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Abstract

Electromagnetic metamaterials are engineered materials that exhibit controllable elec-

tromagnetic properties within a desired frequency range. They are usually made of

periodic metallic resonant inclusions with dimensions much smaller than the opera-

tional wavelength. Since their introduction, they have found many applications from

the microwave frequency range up to the terahertz and optical ranges. One key ad-

vantage of metamaterial lies in their sub-wavelength resonators making them suitable

for miniaturisation of RF circuits and components.

This thesis investigates applications of metamaterial-inspired resonators and struc-

tures to design improved devices and components operating at either the microwave

or terahertz frequency range. The first part of the dissertation is on the design of minia-

turised microwave filters for integrated portable RF systems. Dual-mode metamaterial

resonators are proposed as alternatives to conventional resonators for size reduction of

the RF filters. In the second part, the focus is on the design of compact metamaterial

sensors with improved functionalities. Complementary metamaterial resonators are

proposed for designing microfluidic sensors with improved sensitivity and linearity.

The designed microfluidic sensors have been tested and verified for dielectric charac-

terisation of chemical and biological solutions. A wide dynamic-range displacement

sensor has been designed based on a microstrip-line-coupled complementary electric-

LC (ELC) resonator. Furthermore, a rotation sensor is designed with coupled U-shaped

resonator with a dynamic range of 180°, where the sensor linearity is improved by

asymmetrically tapering the resonators shape. The third part focuses on the design

of microwave and terahertz frequency selective surfaces (FSS) based on metamaterial

miniaturised elements. Tunable and dual-band FSSs are proposed for reconfigurable

and multi-standard microwave communications. Eventually, miniaturised-elements

are used to design second-order FSSs at the terahertz frequency range. The simulation

and measurement results confirm a harmonic-free and stable frequency response of the

designed FSSs under oblique incidence angles.

Overall, the research outcomes in this thesis suggest the efficiency of metamaterial

resonators for the design of sensing and communications devices with improved per-

formance over a wide frequency range from the microwave up to terahertz.
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Chapter 1

Introduction

T
HIS chapter provides an introductory background to the area of

metamaterials and discusses the characteristics that make them

attractive choices in designing new or improved electromagnetic

devices for microwave and terahertz applications. It also explains the ob-

jectives and motivations behind the presented research. Furthermore, the

original contributions in this thesis are highlighted followed by the struc-

tural organisation of the thesis.
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1.1 Introduction

1.1 Introduction

1.1.1 Metamaterials definition and background

By definition, metamaterials are engineered materials that exhibit controllable elec-

tromagnetic characteristics including those not found in natural materials. They de-

rive their exotic electromagnetic properties from the periodic arrangement of the sub-

wavelength metallic inclusions rather than from their atomic constitution (Zheludev

2010, Withayachumnankul and Abbott 2009). Attempts to engineer materials with ex-

otic properties for manipulation of electromagnetic radiation have their roots back to

late 19th century when Jagadish Chandra Bose studied the properties of electromag-

netic chiral materials. After that, an artificial chiral media has been developed by Karl

Ferdinand Lindman in 1914 that was made of a collection of randomly-oriented small

wire helices (Engheta and Ziolkowski 2006). Since then, several other other realisations

have been made to design artificial media such as artificial dielectrics or artificial chi-

ral materials for electromagnetic beam manipulation (Ziolkowski and Engheta 2003).

Although none of these studies used the metamaterials as the title for their work, they

still can be categorised as metamaterials (Ziolkowski and Engheta 2003, Engheta and

Ziolkowski 2006).

The electromagnetic wave propagation in an artificial material with simultaneously

negative permittivity and permeability was theoretically studied by Veselago (1968).

Recent advances in fabrication and realisation techniques has led to practical imple-

mentation of double negative (DNG) metamaterials with the first realisation by Smith

and Schultz (Smith et al. 2000, Shelby et al. 2001). Afterwards, the subject of meta-

materials attracted great attention for research from the microwave frequency regime

up to high terahertz and optical frequencies and many devices with new or improved

functionalities have been designed based on the artificial material concept up to now.

Several different names have been suggested for the artificial electromagnetic mate-

rials including negative referactive index media (Pendry 2000, Shelby et al. 2001, Iyer

and Eleftheriades 2002), left-handed media (Marqués et al. 2002, Caloz and Itoh 2004),

backward wave media (Tretyakov et al. 2005, Grbic and Eleftheriades 2002a), double

negative media (Vendik et al. 2006, Vendik and Gashinova 2004). According to the def-

inition presented, all the above mentioned materials are categorised as metamaterials.
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Chapter 1 Introduction

1.1.2 Research motivations and thesis objectives

As mentioned earlier, metamaterials cover a broad range of engineered media or ma-

terials to manipulate electromagnetic waves. Realisation of such media or substances

requires a periodic arrangement of small metallic inclusions. These periodic structures

might be in one dimensional form such as in composite right/left handed transmis-

sion lines (Lai et al. 2004, Gil et al. 2007b), two dimensional such as high-impedance

ground planes (Sievenpiper et al. 1999) or three dimensional configurations such as in

nanolenses (Casse et al. 2010).

Recently, many devices and components with improved characteristics have been de-

signed based on an arrangement of one or more metamaterials constituting resonators

such as split-ring resonators (SRRs) and complementary resonators (CSRRs). These

new components are specified as metamaterial-inspired devices. The advantages of

these metamaterial-based resonators or elements lie in their very small sub-wavelength

size that provides the possibility of designing compact circuit and components such as

filters (Garcı́a-Garcı́a et al. 2005, Falcone et al. 2004b, Sans et al. 2014, Vélez et al. 2014),

couplers (Islam et al. 2004, Jarauta et al. 2004, Nguyen and Caloz 2007), antennas (Zhu

and Eleftheriades 2009, Zhang et al. 2008, Alici and Ozbay 2007, Kärkkäinen and Ikonen

2005, Kim and Breinbjerg 2009) and so on. The compactness is a key factor in weight

reduction of many portable devices such as cell phones, laptops, tablets. The sub-

wavelength dimensions offer the precise modelling of their electromagnetic response

through lumped-element circuits. This feature is very useful in design, modelling, and

analysis of complex electromagnetic structures (Marqués et al. 2011). Moreover, the

metamaterial-based resonators can be easily engineered to show multiband or wide-

band responses (Fan et al. 2007, Garcia-Lamperez and Salazar-Palma 2006, Basaran and

Erdemli 2009).

Furthermore, metamaterial-based resonators exhibit very high quality factor resonances

with intensive concentration of electric and magnetic fields. These concentrated elec-

tromagnetic fields are very sensitive to the environmental and geometrical parame-

ters. Any change in the environment or geometrical alignment of the resonators will

be directly translated to their resonance characteristics such as resonance frequency,

quality factor, and phase. This feature makes the ideal candidates for applications in

sensing, which becomes a potential area for development of new metamaterial devices

(Zheludev 2010). Thus, several metamaterial-based resonators have been explored for
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1.2 Statement of original contributions

new or improved sensor structures (Naqui et al. 2011, Naqui et al. 2012, Withayachum-

nankul et al. 2012, Withayachumnankul et al. 2013, Melik et al. 2009b, Melik et al. 2009a).

Another promising application of metamaterial-inspired elements is in designing meta-

surfaces and frequency selective surfaces (FSSs) based on miniaturised elements. The

FSSs implemented with miniaturised elements exhibit stable frequency responses with

respect to a change in the polarisation and incidence angle of the electromagnetic

waves (Sarabandi and Behdad 2007). On the other hand, lumped-element circuit-based

synthesis methods can be derived for them because of the extremely sub-wavelength

size of their constituting elements (Bayatpur 2009). This feature significantly facili-

tates the design procedure of the FSSs for achieving the desired frequency response

(Bayatpur and Sarabandi 2008b, Behdad 2008, Al-Joumayly and Behdad 2009, Li and

Shen 2013, Chiu and Chang 2009).

In light of the above background, this dissertation investigates the applications of

metamaterial-inspired resonators and elements in miniaturised microwave planar fil-

ters, sensors and miniaturised-element frequency selective surfaces (MEFSSs) for mi-

crowave and terahertz applications. The first part of this thesis studies the application

of dual-mode metamaterial resonators in miniaturisation of microwave planar filters

in Chapter 3. The second part in Chapters 4 & 5 presents improved microwave devices

based on metamaterial resonators for microfluidic and rotation sensors. The metama-

terial concept of miniaturised element FSS is presented in Chapters 6 & 7.

1.2 Statement of original contributions

This dissertation involves several contributions in the area of metamaterials-based de-

vices in the microwave and terahertz frequency ranges. These contributions can be

generally categorised in three self-contained topics within the metamaterial frame-

work. The first part of the thesis is on the design of compact filters using metamaterial-

based dual-mode resonators. The second part is focused on the design of improved mi-

crowave sensors based on the metamaterials concept. Eventually, the third phase is on

the design of frequency selective surfaces using metamaterial miniaturised elements.
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Chapter 1 Introduction

1.2.1 Metamaterial-inspired compact filters

This section outlines the contributions in the first part of this thesis that is about the

compact metamaterial-based filters.

• Dual-mode resonators are well-known for their role in miniaturisation of mi-

crowave filters. So, a dual-mode complementary resonator has been developed

by modifying the geometrical structure of the complementary split-ring resonator

(CSRR). This dual-mode resonator has been used for designing a second-order

bandpass filter with wideband response and highly compact structure. This de-

sign has been published in IEEE Microwave and Wireless Components Letters under

the title of “Compact dual-mode wideband filter based on complementary split-

ring resonator”(Ebrahimi et al. 2014a).

• The developed dual-mode complementary resonator has also been used to de-

sign a compact second-order bandstop filter with wide harmonic free out-of-band

response. The design idea was inspired from a first-order notch filter with a real-

isation of mutual coupling between the resonators for obtaining a second-order

response.

• The microstrip transmission lines loaded with complementary electric-LC ele-

ments have been studied and it has been demonstrated that the special configu-

ration of this type of resonators exhibits a dual-mode resonance when they are

excited with the electromagnetic fields generated by the microstrip line. Both of

the bandstop and bandpass configurations have been studied and compact dual-

mode filters have been designed and implemented. The outcomes of this research

are published in the Journal of Applied Physics under the title of “Dual-mode be-

havior of the complementary electric-LC resonators loaded on transmission line:

Analysis and applications”(Ebrahimi et al. 2014f).

1.2.2 Metamaterial-inspired sensors

This section summarises the contributions made in the design of metamaterial-inspired

sensors.

• A high-sensitivity microwave microfluidic sensor has been designed based on

complementary split-ring resonator (CSRR) loaded on a microstrip line. By us-

ing complementary split-ring resonator instead of the split-ring resonator, the
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1.2 Statement of original contributions

effective sensitive area of the sensor has been increased resulting in a sensor

with four time higher sensitivity with respect to the conventional SRR-based sen-

sor. A prototype of the designed sensor has been implemented and verified by

measurements for determining the ethanol volume fractions in water solutions.

This improved design has been appeared in IEEE Sensors Journal under the ti-

tle of “High-sensitivity metamaterial-inspired sensor for microfluidic dielectric

characterization”(Ebrahimi et al. 2014c).

• A microwave microfluidic sensor for determination of glucose concentrations

in water has been designed based on the complementary electric-LC resonator

loaded microstrip line. It is shown that the complementary electric-LC resonator

produces a highly concentrated electric field at its odd mode resonance. So, this

property is used to sense the glucose contents of water solutions based on di-

electric loading effect of the glucose solutions on the sensing area. The results

of this research have been presented in IEEE Mediterranean Microwave Symposium

(MMS), 2015 under the title of “Microwave microfluidic sensor for determination

of glucose concentration in water”.

• A wide dynamic range rotation sensor has been designed based on a pair cou-

pled meandered U-shaped resonators. By rotating the resonators with respect

to each other, the overlapping area of the resonators is increased resulting in a

stronger coupling between them. This is translated into a resonance frequency

shift in the transmission response of the sensor that can be used for detection

of angular rotation. The dynamic range of the proposed sensor is 180° and its

linearity is improved by asymmetrically tapering the resonators. This work has

been published in IEEE Sensors Journal under the title of “Metamaterial-inspired

rotation sensor with wide dynamic range”(Ebrahimi et al. 2014d).

1.2.3 Frequency selective surfaces (FSSs)

The contributions in designing metamaterial-based frequency selective-surfaces (FSSs)

with low profiles and stable frequency responses are presented in this section.

• A challenge in FSSs is designing structures with tunable or reconfigurable fre-

quency responses. One major difficulty in these designs is biasing the individual

active tuning elements such as varactors. In this context, we proposed a single-

pole varactor-based tunable FSS structure in which all the varactors are biased in
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parallel and there is no need to bias every individual varactor with a RF choke.

The application of this structure in designing FSSs with higher-order responses

has also been investigated. The outcomes of this work have been presented in

IEEE Mediterranean Microwave Symposium (MMS), 2015 under the title of “Higher-

order tunable frequency selective surface with miniaturised elements.”

• The spurious response associated with the metallic bias network drastically de-

teriorates the performance of the tunable frequency selective surfaces. In this

regard, we have developed a new design based on miniaturised-elements that

removes the need for any bias network. The bias network has been embedded in

the FSS structure by considering wire grids in all FSS layers. The proposed FSS

comprises three metallic layers and exhibits a second-order bandpass frequency

response. The structure has been realised by using multilayer PCB fabrication

process and tested with a parallel plate waveguide setup for validation.

• The implementation of tunable FSSs for higher microwave frequencies beyond

the X-band is more challenging since the available flip-chip tuning elements such

as varactor or PIN diodes fail to operate properly at these ranges. We have pro-

posed a new X-band tunable FSS based on liquid crystals instead of varactors.

Tunability is achieved by integrating liquid crystal cells in overlapping areas

between different metallic layers of the FSS, where there are inter-layer capaci-

tances. By applying bias voltage between the different layers the effective permit-

tivity of liquid crystals will be tuned resulting in a tunable frequency response.

The tuning concept has been shown through full-wave electromagnetic and cir-

cuit model simulations. This design has been presented in IEEE Asia and Pacific

Microwave Conference (APMC), 2013 under the title of “Interlayer tuning of X-band

frequency-selective surface with liquid crystal”(Ebrahimi et al. 2013).

• Frequency selective surfaces with multiple independent transmission bands are

highly desirable in nowadays multi-standard and multi-functional communica-

tion and imaging systems. The sensitivity of the frequency response in multiband

FSS structures to the incidence angle is very critical especially at the upper pass-

band. We proposed a dual-band frequency selective surface with miniaturised

elements unit cell, where the unit cell size is smaller than λ0/10 at the lower

passband frequency. The designed FSS offers an independent setting of the pass-

band frequencies simply by varying the unit cell dimensions. This work has been

presented in International Workshop on Antenna and Propagation (iWAT), 2014 with
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the title of “Design of dual-band frequency selective surface with miniaturised

elements”(Ebrahimi et al. 2014a).

• Highly-selective FSSs with higher-order frequency responses and wide harmonic-

free out-of-band are essential in terahertz spectrometry and imaging systems. In

most of the conventional THz-FSS designs, the unit cell size is comparable with

half of the wavelength at the operational frequency. This renders their frequency

response sensitive to the angle of incidence and non-planar phase front of the

electromagnetic radiation. In order to address these challenges, we designed tera-

hertz second-order bandpass frequency selective surfaces based on miniaturised-

element unit cells. Our proposed FSS structures offer very stable frequency re-

sponses around the operational frequency for both of the TE and TM polarisa-

tions of the obliquely incident waves. They also provide extended harmonic-

free out-of-band responses. Our designs have been published in IEEE Transac-

tions on Terahertz Science and Technology under the title of “Second-order terahertz

bandpass frequency selective surface with miniaturised elements”(Ebrahimi et al.

2015a) and IEEE International Conference on Infrared, Millimeter, and Terahertz Waves

(IRMMW-THz) with the title of “Second-order bandpass frequency selective sur-

face for terahertz applications”(Ebrahimi et al. 2014e).

1.3 Overview of the thesis

As outlined in Fig. 1.1, this thesis encompasses five parts including the background,

three parts of the original contributions and the conclusion. The detailed description

for each part of the thesis is presented as follows.

Background (Chapters 1 & 2) includes the current introductory chapter and Chap-

ter 2 that provides the introductory information and background required for

the rest of the thesis chapters. The fundamental theory of metamaterials is intro-

duced and discussed in this chapter. Then their application in designing com-

posite left/right handed wave propagation media is explained. The application

of metamaterial-based resonators in designing compact filters and microwave

sensors is discussed. Moreover, a brief discussion regarding the frequency se-

lective surfaces (FSSs), miniaturised elements and their role in designing high-

performance and low profile FSSs is presented in this chapter.
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Introduction

Fundamentals of metamaterials

Compact dual-mode wideband bandpass filter 

Compact dual-mode bandstop filter based on dual-mode complementary split-ring resonator 

Dual-mode behaviour of complementary electric-LC resonators loaded on microstrip lines

High-sensitivity microfluidic sensor based on complementary split-ring resonator

Microfluidic sensor for detrminiation of glucose concentration in water

Displacement sensor based on compelementary electric-LC resonator loaded on microstrip line

Varactor-based single pole frequency selective surface

Second-order terahertz FSS on quartz substrate

Miniaturised-element second-order terahertz FSS on PDMS substrate

Dual-band frequency selective surfaces with miniaturised elements

Varactor-based second-order frequency selective surface with embeded bias network

Ka-band tunable FSS based on liquid crystals
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Metamaterial-inspired rotation sensor with wide dynamic range

Conclusion

Future research directions

Figure 1.1. Thesis outline and original contributions. This dissertation is composed of 8 chapters

in total, divided in five major parts. The original contributions are distributed in 3 parts:

filters, sensors and frequency selective surfaces (FSSs). All the chapters are virtually

self-contained.

Filters (Chapter 3) involves the design of metamaterial-inspired compact microwave

filters based on dual-mode resonators. First, a dual-mode complementary res-

onator has been developed by modifying the shape of conventional complemen-

tary split-ring resonator (CSRR) and then the application of this resonator in de-

signing compact filters is verified by designing second-order bandpass and band-

stop filter prototypes. Second, it has been demonstrated that by loading a mi-

crostrip line with a special configuration of electric-LC resonators, a dual-mode

frequency behaviour will be observed. This configuration has been employed in

designing dual-mode microwave filters with compact size.
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Sensors (Chapters 4 & 5) present our designs of improved microwave sensors based

on metamaterial concepts. In Chapter 4, a microfluidic sensor for determination

of ethanol volume fractions in water has been designed and verified. It is demon-

strated that the new sensor achieves four timed higher sensitivity with respect

to the conventional metamaterial microfluidic sensors by using CSRR instead of

the SRR for sensing. In addition, a microfluidic sensor for measuring the glu-

cose contents in water solutions has been proposed and verified in this chapter.

Chapter 5 explains new designs of microwave rotation and displacement sensors.

Improved designs of rotation and displacement sensors with high linearity and

wide dynamic ranges are presented in this chapter.

Frequency Selective Surfaces (Chapters 6 & 7) focus on the design of miniaturised-

element frequency selective surfaces (FSSs) for microwave and terahertz appli-

cations. The FSS designs for reconfigurable and multi-standard microwave sys-

tems are discussed in Chapter 6 by introducing tunable FSS configurations and

also a design of dual-band FSS with miniaturised elements. Chapter 7 presents

the incorporation of miniaturised-elements in designing FSSs with higher-order

responses and improved selectivity for terahertz purposes.

Conclusion (Chapters 8) summarises the results and contribution in this dissertation

and outlines the possible future research works and improvements.
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Chapter 2

Fundamentals of
metamaterials

M
ETAMATERIALS are artificially engineered materials

with exotic electromagnetic properties that do not com-

monly exist in natural materials. This chapter introduces

the basic concept of metamaterials and their implementation in planar cir-

cuits. Their operation principle is explained from the circuit model prospec-

tive. The applications of the resonance-based metamaterial components in

designing microwave filters and sensors are discussed. In addition, the

miniaturised elements inspired by metamaterials are presented as alterna-

tive components in designing frequency selective surfaces.
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2.1 Introduction

Metamaterials are commonly considered as the homogeneous structures with exotic

electromagnetic properties. A metamaterial is composed of resonant inclusions with

sizes much smaller than the wave length λg. The average unit cell size of d ≤ λg/4 is

required for homogeneity. In this condition, the structure shows a uniform electromag-

netic behaviour that is dependent on the unit cell properties and their near-field cou-

pling behaviours. The electromagnetic properties refer to the relative permittivity εr,

relative permeability µr, and the refractive index that is defined as n = ±√
µrεr, where

the ± sign is considered for generality (Caloz and Itoh 2005). Therefore, according to

the permittivity and permeability values, electromagnetic materials can be categorised

in four domains demonstrated in Fig. 2.1. Dielectric materials are all categorised as

double positive (DPS) materials. Materials with negative permittivity can be found

in nature including plasmas with low losses and metals at optical and infrared fre-

quencies (Marqués et al. 2011). Materials with negative permeability are less common

in nature since the magnetic interactions in most materials are too weak. Magnetised

ferrites in saturation can show negative magnetic permeability (Marqués et al. 2011).

Materials with simultaneously negative permittivity and permeability usually known

as ‘double negative materials’ do not naturally exist. Despite that, the propagation of

electromagnetic waves in a medium with simultaneously negative permittivity and

permeability was theoretically studied in Veselago (1968). The first realisation of this

kind of medium was conducted in the early 2000s (Smith et al. 2000, Smith et al. 2004).

