporithnges
in the minimum transmission and minimum reflection coefficients were recorded and
utilized to extract a mat hemati cal rel ati

permittivity and the change in the sensing



ground
plane microstripline

) . ground plane
substrate the microstrip line with CSRR

sample
under test (b)

Figure 2.1 General setup of the used sensing platform in8] (Reprinted
from [8], © IEEE [2012])

The paper claimed th#te 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 resultstbe comparisorare 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



and whether the used MUT cosédihe whole resonator footprint or it only cowdhe area
ofthemaxi mum el ectric field. Mor eover, t he
clarify whether the obtained results could be generalized to higher or lower resonator order
(single or triple SRR an@SRR resonator) or not. Thesetes are critical as each one of

them changes the resultant equivalent MUTZC

sensing platform.
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Figure 2.2 Behavior of the SRRand CSRR based sensors with respect to t
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 lead MUTOs permittivity
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 utdizzen similar excitation schesyeesonator order

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

play anessential role in the sensitivity of the sensing platform.

The previous paper was the first journappr in the field and it paved the way
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 estimatiodvdy T6s r el ati ve permittivity
This feature is crucial at the presence of two regions within the sensing zone with different
permittivity and conductivityAn example of such case includes anomaly detection of
insulated metal sustes or rusty metal surfaces. In sacbase, the sensor will have a
minimum transmission frequency shift due to permittivity variation as well as a variation
in the magnitude of the minimum transmissi
conductive and idlectric losses. Such sensors are good candidates for structural health

monitoring systems.

It should be noted thatametae s onat or based sensor, I nt
permittivity using itsevanescentield at resonance. The extent of this diglround the
resonator is highly dependent on the resonance frequency. Thus, this type of sensor was
used in [41] for the estimation of the relative petivilly 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 sertbese
papes. The proposed sensors validated the ability of the -mest@nator based sensors to

distinguish between different microfluidics with different complex permittivity.

{a)

taIn ARG LRI T ARRI TRk R RN LR LR L
|']']TIT1T| I'TIT'I'T[i |”| L | .
-3 -2 =1 © 1 “ =

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 designed using simple MTL loaded with
a metaresonator. In the SRR based sensor, the-nestanator was deposited as a substrate
surface inclusion with close proximity to the MTL strip. At resonance, this configuration
ensuresthe development of a highlectric 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 @laerpendicular to the MTL strip. At resonance,
this configuration ensurethe development of a high electric field within the CSRR
circumference whichs| ocat ed at the opposite side of
sensing zone of the CSRR based sensor is bigger than the sensing zone of the SRR based
sensor . Th meanthad €CSRR ltheed smsdr has a better performance than SRR
based sensor as this is a general statement that todleelrestatedbased on the basis of
comparison. For example, when the microfluidic channel of the two senastsadled

with water, the rmimum 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 optimdy 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
theef fective permittivity within t he sensi
capacitance seen by the SRR based sensor which uses a confined channel around its split
to trap the |l oaded |l iquid, is totadséep di f f

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 strip2.5ig
shows the setup of the proposed sensor in this reference. Unlike previous design which
uses a passive bandstop filter for sensing applications, this passive structusanresult
passive bandpass filter. The microfluidic channel exdehoing the iterface of the two
SRRs. Two versions of this sensor were proposkd. microfluidic channel ofach one
of themwas designed with different matesaind size. When the microfluidic channel of
each version was filled with water, the maximum transmis§iequencyof the first
version which has a bigger chanebinged by 2.4% while the corresgdorg changen
the second version was 0.6%. Thus, despite the fact that the proposed two versions are
relatively more complex than the conventional SRR ones, diathem have very limited
sensitivity. The reason is that edge coupling is not the optimum excitation ofl &R
the loss otonsiderable part of the exciting electric and magnetic fields inahguiding

medium above the MTL strip (i.e. the air)owever, this design has an advantage as it
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utilized a bandpass filter structure rather tharbandstop structure which allows the
utilization of this setup as a microfluidic switetithin a narrow bandin addition, the

proposed sensor has a narmoverofluidic channel that was designed in the sameeaén

the substrate. This i ncr easgshepracticalitysfé¢hissor 6 s
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 estienate
permittivity of a given sample. In the first step, the free space minimum transmission
frequency of the sensor i s -nesoaaouis wldadedl n t h
and the measured frequency is the reference frequency that is needédubsequent
measurements. In the second step, the minimum transmission frequency of the sensor is
measured after loading its mewsonator with the MUT. The minimum transmission
frequency in this step is compared to the reference one which leadsappttoximate
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, reutilization of a sensor may cause a slight shiftsrminimum transmission
frequency due ttheaccumulation of tiny particles above t®stsensitivearea (i.e. above
themetaresonatoror due toaslight deformation of the sensor surfaces. For this reason, a

novel sensing platform based differentid 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 guidedmicrowave signal evenly among the two branches. 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 witidentical microfluidic channel. Fig.