Media with simultaneously negative permittivity and permeability are implemented

using metallic inclusions with dimensions much smaller than the wavelength. Double

negative materials exhibit interesting electromagnetic phenomena and add a new de-

grees of freedom for designing new devices with improved performances. Although

initially, the term ‘metametarial’ was used mostly for DNG structures, nowadays meta-

matrials refer to any artificially engineered materials with subwavelength inclusions

for manipulating electromagnetic waves.

In this chapter, first the wave propagation in double negative materials is explained

through electromagnetic theory. Then the realisation of metamaterials in planar trans-

mission lines and circuits is explained with a focus on resonant structures. The ap-

plication of the metamaterial-based resonant unit cells in the design of microwave fil-

ters and sensors are briefly discussed. Eventually, metamaterial-based miniaturised-

elements are introduced as an effective approach to designing frequency selective sur-

faces (FSSs).
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μ

ε

DPS Material

μ > 0,  ε > 0 and n > 0 is real

Forward wave propagation

I

DNG Material

Backward wave propagation

μ < 0,  ε < 0 and n < 0 is real

r

r

III

r

ENG Material

Evanescent wave

μ > 0,  ε < 0 and n < 0 is img.

II

r

MNG Material

Evanescent wave

μ > 0,  ε < 0 and n < 0 is img.

IV

Figure 2.1. Material categories based on the permittivity and permeability. Based on the

permittivity and permeability, materials can be categorised in four major groups: dou-

ble positive materials (DPS), epsilon negative materials (ENG), mu negative materials

(MNG), and double negative materials (DNG).

2.2 Wave propagation in double negative materials

To understand the electromagnetic wave propagation in a double negative medium,

we should start with Maxwell’s equations. By assuming a linear and isotropic medium,

the Maxwell’s equations in a source-free region can be written as

∇× E = −∂B

∂t
, (2.1)

∇× H =
∂D

∂t
, (2.2)

for which the constitutive relations are

B = µH, (2.3)

D = εE. (2.4)
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By assuming time-dependent harmonic fields, the electric or magnetic fields can be

defined as

F (r, t) = Re[F(r)ejωt]. (2.5)

From the above assumption, (2.1) and (2.2) can be rewritten as

∇× E = −jωµH, (2.6)

∇× H = jωεE. (2.7)

By considering the plane wave propagation with a wavevector of k, we have

E = E0e−jk·r, (2.8)

H =
E0

η
e−jk·r. (2.9)

where, η =

√

µ

ε
is the wave impedance. Based on the above relations, the Maxwell’s

equations can be reduced to

k × E = ωµH, (2.10)

k × H = −ωεE. (2.11)

It can be inferred from (2.10) and (2.11) that if both ε and µ are positive, the electric field

vector E, the magnetic field vector H, and the wave vector k constitute a right-handed

triplet. Conversely, if both ε and µ are negative, the three vectors E, H, and k make a

left-handed triplet. In addition, the power flow through the electromagnetic waves is

related to the Poynting vector, which is defined as

S = E × H∗. (2.12)
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E H
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E H

k

S

(a) (b)

Figure 2.2. Wavevector and Poynting vector. Description of the electric field, magnetic field and

wavevector triad obtained from Maxwells equations together with the Poynting vector

obtained from the Poynting theorem. (a) Double positive medium and (b) Double

negative medium.

This relation clearly demonstrates that the S, E, and H vectors will always make a

right-handed triplet. So, in a double negative medium, the S and k vectors are in the

opposite directions, whereas they are pointing to the same direction in a double posi-

tive medium. This phenomenon is clearly described through Fig. 2.2, where Fig. 2.2(a)

demonstrates the double positive medium and Fig. 2.2(b) describes the double nega-

tive medium.

The Poynting vector shows the direction of the energy propagation over the time, and

so is parallel to the group velocity vg. On the other hand, the wavevector k is in a same

direction as the phase velocity. Therefore, in a double negative medium, the phase

and group velocities are in the opposite directions. This type of wave propagation is

known as backward wave propagation (Veselago 1968).

Despite of the theoretical investigation by Veselago, the first practical realisation of

the double negative medium was achieved by Smith et al. They implemented a ho-

mogeneous double negative medium by incorporating periodic arrangement of sub-

wavelength split-ring resonators (SRRs) and wires (Smith et al. 2000). This structure is

demonstrated in Fig. 2.3(a). In order to achieve simultaneously negative permittivity

and permeability, it should be excited with the electric field along the wire axis and

the magnetic field perpendicular to the SRR plane. The transmitted power is demon-

strated in Fig. 2.3(b), where the solid line shows the transmitted power through the

SRR array whereas the dashed line represents the power transmitted through the ar-

ray of combined SRRs and wires. As seen, there is a bandstop region for the SRR array,
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(a) (b)

Figure 2.3. First implementation of double negative medium. (a) First realisation of left-handed

media by combination of SRRs. (b) Power transmission response of the structure, where

solid line shows the response of SRR array and the dashed line for the composite array

of SRRs and wires. After Smith et al. (2000).

arising from a negative permittivity at these frequencies (Smith et al. 2000). However,

the dashed curve indicates a passband that is due to the double negative behaviour

around these frequencies (Smith et al. 2000).

Soon after the first experimental demonstration of the double negative media, several

new electromagnetic structures have been developed based on the same concept. In

what follows, we will discuss the implementation of artificial transmission lines and

then introduce some of their applications.

2.3 Metamaterial transmission lines

Soon after implementing a three dimensional double negative medium by Smith et al.,

it has been realised that the transmission line implementation of left-handed media

(LHM) is also possible (Eleftheriades et al. 2003, Caloz and Itoh 2004). Here, we will

discusse the theory of left-handed transmission line and their applications.

2.3.1 Purely left-handed transmission lines

The purely left-handed transmission line can be obtained by cascading the unit cell

sections in Fig. 2.4(b), which is obtained by interchanging the inductance and capac-

itance in the unit cell of the conventional right-handed transmission line unit cell in
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LR

CR

(a)

LL

CL

(b)

Figure 2.4. Unit cells of the purely right-handed and purely left-handed transmission lines.

Lumped-element unit cell models of the (a) purely right-handed and (b) purely left-

handed transmission lines.

Fig. 2.4(a). In this figure, the subscription “R” stands for the right-handedness whereas

“L” stands for the left-handedness. Based on Fig. 2.4, the propagation constant and the

Bloch impedance of the right-handed transmission lines can be calculated as

cos(βRd) = 1 − LRCR

2
ω2, (2.13)

ZBR =

√

√

√

√

LR

CR

(

1 − ω2

ω2
cR

)

, (2.14)

where d is the unit cell length, and ωcR = 2/
√

LRCR is the angular cutoff frequency

of the right-handed transmission line. In addition, the propagation constant and the

Bloch impedance of the left-handed transmission line can be calculated as

cos(βLd) = 1 − 1

2LLCLω2
, (2.15)

ZBL =

√

√

√

√

LL

CL

(

1 − ω2
cL

ω2

)

, (2.16)

where ωcL = 2/
√

LLCL is the cutoff angular frequency of the left-handed transmission

line (Marqués et al. 2011). In order to have a better insight, the propagation constant

and the blotch impedances have been simulated and plotted against the frequency for

a right-handed transmission line with LR = 2 nH and CR = 0.5 pF and a left-handed

transmission line with LL = 0.5 nH and CL = 0.5 pF. Fig. 2.5 presents the plots for right-

handed transmission lines, whreas the propagation constant and Bloch impedance for

the left-handed transmission lines are demonstrated in Fig. 2.6.
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Figure 2.5. Propagation constant and Bloch impedance of a right-handed transmission line.

(a) Propagation constant of a right-handed transmission line. (b) Bloch impedance of

a right-handed transmission line.
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Figure 2.6. Propagation constant and Bloch impedance of a left-handed transmission line.

(a) Propagation constant of a left-handed transmission line. (b) Bloch impedance of a

left-handed transmission line.

Now, under long wavelength assumption of d � λg, the above relations converge to

homogeneous transmission line models. In this condition, the propagation constant

and Bloch impedance of the right handed transmission line can be expressed as

βR = ω
√

LRCR, (2.17)

ZBR =

√

LR

CR
. (2.18)
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This results in parallel phase and group velocities for the right-handed transmission

lines as

vpR = vgR =
1√

LRCR
. (2.19)

Under homogeneous assumption, the propagation constant and Bloch impedance of

the left-handed transmission lines can be expressed as

βL =
1

ω
√

LLCL
, (2.20)

ZBL =

√

LL

CL
, (2.21)

that result is anti-parallel phase and group velocities as follows

−vpL = vgL = ω2
√

LLCL. (2.22)

This can be also inferred from the dispersion diagrams of the right and left-handed

transmission lines in Fig. 2.5(a) and Fig. 2.6(a). In these figures, the solid line repre-

sents the waves propagating in positive direction and the dashed line represents the

wave propagating in negative direction. However, by considering just one of them

and choosing appropriate coordinates, only the positive group velocity (solid line) is

acceptable according to causality (Marqués et al. 2011). So, based on these figures, both

β and vp are positive for the right-handed transmission, while they are negative in the

left-handed case.

LR

CR

CL

LL

Figure 2.7. Composite left/right-handed transmission line. Lumped-element model of compos-

ite left/right-handed transmission line unit cell.
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Figure 2.8. Propagation constant and Bloch impedance of a typical composite right/left-

handed transmission line. (a) Propagation constant of a right/left-handed transmis-

sion line. (b) Bloch impedance of a right/left-handed transmission line.

2.3.2 Composite right/left-handed transmission lines

Purely left-handed transmission lines are not practically implementable because of the

inherent parasitic series inductance and parallel capacitances (Caloz and Itoh 2005,

Dong 2012). These parasitic elements cause a composite left/right-handed behaviour

in practical implementations. Thus, the practical artificially implemented metama-

terial transmission lines are called composite left/right-handed transmission lines (Caloz

and Itoh 2005). The lumped-element unit cell model of a Composite right/left hand

transmission line (CRLH TL) is depicted in Fig. 2.7, where the LR and CR represent

the parasitic inductance and capacitance of the host line respectively. In order to

have a better insight about the operation principle of the CRLH TLs, the propagation

constant and the Bloch impedance of a typical CRLH TL with the element values of

LR = 2 nH, CR = 0.5 pF, LL = 0.5 nH, and CL = 0.5 pF are simulated and plotted

in Fig. 2.8. As seen, the transmission line shows two passbands with a stopband in

between. In the lower passband the effects of LL and CL are dominant so, the trans-

mission line shows a left-handness behaviour. Conversely, in the higher passband,

LR and CR are dominant and the transmission line shows a right-handness behaviour

(Eleftheriades et al. 2002). In the stopband between the two passband regions, the

transmission line acts as a single negative media, so it inhibits the wave propagation
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(Caloz and Itoh 2005, Marqués et al. 2011). The edge frequencies of the stopband are

obtained as (Marqués et al. 2011):

fC1 = max(
1

2π
√

LRCL
,

1

2π
√

LLCR
), (2.23)

fC2 = min(
1

2π
√

LRCL
,

1

2π
√

LLCR
). (2.24)

The dual-passband characteristic of this kind transmission lines can be incorporated

in designing dual-band circuits and components. In special case, the stopband region

will be vanished when

LRCL = LLCR. (2.25)

This kind of transmission line is known as balanced CRLH TL that exhibits a con-

tinuous transition between the left-handed and right-handed regions. The dispersion

diagram and the Bloch impedance of a typical balanced CRLH TL with the unit cell

parameters of LR = 2 nH, CR = 2 nH, LL = 0.5 nH, and CL = 0.5 pF are simulated

and plotted in Fig. 2.9. As demonstrated in Fig. 2.9(a), there is continuous transition

from left-hand to right-hand propagation. This property makes these transmission

lines suitable for designing wide-band components.
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Figure 2.9. Propagation constant and Bloch impedance of a balanced composite right/left-

handed transmission line. (a) Propagation constant of a balanced transmission line.

(b) Bloch impedance of balanced transmission line.
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2.4 Implementation of the CRLH TLs

The CRLH TLs discussed in Section 2.3 can be implemented in different ways in var-

ious transmission line technologies. However, generally we can divide them into two

major categories as: (i) LC-loaded lines. (ii) resonator loaded lines. In the following,

we will briefly discuss both of the methods.

(a)

(b)

(c)

Figure 2.10. Implementation of LC-loaded CRLH TLs. (a) Implementation in microstrip line

technology with series capacitive gaps and parallel short ended inductive stubs. (b)

Implementation in microstrip line with via holes as parallel inductive paths to the

ground. (c) Realisation in coplanar waveguide technology with series capacitive gaps

and inductive paths to the ground. The metallisation is shown with yellow and via

holes are indicated as black dots. After Aznar et al. (2008a).

2.4.1 LC-loaded lines

In this method, a conventional transmission line is periodically loaded with series ca-

pacitors and parallel inductors. These elements can be added by using discrete lumped

components (Eleftheriades et al. 2002) or they can be embedded in the host transmis-

sion lines by using series capacitive gaps and parallel inductive stubs. Fig. 2.10 shows

three examples from this configuration. In Fig. 2.10(a), a CRLH TL is implemented in

microstrip technology by adding inter-digital series capacitive gaps for providing se-

ries capacitance and short-ended parallel stubs for realising parallel inductances (Caloz
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and Itoh 2004, Caloz and Itoh 2005). Fig. 2.10(b) indicates another possible implemen-

tation in microstrip technology, where the parallel inductance in implemented by mak-

ing via holes to the ground plane (Aznar et al. 2008a). This approach can be used in

coplanar technology as well by introducing series capacitive gapes to the signal strip

line and parallel inductive paths connecting the signal strip to the ground metallisa-

tion on the two sides (Grbic and Eleftheriades 2002b). This structure is demonstrated

in Fig. 2.10(c).

2.4.2 Resonator loaded lines

The resonant type metamaterial transmission lines can be designed by periodically

loading a host transmission lines with sub-wavelength resonators. Different kinds of

resonators can be used as the loading elements on the transmission lines. Among all,

the split-ring resonators SRR and its complementary structure known complementary

split-ring resonator CSRR are very common due to their compact size. A basic struc-

ture of a SRR together with its equivalent circuit model is demonstrated in Fig. 2.11.

In this figure, C0 = 2πr0Cpul represents the total capacitance between the rings, where

Cpul is the per unit length capacitance between the rings (Baena et al. 2005). The in-

ductance LS can be approximated by a single ring with the average radius of r0 and

the ring width of t (Marqués et al. 2003). Therefore, the resonance frequency of a SRR

can be calculated as f0 = 1/
(

2π
√

LSC0/4
)

. The SRR can be excited through an axial

magnetic field in the z direction. It can also be driven through an electric field along

the x axis. If the effects of metal and substrate thicknesses and also the losses are ne-

glected, an exact dual complementary behaviour can be expected from the CSRR in

Fig. 2.12. The circuit model of the CSRR can be deducted from the SRR circuit model,

where the LS in SRR is replaced by the capacitance CC of a circular disc with an aver-

age radius of r0 − t/2 that is surrounded by the ground plane at a distance of t from

its edge. On the other hand, the two C0/2 capacitances are replaced with two parallel

L0/2 inductances each representing the inductive behaviour of the metallic traces that

connect the inner disc to the ground plane. The resonance frequency of a CSRR can

be obtained as 1/
(

2π
√

CCL0/4
)

. The resonance frequency of a CSRR can be obtained

as 1/
(

2π
√

CCL0/4
)

and the CSRR can be excited through an axial electric field in the

z direction or through a magnetic field in the y direction (Baena et al. 2005). These

resonators have been widely used for designing artificial transmission lines in planar

technologies. In the following, we will review some of these artificial structures.
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Figure 2.11. Split-ring resonator (SRR). A typical topology of split-ring resonator (SRR) and its

equivalent circuit model. Metallisation is shown in yellow.
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Figure 2.12. Complementary split-ring resonator (SRR). A typical topology of complementary

split-ring resonator (CSRR) and its equivalent circuit model. Metallisation is shown in

grey.

First, we consider the structures in coplanar waveguide technology. Fig. 2.13 shows a

coplanar waveguide with split-ring resonators (SRRs) aligned with the slots and pat-

terned on the back side of the substrate. In this condition, the SRRs will be excited

by the magnetic fields generated by the signal strip and produce a bandstop in the

transmission response in the vicinity of their resonance frequency. The bandstop is

mainly associated with the negative permeability of the structure around the reso-

nance of SRRs that make a single negative medium. Now, by adding parallel strips

connecting the coplanar waveguide to the ground metallisation on the sides, a double

negative propagation medium will be obtained that shows a bandpass behaviour in

vicinity of the SRRs resonance frequency. This coplanar CLRH TLs in demonstrated in

Fig. 2.14.

The SRR-based artificial transmission lines can also be implemented in microstrip tech-

nology. Fig. 2.15 shows a single negative transmission line with negative permeability

around the SRRs resonance frequency. This provides a bandgap in the spectral re-

sponse of the transmission line. This bandgap is depicted in the transmission response
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Figure 2.13. SRR-based transmission line in colpanar technology. (a) Layout of a typical

metamaterial transmission line in coplanar waveguide technology. (b) Measured and

simulated S-parameters of the structure. The split-ring metallisation is shown in yellow

and the waveguide metallisation is grey. After Mart́ın et al. (2003b).
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Figure 2.14. CRLH TLs in coplanar waveguide technology. (a) Layout of a typical CRLH TL

in coplanar waveguide technology. (b) Measured and simulated S-parameters of the

structure. The split-ring metallisation is shown in yellow and the waveguide metallisa-

tion is grey. After Mart́ın et al. (2003a).

of the device in Fig. 2.15(b). Again the banstop frequency behaviour can be switched to

bandpass by adding parallel inductive paths to the ground that produce negative per-

mittivity. An implementation of this idea is presented in Fig. 2.16, where the metallic

via holes connecting the microstrip to the ground plane provide the parallel inductive

paths. A typical S-parameters of the SRR-based CRLH microstrip line is demonstrated

in Fig. 2.16. As seen, the transmission line shows a passband in which it acts a left-

handed wave propagation media (Marqués et al. 2011).
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Figure 2.15. Artificial transmission line in microstrip technology. (a) Layout of a microstrip

line loaded with SRRs on the sides. (b) Simulated S-parameters of the structure. The

microstrip metallisation is shown in yellow. After Marqués et al. (2011).
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Figure 2.16. CRLH TL in microstrip technology. (a) Layout of a microstrip CRLH TL. (b)

Simulated and measured S-parameters of the structure. The microstrip metallisation

is shown in yellow and the via holes are shown as black circles. After Marqués et al.

(2011).

The complementary split-ring resonators (CSRRs) can also be incorporated in design-

ing metamaterial transmission lines. The CSRRs should be etched out of the ground

plane metallisation and can be excited by axial electric fields.

One possibility for designing CSRR-based artificial transmission line is by using the

microstrip. A microstrip line loaded with CSRRs etched in the ground plane is demon-

strated in Fig. 2.17. This transmission line acts as a one dimensional effective propaga-

tion medium with negative permittivity. So, as shown in Fig. 2.17(b) it precludes the

wave propagation in vicinity of the CSRRs resonance frequency (Baena et al. 2005). In
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Figure 2.17. Artificial transmission line based on CSRRs. (a) Layout of a microstrip line loaded

with CSRRs. (b) Measured S-parameters of the structure. The microstrip metallisation

is shown with yellow and the ground plane metallisation is grey. After Baena et al.

(2005).
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Figure 2.18. CSRR-based CRLH TL in microstrip technology. (a) Layout of a CSRR-based mi-

crostrip CRLH TL. (b) Measured S-parameters of the structure. The microstrip met-

allisation is shown with yellow and ground plane metallisation is grey. After Baena et al.

(2005).

order to obtain a left-handed CSRR-based transmission line, we should introduce effec-

tive negative permeability to the structure. This can be implemented by adding peri-

odic capacitive gaps to the conductive strip of the transmission line (Baena et al. 2005).

These capacitive gaps will provide effective negative permeability in a specific fre-

quency band. If this frequency band overlaps with the resonance frequency of CSRRs,

a narrow left-handed transmission passband will be produced as demonstrated in

Fig. 2.18(b) (Baena et al. 2005).
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2.5 Applications of resonant-type metamaterials in filter

and sensor designs

In the design of resonator-loaded artificial transmission lines, the main goal was firstly

to achieve a left-handed behaviour in a desired frequency band (Gil et al. 2007b). How-

ever, soon the sub-wavelength structure of the SRRs and CSRRs and their high quality

factor resonances attracted RF designers to use them as building blocks in developing

new circuits and devices. Two of these interesting applications are microwave filters

and sensors that are the focus of this dissertation.

2.5.1 Application in microwave filters

Compact and high performance filters compatible with integrated circuit technologies

are of great interest in RF communication systems and portable devices. Key factors

in the design planar microwave filters are high quality factor, and compact size. The

SRRs and CSRRs opened the doors for developing new strategies of designing compact

filters. In contrast to the conventional resonators used in filter designs such as parallel

coupled lines, closed or open loop resonators, the SRRs provide much smaller sizes

by the virtue of distributed capacitance between the two rings and the overall ring in-

ductance (Bonache et al. 2006a). In addition, the negative image of SRR known as the

CSRR offers much compacter size in comparison with conventional complementary

resonators (Gil et al. 2007b). Many novel compact filter structures have been designed

and implemented by different groups. To name just a few examples, the compos-

ite right/left-handed behaviour of unbalanced CSRR-loaded microstrip line has been

used to design dual-band bandpass filter (Wu et al. 2007, Bonache et al. 2008). The bal-

anced CSRR-based CRLH TLs have been used for deign of ultra-wide-band bandpass

filters (Gil et al. 2007b). Compact differential filters with common-mode suppression

are developed by combining SRRs and CSRRs (Vélez et al. 2013). The effective size of

the filters have been even decreased further by considering S-shaped SRRs and CSRRs

(Horestani et al. 2014b, Horestani et al. 2014a). In this thesis, we have designed very

compact bandpass and bandstop filters by introducing metamaterial-based resonators

with dual-mode resonance behaviour. The dual-mode resonator acts as a doubly tuned

resonant circuit element and the number of the resonator needed for a specific filter re-

sponse is reduced by half resulting in more compact structure (Hong et al. 2007). A full
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explanation and analysis of these resonators with their application in bandpass and

bandstop filter designs will be presented in Chapter 3.

2.5.2 Application in microwave sensors

In addition to their potential applications in compact filters and circuit elements, the

metametrial-inspired resonators such as SRRs and CSRR can be used in the design

of compact and high-resolution microwave sensors (Albishi et al. 2012, Boybay and

Ramahi 2012, Yang et al. 2010). In principle this is because of their high quality factor

resonance, their compact size, and the high-sensitivity of their resonance with respect

to the geometrical parameters and surrounding constituting materials. Furthermore,

it is demonstrated that the sensitivity of the conventional sensors can be improved by

incorporating metamaterial-based resonators (Niu et al. 2010, Taya and Shabat 2011).

Thus, the sensing applications of metamaterials have been a very active research area

in recent years. Some of the latest examples of the metamaterial-based sensors are:

symmetry and displacement sensors (Naqui et al. 2011, Naqui et al. 2012, Horestani et al.

2013b), rotation sensors (Horestani et al. 2013a, Naqui and Martı́n 2013), biological sen-

sors (Lee et al. 2012), strain sensors (Melik et al. 2009b, Melik et al. 2009a), and gas

sensors (Kim et al. 2014).

In this regard, Chapter 4 and Chapter 5 of this thesis focus on the sensing applications

of metamaterials. The metametrial-inspired resonators are applied in the design of

microwave microfluidic sensors in Chapter 4, and Chapter 5 explains a design of wide

dynamic range metamaterial rotation sensor based on a pair of coupled meandered

resonators.

2.6 Metamaterial-inspired frequency selective surfaces

Frequency selective surfaces (FSSs) are usually formed by two-dimensional periodic

arrangement of metallic elements on a dielectric substrate (Munk 2005). Based on the

geometry and arrangement of the metallic unit cell, the array might show different

functionalities such as bandpass or bandstop spatial filter, absorber, reflectarray, and

etc. (Bayatpur 2009). Important factors in evaluating the performance of FSSs are their

overall size, the sensitivity of their frequency response to the angle of the incident elec-

tromagnetic wave, the harmonic content of their frequency response, and their ability
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to operate in close proximity to the radiation source (Munk 2005). The FSS functional-

ity is mainly determined by its unit cell geometry and dimension. In terms of the unit

cell properties, the FSSs can be divided into two major subclasses as: (i) Traditional

FSSs based on resonant element unit cells, (ii) miniaturised elements FSSs based on

non-resonant unit cells. In the following, we will briefly discuss the operation princi-

ples and the performance of each category.

2.6.1 Traditional FSSs with resonant unit cells

The operation of this type FSS is based on resonant elements. The elements are excited

through the electric or magnetic field of the radiated wave. The incident electromag-

netic wave will induce electric current in metallic traces and electric field across the

capacitive gaps in the array. The magnitude of the induced current and electric field

depend on the level of coupling between the electromagnetic field and the unit cells.

The maximum coupling occurs at the fundamental frequency, where the length of the

unit cell is equal to λ/2. So, the unit cells should be designed in a way that they res-

onate at the desired frequency of operation. Because of the fundamental dependence

of the traditional FSSs on the unit cell length, the excitation of higher-order modes is

unavoidable. As a result, the frequency response of these type of FSS usually includes

several higher-order harmonic responses. This will not only degrade the out-of-band

performance of the FSS, but affects the scan angle performance as well since some of

the harmonic modes might be excited under oblique incidences.

(a) (b)

(c) ��	
Figure 2.19. Typical FSS unit cells. Typical FSS unit cells are categorized in four groups. (a)

Center connected N-poles. (b) Loop type elements. (c) Patch or plate type. (d)

Combinations. Adapted from Munk (2005).
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Figure 2.20. Frequency selective surfaces made of Jerusalem cross elements. (a) Jerusalem

cross unit cell. (b) Simulated reflection and transmission coefficients under normal

and oblique incidence angle of 45°. The dielectric substrate has a relative permit-

tivity of εr = 2.2 with a thickness of 0.254 mm. The unit cell dimensions are

Dx = Dy = 4.2 mm, t = 0.4 mm, and w = 4 mm. The spacing between ad-

jacent elements in the array is 0.2 mm.

Some of the typical unit cell geometries that are commonly used in the design of con-

ventional FSSs are demonstrated in Fig. 2.19. As an example of the resonant type FSSs,

a structure made of Jerusalem cross unit cell has been simulated in CST microwave

studio. Fig. 2.20(a) shows the considered Jerusalem cross unit cell together with its ge-

ometrical dimensions whereas the simulated transmission and reflection coefficients

of the FSS are plotted in Fig. 2.20(b). As seen, the FSS shows a transmission null at the

fundamental frequency of around 8 GHz with a harmonic response at 30 GHz under

normal incidence. However, by changing the incidence angle to 45°, several higher or-

der harmonics are excited that deteriorate the frequency response. Another important

issue in traditional FSSs is designing the FSSs with higher-order filtering responses. To

this end, different layers of first-order FSS layer should be arranged with λ/4 spac-

ing (Munk 2005). This results in bulky profiles that might not be desirable in many

applications. To overcome these drawbacks the miniaturised-element FSSs have been

proposed that will be discussed in Section 2.6.2.
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2.6.2 Miniaturised elements frequency selective surfaces (FSSs)

In order to decrease the sensitivity of the FSS response to the oblique angles of the in-

cident wave, the unit cell size should be miniaturised (Munk 2005). This is especially

important when the FSS is used in close proximity to the radiation source. In order

to address this issue, a new class of FSSs have been developed based on miniaturised

elements. These types of FSSs operate based on a different principle that allows su-

perior performance over the traditional structures. In this approach, instead of using

fully resonant elements as the unit cell of the FSS, non-resonant unit cells with small

dimensions are used. These miniaturised elements act as lumped capacitors or in-

ductors and are arranged in a way that they couple to the incident electromagnetic

wave. In this way, the electrical size of the unit cells is decreased to less than λ/4 and

even in some cases smaller than λ/10 (Bayatpur and Sarabandi 2008b). They are also

called metamaterial-inspired FSSs because of their extremely miniaturised unit cells

(Bayatpur and Sarabandi 2008a).

The first miniaturised elements FSS was introduced in Sarabandi and Behdad (2007).

As demonstrated in Fig. 2.21, this FSS is composed of metallic arrays printed on both

sides of a thin dielectric spacer. The front layer is made of a large capacitive patch

array whereas the back layer is an inductive wire grid. Since the FSS is made of minia-

turised elements, its frequency response can be accurately modelled through a lumped

element circuit model.

Patch array

Wire grid

Substrate

t
Dx

Dy ws

Patches

Wires

(a) (b)

Figure 2.21. The first miniaturised elements FSS. (a) Three dimensional view of the miniaturised

elements FSS. (b) The unit cell of the structure. The dimensions are: Dx = Dy =

5 mm, s = 0.2 mm, w = 0.5 mm, t = 0.254 mm. After Sarabandi and Behdad

(2007).
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Figure 2.22. Lumped elements modelling of the miniaturised elements FSS. (a) Circuit model

of the miniaturised elements FSS. (b) Comparison between the simulated transmission

responses obtained from the EM and circuit model simulations. The circuit model

paraemetrs are: L = 1.08 nH, C = 0.15 pF, Zt = 254 Ω, t = 0.254 mm.

The circuit model of this FSS is given in Fig. 2.22(a), where the parallel capacitor mod-

els the capacitive patch array in the front layer and the L inductance stands for the wire

grid in the back layer. The thin dielectric spacer is modelled with a short transmission

line section with the characteristic impedance of Zl = Z0/
√

εr, where Z0 = 377 Ω is the

wave impedance in free space and εr is the relative permittivity of the dielectric spacer.

A comparison between the simulated transmission coefficient of the FSS obtained from

the circuit model simulations and the one from the full-wave EM simulations is pre-

sented in Fig. 2.22(b). The FSS dimensions and the circuit model parameters are given

in the captions of Fig. 2.21 and Fig. 2.22 respectively. Fig. 2.22(b) shows a good agree-

ment between the circuit model and full-wave EM simulation results over a wide fre-

quency range. Fig. 2.23 shows the scan angle performance of the FSS over wide range

of 0°–60° for both of the TE and TM polarisations. As demonstrated, the FSS shows

a reasonable stability of the transmission response for oblique incidence angles up to

45°.

As mentioned before, an advantage of this type of FSS is that its frequency behaviour

can be accurately modelled using lumped elements circuit model. So, FSSs with spec-

ified functionalities can be designed by the aid of standard circuit-based filter theory.

This is a notable feature since the design and optimisation procedures can be signifi-

cantly simplified by using circuit theory (Li and Behdad 2012).
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Figure 2.23. Scan angle performance of the miniaturised elements FSS. (a) Transmission

responses for oblique incidences in the TE polarisation. (b) Transmission responses for

oblique incidences in the TM polarisation.

After this first demonstration of the miniaturised elements FSS, several other FSSs with

different improved functionalities have been designed and implemented. Some ex-

amples are: low profile second-order bandpass FSS (Behdad 2008, Al-Joumayly and

Behdad 2009), dual-band FSSs with close band spacing (Al-Joumayly and Behdad

2010), FSS with quasi-elliptical frequency response (Li and Shen 2013), FSSs for high

power microwave applications (Li and Behdad 2013).

In this thesis, the miniaturised element FSSs are considered for tunable microwave

and also terahertz applications. The improved designs of the FSSs for tunable and

multi-standard microwave purposes are investigated in Chapter 6 and the improved

miniaturised element FSSs for terahertz applications are discussed in Chapter 7.

2.7 Chapter summary

This chapter has presented the definition of the metamaterials and their implementa-

tions. The fundamental theory of metamaterials have been presented through their

electromagnetic analysis with Maxwell’s equations. Their implementation in planar

transmission line technologies has been discussed by considering both of the LC-loaded

and resonator-loaded transmission line approaches. Since the focus of this dissertation

is on filter and sensory application of the metamaterial resonators, their applications

in miniaturised microwave filters and sensors have been briefly explained.
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On the second part, the metamaterial-inspired frequency selective surfaces (FSSs) are

discussed by giving a background regarding the traditional FSS structures. The minia-

turised element FSSs have been introduced as metamaterial-based two-dimensional

periodic structures. The advantages of the miniaturised element FSSs over the tradi-

tional FSSs have been discussed. These advantages enable straightforward designs of

higher-order FSSs with prescribed performance.

Overall, this chapter presents the substantial background information that the rest of

this dissertation is built upon.
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Chapter 3

Metamaterial-inspired
dual-mode filters

D
UAL-mode complementary resonators are introduced for

designing compact dual-mode filters in this chapter. It is

demonstrated that by introducing a defected section to the

centre part of the conventional complementary split-ring resonator (CSRR),

a resonator with dual-mode behaviour will be obtained. In addition, it is

shown that the Complementary electric-LC (CELC) resonators can also pro-

vide a dual-mode response with a strong electric-field concentration in the

odd mode when they are excited via a microstrip transmission line. This

dual-mode characteristic is used for designing second-order bandpass fil-

ter. Furthermore, the symmetrical property of the microstrip-line-coupled

(CELCs) is used in designing a displacement sensor.
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3.1 Introduction

As discussed in previous chapters, the split-ring resonators and their complementary

counterparts so called complementary split-ring resonators (CSRRs) have been widely

used in designing compact planar circuits with improved performance such as: filters

(Martı́n et al. 2003b, Aznar et al. 2009, Bonache et al. 2006a), antennas (Dong et al. 2012,

Alici and Ozbay 2007) and sensors (Naqui et al. 2011, Naqui et al. 2012, Horestani et al.

2013b, Horestani et al. 2014c). Key advantage of these type resonators that make them

preferable choices in designing such devices lies in their highly compact size, which

is much smaller than the operational wavelength. As a consequence, they can reduce

the effective size of the filters and other circuits drastically. In addition, their frequency

response can be approximated by a quasi-lumped elements equivalent circuit. So, an

equivalent circuit-based synthesis procedure can be developed for the devices made of

SRRs and CSRRs to provide an insightful and straightforward design approach.

The compactness becomes highly relevant in high-order filters that require a number

of coupled resonators or a series combination of the filter sections with λ/4 spacing,

where λ is the operational wavelength. Therefore, further miniaturisation of the res-

onators is compulsory in ultra-compact devices. The miniaturisation for metamaterial

resonators is commonly performed by increasing the resonator´s equivalent capaci-

tance or inductance through tapering the rings width or loading them with lumped

or semi-lumped capacitors (Withayachumnankul et al. 2010, Horestani et al. 2012, Lin

and Cui 2008). But, these approaches might induce an increase in the ohmic losses

of the resonators (Horestani et al. 2012) that in turn cause reduced quality factors.

Furthermore, there may be some fabrication limitations in implementing very nar-

row metallic paths. Another efficient way of increasing the equivalent inductance or

capacitance of the resonators is to modify their structure (Baena et al. 2005). For in-

stance, broadside coupled SRRs can be used for increasing the inter-ring capacitance

(Marqués et al. 2003), spiral resonators can be used to achieve a higher inductance, and

multiple concentric split-rings or S-shaped SRRs and CSRRs can be used to increase

both of the equivalent inductance and capacitance (Baena et al. 2004, Bilotti et al. 2007,

Chen et al. 2004, Chen et al. 2005).

An alternative way of miniaturisation is to use dual-mode resonators (Görür et al.

2003). A dual-mode resonator can be considered as a doubly tuned resonant circuit

and thus, the number of resonators needed in designing specific order filters will be

reduced to half resulting in much more compact size (Fok et al. 2006, Athukorala and
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Budimir 2009, Athukorala and Budimir 2011). In this chapter, two defected ground

resonators are introduced that can provide dual-mode resonances. In the first part, a

dual-mode complementary split-ring resonator (DMCSRR) is developed by introduc-

ing a defected section in a conventional CSRR structure. It is shown that the microstrip

line loaded with this type of resonator will constitute a double resonance module. This

configuration is then used in designing very compact dual-mode bandpass filter and

also a dual-mode bandstop filter. In the second part, the microstrip-line-loaded com-

plementary electric-LC resonator is investigated and it is demonstrated that this con-

figuration will also provide a dual-resonance structure for the special alignments of

the transmission line and the resonator with respect to each other. The application of

this configuration in planar structures is demonstrated by designing sample filter and

sensor structures.

The chapter is organised as follows, the configuration and operation principles of the

dual-mode CSRR is explained in Section 3.2 with an equivalent circuit model. Dual-

mode bandpass and bandstop filters are designed based on DMCSRR and verified

through simulations and measurement results in Section 3.2.2 and Section 3.2.3 re-

spectively. Section 3.3 is dedicated to the analysing the microstrip lines loaded with

complementary electric-LC resonators where different alignments are considered and

analysed by using equivalent circuit model. Section 3.3.3 presents the potential appli-

cations of the microstrip-line-coupled CELC resonators in designing filters and their

validation through electromagnetic simulations and measurement results. Finally, the

conclusion are provided in Section 3.4.

3.2 Dual-mode complementary split-ring resonator

The first part of this section is dedicated to the analysis and working principle of the

dual-mode complementary split-ring resonator (DMCSRR) through a lumped-element

circuit model. The application of this type resonator in compact microwave filters will

be introduced in Sections 3.2.2 and 3.2.3 through designing dual-mode bandpass and

bandstop filter prototypes respectively.

3.2.1 Operation principle of the DMCSRR

A single loop conventional CSRR is shown in Fig. 3.1(a) with its equivalent lumped

element circuit model in Fig. 3.1(b) (Baena et al. 2005). In this resonator, CC models
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CCw

(a)

LC

CC
LC

(b)

Figure 3.1. Conventional complementary split-ring resonator (CSRR). (a) A CSRR etched out

of the ground plane. (b) Its equivalent circuit model. The metallisation is indicated in

orange.

the capacitance between the central square plate and the surrounding ground plane

separated with a distance w, and LC stands for the inductance of the metallic strip

connecting the plate to the ground plane. The value of CC depends on the plate cir-

cumference and w and LC is a function of w and the strip width. Based on the CSRR

in Fig. 3.1, a dual-mode CSRR can be developed as shown in Fig. 3.2(a) by introducing

a defected part to the middle part of the resonator to create two symmetrical sections.

The equivalent circuit model of this new resonator is demonstrated in Fig. 3.2(b). In

the circuit model, CC models the capacitances of the two rectangular plates in the mid-

dle surrounded by the ground plane at a distance w from their edges. The inductor

LS models the inductances connecting the two capacitive plates to the central parallel

inductive path, LP, running to the ground plane. Finally, CM represents the mutual

capacitance between the two capacitive plates, separated by a width d.

By looking at the DMCSRR and its symmetric equivalent circuit model, it can be in-

ferred that this resonator can resonate in both even and odd modes. Illustrated in

Fig. 3.2(c) and Fig. 3.2(d) are the corresponding even and odd mode equivalent circuits

respectively. The inductance LP has no effect on the odd mode operation, whereas the

mutual capacitance CM has no affect on the even mode counterpart. From the physical

point of view, this is because there is no current flowing between the capacitive plates

and ground plane through LP in the odd mode, and there is no voltage difference

between the two plates in the even mode. Thus, the even and odd mode resonance

frequencies can be calculated as:

feven =
1

2π
√

(2LP + LS)CC

, (3.1)
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(c) (d)

Figure 3.2. Dual-mode complementary split-ring resonator (DMCSRR). (a) Configuration of

the resonator. (b) Its equivalent circuit model. (a) The equivalent circuit model in

even mode resonance. (b) The equivalent circuit model in odd mode resonance. The

metallisation is shown in orange colour.

fodd =
1

2π
√

LS(CC + 2CM)
. (3.2)

As an illustration of the dual-mode behavior, a microstrip excited dual-mode CSRR

as the one shown in Fig. 3.3(a) is considered and simulated by using a substrate with

a relative dielectric constant of 10.7 and a thickness of 1.27 mm. The width of the

microstrip line is wm = 1 mm and the resonator geometrical dimensions are: w =

0.3 mm, d = 1.4 mm, l1 = 8 mm, l2 = 7.7 mm, l3 = 6.9 mm, gc = 0.2 mm and

g f = 1.6 mm. The length of the parallel inductive path (g) is varied to demonstrate its

effect on the even mode resonance. As shown in Fig. 3.3(b), the even mode resonance

is directly dependent on g whereas the odd mode is nearly unchanged. The small

variation in the odd mode resonance is due to a small change in the capacitance CC

as a result of the varied g. The current distributions for the two modes are shown in

the insets of Fig. 3.3(b). For the even mode, the current flows through both LP and LS

from the capacitive plates directly to the ground plane, whereas for the odd mode the

current flows between the two capacitive plates through LS inductors.
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Figure 3.3. Dual-mode complementary split-ring resonator (DMCSRR) loaded on a mi-

crostrip line with a series capacitive gap. (a) The layout of the DMCSRR loaded

on microstrip line with series capacitive gap. (b) The transmission responses obtained

from full-wave EM simulations for different values of g. The microstrip line is shown in

yellow whereas the ground plane is indicated in grey.

3.2.2 Dual-mode bandpass filter based on microstrip-line-coupled

DMCSRR

As demonstrated in Fig. 3.3(b), the microstrip-line-coupled DMCSRR with a series ca-

pacitive gap shows a dual bandpass transmission response. So, this configuration can

be used to design dual-mode bandpass filters. Here, a wide-band dual-mode bandpass

filter is designed based on this configuration. In order to improve the transmission re-

sponse in the passband, the C-shaped couplings have been chosen for the input/out-

put feeds as shown in Fig. 3.4(a) (Liu et al. 2008). The equivalent LC model is available

for the C-shaped coupling as shown in Fig. 3.4(b). In this model, the values of L1 and

L2 inductors can be controlled by the lengths d1, d2 and widths w1, w2. Also, the ratio

L1/L2 is related to the location of the input/output microstrip lines d1/d2. The gap

between the two C-shaped couplings is represented by the capacitive π-model con-

structed from the series capacitors CS and the parallel capacitors CP. By applying this

coupling scheme, the layout of the final designed filter takes the form that is demon-

strated in Fig. 3.5.

The three-dimensional structure of the filter and its circuit model are shown in Fig. 3.6.

The circuit model incorporates the coupling effect between the C-shaped feeding mi-

crostrip lines and the DMCSRR embedded in the ground plane. The lumped element

values of the circuit model are initially estimated by using the method presented in
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Figure 3.4. C-shaped in/output coupling. (a) The layout of the C-shaped feed structure. (b) Its

equivalent circuit model.
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gt
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w1

w2
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Figure 3.5. Layout of the Designed Dual-mode Filter. (a) The top layer view. (b) The bottom

layer view. The microstrip metallisation is shown in yellow, the ground layer metallisation

is orange and the dielectric substrate is grey. The geometrical dimension of the filter

are: l1 = 8 mm, l2 = 7.4 mm, l3 = 6.9 mm, w = 0.3 mm, d = 1.4 mm, g = 0.8 mm,

gc = 0.2 mm, w1 = 0.5 mm, w2 = 1.5 mm, w3 = 1 mm, d1 = 3 mm, d2 = 7.1 mm

and gt = 1.4 mm.