2.6 shows the design of the proposed differential sengdB]n
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(a) (b)

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 metaresonators are loaded with identical MUTs, thdeative
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 frequdranydof operaton. 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 frequéatylof operation. Thus,
differential sensing allowthedesigner to relaxtherequie d de si gn 6 ebtaimo mp | e »
permittivty estimations with more integrityy adapting splitter/combiner configuration
which detects the variation between two MUTs under the same environmental and setup
conditions. An example of the practically ofg¢hiype 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 défgial sensing can be implemented using

different metaresonators 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 applicats can be found in [9602].
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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 thdhedifferential sensor is able to deteotery small difference

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

two subsensors that compose it. Thalse differential sensor that is compasef two

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

the loaded MUTs are not electrically aodmagnetically similar. For this reasothe

introduction ofthed i f f er ent i al sensor

theexisting metaresonator based senseensitivity.
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2.4 Crack Sensing

Crack detection usingmetaresonator 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 the upper surface an aluminum cube. The
CSRR footprint andie MTL ground plaawas covered witla Teflon sheet to reduce the
conductivity between the ground p&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 usedCSRR is asquareresonator with a-8nm side. Such resonator provsdeigh
intensity anchighly 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.

CSRR / Microstrip line

Al plate
Crack
< h L/
Ground plane w

Figure 2.8 Proposed crack sensor in [86] and scanning direction (Reprinted from [86],
© IEEE [2012])

The same research group gebéd a paper that discudse detail the proposed
sensor and utilized it for the detection and characterization of surface cracks in both

metallic and normetallic surfaces [87]. The paper explained the detection mechanism
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basedon both metallic and nemetallic surfaces. At resonance the loaded CSRR has its
maxi mum el ectric field at one side of the
Fig. 2.9 while the maxi mum surface current
2.10. For optimized cck detection and characterization in roetallic (dielectric) MUT,

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

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

has tle dominant surface current needs to be parallel to the crack.
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Figure 2.9 Electric field profile of the loaded CSRR at resonance, (Reprinted from
[87], © Sensorg2014])
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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 unclosedaegular path etched in the ground @an
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 performandbeotensor. 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 lvé internal surface and consequently reduce
the equivalent CSRIIUT 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 resolutibhe 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 distgape (
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between the sensor and MUT) on the intggftthe sensor outcomes. As the sensor senses
with theevanescent i el d, the sensed crack needs to
which extends few microns below the loaded ntetonator. Thus, as the standoff distance
increases, the integrity oféhsensor 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 nretonator [92]. For example, using the

proposed sensor witthe proposed meta@sonator orientation, the existing MUT crack

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

r_ Microstrip line

Reson atnr\

Scanning
Direction

Fort Ground Plan n '"

(a) (b)

Figure 2.11 Proposed crack sensor in [92] and scanning direction (Reprintefiom
[92], © IEEE [2017])

2.5 Permeability and Permittivity Measurement of Magnetcdielectrics
Magnetadielectric substrates are substrates with -uoily permeability and
permittivity. Nonunity permeability and permittivity increase the magnetic andredect

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

systems as they allow more contre@leothe wave velocity within the guiding structure
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compared to conventional substrates. For these reasons, these typbsti@tes are

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

As discussed pwously, the permittivity of a dielectric can be measured using the
resonating electric field of the metasonator based sensor. The resonatingreddield
polarizes the molecules of the dielectric and steftectric energy within the MUT which
can be modeled with an equivalent capacitance loaded to the -restemator. For
permeability measurement, the resonating current within the-mesdaatois 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 thie cas 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 sgr=ine of the MUT permittivity
and the sensing zone of the MUTOSsS per meabi
al so be noted that, as magnetic charges do
presence of electric charges, the losses mi@ted by the complex permeability of a given
magnetedielectric is essentially associated with the magnetic losses caused by the induced

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

A single metaesonator based sensor for compf@rmeability 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 MUTOG s permittivitytiwhi MITGHhe

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 shovpsojhesed

sensor topology and the resonating fiel dso

A key advantage of the proposed sensor is the clear difference between the locations
of the two sensing zones. Loading the MUT to nreonator at the permittivity sensing
zone causesafrequery shi ft based on the material 0s
the MUT to metaresonator at the permeability sensing zone causes a frequency shift based
on the material déds permeability only. Thus

accuracy.

The provided study didnot di scuss the
sensitivity. It didn6ét also estimate the e
and permittivity measurementhe ar gap is a common source of error for a nealdfi
sensorThe pesence of such gap influences the impedance seen by thesswmtator 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 sepsieg} air gap
error should be molded using two different formulas where each one is related to a specific

sensing zone and specific material 6s param
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Figure 2.12 Proposed sensor for Magnetalielectric MUTs (Reprinted from [107], ©
IEEE [2018])
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26 Remar ks on the Platformds Practicality a

CSRR based sensing platforms are -poot networks where a change in the
minimum transmission frequency 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 sensingetwork when they are integrated with RFID tags for 10T applications.
For example, for a chifess RFID, the loaded resonator will interact with the interrogating
electromagnetic wave and introduces a change in the tag load impedance based on the
variationof the permittivity within the sensing zone. One way to realize sustheme
with a chipless RFID tag, is to excite the resonator with MTL strip within the RFID

internal circuitry [108].

To measure material 6s per mi thdrresonating wi t h
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 andgsten 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 sensitiity of various sensors can be compared using the relation between the
mi ni mum transmissi on frequency and t he M
proposed sensors had different operational bands and minimum transmission frequencies.