(Bonache et al. 2006b), and then, more accurate values are obtained by fitting circuit

simulation results to the full-wave electromagnetic simulation results. The final cir-

cuit elements values are: L1 = 0.61 nH, L2 = 1.15 nH, LS = 1.1 nH, LP = 1.2 nH,

CM = 20 fF, CS = 17 fF, CP = 0.7 pF and CC = 1.65 pF.

Since the filter performance is dependent on its dimensions and geometry, the pro-

posed filter and its circuit model are simulated in Advanced Design System (ADS) to

observe the effect of different parameters. The substrate used for design and simula-

tions is RT/duroid 6010 with a relative dielectric constant of εr= 10.7 and a thickness
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Figure 3.6. Three dimension (3-D) view of the designed dual-mode filter. 3-D view of the

designed filter together with its equivalent circuit model. The microstrip metallisation

is shown in yellow, the ground layer metallisation is orange and the dielectric substrate

is grey.

of 1.27 mm. The filter bandwidth is mainly determined by the difference between the

even and odd mode resonance frequencies of the DMCSRR. From (3.1) and (3.2), the

even and odd mode resonance frequencies of the filter can be tuned separately by us-

ing CM and LP or equivalently by changing d and g respectively. Increasing d results

in a smaller CM and a larger LS, but CM is negligible for large enough d. Therefore, in

this case, LS is dominant and the odd mode resonance frequency will move downward

decreasing the fractional bandwidth. A larger g shifts down the even mode resonance,

which in turn causes a larger fractional bandwidth. The simulation results of varying

d and g are shown in Fig. 3.7(a,b), confirming the above explanation.

From the circuit model shown in Fig. 3.6, the transmission zeros of S21 can be con-

trolled through CS. This capacitance value is dependent on the gap between the two

C-shaped feeds (Bonache et al. 2006b). As a demonstration, the frequencies of the up-

per and lower transmission zeros are determined by using electromagnetic simulation

of the whole structure for different C-shaped coupling gaps. As shown in Fig. 3.7(c),

by decreasing the gt, the upper transmission zero frequency moves downward and the

lower transmission zero moves upward.

A prototype of the proposed filter has been fabricated with the dimensions given in

Fig. 3.5. The fabricated filter is depicted in Fig. 3.8. The simulated, measured and cir-

cuit model responses of the filter are shown in Fig. 3.9 over the 0.2 to 6 GHz band.

To avoid unexpected coupling of DMCSRR to the surroundings, the measurement is
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Figure 3.7. Effects of parameter variations on the filter performance. (a) Filter performance

versus d. (b) Performance versus g. (c) Performance versus gt.

(a) (b)

Figure 3.8. Fabricated prototype of the dual-mode filter. Top view (a) and bottom view (b) of

the fabricated filter prototype.

carried out on a non-metallic surface. As seen, the measurements agree with simu-

lations. The measured centre frequency of the filter is 2.23 GHz and the -3 dB band-

width is 1.38 GHz, which corresponds to a wide fractional bandwidth of 62%. The

maximum passband IL is 0.27 dB and the stopband is extended to 2.6 f0 below -26 dB;

the maximum rejection is around 57 dB, implying a good performance in suppressing

unwanted out-of-band signals. The fabricated filter occupies a very compact area of

0.0625λg × 0.18λg where λg is the guided wavelength at the midband frequency.
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Figure 3.9. Simulated and measured S-parameters of the dual-mode bandpass filter. Com-

parison between the EM and circuit model simulation results and the measured S-

parameters of the dual-mode bandpass filter.

3.2.3 Dual-mode bandstop filter based on microstrip-line-coupled

DMCSRR

Bandstop filters are essential parts of the RF and microwave systems for suppressing

the unwanted frequency components (Mandal et al. 2008, Shaman and Hong 2007). A

critical specification in bandstop filters is to have an extended upper passband profile

with harmonic-free response. Several designs of bandstop filters have been developed

up to now that can extend the upper passband up to 6–7 times of the stopband central

frequency (Levy et al. 2006, Fathelbab 2011, Naglich et al. 2012). However, the large

footprint of these configurations makes them unsuitable to use in integrated compact

systems. Here, we will develop bandstop filter with extended upper passband based

on the microstrip-line-couple DMCSRR with a very compact size for integrated sys-

tems. The proposed bandstop filter is designed by incorporating the circuit model of a

two-pole notch filter in Fig. 3.10(a) (Ou and Rebeiz 2011). In this model, J12 and JS are

impedance inverters converting the parallel resonators to their series alternatives. By

introducing a capacitive or inductive coupling between the parallel resonators L1C1 as

shown in Fig. 3.10(b), the two poles of the filter will be spectrally separated to form a

dual-mode filter (Naqui et al. 2012, Su et al. 2015). The J12 inverter can be implemented

with LLCL combination and the JS inverter can be realised with the π capacitive con-

figuration comprising CS and −CS as indicated in Fig. 3.11(a). The lumped element

values in the circuit of Fig. 3.11(a) can be synthesised by using standard filter theory.
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C1 L1

(a)

J12

Js

C1 L1

Js

(b)

C1 L1

J12

Js Js

C1L1

M

Figure 3.10. Circuit model of a notch filter. (a) Equivalent circuit model of the notch filter. (b)

Second-order filter obtained by introducing an inductive coupling to the resonators in

notch filter.

By choosing a practically realisable value for L1, the closed-form equations for calcu-

lating the element values are (Ou and Rebeiz 2011):

CS =

√

∆g1

L1Z0ω3
0

, (3.3)

C1 =
1

ω2
0L1

, (3.4)

CL =

√
g0g3

Z0ω0
, (3.5)

LL =
1

ω2
0CL

, (3.6)

M = ∆
√

g1g2L1, (3.7)

where ω0 is the center frequency of the filter, ∆ is the fractional bandwidth, Z0 is the

characteristic impedance of the transmission line, and g0,...,3 are the element values

of the lowpass filter prototype. In a special case for simplification, if CL is forced to be

equal to CS, the equivalent circuit will take the form of Fig. 3.11(b), where CP = C1 − CS,

and the CL capacitor is canceled by −CS. The L12 in Fig. 3.11(b) is a larger inductor with

respect to LL in Fig. 3.11(a) to compensate for the forced value of CL.

As an example, we design a second-order Butterworth bandstop filter with a center

frequency of f0 = 2 GHz and a fractional bandwidth of ∆ = 30%. By consider-

ing L1 = 3.1 nH, the calculated element values from (3.3)–(3.7) are: CS = 1.1 pF,
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Figure 3.11. Circuit models of the proposed dual-mode bandstop filter. (a) The equivalent

circuit of the proposed filter, where the impedance inverters are realized by lumped

elements. (b) Simplified equivalent circuit model when CL = CS.

C1 = 2.05 pF, M = 1.3 nH, CL = 1.5 pF, and LL = 4.35 nH. Now, by forcing CL

to be the same as CS = 1.1 pF, the filter prototype in Fig. 3.11(b) will be obtained in

which LL = 4.4 nH to compensate for the new value of CL. A comparison between

the transmission responses of the filters in Fig. 3.11(a) and Fig. 3.11(b) is presented in

Fig. 3.12(a). In addition, Fig. 3.12(b) compares the transmission magnitude and phase

of the LLCL impedance inverters in Fig. 3.11(a) and Fig. 3.11(b). By changing the CL

and LL values, the transmission magnitude of the impedance inverter stays on 1 with

a small phase deviation from 90◦. With this simplification, the response of the filter in

Fig. 3.11(b) still agrees with the Fig. 3.11(a) prototype as seen in Fig. 3.12(a).

The filter in Fig. 3.10(a) was implemented with lumped components in (Ou and Rebeiz

2011) for campactness. However, it is desirable to use planar structures for lower losses

and improved quality factors. Furthermore, a planar design is fully compatible with

high-frequency circuits, where lumped elements are not available. A suitable option

for implementing the proposed dual-mode second-order filter is to use the dual-mode

CSRR introduced in this chapter. A dual-mode CSRR loaded microstrip line and its

equivalent circuit model are shown in Fig. 3.13. In this figure, CP capacitors model the

capacitances between the two rectangular halves of the resonator and the surrounding

ground plane, whereas the LS inductors model the two metallic paths that connect the

two capacitive halves to each other. The LC represents the inductance of the center

metallic path running to the ground plane, LL models the equivalent inductance of

the microstrip line section, and CS represents the coupling capacitance between the

microstrip line and the resonator. The circuit in Fig. 3.13(b) is fully equivalent to the

circuit in Fig. 3.11(b), where the inductances and mutual inductance are presented with
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Figure 3.12. Effect of the impedance inverter on the filter response. Comparison between (a)

the transmission responses and (b) amplitude and phase of the LLCL inverters of the

filters in Fig. 3.11(a) and Fig. 3.11(b).
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LC LSLS

Figure 3.13. Microstrip-line-coupled DMCSRR. (a) A microstrip line loaded dual-mode com-

plementary split-ring resonator (DMCSRR). (b) Its lumped-element equivalent circuit

model. The ground plane is shown in grey and the microstrip line is drawn with yellow.

the equivalent T-model. The two circuits show the same response if LC = M, and

LS = L1 − M. The other parameter values are exactly the same in the two circuits.

The designed second-order bandstop filter is experimentally validated. The front and

back layouts of the designed filter are depicted in Fig. 3.14. The dielectric substrate
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Figure 3.14. Filter layout. Layout of the designed bandstop filter. The gray layer shows the ground

plane, whereas the microstrip metallization is shown with yellow. The filter dimensions

are: d1 = 10 mm, d2 = 6.3 mm, d3 = 5 mm, d4 = 3.2 mm, t1 = 0.3 mm,

t2 = 0.4 mm, t3 = t4 = 0.2 mm, t5 = 0.2 mm, w0 = 1.3 mm, w1 = 2.8 mm,

w = 2.4 mm, and s = 0.4 mm.

(a) (b)

Figure 3.15. The fabricated dual-mode bandstop filter. The fabricated filter prototype. (a) Top

view. (b) Bottom view.

is a 1.27 mm thick Rogers RO3010 with a relative permittivity of 10.2 and a loss tan-

gent of 0.0022. The filter geometrical dimensions are optimised by curve fitting of the

electromagnetic and circuit model simulations in Agilent ADS software (Su et al. 2015,

Naqui et al. 2012). In the filter layout, the microstrip metallisation is meandered with

two widened parts for increasing the coupling capacitance between the dual-mode

CSRR and microstrip to match the required CS. The thin metallic path with a width t5

determines the value of LL.

A photograph of the fabricated filter prototype is illustrated in Fig. 3.15 with the top

and bottom views. The measured S-parameters of the filter are plotted together with

the results from the equivalent circuit model and full-wave electromagnetic simula-

tions in Fig. 3.16(a). Good agreement is achieved between the measured and simulated

results within the stopband. The desired 30% fractional bandwidth and 2 GHz center

frequency are well satisfied. The measured rejection level within the stopband is more

than 28 dB. Fig. 3.16(b) demonstrates the wideband measured S-parameters of the fab-

ricated filter. The measurement show a good upper passband level above −0.6 dB up
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Figure 3.16. Measured and simulated results of the bandstop filter. (a) Comparison between

the measured and simulated results of the filter. (b) Wideband measurement results.

to 5 GHz. The passband level decreases beyond this frequency, but it remains larger

than −3 dB up to around 8.4 GHz, which corresponds to 4.2 f0. This is achieved by ta-

pering the resonator that increases the loading effects of LS and LC inductors resulting

in a more compact resonator size. A comparison with other bandstop filters in terms of

size and performance is presented in Table 3.1, where f−3dB is the frequency at which

the upper passband reaches −3 dB. It is clear that the designed filter possesses the most

compact size with a fairly good upper passband in comparison with the other filters.

3.3 Dual-mode complementary electric-LC resonators

The loading effect of dual-mode complementary split-ring resonators (DMCSRR) on

microstrip transmission lines has been discussed in Section 3.2. This section is dedi-

cated to the analysis of the microstrip line loaded with a special configuration of the

complementary electric-LC (CELC) resonators. It will be demonstrated that by loading

a microstrip line with these resonators, a dual-mode sub-wavelength element will be
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Table 3.1. Comparison of various bandstop filters. A comparison between different bandstop

filters in terms of performance and size.

Ref. Order (n) Rej. level Frac. BW f−3dB Size

(Shaman and Hong 2007) 3 -24 dB 80% 2.5 f0 0.68λg × 0.3λg

(Naglich et al. 2012) 4 -20 dB 1%–4.8% 7.8 f0 0.43λg × 0.4λg

(Levy et al. 2006) 12 -27 dB 34% 6 f0 Length>λg

(Fathelbab 2011) 5 -40 dB 7.5% 4.7 f0 Length = 1.56λg

This work 2 -28 dB 30% 4.2 f0 0.1λg × 0.18λg
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Figure 3.17. Complementary electric-LC resonators. (a) CELC1 configuration. (b) CELC2

configuration. Metallisation is shown in grey colour.

obtained and can be used to design compact microwave devices. The applications of

the transmission line loaded with CELC resonators will be explained through design

examples in Section 3.3.1.

3.3.1 Complementary electric-LC resonators

The complementary electric-LC resonators in Fig. 3.17 are bisymmetric resonators,

where one of the symmetry lines in CELC resonators acts as an electric wall and the

other is acting as a magnetic wall. The complementary resonators in Fig. 3.17 can be

driven by means of a uniform in-plane (y oriented) applied magnetic field but not

through a uniform out-of-plane (z oriented) electric field at the fundamental resonance

mode.
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The resonators in Fig. 3.17 can also be excited through the electromagnetic fields of

transmission lines where the fields are no longer uniform. Furthermore, the dual sym-

metric property can be accessed via transmission line excitation. The behaviour of

transmission line coupled CELC1 resonators has been studied in detail in Naqui et al.

(2013b), Naqui and Martı́n (2013), and Naqui et al. (2013a). However, an analysis of

transmission lines loaded with the resonator in Fig. 3.17(b) (called CELC2 here) is still

lacking. A major difference between the CELC2 and CELC1 lies in existence of two

symmetric LC resonators in its structure that provide a subwavelength dual-mode

behavior making it a very attractive choice for designing new compact microwave

components. Here, we will provide an in-depth study of this dual-mode resonator

through a lumped element circuit model. Additionally, different configurations of

the microstrip-coupled resonator as well as their potential applications in planar mi-

crowave devices will be analysed and explained.

As discussed earlier, the CELC2 can be excited by means of an in-plane (y oriented)

applied magnetic field, but not through a uniform out-of-plane (z oriented) electric

field. If the resonator dimensions are electrically small, it can be modelled by a lumped

element equivalent circuit as in Fig. 3.18(a). The parallel resonant branches of LgCg

model the two halves of the resonator, where Cg presents the capacitive effect between

the metallic halves and the surrounding ground plane and Lg models the inductive

paths running from the two capacitive regions to the ground plane. Here, CM stands

for the mutual capacitive effect between the two metallic halves of the resonator. It

can be inferred from this equivalent circuit that the particle can exhibit the even and

odd mode resonances with the equivalent circuits demonstrated in Fig. 3.18(b) and

Fig. 3.18(c) respectively. In the even mode, the two halves of the resonator have the

same voltage distribution, and thus, no current will pass through CM and it will be

open-circuited. Conversely, in the odd mode, there will be a virtual ground across

the electric wall and CM is broken into two equal parts of 2CM as demonstrated in

Fig. 3.18(c). Based on Fig. 3.18 and the above discussion, the even and odd mode

resonance frequencies of the resonator can be defined as

feven =
1

2π
√

LgCg
, (3.8)

fodd =
1

2π
√

Lg(Cg + 2CM)
. (3.9)
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(a)

(b) (c)

CM

Cg CgLg Lg

Cg CgLg Lg Lg LgCg Cg

2CM 2CM

Figure 3.18. Lumped element modeling of the CELC2. (a) Equivalent circuit model. (b) Even-

mode circuit model. (c) Odd-mode circuit model.

As seen, in the odd mode resonance, the CM capacitor adds to the Cg causing a smaller

resonance frequency with respect to the even mode resonance.

3.3.2 Microstrip line loaded with CELC2 resonator

As mentioned before, the CELC2 resonator can be excited through the fields generated

by the planar transmission lines. This section is dedicated to the analysis of microstrip

lines loaded with the CELC2 resonator. Both of the bandstop and bandpass configu-

rations will be introduced and their electromagnetic behavior will be analysed using

equivalent circuit models.

First, the bandstop behavior of microstrip transmission line loaded with the CELC2 is

explained using the circuit analysis. It must be emphasised that the equivalent circuit

analysis is valid as long as the unit cell dimension is electrically small (Gil et al. 2006b,

Naqui et al. 2014). In order to satisfy this condition, the resonator shown in Fig. 3.19(a)

is considered instead of the one in Fig. 3.17(b). In Fig. 3.19(a), the magnetic wall no

longer exists, but it still shows the behavior of the CELC2 resonator for the considered

case. Fig. 3.19(b) shows a CELC2 resonator that is loaded onto a microstrip line with

the electric wall of the resonator aligned with the symmetry plane of the transmission

line. In this structure, since the two halves of the ELC2 are equally excited by the trans-

mission line, they will share the same voltage distribution. Therefore, only the even

mode resonance will be excited and there will be just a single notch in the transmission

response as shown in Fig. 3.19(c). This behavior can be also explained through the cir-

cuit model of the structure that is shown in Fig. 3.20(a). Here, the inductors L model
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Figure 3.19. Microstrip line loaded with CELC2 resonator. (a) Modified CELC2 resonator.

(b) Modified CELC2 resonator coupled with the microstrip transmission line. (c) Trans-

mission response when the resonator electric wall is aligned with the symmetry

plane of the transmission line. The resonator and transmission line dimensions are:

d1 = 10 mm, d2 = 7.2 mm, d3 = 9.4 mm, d4 = 9.6 mm, d5 = 7 mm, t = g = 0.2 mm

and S = 0.5 mm. The considered substrate is Rogers RO6010 with εr = 10.2 and

tan δ = 0.0023 and a thickness of 1.27 mm.

the inductance associated with the microstrip, C1 and C2 present the coupling capaci-

tances between the transmission line and the resonator and R represents the losses. If

the electric wall is aligned with the microstrip symmetry plane, the C1 and C2 coupling

capacitors will be equal (C1 = C2 = C) and no current will pass through CM. Hence, the

equivalent circuit will be simplified to that shown in Fig. 3.20(b). Based on this model,

the transmission notch occurs at a frequency that nulls the shunt impedance. Hence,

fnotch =
1

2π
√

Lg(Cg + C)
. (3.10)
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(a)

L L

C2 C1CM

RLgCgCg

(b)

L L

2C

Lg/2 2Cg R/2
LgR

Figure 3.20. Lumped element modeling of the CELC2. (a) Equivalent circuit model. (b) Even-

mode circuit model. (c) Odd-mode circuit model.

The values of circuit elements in Fig. 3.20(b) can be obtained by using the procedure

reported by Bonache et al. (2006b) and Aznar et al. (2008b) that is based on character-

istics of the transmission and reflection coefficients provided by electromagnetic sim-

ulations. There are four unknown parameters (L, C, Lg and Cg) that can be calculated

using the following four conditions: (i) The transmission notch frequency is the fre-

quency in which the shunt impedance nulls as described by (3.10), (ii) the frequency

for which the shunt impedance is open circuited corresponds to the intersection be-

tween the reflection coefficient (S11) and the normalised unit resistance circle in the

Smith chart, (iii) the phase of transmission coefficient reaches (90°) when the series

impedance is the complex conjugate of the shunt impedance, and (iv) the frequency

at which the parallel admittance vanishes is the resonance frequency of the LC tank

associated with the resonator. The resistance R can be determined by curve fitting of

EM and circuit simulations. Fig. 3.21 shows a comparison between the electromagnetic

and circuit-model simulations for a typical configuration in Fig. 3.19(b). The circuit pa-

rameters have been extracted through the procedure above. The plots demonstrate

agreement between the EM and circuit simulations.

Now, if the symmetry planes of the transmission line and resonator are no longer

aligned, C1 and C2 in Fig. 3.20(a) will take different values and this asymmetry al-

lows current flowing through CM. Hence, the odd mode resonance will be excited

causing another notch in the transmission response of the structure. The structure of

Fig. 3.19(b) is simulated for three laterally displaced positions of the resonator with

respect to the microstrip line (0.6 mm, 1 mm and 2 mm). To extract the unknown ele-

ments of the equivalent circuit model of the displaced structure in Fig. 3.20(a), firstly,

we consider the circuit elements for the aligned structure in Fig. 3.20(b) by using the

four conditions described before. Then, the value of CM will be calculated by using
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Figure 3.21. Simulation response of a CELC2 coupled microstrip line. Frequency response

of the structure in Fig. 3.19(b) and its equivalent circuit model of Fig. 3.20(b). (a)

Magnitude and (b) phase of the transmission and reflection coefficients. The resonator

and microstrip line dimensions are listed in Fig. 3.19. The circuit parameters are:

L = 5.4 nH, C = 0.685 pF, Cg = 3.2 pF, Lg = 1.91 nH and R = 3.75 kΩ.

(3.9) since the odd mode resonance frequency is known from the electromagnetic sim-

ulations of the displaced structure. At this point, the reflection coefficient (S11) will

cross the unit impedance circle on the Smith chart again because (S11) has two inter-

sections with the unit impedance circle due to the dual-mode nature of the resonator.

Afterwards, the values of C1 and C2 capacitances can be tuned by curve fitting of the

electromagnetic and the equivalent circuit simulation results. The equivalent induc-

tance of the transmission line L may be slightly modified from the aligned structure

since the line inductance is affected by the resonator positioned beneath. The other

element values are nearly unchanged. Here, we use the element values of the sym-

metric structure given in Fig. 3.21 as the initial values since the dimensions and the

considered substrate are the same. The extracted circuit model parameters are listed in

Table 3.2 for these three lateral displacements. The electromagnetic simulations results

are shown together with the circuit model results in Fig. 3.22. As seen, there is a rea-

sonable agreement between the EM and circuit simulations. The agreement validates

the above analysis and the proposed circuit model in Fig. 3.20.
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Table 3.2. Equivalent circuit parameters. Extracted values of the equivalent circuit elements in

Fig. 3.19(b) for three different displacements of the resonator.

∆x L C1 C2 CM Cg Lg R

(mm) (nH) (pF) (pF) (pF) (pF) (nH) (kΩ)

0.6 4.15 1.05 0.34 1.73 3.2 1.9 7.5

1 4.15 1.14 0.25 1.85 3.2 1.9 7.5

2 4.15 1.18 0.09 2.05 3.2 1.9 7.5
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Figure 3.22. Simulation response of a CELC2-coupled microstrip line with lateral displace-

ment. Results from the electromagnetic and circuit simulations of the structure in

Fig. 3.19(b) for three different displacements (0.6 mm, 1 mm and 2 mm) of the

resonator with respect to the microstrip line. (a) Magnitude and (b) phase of the

transmission and reflection coefficients. The equivalent circuit parameters of the three

cases are listed in Table 3.2.

By looking at the plots in Fig. 3.21 and Fig. 3.22, it can be found that there are small

discrepancies between the EM and circuit model simulations around the even mode
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resonance, which takes place at higher frequencies. At these frequencies, the wave-

lengths are shorter and closer to the resonator dimensions. As a result, the assumption

of lumped elements becomes less accurate, and leads to the observable discrepancies.

The bandstop response of the microstrip line loaded with the CELC2 resonator is asso-

ciated with the negative permitivity of the structure around the resonance frequencies.

This behavior can be easily changed to a bandpass response by introducing series ca-

pacitive gaps to the microstrip line (Gil et al. 2006b, Ebrahimi et al. 2014a, Horestani et al.

2014b). The bandpass counterpart is demostrated in Fig. 3.23 with its equivalent circuit

model. The circuit model is very similar to the bandstop configuration excepting for

CS, which is added to the model to represent the capacitive gap of the microstrip line.

Both of the C1 and C2 capacitors are considered to have the same value of C due to the

symmetric alignment of the resonator and the transmission line. To extract the lumped

element values in the circuit of Fig. 3.23(b), firstly, the bandstop version of Fig. 3.19

should be considered and simulated for obtaining Lg, Cg and CM values by using the

procedure described in the previous section. The line inductance (L) can be estimated

using a transmission line calculator or from the value obtained from the bandstop ver-

sion in Fig. 3.19(b). To obtain the values of CS and C capacitors, the input impedance

seen from the ports at the even mode resonance frequency of the resonator should be

considered. At the even mode resonance frequency, the parallel branch of LgCg is open

circuited and the equivalent circuit in Fig. 3.23(b) takes the form of Fig. 3.24 in which

the input impedance seen from the ports can be calculated as

Zin(even) = 50 + j2ωeL +
1

jωe(CS + Ceq)
, (3.11)

Ceq =
CCM

C + 2CM
, (3.12)

where ωe = 2π feven that is known from the intersection of S11 with the normalised unit

resistance circle in the Smith chart. On the other hand, by introducing the capacitive

gap to the microstrip line, the odd mode resonance frequency of the structure will be

defined as

fodd =
1

2π
√

Lg(Cg + 2CM + 2Cp)
, (3.13)
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Figure 3.23. Bandpass configuration of the CELC2-loaded microstrip line. (a) Layout of the

structure. (b) Its equivalent circuit model.
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Figure 3.24. Even-mode equivalent circuit model. Equivalent circuit of the bandpass configura-

tion of microstrip line loaded with the CELC2 at the even mode resonance frequency.

The 50 Ω resistors indicate the input/output port impedance.

Cp =
CCS

C + 2CS
, (3.14)

where fodd is known from the intersection of the S11 with the unit resistance circle

of the Smith chart. Thus, the values of C and CS are calculated by using (3.13) and

(3.14). Note that because of the dual-mode nature of the resonator, the S11 has two

intersections with the unit resistance circle of the Smith chart and the odd mode inter-

section takes place at a lower frequency in comparison with the even mode based on

(3.9) and (3.14). The bandpass structure in Fig. 3.23 has been simulated. A comparison

between the electromagnetic and the equivalent circuit simulation results is presented

in Fig. 3.25. The lumped element values of the equivalent circuit are extracted based

on the procedure described above. The circuit simulations presented in Fig. 3.25 are

in good agreement with the electromagnetic simulations. The results validate the pro-

posed circuit model.
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Figure 3.25. Simulation results of a bandpass configuration of CELC2-coupled microstrip

line. Comparison between the electromagnetic and the equivalent circuit simulations

of the bandpass configuration in Fig. 3.23. The resonator dimensions and the microstrip

line width are the same as those given in Fig. 3.19. The considered capacitive gap

width is c = 0.2 mm and the extracted equivalent circuit parameters are: L = 4.4 nH,

CS = 28 fF, CM = 1.91 pF, Lg = 1.91 nH, Cg = 3.13 pF and R = 6 kΩ.

3.3.3 Potential applications of CELC2-coupled microstrip line

The proposed configurations of CELC2 resonators loaded with microstrip lines can be

used in designing new microwave devices in different ways. For example, the band-

stop configuration in Fig. 3.19 can be used for implementing bandstop filters, where the

rejection bandwidth can be improved by etching several resonators with slightly differ-

ent sizes in the ground plane or by having identical resonators arranged with a small

distance from each other to improve the inter-resonator coupling (Martı́n et al. 2003b).

It has been shown that by displacing the resonator with respect to the microstrip line,

the odd mode resonance will also appear in the transmission response. This property

can be used in designing dual bandstop filters (Safwat et al. 2007, Zhou et al. 2010),

where again the bandwidth can be widened by using multiple resonators that are ac-

curately displaced with respect to the transmission line.

It is known from (3.9) that the odd mode resonance frequency is dependent on the

value of the mutual capacitance between the two halves of the resonator (CM). Thus,
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any change in the value of this capacitor can be detected from the frequency shift in

the odd mode notch in the transmission response (S21) of the device. We can make use

of this charactersitic to design material characterisation sensors by loading a dielectric

sample onto this capacitive gap (Ebrahimi et al. 2014c, Withayachumnankul et al. 2013,

Puentes et al. 2012). The sensitivity of the odd mode resonance to the symmetry prop-

erty of the structure in the bandstop configuration can be utilised to design displace-

ment sensors. These potential application will be investigated throughout Chapter 4

and Chapter 5. Here, the performance of the presented structures is demonstrated by

designing a bandpass filter. The bandpass configuration presented in Section 3.3.1 is

used for designing a dual-mode bandpass filter.

3.3.4 Dual-mode bandpass filter design

The dual-mode bandpass configuration introduced in Section 3.3.2 is utilised for im-

plementation of a dual-mode bandpass filter here. The layout of the designed filter

is demostrated in Fig. 3.26 whereas the top and bottom views of the fabricated filter,

is depicted in Fig. 3.27. The C-shaped input/output feeds are used for the filter to

improve the passband response (Ebrahimi et al. 2014a, Liu et al. 2008).

The simulated and measured S-parameters of the designed filter from 0.5 GHz to

3.5 GHz are demonstrated in Fig. 3.28. The measurement shows a fractional band-

width of 37% around the centre frequency of 2 GHz. It should be mentioned that

the fractional bandwidth is determined from the difference between the even and odd

mode resonance frequencies of the resonator. From (3.9) this difference can be con-

trolled by CM or equivalently by changing g, which is the distance between the two

halves of the resonator. The out-of-band rejection level of the filter is more than 30 dB.

The overall size of the fabricated filter is 0.11λg × 0.08λg implying a compact structure.

3.4 Conclusion

This chapter presented dual-mode complementary resonators as miniaturised elements

in designing microwave filters and sensors. A dual-mode complementary split-ring

resonator DMCSRR has been developed by adding a defect to the middle part of a
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Figure 3.26. Layout of the dual-mode bandpass filter based on CELC2. (a) The top microstrip

metalisation with yellow colour. (b) Bottom ground plane shown in grey. The resonator

parameters are all the same as the dimenssions given in Fig. 3.19 except g, which is

1 mm here. The other dimnssions are: a = 1.5 mm, b = 0.5 mm, e = 6.6 mm,

m = 4 mm, k = 0.2 mm, x = 1 mm and w = 1 mm.

top bottom

(b)(a)

Figure 3.27. Fabricated dual-mode bandpass filter based on CELC2. Photograph of the top

(a) and bottom (b) view of the fabricated filter.

CSRR. It has been demonstrated through the electromagnetic and circuit model sim-

ulations that this resonator shows a dual-mode resonance when it is excited by a mi-

crostrip line section. This configuration has been incorporated in designing both band-

stop and bandpass filters. A high level of miniaturisation is achieved showing a com-

pact size of 0.0625λg × 0.18λg for the bandpass and 0.1λg×0.18λg for the bandstop

configuration.
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Figure 3.28. Comparison between the simulated and measures results of the CELC2-based

dual-mode bandpass filter. Simulated and measured S-parameters of the designed

dual-mode filter based on the presented bandpass configuration of CELC2 resonator

loaded with microstrip line.

In the second part, the dual-mode behaviour of a special type of complementary electric-

LC (CELC) has be discussed. The dual-mode response of the microstrip-line-coupled

CELC2 has been analysed and verified through electromagnetic and circuit model

analysis. The equivalent circuit model parameters have been extracted through an

analytical procedure. The developed circuit models have been validated through good

agreement between the circuit model and electromagnetic simulations. Potential ap-

plication of the CELC2-coupled microstrip line sections have been demonstrated by

designing a compact dual-mode bandpass filter.

The promising results all validate the potential of these dual-mode resonators in de-

signing highly compact microwave devices. This chapter focused on miniaturisation

of microwave filters by using dual-mode resonators. In Chapter 4 the application of

complementary split-ring and complementary electric-LC resonators to high sensitiv-

ity microwave microfluidic sensors will be discussed.
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Chapter 4

Metamaterial-inspired
microfluidic sensors

M
ETAMATERIAL resonators have attracted great atten-

tion in designing sensors. The split-ring resonators (SRRs)

and complementary split-ring resonators (CSRRs) pro-

vide concentrated electromagnetic fields at their resonance with high qual-

ity factor characteristic. These electromagnetic fields are very sensitive to

the environment changes such as displacement, rotation, dielectric prop-

erty. Any change in these factors affect the resonance characteristics of

the SRRs and CSRRs. Therefore, they can function as sensors with a com-

pact footprint. This chapter is dedicated to an application of metamaterial-

inspired resonators to high-sensitivity microfluidic sensors. Towards this

aim, two high-sensitivity microwave microfluidic sensors are introduced.

Firstly, a microfluidic sensor is designed based on a microstrip-line-coupled

CSRR for measuring the ethanol concentration in water solutions. Secondly,

a complementary electric-LC resonator coupled with a microstrip line is in-

vestigated for determination of glucose concentration in water.
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4.1 Introduction

Microwave dielectric spectrometry is appealing in many applications such as chemi-

cal sensing and biological sensing (Gregory and Clarke 2006, Catalá-Civera et al. 2003,

Jenkins et al. 1990). The advantages of microwave dielectric characterisation lie in con-

tactless, real-time, high sensitivity and label free detection (Rowe et al. 2013, Rowe et al.

2012, Grenier et al. 2009). Augmented by microfluidic technology, the approach is ap-

plicable to liquid samples that are highly relevant to biological and chemical studies.

Microwave characterisation of liquid samples has been performed by using different

designs of microwave-based sensors including cavity resonators (Kim et al. 2008, Ne-

shat et al. 2008, Kapilevich and Litvak 2011, Yu et al. 2000). These studies show a

large sensitivity and precise detection with high quality factors. However, most of

these devices are bulky and thus not compatible with integrated lab-on-a-chip tech-

nology. A key factor that enables on-chip integration is planar-profile sensors. A num-

ber of microwave planar sensors have been proposed for microfluidic chemical and

biological sensing (Chretiennot et al. 2013, Grenier et al. 2009, Zarifi et al. 2015, Cha-

hadih et al. 2015). In Chretiennot et al. (2013), coplanar waveguides and resonators

have been used for microfluidic sensing. Microstrip stub resonators are incorporated

in Zarifi et al. (2015) and Chahadih et al. (2015) for microwave chemical sensing. How-

ever, these planar resonators and structures usually show low quality factors and small

fringing fields that need to be improved in dielectric sensing (Cui et al. 2013).

Recently, the concept of metamaterials has been adopted for microwave microfludic

sensing to improve the sensitivity and compactness of the sensors (Horestani et al.

2013b, Naqui and Martı́n 2013). Metamaterial-inspired resonators such as split-ring

and complementary split-ring resonators exhibit strong resonance in response to elec-

tromagnetic excitations. They offer strong field concentrations and high quality fac-

tors that are well suited for high-sensitivity dielectric characterisation (O´ Hara et al.

2012, Withayachumnankul et al. 2012). In addition, due their compact subwavelength

structure, the metamaterial-based microwave microfluidic sensors provide a compact

platform compatible with lab-on-a-chip technology.

To this end, this chapter presents two different configurations for microwave microflu-

idic sensors with improved sensitivity. In Section 4.2, the operation principle of the

SRR-based microfluidic sensor will be explained. Section 4.3 presents a design of mi-

crofluidic sensor based on microstrip-line-coupled complementary split-ring resonator
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Figure 4.1. SRR-coupled microstrip line for microfluidic sensing. (a) Split-ring resonator-

coupled microstrip line section. (b) Its lumped element equivalent circuit model. After

Withayachumnankul et al. (2013).

(CSRR) with improved sensitivity. In Section 4.4, the microstrip-line-coupled comple-

mentary electric-LC resonator is proposed for compact and high-sensitivity measure-

ment of glucose concentration in water solutions.

4.2 Operation principle of SRR-based microfluidic sensor

A basic schematic for a SRR-based microfluidic sensor is demonstrated in Fig. 4.1. As

explained before, a single SRR will inhibit the wave propagation at its resonance fre-

quency resulting in a bandstop notch in the transmission response of the structure as

demonstrated in Fig. 4.2. The equivalent circuit model of the SRR-loaded microstrip

line is given in Fig. 4.1(b), where the inductance Lr models the inductive effect of the

SRR metallic ring, the Cg models the equivalent capacitance of the SRR in the gap area,

R models the losses associated with the SRR, the L and C stand for per unit length

inductance and capacitance of the microstrip transmission line respectively, and M is

the mutual inductive coupling between the SRR and the microstrip line.

As shown in the inset of Fig. 4.2, at resonance there is a strong electric field along the

gap area of SRR. This electric field is very sensitive to the dielectric property of the gap

area. If the dielectric around the gap is changed or affected by some loading, it will

cause a change in the value of the gap capacitance Cg that in turn results a change of

SRR resonance frequency and the quality factor (Q) at resonance. The changes in the

resonance frequency and quality factor can be detected in the transmission response

(S21) and used for characterising the loaded material.
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Figure 4.2. Simulated response of a SRR-coupled microstrip line section. Transmission re-

sponse of a SRR-coupled microstrip section. (Inset) The field distribution of the SRR

on resonance. After Withayachumnankul et al. (2013)

(a) (b)

Figure 4.3. SRR-based microfluidic sensor. (a) Microfluidic channel fabricated in the gap area

of the SRR. (b) The test setup for validating the SRR-based sensor concept. After

Withayachumnankul et al. (2013)

Therefore, by including a microfluidic channel in the gap area of the SRR as in Fig. 4.3

and applying a liquid sample to the channel, the dielectric properties of the sample

liquid can be measured by the sensor. The test setup for this sensor is demonstrated

in Fig. 4.3(b). As seen, a change in the resonance properties is measured by a network

analyser and used for characterisation.

A mixture of water-ethanol with different ethanol concentrations have been used for

testing the sensor since it exhibits a broad range of dielectric constant between 10

and 80 suitable for sensor testing. The measured transmission responses for differ-

ent ethanol volume fractions are shown in Fig. 4.4. As demonstrated in this figure, the
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Figure 4.4. Measurement results of the SRR-based microwave microfluidic sensor. (a) Mea-

sured transmission responses of the SRR-based microfluidic sensor for different volume

fractions of ethanol in water. (b) The measured resonance frequency and quality factors

for different ethanol contents. After Withayachumnankul et al. (2013)

maximum frequency shift for the SRR-based sensor is 0.1 GHz. This frequency shift

might not be sufficient to detect a small change in the ethanol volume fraction or a

small change of the mixture dielectric constant. Thus, we have developed a sensor

based on CSRR-coupled microstrip line than can provide a better detection resolution.

The design principle and the results of the CSRR-based sensor are presented in Sec-

tion 4.3.

4.3 Microfluidic sensor based on complementary split-

ring resonator (CSRR)

This section is dedicated to a microfluidic sensor based on a microstrip-line-coupled

complementary split-ring resonator (CSRR). The motivation is a compact structure

compatible with the lab-on-a-chip technology with an improved device sensitivity in

comparison with the conventional SRR-based microfluidic sensor. The new sensor

is validated through experimental measurements. It is shown that the new structure

shows four times better sensitivity with respect to the conventional SRR-based sensor.
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4.3.1 Basics of CSRR-based microfluidic sensor

Here, a complementary split-ring resonator (CSRR) is used instead of a SRR, to pro-

vide a larger area of fringing electric field that increases the effective interaction area

with the sample. The proposed sensor determines the complex permittivity of liquids

based on changes in the resonance frequency and peak attenuation of the transmission

response (|S21|min) on resonance. The device is designed to operate at around 2 GHz

and is compatible with lab-on-a-chip. So, it satisfies the need for low-cost and compact

high sensitivity devices in microwave microfluidic applications.

The main part of the proposed sensor structure is a microstrip coupled CSRR as shown

in Fig. 4.5(a). The CSRR is composed of a metallic capacitive plate that is connected

through an inductive metallic path to the surrounding ground plane at a distance c

from its edge. Since the CSRR is etched in the ground plane and is mainly excited by

the electric field of the microstrip line, the whole coupled structure can be modelled

by the lumped element circuit in Fig. 4.5(b) (Baena et al. 2005). In the equivalent circuit

model, the parallel combination of LC, CC and RC models the CSRR, where CC stands

for the capacitor between the square-shaped metallic plate and the ground plane, LC

stands for the inductance of the metallic inductive path of width g connecting the ca-

pacitive plate to the ground, and RC models the equivalent loss associated with the

CSRR (Bonache et al. 2006b). Here, L and C model the inductance and capacitance of

the microstrip line, respectively.

(a) (b)

Microstrip

g

w

Ground

l

c

L/2 L/2

C

RCCCLC

Figure 4.5. Basic schematic of the CSRR-based microfluidic sensor. (a) A microstrip coupled

CSRR with the grey area showing the ground plane and yellow showing the top microstrip

metalisation. (b) Its equivalent circuit model with L and C for the unit length inductance

and capacitance of the microstrip respectively and {RLC}C for the CSRR. The CSRR

and microstrip dimensions are: w = 1.3 mm, l = 11 mm, c = 0.5 mm and g = 0.2 mm.
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When the microstrip is fed with a microwave signal, it develops a quasi-TEM electro-

magnetic wave propagation mode described by a magnetic field circulating around

the microstrip and an electric field pointing towards the ground plane. This electric

field excites the CSRR inducing a voltage difference between the capacitive plate and

the ground plane. The resonance occurs when the electric energy stored in the C and

CC capcitors equals magnetic stored in the inductive strip of LC. As shown in inset of

Fig. 4.6, at resonance, a strong electric field will be established across the gap between

the capacitive plate and ground. The electric field is stronger across the lower edge

of the square-shaped CSRR making this region very sensitive to dielectric changes.

Therefore, a microfliuidic channel is laid across the lower edge of the CSRR. The res-

onance can be observed as a notch in the transmission coefficient of the structure as

illustrated in Fig. 4.6. From the circuit model of Fig. 4.5(b), the resonance frequency

can be defined as (Bonache et al. 2006a)

f0 =
1

2π
√

LC(C + CC)
, (4.1)

and the quality factor of the resonance is

Q = R

√

C + CC

LC
. (4.2)

It is worth noting that the capacitor CC is affected by the dielectric materials near the

gap between the CSRR and the ground. So, it can be approximated by

CC = C0 + εsamCe, (4.3)

where C0 models the capacitive effects of the dielectric substrate, channel walls and

surrounding space excluding the channel cavity and the term εsamCe denotes the ca-

pacitive effect of the liquid sample loaded into the microfluidic channel. Here, Ce is

the capacitance of the empty channel. Now, if the complex permittivity of the liquid

sample is considered to be εsam = ε′sam + jε′′sam, from (4.1)–(4.3), both of the resonance

frequency and the quality factor will be a function of the liquid sample permittivity or

f0 = F1(ε
′
sam, ε′′sam), Q = F2(ε

′
sam, ε′′sam). (4.4)

The above discussion indicates that the resonance characteristics of the microstrip

coupled CSRR device are dominated by the complex permittivity of a liquid sample.

Therefore, by analysing this dependency, we can determine the complex permittivity

of an unknown liquid sample simply by measuring the transmission resonance char-

acteristics.

Page 71



4.3 Microfluidic sensor based on complementary split-ring resonator (CSRR)

1.8 2 2.2 2.4 2.6 2.8
−35

−30

−25

−20

−15

−10

−5

0

Frequency (GHz)

S
2
1
 (

d
B

)

Figure 4.6. Simulated transmission response of CSRR-loaded microstrip line. Simulated res-

onance of the microstrip coupled CSRR of Fig. 4.5 in CST microwave studio. The

resonance appears as a transmission zero in S21 around 2.4 GHz. (Inset) A strong elec-

tric field is established between the capacitive plate and the ground plane at resonance.