It is expected that 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 rrespective of shift magnitude (i . e.
recommended to compare the percentage of the minimum transmission frequency shift
rather than the magnitude of minimum transmission frequency shift.

MUT O s r el a wity vamge pseanathert drucial factor for consistent
comparison. The MUTO6s equivalent capacitan
transmission frequency shift increment. Consequently, as the permittivity of the loaded
MUTO s I ncr eas e m,the mdgeitudé and percergaget of the minimum
transmission frequency shift with respect to free space minirtramsmission frequency
decreases. For large permittivity, the corresponding increment starts to be negligible. For
this reason, the sensitiyiof a permittivity sensor with a free space minimwamsmission
frequency less than 10 GHz could be evaluated efficiently using MUTs with a variable
relative permittivity between 1 and 10. TaBl&é shows a sensitivity comparison based on
the percentag®f the minimumt r ansmi ssi on frequency shift
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 coaxidine 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 resonatoros slit i
usedorientation ensures resonance excitation with pure electric excitation through the

time-varying electric field between the MTL strip and the ground plane.

27



Table 2-1 Sensitivity Comparison béween Recent CSRR Based Sensors

Ref. Freq. Band (GHz) Resonator Freq. Shift
[8] 0.81.3 Double CSRR 38 %
[40] 1.82.8 Double CSRR 36%
[41] 1.081.63 Single CSRR 34%
[41] 2.163.33 Single CSRR 35 %
[42] 1.752.7 Double CSRR 35%
[43] 5.238.45 Double CSRR 38%
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CHAPTER 3. CSRR BASED SEN®RS: 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 microveane pl
transmission line (MTL) that is loadedith 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 exaitpd usi
optimum alignment between the resonator and interacted electric and/or magnetic fields.
Therefore, It I s necessary for a sensor
propagating modes and fieldsd profkiobes as
able to select a transmission |ine that bet
The following subsections provide a smooth background that rationalizes the utilization of
microstrip line loaded witla CSRR in this dissertation to e high sensitivity relative

permittivity sensors.

3.1  Sensing with TwoePort Network

Unlike low-frequency electrical systems, microwave systems or networks can be
characterized using the networkoés scatter:i

wavelength of a microwave signal is too small compared to the physical dimensions of the
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system which malgeit difficult to measure the voltage and current variations within its
physical extent with high accuracy [109]. Microwave network has at leaspavis. 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
scdtering 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 gmeeantable
mismatch between the impedance of the -psat network and the corresponding
impedance bthe feeding network. The subsequent discussion in this chapter, is focused
on a transmission line based tport network as it is the utilized network in this

dissertation.

In principle, the variation in the magnitude and/or phase of one or morerswatt
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 permedabtly of t he |
substrate. Moreover, if a dielectric material has a direct electric and/or magnetic coupling
with the | inebds substrate and/or the prop
utilized to estimate the permittivity and/or permeabilitiy tbe 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 netrkadecreases 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 examplesthe 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
proposes a patittivity sensor usingplanar transmission line with a meandered stdg].

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 lefhdfie line)

is higher.

The pior discussion considers using a simple transmission lirenasrowave
sensor. The magnitude of the transmission and reflection coefficients of suslalmest
flat and in gener al d o e acteristic featwres suchaan locala s i |
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 foeesuch
measurement system, microwave sensors are usually desigingda tweport network
that exhibits minimum and/or maximum transmission and/or reflection withén
frequencyband of operationThis mininumymaximum changes its location within the
frequency band of operation based on the properties of a loaded Wdkibuld 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 twgport netwak 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 tyort network by inserting an object with different
impedance withithe 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 trépped wi
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 theiérexy
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 measngwe
need to determine the optimum resonator that better fit a transmission line with a given
propagating mode for sensing applications. The upcoming sectiongwsihost 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 orthagimneach other as well as to the
direction of the wave propagation. @re 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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Electomagnetic 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 boundaryoaditions may alter the mode of the propagating waves. For
example, EM propagates within coaxial cable with TEM mode however, siogtiuctor
rectangular waveguide supports either TE or TM modes while MTL supports hybrid mode

[109]. The question is whiamode 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 condutive 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 (ilectde
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 twoanductors, 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 orientaon of t he magnetic and el €

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 trasmission 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 waves guided through a homogenous tubular dielectric which is
sandwi ched between <centr al and <circumfere
precisely planar transmission lines whehe guided wave is transmitted in a nRon
homogeneons medium composed of a dielectric substrate aneundorm layers of the
surrounding medium (i.e. air). In such cabe,planar transmission line has a propagating
wave that is composed of a dominant TEM mode and a fractiondIM Ehode [109].

This moct is calledhequastTEM mode. The propagating mode of a coplanar waveguide
(CPW) and MTL is a quasiEM 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
suface 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 resonatwr shailild

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 semagshares the substrate

with circuit elements that need easy access to the transnlissiome 6 s gr ound .