4.3.2 Fabrication process

The designed device has been fabricated on Rogers RO6002 microwave substrate with

a relative permittivity of 2.94 for allowing significant fringing field in the sensing area

and hence increasing the sensitivity. The substrate thickness is 0.508 mm. The copper

metalisation for the ground plane and 50 Ω microstrip line is 18 µm.

As mentioned before, the microfluidic channel is positioned along the lower edge of the

CSRR. The microfluidic channel is made of polydimethylsiloxane (PDMS) since it is in-

expensive, widely available, biocompatible, durable, and easy to process (Grenier et al.

2009, Chretiennot et al. 2013). For channel fabrication, a mold has been prepared on

a silicon substrate by using a thick photoresist mask and chemical etching. Then, a

PDMS layer is deposited on the prepared mold and cured at 80◦C. Finally, the PDMS

channel is peeled off and attached to the microstrip coupled CSRR. The channel is

manually positioned to the lower side of CSRR where the fringing electric field is

strongest and therefore, the sensitivity to the dielectric property changes is maximum.

The height, width and length of the channel are 0.06 mm, 0.7 mm and 14 mm, re-

spectively. Fig. 4.7 shows the bottom view and cross-section of the structure when the

channel is attached to the substrate.
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0.7 mm 3 mm
0.06 mm

18 um

Microstrip

Ground

Substrate
0.5 mm

Ground

Channel
Fluid in Fluid out

PDMS

CSRR

(a)

(b)

Figure 4.7. Three dimensional view of the designed sensor with microfluidic chamber.

Schematic of the microstrip coupled CSRR with the PDMS microfluidic channel (a)

Perspective view of the structure (b) Side view with dimensions.

Figure 4.8. Fabricated sensor prototype. (a) Top view of bare CSRR. (b) Bottom view of bare

CSRR. (c) The complete sensor module when the PDMS channel and inlet/outlet tubes

are attached and the device is packaged. (d) The complete test setup when the device

is connected to the network analyser for measurments.
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The PDMS channel ensures a constant volume and shape of the liquid sample across

the sensing area. The PDMS chamber is mechanically fixed onto the sensor by using

a 3D-printed plastic package as shown in Fig. 4.8(c). It should be mentioned that the

device response might be influenced by the position of the channel but it should not

be an issue since the channel position is kept unchanged during all measurements.

Similarly to Withayachumnankul et al. (2013), the measurements are carried out based

on a stop-flow technique. A binary solution of distilled water and ethanol is used as

a test sample since it provides a broad range of the complex permittivity at the low

microwave frequency range (Bao et al. 1996). Teflon tubes, together with a syringe,

connected to the inlet and outlet of the channel are used for filling and draining the

channel. During the measurements, a very low pressure is applied to the syringe to

avoid channel deformation. In each step, the channel is firstly filled with the liquid

sample and then the flow is stopped for measurement. The resonance frequency and

peak attenuation parameters are then recorded to characterise the liquid test samples.

As seen in Fig. 4.9, the resonance frequency and peak attenuation are maximum when

the channel is not attached to the sensor. By adding the PDMS channel, the resonance

frequency is shifted down with a small decrease of peak attenuation since a part of the

CSRR is covered with the PDMS.
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Figure 4.9. Sensor transmission responses. Simulated and measured transmission response of

the sensor in different conditions.
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Table 4.1. Permittivity of water-ethanol mixture. Complex permittivity of water-etahnol mixture

at 1.9 GHz. The volume fraction of water is changed from 10% to 90% for device testing.

Water Fraction(%) ε′ ε′′ ∆ε′ ∆ε′′

10 16.5 12.3 -30.5 -2.7

30 31.5 15.55 -15.5 0.55

50 47 15 0 0

70 61 12.8 14 -2.2

90 72 10.6 25 -4.4

4.3.3 Calibration of the sensor

For investigating the effect of the complex permittivity (ε′sam + jε′′sam) on the resonance

frequency and peak attenuation, a set of experiments has been performed using binary

mixtures of distilled water and ethanol. The dielectric properties of water-ethanol mix-

ture was accurately studied in Bao et al. (1996). The accurate complex permittivity of

the test fluid samples from Bao et al. (1996) are listed in Table 4.1. For the first set

of measurements, the volume fraction of water is changed from 10% to 90% with a

step size of 20% and at each step, the resonance frequency and peak attenuation of

the sensor are recorded giving a data set of 5 samples. The measurement results of

the resonance frequency and maximum attenuation for the 5 test samples are shown in

Fig. 4.10. As seen, the resonance frequency is shifted from 1.875 GHz down to 1.57 GHz

as the water volume fraction increases from 10% to 90%. The peak attenuation is min-

imum when the water volume fraction is 30%. It is worth noting that the observed

nonlinearity in the peak attenuation with respect to the water content follows the non-

linear loss function of water mixture (Withayachumnankul et al. 2013, Bao et al. 1996).

Based on the measurement results of the five test samples, an approximated is derived

for resonance frequency shift and peak attenuation variations as a function of the com-

plex permittivity. This simplified model can be defined as

[

∆ f0

∆|S21|

]

=

[

m11 m12

m21 m22

] [

∆ε′sam

∆ε′′sam

]

, (4.5)

where ∆ε′sam = ε′sam − ε′ref, ∆ε′′sam = ε′′sam − ε′′ref and ∆ f0 = f0,sam − f0,ref with sub-

script ’sam’ for the sample under test and ’ref’ for the reference mixture. Here, the mix-

ture with a 50% water fraction is considered as the reference. The unknown parameters
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Figure 4.10. Measurement results for sensor calibration. (a) The measured transmission re-

sponse of the water-ethanol test samples for calibration of the sensor. The water

volume fraction is changed from 10% to 90% with the step size of 20%. (b) Corre-

sponding resonance frequency and peak attenuation at different steps with solid and

dashed line for visual guidance.

of the matrix can be determined from the data available from the measurement results

of Fig. 4.10, together with the reported complex permittivity in Table 4.1. The benefit

of this model is that all the fabrication tolerances of the device are fully taken into ac-

count. The coefficients of the model in (4.5) are over-determined by test datasets. So,

the least-squares method explained in Withayachumnankul et al. (2013) can be used to

approximate the coefficients. This method yields the following matrix that relates the

resonance frequency and maximum attenuation changes to the complex permittivity

[

∆ f0

∆|S21|

]

=

[

−0.00528 0.000256

−0.00045 −0.292

] [

∆ε′sam

∆ε′′sam

]

. (4.6)

By comparing the coefficients in (4.6), it is found that the effect of ε′ on the resonance

frequency is approximately 20 times larger than the effect of ε′′. On the other hand,
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the impact of ε′′ on the peak attenuation is 650 times higher than the influence of ε′.

Considering the samples of Table 4.1

∣

∣

∣

∣

∆ε′

∆ε′′

∣

∣

∣

∣

max

≈ 28,

∣

∣

∣

∣

∆ε′′

∆ε′

∣

∣

∣

∣

max

≈ 0.176. (4.7)

So, by neglecting m12 and m21 the maximum errors in ∆ f0 is

∣

∣

∣

∣

m12∆ε′′

m11∆ε′

∣

∣

∣

∣

max

≈ 0.9%, (4.8)

and the maximum error in ∆|S21| can be obtained as
∣

∣

∣

∣

m21∆ε′

m22∆ε′′

∣

∣

∣

∣

max

≈ 4.3%. (4.9)

From (4.8) and (4.9) it can be inferred that the contributions of ε′′ on the resonance

frequency shift and ε′ on the peak attenuation changes are negligible. So, the charac-

teristic matrix of (4.6) can be simplified as

[

∆ f0

∆|S21|

]

=

[

−0.00528 0

0 −0.292

] [

∆ε′sam

∆ε′′sam

]

. (4.10)

The complex permittivity of unknown liquid samples can be determined using matrix

inversion. Inverting (4.10) leads to

[

∆ε′sam

∆ε′′sam

]

=

[

−189.39 0

0 −3.424

] [

∆ f0

∆|S21|

]

, (4.11)

which can be used for determining the complex permittivity of unknown liquid sam-

ples from the resonance characteristics.

4.3.4 Validation of the sensing concept

In order to verify the sensor performance together with the parameter retrieval model

in (4.11), the water ethanol mixture is used again. This time, the volume fraction of

water is changed from 0% to 100% with the step size of 20% giving a dataset of 6

measurements. The measured transmission responses of the sensor for these sets of

samples are shown in Fig. 4.11 together with the extracted resonance frequency and

peak attenuation. As seen, the corresponding frequency shift for 0%–100% of the water
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Figure 4.11. Measurements for validating the sensing concept. (a) The measured transmis-

sion response of the water-ethanol test samples for validating the (4.11) model. The

water volume fraction is changed from 20% to 100% with the step size of 20%. (b)

Corresponding resonance frequency and peak attenuation at different steps with solid

and dashed line for visual guidance.

volume fraction is around 400 MHz, showing 4 times higher sensitivity with respect

to SRR-based sensor with a 100 MHz frequency shift. The model presented in (4.11)

is used to determine the ∆ε′ and ∆ε′′ for each mixture from a pair of the resonance

frequency and peak attenuation, where 50% water-ethanol mixture is considered as

the reference. Then, the complex permittivity of each sample can be calculated as

ε′sam = ε′ref + ∆ε′sam, (4.12)

ε′′sam = ε′′ref + ∆ε′′sam, (4.13)

with a subscript ‘sam’ for the values obtained from (4.11). For comparison, the ob-

tained complex permittivity values of the samples are plotted against the exact values

in Fig. 4.12. This figure shows an acceptable accuracy of the simplified model of (4.11).
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Table 4.2. Permittivity of water-ethanol mixture. Complex permittivity of water-ethanol mixture

at 1.9 GHz. The volume fraction of water is changed from 0% to 100%.

Water Fraction(%) ε′ ε′′ ∆ε′ ∆ε′′

0 9 10 -38 -5

20 24 13.6 -23 -1.4

40 39 15.6 -8 0.6

60 53 14.6 6 -0.4

80 67 13.4 20 -1.6

100 79.5 9 32.5 -6
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Figure 4.12. Measured and actual values of the complex permittivity. Comparison between

the measured and litrature values of complex permittivity for the water-ethanol mixture

at around 1.9 GHz. The volume fraction of water is changed from 0% to 100% with

the step size of 20%. (a) Real part of the complex permittivity. (b) Imaginary part of

the complex permittivity.

The small disagreements between the measured and literature values of complex per-

mittivity may arise from the measurement uncertainties or the simplified linear ap-

proximation of the sensing model. The accuracy can be increased by using a higher-

order approximation. The device can also be tested with other sets of liquid samples

covering wider ranges of complex permittivity values to produce a more accurate sens-

ing model.
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Figure 4.13. Type-2 complementary electric-LC (CELC2) resonator. (a) The resonator struc-

ture with the ground plane shown in orange. (b) The corresponding equivalent circuit

model with the even and odd mode resonances.

4.4 Microfluidic sensor for determination of glucose con-

tent in water solutions

In Section 4.3, the application of complementary split-ring resonator (CSRR) in improv-

ing the sensitivity of microfluidic sensors has been discussed. This section presents

a microwave microfluidic biosensor based on a complementary electric-LC (CELC)

resonator excited by a microstrip line that is introduced in Chapter 3 (Ebrahimi et al.

2014f). The dual-mode nature of CELC resonator allows designing an even more com-

pact structure because of a large capacitive effect in the odd mode. Here, it is demon-

strated that by positioning a microfluidic channel in the middle part of the CELC res-

onator and filling the channel with water-glucose solution, the transmission charac-

teristics of the device (S21) are modified and can be used for quantifying the glucose

concentration in the solution.

4.4.1 Structure of the sensor

A main part in this sensor is the type-2 complementary electric-LC (CELC2) resonator

discussed in Chapter 3. The CELC2 resonator in Fig. 4.13(a) can be modelled by the

circuit in Fig. 4.13(b), where Cg models the capacitive effect between each halve of the

CELC resonator and the surrounding ground plane. The Lg inductors model the induc-

tance of the metallic strips that connect the halves to the ground. The CM stands for

the mutual capacitive effect between the two halves of the CELC resonator. Based on
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the equivalent circuit, the CELC resonator exhibits the even and odd mode resonances

with the equivalent circuits shown in Fig. 4.13(b) (Ebrahimi et al. 2014a, Ebrahimi et al.

2014f).

Now, if a CELC2 resonator is loaded on a microstrip line as in Fig. 4.14(a), the equiv-

alent circuit model of the whole structure can be given as Fig. 4.14(b). In Fig. 4.14(b),

the L inductors stand for the inductance associated with the microstrip and C1 and

C2 present the coupling capacitances between the microstrip and the CELC resonator.

In Fig. 4.14(a) the sides of the CELC resonator are meandered for compactness. Here,

the microstrip is widened in its middle part for a more symmetric S21 around the odd

mode resonance.
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Figure 4.14. Microstrip loaded CELC2 resonator. (a) Schematic of the structure where the

microstrip is shifted with respect to the symmetry line of the CELC. (b) Its equivalent

circuit model. (c) S-parameters of the structure. The dimensions are: w1 = 1.3 mm,

w2 = 1.9 mm, t = 0.3 mm, s = 0.5 mm, d1 = 10.4 mm, d2 = 5.55 mm and

d3 = d4 = 9 mm. The microstrip metallisation is shown with yellow and the ground

is indicated in orange.
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As explained in Chapter 3, if the microstrip is displaced with respect to the symmetry

line of the resonator, both of the even and odd mode resonances will be excited to pro-

duce two bandstop notches in the transmission response of the structure as shown in

Fig. 4.14(c). From Fig. 4.13(b), the odd mode resonance frequency is strongly depen-

dent on the CM value and any changes in CM would be translated to a shift in the odd

mode resonance frequency (Ebrahimi et al. 2014f). Here, we use this property for de-

signing a microfluidic sensor by loading a microfluidic channel between the two halves

of the CELC resonator. By introducing a liquid sample into the channel, the dielectric

property of the occupied area will be changed resulting in a variation of CM that in

turn affects the odd mode notch frequency and depth. This change in resonance can

be measured for characterising the liquid sample inside the channel.

4.4.2 Test setup and experimental verification

A prototype of the designed sensor is fabricated on Rogers RO6002 substrate with a

low relative permittivity of 2.94. The substrate thickness is 0.508 mm. The sensor

dimensions are given in Fig. 4.14. The microfluidic channel is made of PDMS us-

ing micro-fabrication technology. The channel height, width and length are 0.06 mm,

0.7 mm and 15 mm respectively. The channel has been precisely aligned with the sens-

ing area and mechanically pressed against the substrate for ensuring the consistency of

the volume and shape of the solution over the sensing area. Fig. 4.15 shows the top and

bottom views and the final assembled prototype of the fabricated microfluidic sensor.

Measurements have been carried out to verify the proposed biosensing concept based

on a stop-flow method. Two flexible Teflon tubes with a syringe connected to the in-

let/outlet of the channel are used for filling and draining liquid solutions. As men-

tioned before, the changes in the odd mode resonance are used here for sensing since

the channel is applied to the middle part of the resonator between the two halves. For

each sample measurement, the channel is firstly filled with the test liquid and the corre-

sponding transmission coefficient is recorded for analysis. In Fig. 4.16, the transmission

coefficient (S21) of the sensor is plotted for three different cases: the bare resonator, the

resonator with empty channel and with pure water filled channel. As seen, by adding

the channel and filling it with the liquid sample, the resonance frequency is shifted

down with a decrease in the peak attenuation.
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(c)

(a) (b)

Teflon tube

Figure 4.15. Fabricated microfluidic biosensor. (a) Top view. (b) Bottom view. (c) The final

assembled sensor with the microfluidic PDMS channel and the Teflon tubes added to

the inlet and outlet.
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Figure 4.16. Measured transmission response of the sensor for different cases. Measured

transmission response (S21) of the sensor around the odd mode resonance for three

different cases: the bare resonator, the resonator with empty channel and with water

filled channel.

In order to test the sensor, the water-glucose solutions have been prepared with 20, 40,

60, 80 and 100 mg/mL glucose concentrations (Hofmann et al. 2013). The sensor trans-

mission coefficient is recorded for each sample. The measured S21 profiles for these

samples are demonstrated in Fig. 4.17(a). For pure water, the resonance frequency is
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1.16 GHz. The resonance frequency shifts up by increasing the glucose concentration.

This is mainly because of a decrease in the relative permittivity of the solution that

results in smaller capacitance (CM) around the sensing area. The resonance frequency

shift as a function of the glucose concentration is shown in Fig. 4.17(b) where the reso-

nance frequency of the pure water is considered as a reference. The regression analysis

proves a good linear dependency (r2 = 0.995) of the resonance frequency shift to the

glucose concentration as

∆ fr = 2.11ρ, (4.14)

where ∆ fr is the resonance frequency shift in MHz, ρ is the glucose concentration in

mg/mL. Therefore, the glucose concentration can be determined based on the fre-

quency shift using

ρ = 0.474∆ fr. (4.15)

For verification of the above mathematical model, the sensor is tested again with the

water-glucose solutions with 10, 30, 50, 70 and 90 mg/mL glucose concentrations. The

transmission responses of the senor for these samples are plotted in Fig. 4.18 versus fre-

quency. The model in (4.15) is used for prediction of the glucose concentration based

on the frequency shift. The measured glucose concentration and the actual values are

plotted together in Fig. 4.19 for comparison. This result proves a good accuracy of the

proposed sensor. The errors might be due to the simplified model in (4.15) or the mea-

surement uncertainties. The measurement accuracy may be improved by considering

the peak attenuation in sensor modelling in conjucntion with the resonance shift.

4.5 Conclusion

This chapter has presented two metamaterial-inspired microwave microfluidic sen-

sors. The first sensor was made of microstrip-line-loaded CSRR resonator. By using

the CSRR instead of SRR to increase the fringing electric field, the sensitivity can be

improved by four times. Binary mixtures of water-ethanol have been used for testing

and verification of the sensing concept, and a linear sensing model has been devel-

oped for characterisation of the liquid samples. The measurements demonstrated the
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Figure 4.17. Measured resonance characteristics. (a) Measured transmission responses of the

sensor for water-glucose solutions with different glucose concentrations. (b) The reso-

nance frequency variation as a function of glucose concentration, where the pure water

is considered as the reference.
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Figure 4.18. Verification of the sensing model. Measured transmission responses of the sensor

for water-glucose solutions for validation of (4.15).
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Figure 4.19. Comparison between the the retrieved and actual glucose concentrations. Com-

parison between the concentration values obtained by the sensor and the actual glucose

concentrations.

good accuracy of the sensor in dielectric characterisation of the liquid samples at low

microwave frequencies.

A CELC-based microfluidic sensor has been designed and tested. The CELC resonator

result in a compacter size because of the larger capacitance in the odd mode resonance.

This sensor has been tested with binary mixtures of water and glucose. Again, a simple

linear model has been developed for the sensor for measurement of glucose concen-

tration in water solutions. The measurements proved the accuracy of the device for

glucose sensing.

The use of microfluidic channel in both cases enabled the microfluidic sensing with a

little amount of liquid sample where the cross-section of the sensing area is smaller

than 2× 10−5λ2
0 where, λ0 is the operational guided wavelength. The compact designs

promise the potential of the designed sensors for integration in lab-on-a-chip technol-

ogy.
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Chapter 5

Metamaterial-inspired
rotation and displacement

sensors

O
N resonance, metamaterial-inspired resonators will provide

localised electromagnetic fields that are very sensitive to vari-

ations in dielectric properties and their geometries. The sen-

sitivity to the geometry can be used to design displacement and rotation

detectors. To this end, in this chapter, the coupling between two coupled

U-shaped resonators is used to design a rotation sensor with a wide dy-

namic range. In addition, the odd mode resonance in the complementary

electric-LC resonator coupled with a microstrip line is used to design a dis-

placement sensor. The sensing principle of the designed structures is anal-

ysed by circuit model analysis and full-wave electromagnetic simulations,

and validated through measurement of the fabricated sensor prototypes.
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5.1 Introduction

Split-ring resonators (SRRs) and their complementary structures called complemen-

tary split-ring resonators (CSRR) have been used to design many new or improved

electromagnetic structures such as artificial electromagnetic media (Smith et al. 2000,

Schurig et al. 2006), composite left/right hand transmission lines (Falcone et al. 2004a,

Martı́n et al. 2003a, Gil et al. 2006a), filters (Bonache et al. 2006a, Horestani et al. 2014b,

Horestani et al. 2014a), antennas (Pucci et al. 2012, Takemura 2013, Alici and Ozbay

2007). Beyond these common applications, recently, they have attracted great attention

to be used in designing new electromagnetic-based sensing structures (Zheludev 2010).

This is mainly due to the exceptional sensitivity of these resonators with respect to

environmental or geometrical changes in their structures. So, metamaterial-inspired

sensing has become one promising application of metamaterials (Chen et al. 2012).

Many configuration of metamaterial-based sensors have been developed up to now for

different purposes such as strain sensing (Melik et al. 2009b, Melik et al. 2009a, Li et al.

2011), microwave mass flow sensing (Angelovski et al. 2011, Penirschke et al. 2007),

biomedical sensing (Lee et al. 2008, Lee et al. 2012), and chemical microfluidic sensing

(Boybay et al. 2013, Abduljabar et al. 2014, Rowe et al. 2014).

In Chapter 4, we have presented two high-sensitivity microfluidic sensors for chemical

and biological sensing (Ebrahimi et al. 2014c). The focus of this chapter is on rotation

and displacement sensing based on metamaterials. To this end, a wide dynamic range

rotation sensor is introduced in Section 5.3 the variation in the coupling coefficient of

the two U-shaped resonators is exploited for rotation detection (Ebrahimi et al. 2014d).

In Section 5.4, a displacement sensor is designed by using the microstrip-line-coupled

CELC2 resonator introduced in Chapter 3. The operation principle and validation

of the proposed rotation and displacement sensors will be presented throughout this

chapter.

5.2 Fundamentals

As mentioned before, SRR arrays can be used for planar transmission lines for de-

signing artificial transmission lines. In addition, a single SRR coupled with a planar

transmission line can provide a bandpass or bandstop transmission response depend-

ing on the geometry in vicinity of the SRR resonance frequency (Bonache et al. 2006b).
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(a) (b)

d

Figure 5.1. Coplanar waveguide loaded with a single SRR for displacement sensing. (a) The

symmetry axis of SRR is aligned with the symmetry axis of the coplanar waveguide. (b)

The symmetry line of SRR is displaced with respect to the symmetry axis of coplanar

waveguide. The SRR metallisation is shown in yellow and the coplanar waveguide

metallisation is indicated in grey. After Horestani et al. (2013b).

This characteristic has been applied to designing different bandpass or bandstop filters

(Gil et al. 2007a, Bouyge et al. 2011, Vélez et al. 2013, Vélez et al. 2010). Furthermore, the

symmetry property of the single SRR loaded with a transmission line is used for im-

plementation of displacement or rotation sensors (Naqui et al. 2011, Naqui et al. 2012).

The idea behind these designs is explained through Fig. 5.1.

As shown in Fig. 5.1(a), when the symmetry axis of the SRR is aligned with the sym-

metry axis of the CPW, the total magnetic flux passing through the SRR is zero and the

SRR will not be excited. In this condition the transmission property of the CPW is not

altered by the presence of the SRR. However, if the symmetry is broken by displacing

the resonator with respect to the CPW as shown in Fig. 5.1(b), there will be a net mag-

netic flux through the surface of the SRR and the SRR will be excited causing a spectral

notch in the transmission response of the structure. By increasing the displacement of

the SRR with respect to the CPW, the depth of this transmission notch will increase and

this phenomenon can be used to quantifying the amount of displacement. A rotation

sensor can be developed by using the same principle but with a circular SRR instead

of the rectangular SRR.

In spite of the high sensitivity to a very small amount of rotation and displacement,

the SRR-loaded CPW has a number of limitations such as a small dynamic range and

the shift in the resonance frequency as a result of displacement or rotation. The latter

has been addressed in Horestani et al. (2013b) by using a tapered diamond shaped SRR

for a displacement sensor and a horn-shaped SRR for a rotation sensor (Horestani et al.
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2013a). The dynamic range of the rotation sensor has been increased up to 90° by using

a circular ELC resonator in Naqui and Martı́n (2013).

In following, a rotation sensor based on coupled U-shaped resonators will be intro-

duced that improves the dynamic range up to 180°. Additionally, a wide dynamic

range displacement sensor based on a CELC2 resonator loaded with a microstrip line

is proposed. The sensor configurations, analysis and measurement results of the fabri-

cated prototypes will be presented in Section 5.3 and Section 5.4.

(a)

(b)
18 μm

2.54 mm

wtt

Rotation

g

Pivot

Ground plane

w

r1

t

r2
r3

Rotation

ϴ

Figure 5.2. Basic schematic of the proposed rotation sensor. (a) Top view with removed

dielectric substrates for clarity. (b) Cross section of the proposed sensor. The yellow part

indicates the upper resonator metallisation, and the orange shows the lower resonator

and the microstrip line metallisation. The top and bottom substrates are indicated in

grey color. The dimensions are: w = 8.3 mm, t = 0.3 mm, r1 = 15 mm, r2 = 14.8 mm,

r3 = 12.6 mm and g = 0.25 mm.
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5.3 Wide-dynamic range rotation sensor

Here, a new design of metamaterial-inspired rotation sensors is introduced with im-

provement in the dynamic range up to 180°. Advantages of the proposed design in

comparison with conventional rotation sensors (e.g. rotary encoders and potentiome-

ters) include a wider dynamic range, lower fabrication cost, and MEMS compatibility.

Top and cross sectional views of the proposed rotation sensor are given in Fig. 5.2. As

shown, the sensor is composed of two identical U-shaped resonators that are coupled

to a single microstrip line. The first resonator is positioned on the same substrate with

the microstrip line, whereas the second U-shaped resonator is positioned on another

substrate located on the top of the first substrate, as shown in the cross-sectional view

in Fig. 5.2(b). The middle part of the microstrip line is rounded to provide an optimum

coupling area for the resonators. The two substrates are separated from each other by

a very thin air gap. The upper substrate can freely rotate relative to the bottom one. If

the upper substrate is rotated around the axis as shown in Fig. 5.2(a), the overlapping

area between the resonators will be altered resulting in a change in the electric and

magnetic coupling between the two resonators. Effectively, the resonance frequency

will be shifted, from which the rotation angle can be determined. This phenomenon

can be explained by using the circuit model of the structure.

(a)

Lr

Cr

Lr

Cr

CM

LM

-LM
Cr - CMCr - CM

CM

(b)

Lr + LMLr + LM

(c)

Le Ce Ce

Ce = Cr - CM

Le=Lr - L M

Le Lo LoCo Co

Co = Cr + CM

(d)
Lo=Lr + L M

Figure 5.3. Equivalent circuit models. (a) Circuit model of the two coupled U-shaped meandered

resonators. (b) Simplified model of the two coupled U-shaped resonators. (c) Equivalent

circuit for even mode resonance. (d) Equivalent circuit for odd mode resonance.
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The equivalent circuit model of the two coupled U-shaped resonators is presented in

Fig. 5.3(a), where Lr represents the equivalent inductance of the resonators and Cr cor-

responds to the equivalent capacitance. Since the dimensions of the two U-shaped res-

onators are exactly the same, the equivalent circuit parameters are the same for them.

As shown, CM is the mutual capacitance and LM is the mutual inductance between the

two resonators. The LM and CM values are proportinal to the overlapping area and

inversely proportional to the distance between the two resonators. By using a simple

circuit analysis, the circuit in Fig. 5.3(a) can be simplified to circuit shown in Fig. 5.3(b),

where the capacitive coupling is modelled by a π equivalent model and inductive cou-

pling is replaced by its equivalent T circuit model (Hong and Lancaster 2004). By

further simplification, the circuits of Fig. 5.3(c) and Fig. 5.3(d) are obtained that show

the even and odd mode resonances respectively. Based on Fig. 5.3(c) and Fig. 5.3(d),

the even and odd mode resonance frequencies can be found to be

feven =
1

2π
√

LeCe
=

1

2π
√

(Lr − LM)(Cr − CM)
, (5.1)

fodd =
1

2π
√

LoCo
=

1

2π
√

(Lr + LM)(Cr + CM)
. (5.2)

By increasing the overlapping area between the two resonators, the values of LM and

CM are increased. As a result, the even mode resonance frequency will move up-

ward, whereas the odd mode resonance frequency will be shifted downwards. Here,

the odd mode resonance change is exploited to determine the rotation angle since it

yields a more compact sensor with respect to the operation wavelength. This res-

onance frequency change can be observed in the transmission amplitude (|S21|) of

the transmission line. An equivalent circuit for the resonator-loaded microstrip line

is shown in Fig. 5.4(a), where L and C are the parameters associated with the mi-

crostrip, and M is the coupling coefficient between the microstrip line and the res-

onator (Baena et al. 2005). In order to validate the circuit of Fig. 5.4(a), the equivalent

circuit parameters have been calculated for a sample rotation angle of 80° by using the

method presented in Aznar et al. (2008b). The obtained parameters are fed into the

ADS circuit simulator and the result is compared with that obtained from Momentum

ADS electromagnetic simulation. The dielectric substrate is Rogers 5880LZ with a low

relative permittivity of εr = 1.96 to increase the free-space electric fringing field and

hence improving the capacitive coupling between the two resonators. The loss tangent
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Figure 5.4. Circuit model for analysing the sensor operation. (a) Equivalent circuit model

of the proposed rotation sensor in the odd mode resonance. (b) Simplified equivalent

circuit after applying the inductive coupling. (c) Comparison between the the equivalent

circuit and electromagnetic simulation results for the rotation angle of 80 degree. The

circuit parameters are: L
′
o = 0.0974 nH, C

′
o = 240.6 pF, L = 8.85 nH and C = 2.13 pF.

The quality factor of the resonance is 200 if it is defined as f0/∆ f where ∆ f is the

bandwidth at +3 dB with respect to the minimal transmission.

of the substrate is 0.0019. As shown in Fig. 5.4(c), the good agreement of the results

confirm the validity of the proposed circuit model.

As a proof of the sensing concept, the sensor is fully simulated in Momentum ADS by

using the dimensions and parameters given in Fig. 5.4. The electromagnetic simula-

tions results of the sensor are shown in Fig. 5.5. As seen, the sensor is able to sense

a rotation angle up to 180°. The resonance frequency shift is relatively large between
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Figure 5.5. Simulated transmission coefficients for different rotation angles. Simulation re-

sults of the transmission coefficient for the designed sensor of Fig. 5.2 for different

rotation angles up to 180°. The rotation step size is 20°.

0°and 80°, implying high sensitivity. However, the frequency shift and hence the sensi-

tivity reduce significantly beyond 80°. This nonlinearity is due to the uniform shape of

the two resonators. In fact, with this uniform shape the overlapping area between the

two resonators varies linearly when the upper resonator is rotated with respect to the

bottom one and this causes a linear change in LoCo. But, the linear change in the LoCo

causes a nonlinear shift in resonance frequency as suggested by the relation in (5.2).

5.3.1 Linearising the sensor response

In order to improve the sensor linearity, the overlapping area of the two resonators

should be changed nonlinearly as a function of the rotation angle. This can be carried

out by modifying the resonators shape. An improved design is illustrated in Fig. 5.6.

In this structure, the outer arms of the two U-shaped resonators are asymmetrically

tapered. Using this approach, the overlapping area of the two resonators will be de-

veloped slowly at the beginning of rotation. As a result, the mutual inductance and

capacitance changes will be small. By increasing the rotation angle, tapering causes a

greater change in the overlapping area, and hence the mutual inductance and capaci-

tance changes will be larger and the sensitivity will be increased for the large rotation

angles around 180°.
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w

r1

r2

r3

t

t2 t1

Figure 5.6. Modified rotation sensor for better linearity. The tapered-resonator design for

improving the linearity of sensor response. The dimensions are: w = 8.3 mm, t = t1 =

0.3 mm, r1 = 15 mm, r2 = 14.8 mm, r3 = 12.6 mm and t2 = 1.7 mm.
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Figure 5.7. Simulated transmission responses of the improved sensor. Simulated transmission

coefficient for the improved sensor in Fig. 5.6 for different rotation angles up to 180°.

The rotation step size is 20°.

Fig. 5.7 depicts the simulated resonance frequency shifts for the improved design of

Fig. 5.6 at different rotation angles. As seen, the modified sensor shows better sen-

sitivity for large rotation angles close to 180°. For a better comparison in terms of

linearity, the resonance frequencies for the sensor in Fig. 5.2 and the modified structure

in Fig. 5.6 are plotted versus the rotation angle in Fig. 5.8. As shown, the structure in

Fig. 5.6 offers an improved linearity in comparison with the initial design in Fig. 5.2.
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Figure 5.8. Comparison of the sensitivity curve between the two rotation sensors. Comparison

between the simulated resonance frequency of the simple design in Fig. 5.2 and the

improved design in Fig. 5.6 for different rotation angles.

5.3.2 Sensitivity analysis

The sensitivity of the rotation sensor can be defined as

S
f0

θ =
θ

f0

d f0

dθ
(5.3)

where, S
f0

θ is the sensitivity of the rotation sensor with respect to the rotation angle,

f0 is the resonance frequency of the sensor and θ is the rotation angle. From (5.3)

and Fig. 5.8, the sensitivity of the simple design in Fig. 5.2 at three rotation angles

of 20°, 90° and 180° are calculated as 1.1, 0.18 and 0.03 respectively. On the other

hand, the sensitivity of the improved sensor in Fig. 5.6 at these three rotation angles are

calculated as 0.98, 0.93 and 0.89 respectively. The above analysis clearly demonstrates

that the improved design in Fig. 5.6 retains a constant sensitivity of around 0.9 over

0 to 180° rotation angle, while the sensitivity of the simple sensor of Fig. 5.2 is high

at small rotation angles and very small at large rotation angles around 180° showing

the sensitivity saturation. It should be mentioned that the improved linearity of the

modified design in Fig. 5.6 is achieved at the expense of reduced sensitivity for small

rotation angles.

Page 96



Chapter 5 Metamaterial-inspired rotation and displacement sensors

rotation

ClockwiseCounter clockwise

rotation

Figure 5.9. Detection of the rotating direction. Sensor arrangement for detecting the direction

of rotation.

5.3.3 Detecting the rotating direction

The proposed sensor can be used to sense the rotation direction. For this application,

the zero (starting) point of the rotation can be set to 90° degrees as shown in Fig. 5.9.

In this arrangement, if the upper resonator is rotated clockwise, the overlapping area

of the two resonators will be increased causing a stronger coupling between the two

resonators, hence the resonance frequency shifts downwards. On the other hand, if the

upper resonator is rotated counterclockwise, the coupling between the two resonators

will be decreased and the resonance frequency moves upwards. In this way, the rota-

tion angles within 90° degrees can be detected.

5.3.4 Experimental results

In order to verify the rotation sensing concept presented in Section 5.3.1 and validate

the simulation results of the improved sensor design, a sensor prototype has been fab-

ricated based on the dimensions given in Fig. 5.6. The device is fabricated on Rogers

5880LZ dielectric substrate. Fig. 5.10 illustrates the fabricated sensor.

Fig. 5.11 shows the measured transmission coefficient (S21) of the fabricated sensor

for different rotation angles. In each measurement step, the upper plate is rotated

using the rotating knob and the transmission response is recorded by using the net-

work analyser. The sensor with tapered resonators shows a linear frequency shift for

large rotation angles close to 180° while maintaining a compact size with respect to the

operational wavelength. Fig. 5.12 compares the measured and simulated resonance

frequencies as a function of the rotation angle. The plot shows agreement between
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the simulated and measured results. The differences between the measured and sim-

ulated responses can be attributed to the fabrication and assembling tolerances. Based

on these results, the proposed rotation sensing concept and the improved design for

linearising the sensor response are validated.

(a) (b)

(c)

Rotation knob

Angle measureAngle pointer

Bottom
Substrate

Upper 
Substrate

Figure 5.10. The fabricated sensor module. (a) The upper plate containing a resonator. (b) The

lower plate containing a resonator coupled with a microstrip line. (c) The assembled

sensor module, packaged with parts obtained from 3D printing. A rotation knob

connects to the pivot through set of gears for rotating the upper resonator with respect

to the bottom one. The angle scale and pointer are included for setting the rotation

angle accurately.
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Figure 5.11. Measured transmission coefficients for different rotation angles. Measurements

results of the transmission coeficient for the fabricated sensor prototype for different

rotation angles up to 180°. The rotation angle step size is 20°.
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Figure 5.12. Measured and simulated resonance frequencies. Comparison between the mea-

sured and simulated resonance frequency of the improved designed sensor in Fig. 5.6.
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5.4 Displacement sensor

This section represents a design of a wide-dynamic-range displacement sensor based

on complementary electric-LC resonator. As mentioned before, one limitation associ-

ated with the displacement sensors based on CPW loaded with SRRs is the low dy-

namic range that makes them unsuitable for detection of large displacement or asym-

metry. The maximum dynamic range of the CPW loaded with rectangular SRR is

reported to be around 0.3 mm (Naqui et al. 2012). The dynamic range is improved to

around 1 mm in Horestani et al. (2013b) by considering a diamond shaped SRR. In this

section, a displacement sensor is introduced based on a CELC2 resonator loaded on a

microstrip line that can extend the detection range up to 1.6 mm.

5.4.1 Operation principle of the sensor

As demonstrated in Chapter 3, the odd mode of the CELC2 resonator in Fig. 5.13

cannot be accessed if the symmetry axes of the resonator and the microstrip line are

aligned. However, the structure will inhibit the propagation of the electromagnetic

signal if the resonator is displaced with respect to the microstrip line. The effect is

manifested as a transmission notch in the frequency response of the device. The depth

of this transmission notch increases by increasing the displacement of the resonator

with respect to the transmission line. We used this property for designing a displace-

ment sensor in this Section.

(a) (b)

d

Figure 5.13. Single CELC2 resonator loaded on a microstrip line. (a) Symmetry axis of the

resonator is aligned with the symmetry axis of the microstrip. (b) The resonator is

displaced with respect to the microstrip line. The ground plane is indicated in grey

and the microstrip metallisation is yellow.
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(a) (b)

Figure 5.14. Fabricated the prototypes of the displacement sensor. (a) Top view of the mi-

crostrip line. (b) Bottom view showing the ground plane and the CELC2 resonator

that is displaced by 0.6 mm with respect to the microstrip line.

5.4.2 Measurement results

We have fabricated the prototypes of the sensor on 1.27 mm thick Rogers RO6010 sub-

strate with the relative dielectric constant of 10.2 and the loss tangent of 0.0023. Fig. 5.14

shows the top and bottom views of a prototype sample, where the CELC2 is displaced

by 0.6 mm with respect to the microstrip line. Note that due to high sensitivity of the

sensor to a small amount of displacement, the proposed sensor is verified through a

series of fabricated samples with fixed displacement values (Naqui et al. 2011). The

measured transmission coefficient (S21) for the odd mode are shown in Fig. 5.15. As

seen, the notch depth increases by increasing the resonator displacement. Furthermore,

a change in the notch depth as a function of displacement is plotted in Fig. 5.16. The

odd mode resonance frequency is shifted due to displacement of the resonator, which

in turn prohibits the use of a continuous-wave microwave setup, this frequency varia-

tion might be compensated by optimising the resonator shape (Horestani et al. 2013a).

Additionally, the shape optimisations may be carried out for improving other specifi-

cations of the sensor such as sensitivity, dynamic range, and linearity.

5.5 Conclusion

This chapter has presented a rotation sensor and a displacement sensor with an ex-

tended dynamic range. The rotation sensor is based on broadside coupled U-shaped

resonators, where the rotation affects the coupling coefficient between them. A change

in the coupling shifts the resonance frequency of the structure. This effect can be used

to measure the rotation angle. The designed sensor operates in the low microwave

frequency range with a compact size. A linear sensing characteristic is achieved by
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Figure 5.15. Transmission responses of the displacement sensor. The transmission responses

of the displacement sensor for different amount of displacements from 0 mm up to

1.6 mm where, the displacement step is 0.2 mm.
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Figure 5.16. Changes in notch depth. The measured transmission notch depth for different

displacements of the resonator with respect to the transmission line.

asymmetrically tapering the two resonators. It is shown that this new configuration

can improve the dynamic range up to 180°. The rotation direction can also be detected.

The chapter has also presented a displacement sensor by exploiting the symmetry

property of a CELC resonator loaded with a microstrip line. The designed sensor

provides a sensing range up to 1.6 mm. The sensitivity, linearity, and the dynamic
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range of the proposed sensor can be improved by optimisation of the resonator or the

microstrip line section.
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Chapter 6

Microwave tunable and
dual-band frequency

selective surfaces

T
HIS chapter focuses on microwave frequency selective surfaces

(FSSs) with either tunable or dual-band functionality. FSSs are

spatial filters made of two-dimensional periodic arrangement of

metallic elements supported by dielectric surfaces. Depending on unit-

cell design, they exhibit different filtering responses. They have seen

wide spread usage in electromagnetic beam forming applications including

radome for radar applications, planar lenses, reflectarrays and etc. Recent

advances in multiband and multifunctional communication systems has

raised the need for multiband, tunable, or reconfigurable FSS structures. In

response to these requirements, FSSs with tunable or dual-band functions

are proposed in this chapter. Varactor-based tunable bandpass FSS struc-

tures have been designed with improved bias network that enables tuning

without dedicated bias network. Another tunable FSS is designed based

on the liquid crystal for the X-band. In addition, a dual-band FSS based on

miniaturised unit cell is proposed for multi-standard communication sys-

tems. The design method and the validation of the proposed FSS structures

will be presented.
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6.1 Introduction

Multiband and tunable microwave components are essential in reconfigurable and

multi-standard communication systems. These advances rise the need for FSSs with

agile frequency responses. In order to design an FSS with a dynamic frequency be-

haviour, the unit cell characteristics should be controlled through a tuning mecha-

nism (Munk 2005). The literature on tunable and reconfigurable FSSs contains a va-

riety of approaches for designing dynamic frequency response. For example, mag-

netically tunable ferrite or liquid substrates are used by Chang et al. (1994), Li et al.

(1995), and Lima et al. (1994) for tuning the FSS spectral response. Mechanical de-

formation of the unit cells has also been incorporated for tunable FSSs (Fuchi et al.

2012, Azemi et al. 2013). The mechanical, magnetic and liquid substrate tuning meth-

ods provide tuning with low loss and without additional bias networks. However,

they suffer from low tuning speeds and narrow tuning ranges. Tunability is achieved

in Coutts et al. (2008), Schoenlinner et al. (2004), and Zendejas et al. (2006) by utilis-

ing micro-electromechanical (MEMS) switches and capacitors. However, they require

complicated fabrication procedures. In Li et al. (2010), and Li and Behdad (2012), tun-

able FSS structures are developed by integrating tiny channels inside the substrate and

applying liquid metal droplets to them, where, by moving the liquid metal droplets

between different unit cells, their equivalent capacitance will be varied resulting in a

tunable frequency response. Although fine tuning of FSSs with high-order filtering

characteristics is achieved in these designs, they require costly and complicated fabri-

cation processes.