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 betated by changing their configurations or by adding
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other passive or active elements to realize numerous microwave circuit components such
as resonatebased sensors, filters and antennas. dissertatiorproposes sensors that are
designed usin@ planartransmission 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 inclusamesbeen
extensively utilized for various sensing and filtering applications. Ground defects and
substrate inclusions are coupled to the gi&W mode of the MTL or CPW. TEM mode
is intense within a limited volume of the substrate of these transmigsesn[109]. This
' imitation restricts the designerodds choi c
within the hosting transmission line for proper coupling (excitation) purposes. Ground
defect and substrate inclusion form mismatched loads, therdiese 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 rdhsse 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 resomafrequency of the microwave resonator
changes when the distribution of the electromagnetic fields within the resonator vicinity
perturbs. This is due to the variation of
permeability. The word system is feered 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 interfen@gh 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 cguiterturbation relation in (1) [8].

yo . YRATJA Yig & Mo
Q RS 1 g s Mo

whereY'Qis the shift in the resonance frequeri@y Yr and¥t are the change in

the permittivity and permeability, respectivel. and{ are the free space permittivity
and free space permeabilitgspectively’A andé are the original fieldSA andg are

the fields withperturbationo is the perturbed volume.

For extremely low power resonator with negligible variation & tiagnitude of
the electric and magnetic fields before and after the resonance, the relation can be

simplified to (2)

yo . Yrws Yig s Wo

Q. rRWs K s Wo
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

withinpermi ttivity (permeability) sensing ar e:¢
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 ofs tfioT)
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applications where each point will have very low power [1]. Thhe,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 complethéCSRR) 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 linesaeators which allow the realization of
miniaturized resonatdvased 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.

(a) (b)

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. Fbwever, the normal timearying 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 excitatiorrses 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 countdgaatd 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 smalfesonators, 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 vith CSRR has 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, lightweighutd high sensitivity planar
metamaterial based sensors for relative permittivity measurement withit@PGHz
band. Each proposed sensor is designed using-aubstrate microstrip line loaded with
a single complementary split ring resonator (CSRRE loaded resonator is excited using
maximum electric/magnetic (crepso |l ar i zati on) excitation to
sensitivity. Each proposed sensor operates at different frequency vatige [0.9-10.9]
GHz band based on the size of the loadetmator. Compared to similar stafethe-art
sensors, the proposed ones are at [@&8% more sensitive. The minimum transmission
frequency shifts (50)% as the samplebs rel
chapter proposes a condition of s#nity 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-10.9] GHz band for all
dielectric samples whitrelative 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 serslmigd frequency. Experimental
measurments are in good agreement with the numerical findings. The chapter includes a
comprehensive sensitivity analydisati nvesti gates the effect 0
scheme, resonatords order (i . e. single or

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 oanized as follows. Section 4.2 provides a comprehensive sensitivity
anal ysis where the &effect of the excitat.i
thickness on the sensorsdé sensitivity are |
a conditon of sensitivity uniformity with the required proof of concept. Section 4.3
summari zes the sensorsod6 design and outline:¢

results are presented in section ZHe ar gap effect is numerically studied in sectibb.

4.2 Sensitivity Analysis

A comprehensive sensitivity study was conducted to investigate the effect of various
excitation schemes, CSRROs order (1. e. sin
sensitivity of a CSRR based sensor. Throughoutdhégier the considered cases were
numerically studied using fulvave 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 comtdistthe 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 dielectriie with a 5mm height. The width
and length of the MUT are identical and assumed to be two times higher than the side
|l ength of the square CSRR. The planar <cen:
surface coincide. Except for the air gap study atehd of thischapter the MUT is

assumed to be in direct contact with the etched CSRR. Fig.4.1(a) and Fig.4.1(b) show the
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gener al sensorsod6 setup. For each studied
thecass peci fi c exci t adrderdsinglesoc doeblele substate Bhirkhess

and CSRR side Il ength (CSRRO&6s 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).

Q ____° 9
¢“ L 0] 0]
YQ "0 Q 18
. "Q Q
yQ b p T 1§

where’Q is the minimum transmission frequency at the presence of MUT with
a 0mm air gap. 0 ando are the equivalent inductance and capacitance of the
loaded CSRR, respectively. s the equivalent capacitance of the loaded MUT .
is the free space minimum transmission frequerfcg.”Q ="Q  withd )

Y'Q is the change in the minimum transmission frequency in GHx. b is the

percentage change in the minimum transmission frequency.
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(b)

Figure4l( a) Top (b) bottom view of the general
in this figure is a single CSRR with cros-polarization excitation. The MUT appears

as a semitransparent 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 amdgnetic

excitations [7]. However, CSRR loaded to MTL has limited excitation choices as pure
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magnetic excitation is not reali zabl e. Exc
rotating the CSRROSsS magnet i c WR)withrdspecte . [
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 whean nitagnetic 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. sTtype of excitation is also called
crosspolarization excitation [112]. In thishapterwe 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 casesvere 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 CSRROs excitation scheme on the ser
MTL has a0.125mm 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 & 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 -(@ias&ation)
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 Figahg(c)
maximum electric/magnetic (crep®larization) excitation in the other one as shown in

Fig.4.2(d).
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(b)

(c) (d)

Figure 4.2 Top view of MTL loaded with square (a) single CSRR with pure electric
excitation (b) single CSRR with crosgpolarization excitation (c) double CSRR with
pure electric excitation (d) double CSRR with crosgolarization excitation. The
dashed lines show thenagnetic 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 eithler s

or double CSRR.

To further investigate the influential factor that causes this superiority, a fifth
simulation case was added. In this case a singienGsquare CSRR based sensor was used

with seven excitation schemes ranging from pure electricaximum electric/magnetic
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(crosspol ari zation) excitation. The seven sch:
magnetic wall from its reference positior?)@i.e. Fig.4.2(a)) which corresponds to pure

electric excitation toward (9D (i.e. Fig.4.2(b)) wich corresponds to maximum
electric/magnetic (croggolarization) excitation using a dfegree step. It should be noted

that as the rotation angle increases frdnto®(, the influence of the exciting magnetic

field increases [43].
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Figure 43Change in the minimum transmission fr

permittivity for single CSRR with pure electric (blue) and crosspolarization (red)
excitation. (Reprinted from [110], © IEEE [2019])
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Figure 44Change in the minimum transmission fr
permittivity for double CSRR with pure electric (blue) and crosspolarization (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
sensorwvith CSRRs at O(pure electric excitation), 2and 30 (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 taytineakent
inductance and capacitance of the CSRR and consequently do not alter its minimum
transmission frequency. However, as the excitation gradually moves toward a higher
el ectric/ magnetic excitation scheathanglet he s
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 riseirh e s en s o r s liowrsirefgst.6.Basedion y as
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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 elementséerm 0 . Such
reduction increases the dependence of theinmum transmission frequency on the

0 0 term or more specifically on the loaded MUT permittivity that is modeled
by6 . This justifies the superiority of CSRR based sensors with maximum
electric/magnetic (crogsolarization) excithion scheme with respect to other excitation

schemes.
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Figure 45Mi ni mum transmission frequency versus
single CSRR with seven excitations ranging from pure electric P to cross
polarization (90°) excitation using a 15 degree step. (Reprinted from [110], © IEEE

[2019])
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permittivity for single CSRR with seven excitations ranging from pure electric (0 to
crosspolarization (90°) 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 characterizatiorgudiiL based sensors has
not been investigated before. Here we are performing a systematic sensitivity comparison
between two sensors with identical substrate and MUTSs. The first one uses a-simgle 6
square CSRR while the other one uses a doulnlen6squae 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 douSIRIE 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 (crogsolarization) excitation. Fig.4.7 shows the results of the first two
cases while Fig.4.8 shows the results oftkinel 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 seaswere 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 tresonator, which consequently reduces the dependence of the

sensor6s minimum transmission frequency

0 T T T T

Pure Electric Excitation

Double CSRR

Single CSRR

_50 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

Relative Permittivity

Change in the Minimum Tranmission Frequency (%)

Figure 47Change i n the minimum tr anssnmelawwi on
permittivity for single (red) and double (blue) CSRR with pure electric excitation.
(Reprinted from [110], © IEEE [2019])
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4.2.3 Substrate Thickne€ffect

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. ando depend on the
polarized portion of the substrate arttie polarized portion of the loaded MUT,
respectively. Reducing the polarized portion of the MUT, decreases the dependence of the
minimum transmission frequencyon and decreases the sensor 6
reason, the used MUTs in thekapterhave a 5mm height to ensure efficient interaction

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

the dependence of the minimum transmission frequenbyonand i ncr eases t he
sensitivity. Reducing the polarized portion of the substrate can be achieved by reducing the
portion of he 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 diffemt substrate thicknesses. In each case a siagie Gquare
CSRR with crosspolarizatone x ci t ati on was wutilized as a
different sensors with eight different substrate thicknesses were considered. The dielectric
constant of thesed substrates is 2.9. Each sensoalliféerent MTL strip width to match
its impedance to the feeding network impedance (ietB). For each case, the relative
permittivity of the loaded MUT was varied from 1 to 10 with a 6sB&p. 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 péis(3),
indicates that the combined CSRR equivalent reactive elementsiierm 0 is
smaller for thinner substrates which consequently increases the dependence of the
minimum transmission frequency on the loaded MUT. Thus, the sensitiitye afensor
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 transmissionefrequy and t he se
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 polarizedrate portion increases which
increase® . At a certain thickness, the substrate portion which is close to the CSRR

will be completely polarized and the will be fixed. Any increment in the substrate
thickness will add additional suibate or additional dielectric layers which will not be

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

mi ni mum transmission frequency and the se

equivalent capacitancé the CSRR.
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Figure 49Mi ni mum transmission frequency versus
CSRR based sensors with different substrate thicknesses. (Reprinted from [110], ©
|IEEE [2019])

52



:\°~ 0 T T T T
>
2 5 _
2 Single CSRR with Cross Polarization Excitation
S 10 .
(T
S 15 i
B N
‘g 20 N 1
s %
L L B
= 25 e 1.28 mm & 1 mm
E A
S .30 = |
£ 30 .
= \
E-357 0.125 mm - 1
2 0.2 mm S
= -40 - 0.3 mm — 1
£ 0.4 mm s
) L 0.5 mm —
= 45 0.8 mm
ru
S _50 | 1 1 1 1 | 1 |
1 2 3 4 5 6 7 8 9 10
Relative Permittivity
Figure 410Change in the minimum transmission fr

permittivity for CSRR based sensors with different substrate thicknesses. (Reprinted
from [110], © IEEE [2019])

4.2.4 Sensitivity Uniformity

Relatve permittivity is a frequenegependent parameter. A single sensor that
operates within a specific band of freque
permittivity within a specified band. However, if the characterization is going to be
conductd 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 permittivitiesotill
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 generditi@onof

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 substrateos t theclesessatonds
paraméers. Changing a substrate thickness and®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 e@asampl
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 duée variation of
wave confinements within the MTL substrate. Therefore, changing one or more of the
resonator o6s par amet er schapteywald betalvetter sptian® o f
vary the minimum transmission frequency which will consequetthnge 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 considetedtudy the sensitivity uniformity @f thin substrate
MTL loaded with a single square CSRR and excited usingspolarizationexcitation.
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 \@riedrying its side
length from 3mm to 18mm with arbm step. To maintain a uniform sensitivity, the ratio
betweend ando 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 wnitimes&le length
the loaded MUT haa length and width of-ém. For each case, the relative permittivity

of the loaded MUT was varied from 1 to 10 with a Os2&p.
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The minimum transmission frequency and corresponding sensitivity of the tested
sensors are presented in Fig.4.11 and Fig,.4ekpectively. The presented results declare
excellent sensitivity uniformity throughout [0.9®.90] GHz band for each relative
permittivity and each utilized sensor. As this band encompasses all used bands in the
previously proposed sensors in [848], these results verify the superiority of the

proposed sensdrsensitivity over previously reported ones even within their bands.
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Figure 4.11 Minimum transmission frequency versus CSRR side length for MUs
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 thendition of sensitivity uniformity.Previous
studi es estimated MUTO s permittivity wusin
permittivity to the measured magnitude of change in the minimum trssism frequency
(i.e. eq.4.2) rather than the percentage of change (i.e. eq.4.34@,4Bollowing such
procedure for a muliband sensor requirébe extraction of a unique equation for each
frequency band. However, depeedentdfthefremenays or 0 s
band of operation, we can extract a single equation that can be utilized over a large
spectrum by relating the MUTO6s permittivi:
transmission frequency ratio or percentage (i.e. eq.4.3prratian frequency shift

magnitude (i.e. measured in GHz as per eg.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 loT
where networ ks 6 isloniteg (1]t Tle reladion détwe@ndhe &ee space
minimum transmission frequency and the side length of the square CSRR is given in (4.4).

A single relation that relates the MUTOS r ¢
transmission frequency for all cadsred sensors that operate at different frequency bands

is given in (4.5).

Q MINMUPQEMO ™o DQEMO ™Y 0QeEMO v

DQEMO pw 18

- X pmm YQ b Minp eYQ b WweYQ b

T T 1%

Where "Q is the free space minimum transmissiblequency in (GHz),
0 Qe Mo is the CSRR side length in (mm), is the estimated MU

permittivity andY'Q b is the change in the minimum transmission frequency.
4.3 Sensors Design

This section summarizes the design ofgheposed sensors. Each proposed sensing
platform is composed of a 3@m by 30mm 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 stripofiguration ensuether esonat or 0 s
excitation with maximum electric/magneticr¢sspolarizatior) excitation. The MTL is
expected to be fed with a coaxial cable with aohén 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 lengtidentical 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 operas@enFig.4.11. In this study the side length

of the square CSRR was scaled from 3mm to 18mm withmanlstep for performance
verification. The corresponding frequency band of operation for MUT with relative
permittivity ranging from 1 to 10 is [0.90 to B®] GHz. It should be noted that the
proposed sensorsod6 can also be wutilized out:
with higher relative permittivity. However, this range is the range through which the

performance of theudiegd oposed sensorsé was s

The following steps summarize ‘the require

permittivity using the proposed sensors:

1. Identify the band of operation based on the MUT intended application.
2. Select a CSRR side lengtlh Q& (N0 that better ifs the identified band of
operation using Fig.4.11 and Fig.4.12.

3. Use the selected) Q& MoO to calculate the free space minimum transmission
frequency "Q using (4.4).

4. Fabricate the sensor using the selectedQ ¢ M6 and the detailed MTL
specifications then measure itQ 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 "Q
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6. Calaulate the change in the minimum transmission frequet@ b by
substituting the measured and "Q using (4.3).

7. Use (7) and the calculated™@ b from step (6) to calcul

permittivity (- 8
4.4 Experimental Measurements

To verify the performance of the proposed sensors experimentally, a prototype sensor
was fabricated using a 3@m by 30mm low loss flexible substrate. The dielectric constant
of the substrate is 2.9 with a 0.1rbén 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 witmm&ide length was etched in
the ground plane. The @R excited usingrosspolarizationexcitation. The path width as
well as the split length is 0.2mm. The planar sensor is fed withah®0coaxial cable.
The obtained free space minimum transmission frequency is 5.39 GHz. This frequency is
almostinthemddl e of the sensorsdéo free space min
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 relatve permittivities of these substrates are 3, 6.15 and 10.2, respectively. Each
MUT was constructed by vertically stacking four layers of corresponding commer
substrate. Each layer is a 15 mm by 15mm layer. Fig.4.13 shows the fabricated porotype
and tle 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 frequenciesere 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 maerical 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 MUTSs layers which reduces their corresponding effective permittivity.

Another source of error is the air gap layer between the CSRR footprint and the MUTSs.

This effect is discussed in the next section.

Figure 4.13 Fabricated sensor and three MUTs fabricated using Roger substras
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 Bmm CSRR based sensor. The red cwe for Er=1.The used
MUTSs 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
theloadedMO . Thi s setup ensures perfect coupl:
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 gip.pesence of an air gap alters the
equival ent resonatords | oad capacitance wlt
obtained measurements. The introduced errc

thickness and the MUT relative permittivity.

For a permittivity sensor with a tiarm 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 MUTO06s equi
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the airgap increasesitsequemalt capaci tance decreases cons
formed by the three series capacitances (i.e. air gap /MUT/air gap) decreases. Similarly,
foranonzer o fixed air | ayer thickness, as the
r es on a tl mmeédsby theottaee 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
whichthesensor 6s mini mum transmission frequenc

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 usingira €ESRR based
sensorThe 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 percentage¥Q . h (Y'Q ~ b areshown in (4.6) and (4.7), respectively. In
these two relations,’Q refers to minimum transmission frequency with-enfh air
gap while "Q refers to the minimum transmission frequency when an air gas exist
between theCSRR and the loaded MUT. Fig.4.15 shows the change in the minimum
transmission frequency with respect to th
permittivity. The figure verifies the discussed air gap effect. The positive frequency shift
percentagemdicate 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

betwesn the sensor and the loaded MUT decreases in either case.
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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
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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 rélae permittivity measurement. The proposed sensor is
designed using a thisubstrate microstrip line loaded with tapered sectorial
Complementary Split Ring Resonator (CSRR). Compared to similarddttie-art
sensors, the proposed one is I1€66)% mae 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 a® thariation of the X8l B s ensor 6s bandwi
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 permitity of the material under test (MUT) changes from 1 to
10. In addition, the @B 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 chaptancludes a comprehensive sensitivity analysis that
investigates the effect of resonatorodos spl
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 overVidhe o
proposed sensor design and sensing mechanism. Section 5.3 presents a csivgrehen
sensitivity analysis that discses the effect of the path width and split length variation on
the sensorso6 Blusta®s liow we day incredsé theaderssibvity of the
proposed sensor using two dielectric test samples instead.dffemexperimental results
are presented in section 5%ection 5.5 and section 5grovide the required proof of
concept for the sensor practicality they demonstrataow we can utilize the proposed

sensor as a microfluidic or crack sensor

5.2 Sensor Design

The proposed sensor in tlsisaptelis designed using a planar transmission line that
is loaded with a passive resonator.  Mwetsonator is an electrically small resonator that
can ke modeled by lumped circuit elements. It can be modeled by egunivaler e sonat o
capacitance and equivalent resonatoré indu

minimum transmission frequency and the bandwidth of the-nestanator.

For sensing applications, the loaded mresonator should have efficient
interaction with the loaded MUT. This interaction results in additional parallel equivalent
MUTG6s capacitance for a permittivity senso
a permeability sensor. The change in the minimum transmission frequency of the
composite structure (met@sonator/MUT) is directly proportional to the equivalent

MUTG6s capacitance for a permittivity sens
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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 MUTwhile 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 ¢hispter MTL is selected as the
hosting transmission lines&CSRR can be optimally designed with a vertical tuagying

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).

ge S — o
¢“ 0 0 0
y'Q Q 0 Lg
Q Q
yQ b p T ()

where’Q is the minimum transmission frequency at the presence of MUT with

a 0mm air gap. 0 ando are the equivalent inductance and capacitance of the
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loaded CSRR, respectively. s the equivalent capaance of the loaded MUTQ
is the free space minimum transmission frequerfcg.”Q ="Q  witho )

Y'Q is the change in the minimum transmission frequency in Gf. b is the

perentage 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 deternation 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 taneasure the effective permittivity of the surrounding environment
(i.e. displacement or velocity sensor) require sensors with high dynamic range. The
dynamic range of a metasonator based sensor depends on the equivalent capacitance and
equivalent indu@nce of the loaded resonator. In our case as we are using a CSRR based
sensor , the dynamic range of the sensor foc
calculated using5(2) and can be varied by varying the free space minimum transmission

frequencywhich is a function of the and 0

The previous chapter study optimized the sensitivity of a CSRR based sensor using
thin substrate MTL, withcroggs ol ari zed single CSRR. The pr ¢
the contribut ipan hofwitdhdé @SRRWed | as the CES&

sensitivity and dynamic range. The effect of these two parameters is studied in this chapter.

As per 6.1), decreasing the equivalent capacitance of the CSRR ( increases

the free space miniom transmission frequency as well as the sensitivity of the sensor. The
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path width of a CSRR contrafs . As the path width of the CSRR increasés, as

well as the quality factor of the resonator decreases. In addition as the patlofvittth

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 CSRRavigtlge path width
(tapered CSRR), the permittivity of the loaded MUT increases the effective capacitance of
the sensor (i.e. increases the tedm 0 ) which decreases the minimum
transmission frequency and consequently increases theinggnsgstbmpared to the
sensitivity of a noftapered 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 portionhef tbaded MUT. This in turn, varies the

quality factor as well as the bandwidth of the resonating structure.

As per 6.1), decreasing the equivalent inductance of the CSRRR ( increases
free space minimum transmission frequengy. is astrong function of the CSRR split
l engt h. It has an influence on the senso
permittivity sensor) is not equivalent to the influence ofdhe . As the split length of
the CSRR increases) and thequality 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 asicreases 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 oftapaered CSRR sensor.

68



5.3 Sensitivity Analysis

This section presents a comprehensive numerical study that discusses the influence
ofthemeta esonator 6s path width and sepohatot | eng
relative permittivity sensor. Many scenarios were simulated to extract the scattering
parameters and analyze the contribution of the two smestanator parameters on the
sensitivity of the proposed sensor. The study was conductedthsiiog -wave numerical
simulation package ANSYS HFSS. The used sensing platform (sensor) consistsof a thi
substrate MTL loaded with a caspecific metaesonator. For all simulated scenarios, the
properties of the MTL and its substrate we
thickness are 2.9 and 0.125mm, respectively. The MTL strip width & @riin to match

the sensing platform to a &hm 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 contacwith the metaresonator (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 metaonator while the other is placedab the
MTL strip. For all simulated cases, the used MUT is a rectangular cube dielectric material
with a 5mm cube height and 15mm length and width. The MUT relative permittivity was
varied for each simulated case as detailed in the upcoming subseéiigasl shows the

general setup of the used sensor and MUTSs.
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(a)

Figure51(a) Top view of the general sensor 0s
the gener al sensorbé6s setup wheé hgemwer MUTSs e 1

setup for both categories. The etched resonator in the figure is a ndapered CSRRB.
The MUT appears as a serdiransparent cube attached to the ground plane.



Two sectori al CSRRs wer e usedresonatbrer ¢ han

They are both sectori al CSRR where one of
(CSRRB) while the other has a CSRR6s split
the lengh 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 excitedrassg
polarizationexcitation 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.

L)

Cd)
Figure 5.2 (a) Top view of the sensor with nortapered CSRRB. (b) Top view of the
sensor with nontapered CSRRS. (c) Top view of the sensor with tapered CSRRB (d)

Top view of the sensor with tapered CSRRS. The sutrate was removed for more
clarity. The MTL strip

(a)
ey
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5.3.1 OneMUT

In this category of the simulated scenarios, CSRRB and CSRRS based sensors were
used with a single MUT. The CSRRO6s path wi:
a 0.2 mm st ep. plialéngtlowas vateé fro@ 8.RMR to 2. 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 minimmansmission frequency of the CSRRS

based sensor.
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Figure 5.3 Free space minimum transmission frequency of the CSRRB based sensor
in (GHz) versus CSRRBo6s path width and spl
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Figure 5.4 Free space minimum transmission frequency of the CSRRS based sensor
in (GHz) versus CSRRS6s path width and spl

As per these two figures, the minimum transmission frequency of the CSRRB or
CSRRS sensors increases with the increase
of the CSRRO6s split | ength. However, it shi
of increase in the free space minimum transmission frequency for both GSRigker
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 equival ent CSRRO6 s51kia Ipigherthan ahe cate ofrtleed u c t |
equi valent CSRROs inductance redtubgd)tandon i n
these figures, CSRRs with 2 mm split length and 2.8 mm path width (tapered CSRR), has
the minimum equival ent CSRROCSRRswith®2mmnce a
split length and 0.2 mm path width has the

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 figwese 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 ofweesensors.
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Figure 5.5 Normalized free space minimum transmission frequency of the CSRRB
based sensor versus CSRRBé6és path width and
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Figure 5.6 Normalized free space minimum transmission frequency of the CSRRS
based sensor versus CSRRS6s path width and

As shown, the minimum transmission freq
split length and 2.8 mm path wid{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 mengd 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 nottapered one. This is verified by the upcoming figures and simulated

cases.

Fig.5.7 and Fig.5.8how 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 sems. Fig.9 and Fig.10 show the percentage change in the

75



minimum transmission frequency for the same cases. These two figures are utilized to

calculate the sensitivity of the considered CSRRs sensors.

—

- -k
N RO

-

-

CSRRB Split Length (mm)

e o e @9

N R OO

0.5 1 1.5 2 25
CSRRB Path Width (mm)

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 CSRRBO6s path width and split | en
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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 CSRRSO6s path width and split | en
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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 CSRRB6s path width and split | ength
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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 CSRRS6s path width and split | ength
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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 CSRRO0Ss
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 CSRRE8RRS 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 @H®=over, the
sensitivity of the two tapered sensors is 61% while the sensitivity of thtapered 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. id F@.5.12 show specific
sensitivity and resolution comparison between thetapered 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 thpered CSRRs based sensors in

terms of sensitivity and resolution.
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Figure 511Change i n the minimum transmission fr
permittivity for the non -tapered CSRRB (red) and taperedCSRRB (blue) based
Sensors.

Figure 512Change in the minimum transmission fr
permittivity for the non -tapered CSRRS (red) and tapered CSRRS (blue) based
Sensors.
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