A well developed method of tuning at the microwave frequency range is by using

active semiconductor elements such as PIN diodes or varactors. The advantages of

varactor-based tuning are the low fabrication costs, high tuning speed and wide tuning

ranges. Varactor-based tuning concept has been applied in designing FSS structures as

well (Huang et al. 2015, Mias 2005, Pan et al. 2013, Costa et al. 2011, Kiani et al. 2010).

However, most of these structures require additional components and a dedicated bias

network. In biasing, RF chokes are needed for each individual varactor to separate RF

from DC signal to maintain the operation of the FSS. However, with a large array of

unit cells, a large number of RF chokes might be needed to bias every varactor. The

bias networks add additional metallic pattern to the original FSS structure and thus

affect the out-of-band frequency response of the FSS by causing spurious frequency

responses (Bayatpur and Sarabandi 2009a, Bayatpur and Sarabandi 2010).
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Apart from tunability, there is a great interest in designing dual-band FSSs for mutli-

functional or multi-standard applications. Several design techniques such as fractal

metallic arrays (Romeu and Rahmat-Samii 2000, Gianvittorio et al. 2001), perturbation

techniques (Hill and Munk 1996) and genetic algorithms (Manara et al. 1999) have been

proposed to design multiband FSSs up to now. The most critical limitation of these

structures is relatively large size of the unit cell in comparison with the operational

wavelength of the filter. This degrades the FSS performance under oblique incidence

angles especially at the second operational band.

In order to address the drawbacks associated with the biasing elements, Section 6.2

presents a single-pole tunable FSS in which all the varactors in unit cells are biased

in parallel and therefore, just one RF choke is enough to bias all of them properly.

In Section 6.3, a second-order bandpass FSS has been proposed that does not need a

dedicated bias network for varactor tuning. The bias network is embedded in the FSS

structure itself in the form of uniform wire grids in each layer of the FSS structure. This

new design alleviates the problem associated with the bias network. Furthermore, a

liquid crystal-based tunable X-band FSS is proposed as an alternative approach for

designing tunable FSSs at higher frequencies. Another contribution is on a dual-band

FSS with miniaturised-element unit cell as is proposed in Section 6.5 to address the

unit cell size issue associated with dual-band FSSs. The modelling, design approach

and experimental validation of the proposed FSS configurations will be explained.

6.2 Varactor-based tunable single-pole FSS

In this section, a unit cell is proposed for designing tunable frequency selective sur-

faces. The proposed unit cell provides a first-order bandpass response with an adjacent

transmission zero that can be used for improving the out-of-band rejection. Tunability

can be achieved by integrating four varactor diodes in each unit cell. Two wire grids

together with metallic via holes are included for biasing the varactors. An equivalent

circuit model is considered for modelling the FSS response to facilitate the design pro-

cess. The FSS structure and its operation principle will be described in Section 6.2.1.

6.2.1 FSS structure and operation principle

The front and back views of the proposed FSS unit cell are shown in Fig. 6.1. The unit

cell is composed of a square ring surrounded by an inductive wire grid in one layer.
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Figure 6.1. Unit cell of the designed tunable FSS. The dimensions are as follows: Dx = Dy =

10.2 mm, d = 9.2 mm, w1 = 0.1 mm, w2 = 0.5 mm, w3 = 0.2 mm, p = 1 mm,

δ = 0.14 mm, x = 0.3 mm and b = 0.5 mm. Metalic parts are represented with grey

and the via hole is shown in white. The varactors cathode is shown with the black strip.

Four varactor diodes are loaded between the square loop and wire grid for tuning the

capacitance between them. The diagonal thin wire grid in the back layer together with

the metallic via hole are electrically connected to the square loop in the front layer

through a square patch and four thin wires. These wires are responsible for providing

the negative bias voltage for the varactors and the positive bias voltage is provided by

the wire grid in the front layer. The biasing wire grid in the back layer are running in

the diagonal directions for improved stability of the frequency response under oblique

incidence angles of the EM excitation (Kiani et al. 2008). The dielectric substrate is

RO5880 with a relative dielectric constant of 2.2 and a loss tangent of 0.0009. The

substrate thickness is 0.254 mm for a low profile.

Since the designed FSS comprises miniaturised unit cell, its frequency response can be

modelled by a lumped element circuit (Ebrahimi et al. 2014a, Sarabandi and Behdad

2007). The equivalent circuit model of the FSS is presented in Fig. 6.2. In the cir-

cuit model, the inductance L models the inductive behaviour of the front layer wire

grid, whereas the square loop is modelled by the series resonator L1C1 (Bayatpur and

Sarabandi 2008b), where C1 represents the summation of varactor capacitance Cvar and

the capacitive effect between the edges of the square loop and surrounding wire grid

C0.

The dielectric substrate with a thickness of h is modelled through a transmission line

section with a length of h and a characteristic impedance of ZT = Z0/
√

εr, where

Z0 = 377 Ω is characteristic impedance of free space and εr is the relative permittivity
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Figure 6.2. Circuit model. Equivalent circuit model of the proposed FSS.
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Figure 6.3. Circuit and electromagnetic simulation results of the FSS. Comparison between

the equivalent circuit model and full-wave electromagnetic simulation results of the

proposed FSS when the varactor capacitance is 0.2 pF. The equivalent circuit parameters

are: L = 2.27 nH, L1 = 1.388 nH, C1 = 0.285 pF, ZT = 254 Ω and h = 0.254 mm.

of the dielectric substrate. A comparison between the circuit model and the full-wave

electromagnetic simulation results of the proposed FSS under normal incidence angle

in presented in Fig. 6.3 for varactor capacitance of 0.2 pF. As seen, there is a very good

agreement between the circuit model and EM simulation results. The FSS offers a first-

order bandpass response with an upper stopband zero that can be used to improve the

out-of-band rejection of the transmission response.

By applying a bias voltage between the front and back layer wire grids, the capaci-

tance of the varactors, and hence the frequency response of the FSS, can be tuned. The
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Figure 6.4. Tuning performance of the single-pole FSS. Transmission responses of the FSS when

the varactor capacitance is changed from 0.2 pF to 0.8 pF with a step size of 0.2 pF.

transmission responses of the FSS when the varactor capacitance is tuned from 0.2 pF

to 0.8 pF are demonstrated in Fig. 6.4. The results in Fig. 6.4 show that the passband

frequency is tuned from around 4.9 GHz to 3.1 GHz for the considered capacitor range

with an increase in the insertion loss. Also, the bandwidth is decreased with increasing

the varactor capacitance, because the bandwidth is inversely propotional to the C1 in

the circuit in Fig. 6.2. A good candidate to provide this range of capacitance is a sur-

face mounted MA46H120 varactor from M/A-COM. It should be mentioned that this

varactor diode shows a quality factor around 100 that is also considered in simulations.

ZT , h

L

L1

C1

L1

C1

L

ZT , hZ0, h1 

Figure 6.5. Second-order FSS design. Equivalent circuit model of a second-order tunable FSS

obtained by cascading two single-pole FSS layers.
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Figure 6.6. Simulation results of the second-order FSS. Comparison between the EM and circuit

model simulations of the second-order FSS formed by cascading two layers of the single-

pole FSSs when the varactor capacitance is 0.2 pF. The equivalent circuit parameters

are the same as those given in Fig. 6.3 and h1 = 9 mm.

6.2.2 Application in higher-order FSS design

The proposed FSS unit cell can be used in designing tunable filters with higher-order

responses. As an example, a second-order tunable bandpass FSS is designed and veri-

fied through simulations in this Section. A second-order filtering characteristic can be

attained by cascading two layers of the first-order FSS designed in Section 6.2.1 with a

sub-wavelength air gap between them (Li and Shen 2013, Pan et al. 2013). The equiva-

lent circuit model of the second-order FSS is formed by the cascade of two single-pole

FSS are given in Fig. 6.5, where the transmission line section with a length of h1 and

characteristic impedance of Z0 = 377 Ω models the h1 air gap between the two layers.

For verification, a cascade of two single-pole FSSs with same dimensions as Fig. 6.1 is

simulated in CST Microwave Studio and its frequency response is presented in Fig. 6.6.

The air gap between the two FSS layers is 9 mm. As seen, a second-order filter response

is obtained. The results from the circuit model simulation are also plotted in Fig. 6.6.

As demonstrated, the circuit model precisely predicts the frequency behavior of the

multilayer FSS structure.
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Table 6.1. Comparison with other structures. A comparison between the designed tunable FSS

and a number of existing configurations

Ref. Tuning Mech. Tuning Range (%) IL (dB)

Azemi et al. (2013) Spring Resonator 17 <1

Li and Behdad (2012) Liquid metal 32 <1

Li et al. (2010) Liquid metal 25 <2.5

Pan et al. (2013) Varactor 10 1.6–7.2

This Work Varactor 40 0.7–5

The frequency response of the second-order configuration can also be tuned by tuning

the varactor capacitances in each FSS layer. The simulated transmission responses of

the second-order FSS when the varactor capacitances are tuned from 0.2 pF to 0.8 pF

are given in Fig. 6.7. Effectively, it achieves a continuous tunability of the filter centre

frequency from 5.1 GHz to 3.4 GHz. This tuning range is slightly different from the

tuning range of the single-pole version, because the circuit in Fig. 6.5 is a coupled

input/output resonator and the transmission line section between the front and back

resonators also contributes in determining the central frequency (Ebrahimi et al. 2015a).

In addition, the filter bandwidth decreases by increasing Cvar because the bandwidth

is inversely proportional to C1 in the front and back layers resonators.

The results presented in Fig. 6.6 and Fig. 6.7 are all with a normal-incident excita-

tion. However, the responses change for oblique angles of incidence in the TE and

TM polarisations. The simulated transmission responses of the second-order FSS un-

der oblique incidence angles are demonstrated in Fig. 6.8 for both of the TE and TM

polarisations. Simulations show a reasonably stable passband frequency response for

both polarisations over a wide ranges of oblique angles up to 45◦. However, the FSS

bandwidth decreases as the incidence angle increases in the TE polarisation. Con-

versely, the bandwidth increases for larger incidence angles in the TM polarisation. As

explained in Ebrahimi et al. (2015a), this phenomenon is mainly attributed to a change

in the impedance of the incident EM wave. A comparison between the designed tun-

able FSS and a number of existing tunable FSSs is provided in Table 6.1 in terms of
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Figure 6.7. Tuning of the second-order FSS. Tuning performance of the second-order FSS when

the varactor capacitance is tuned from 0.2 pF to 0.8 pF. The step size is 0.2 pF.

tuning mechanism, tuning range and insertion loss (IL). The table shows that the pro-

posed FSS offers the widest tuning range. However, it shows a higher insertion loss

since the series resistance of varactor diodes increases by decreasing the bias voltage.

6.3 Varactor-based second-order tunable FSS with em-

bedded bias network

In this section, a second-order bandpass FSS is proposed based on miniaturised ele-

ments with varactor-based tuning capability. The designed FSS is composed of three

metallic layers separated from each other by thin dielectric spacers. The bias network

is embedded in the FSS structure that comprises wire grids in all layers and via holes

that connect the varactors in the front and back layers to the middle layer. This config-

uration enables tunability without the need for any additional circuit or network for

biasing the individual varactors. So, it avoids the spurious response associated with

the bias grid. Since all the varactors are biased in parallel, only a single RF choke

is needed for RF/DC isolation. Furthermore, miniaturised non-resonant or hybrid

(combination of resonant and non-resonant) elements offer a low profile configuration
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Figure 6.8. Scan angle performance of the second-order FSS. Simulated transmission responses

of the second-order FSS under oblique incidence angles. (a) Responses for the TE

polarisation. (b) Responses for the TM polarisation.

with stable frequency response with respect to the incidence angle of the electromag-

netic wave (Ebrahimi et al. 2015a, Bayatpur and Sarabandi 2008b, Kashanianfard and

Sarabandi 2013, Al-Joumayly and Behdad 2010). The explanation of the FSS structure,

modelling and experimental validation will be presented in next sections.

6.3.1 FSS structure and equivalent circuit model

A three-dimensional view of the proposed FSS and the unit cells are demonstrated in

Fig. 6.9. The structure is composed of three metallic layers that are separated from

each other by two thin dielectric spacers. The top and bottom metallic layers consist

of miniaturised meandered cross-shaped resonators surrounded by the inductive wire

grid. The middle layer is made of another inductive wire grids. In the ideal form,

the top and bottom metallic layers are exactly the same and the whole structure is
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Figure 6.9. Proposed second-order tunable FSS. Structure of the proposed FSS. (a) 3-D ex-

ploded view of the FSS. (b) 2-D view of the unit cell.

symmetric with respect to the middle layer. The crossing points of the wire strips in

middle layer are aligned with the centre of the resonators on the front and back layers.

The overall thickness of the structure is 2h, where h is the thickness of each dielectric

spacer. The dimensions of the unit cell along the x and y directions are specified by

Dx = Dy = D.

Since the FSS is designed based on the miniaturized elements sub-wavelength unit

cells, its electromagnetic response can be modelled through an equivalent lumped-

element circuit model. The circuit model provides a more insightful understanding of

the FSS behaviour. In addition, it can be used to develop a synthesis procedure for

designing the desired filtering response. The FSS circuit model under a normally inci-

dent plane wave is presented in Fig. 6.10(a), where the front and back layers of the FSS

are modelled with the series LCCC resonators in parallel with L inductor, where 1 and

2 denote the front and back layers, respectively. The inductor L models the inductive

effect of the wire grid. The series LCCC resonators model the cross-shaped resonators,

where LC is the equivalent inductance of the resonator arms and CC stands for the ca-

pacitive effect between the edges of the wire grid and the resonator arms in each unit.

The middle layer wire grid is modeled with the parallel inductor Lm. Furthermore,

the two dielectric spacers are modelled with the transmission line sections of length h

with characteristic impedance of ZT = Z0/
√

εr, where Z0 = 377 Ω is the free space

characteristic impedance and εr is the relative permittivity of the dielectric material.
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Figure 6.10. Circuit model of the proposed FSS. (a) Equivalent lumped-element circuit model

of the proposed FSS. (b) Simplified circuit with the hybrid resonators replaced by

their parallel LC equivalences. (c) Circuit with the transmission lines replaced with

equivalent lumped elements models.

The free space on the two sides of the FSS is modelled with transmission lines having

a characteristic impedance Z0 = 377 Ω. The equivalent circuit in Fig. 6.10(a) can be

simplified to the one in Fig. 6.10(b) by replacing the front and back hybrid resonators

with their parallel LC equivalence. The relations between the hybrid resonator and the

parallel LC resonator are as follows (Bonache et al. 2006a, Bonache et al. 2007): First, the

frequency at which the equivalent admittance is nulled should be the same between

the hybrid resonators in Fig. 6.10(a) and the parallel LC resonators in Fig. 6.10(b); this

means

1
√

(L + LC)CC

=
1√

LPCP
. (6.1)
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Second, the susceptance slope of the two resonators should be equal to each other at

the centre frequency of the filter. This condition leads to

CC

(

L + LC

L

)2

= CP. (6.2)

The third condition for determining the hybrid resonator element values is obtained by

considering the transmission zero frequency provided by the series LCCC branch in the

hybrid resonator in Fig. 6.10(a). The transmission zero will improve the out-of-band

rejection of the filter. The frequency of the transmission zero is given by

fz =
1

2π
√

LCCC
. (6.3)

A choice of the transmission zero is arbitrary. In this case it is positioned close to the

passband to improve the sharpness of the filter response in the upper rejection band.

6.3.2 Synthesis procedure for the FSS

By using the telegrapher’s equation (Pozar 2009), the sub-wavelength transmission

line sections can be presented by their equivalent circuit models with series inducance

LT = µ0µrh and shunt capacitance CT = ε0εrh/2 where h is the spacer thickness

and µr and εr are the permeability and permittivity of the dielectric spacer respec-

tively. So, the circuit in Fig. 6.10(b) can be re-drawn as the one in Fig. 6.10(c) that is

a second-order coupled-resonator bandpass filter. Based on the circuit in Fig. 6.10(c),

a synthesis procedure can be developed for the proposed FSS by applying the con-

cept of coupled-resonator filter with inductive coupling (Zverev 1967, Al-Joumayly

and Behdad 2009). By specifying the centre frequency of the FSS f0 and the fractional

bandwidth δ = BW/ f0 to realise a desired filter type, e.g., Chebyshev, Butterworth,

the element values can be designed for the circuit in Fig. 6.10(c). The design procedure

can be summarised as follows:

1. The summation of the CP and CT capacitors for each of the front and back layers

can be calculated by using the following equation:

Ci = CPi + CTi =
qi

ω0riZ0δ
, i = 1, 2 (6.4)
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where q1 and q2 are the normalised quality factors of the front and back layers

resonators respectively, Z0 = 377 Ω and r1 and r2 are the normalised source and

load impedances for the circuit in Fig. 6.10(c).

2. The input and output inductances LP1 and LP2 can be calculated as follow:

LPi =
1

ω2
0(Ci − k12δ

√
C1C2)

, i = 1, 2 (6.5)

where k12 is the normalised coupling coefficient between the input and output

resonators in Fig. 6.10(c).

3. The middle layer inductance Lm is determined as:

Lm =
Z0

ω0k12
· (k12δ)2

1 − (k12δ)2
·
√

r1r2

q1q2
. (6.6)

4. The equivalent inductances of the transmission line sections can be obtained as

follows:

LT1 =

√

L2
m(1 + α)2 + 4αLmL12 − Lm(1 + α)

2α
, (6.7)

LT2 = αLT1, (6.8)

L12 =
1

ω2
0(k12δ

√
C1C2)

, (6.9)

α =
q1

q2
·

1 − k12δ

√

q2r1

q1r2

1 − k12δ

√

q1r2

q2r1

. (6.10)

The normalised quality factors q1, q2 and coupling coefficients k12 for the second-order

filter of different types can be found in Zverev (1967) and Al-Joumayly and Behdad

(2009). As mentioned before, the circuit in Fig. 6.10(c) is obtained from the one in

Fig. 6.10(b) by using the telegrapher’s equation. So, the lengths of the transmission
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line sections representing the dielectric spacer thickness in Fig. 6.10 can be calculated

as:

hi =
LTi

µ0µri
, i = 1, 2. (6.11)

The values of the parallel capacitances CP1 and CP2 can then be obtained from

CPi = Ci −
ε0εrihi

2
, i = 1, 2. (6.12)

Now, the element values of the front and back resonators in Fig. 6.10 can be deter-

mined by using (6.1)-(6.3). The parameters of the equivalent circuit in Fig. 6.10(a) can

be mapped to the geometrical dimensions of the FSS by using the method explained in

Behdad et al. (2009). It should be noted that the substrate thicknesses calculated from

(6.11) might not be commercially available. These calculated geometrical values are

treated as an initial approximation in the optimisation procedure of the FSS using the

full-wave EM simulations. The effective inductance of a wire grid can be related to

wire width w and the unit cell size D by using (Munk 2005, Bayatpur 2009)

L = µ0µeff
D

2π
ln

(

1

sin πw
2D

)

, (6.13)

where µeff is the effective relative permeability of the substrate. Therefore, this equa-

tion can be used to design the middle layer wire grid dimensions. To this end, the unit

cell size D can be chosen arbitrarily, but it should be considered that a very small unit

cell size leads to very thin wires that might not be implementable due to fabrication

limits. The next step is to design the front and back hybrid resonators in a way that

they satisfy the designed equivalent circuit elements (L and LcCc). Equation (6.13) pro-

vides an approximation to the dimensions of the wire grids. Since the resonators are

included, the wire grids in the front and back layers require optimisation to account

for parasitic effects induced by the resonators. As the initial step, the unit cell size of

the hybrid resonator is the same as the size considered for the middle layer wire grid

D. Then, the width of the wire grid that surrounds the cross-shaped resonator can be

calculated from (6.13). Next, the cross-shaped resonator dimensions and the wire grid

width should be optimised by knowing that the equivalent inductance of the cross-

shaped resonator (LC) mainly depend on the width t and the length (b + c + g) of the

resonator arms. In addition, the values of capacitance CC is mainly controlled by the

distance between the cross-shaped resonator arms and the wire grid edges s and the g
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portion of the cross-shaped resonator. A practically realisable value can be chosen for

the gap S between the crossshaped resonator arms and the wire grid. The length of the

cross-shaped resonator arms 2(b + c + g) is considered to be λg/2 at the transmission

zero frequency fz, where λg/2 is the guided wavelength with arbitrary equal values

for t and e. Now, the LC and CC values associated with the cross-shaped resonator

can be determined by a semi-analytical procedure as follow: the zero frequency of the

FSS is calculated from (6.3). This frequency can be obtained from the EM simulation

in CST Microwave Studio as well. By considering an arbitrary lumped capacitor of Car

between the resonator arms and the wire grid the transmission zero frequency will be

fz1 =
1

2π
√

LC(CC + Car)
. (6.14)

Thus, by solving (6.3) and (6.14), the values of LC and CC associated with the cross-

shaped resonator are calculated. If the obtained LC and CC are matched with the de-

signed parameters using the circuit synthesis, the optimisation is finished for the cross-

shaped resonator otherwise, the procedure should be repeated until reaching a good

match between the parameters obtained from the EM simulation and the synthesised

ones. After optimising the cross-shaped resonators dimensions, the width of the wire

grid δ can be optimised by the curve fitting of the EM and circuit simulation around

the null frequency of the hybrid resonator that is described by (6.1). After obtaining

the optimised δ, the transmission zero frequency fz might be shifted a bit. This shift

can be compensated by small variations of the cross-shaped resonator arm (b + c + g)

and t.

6.3.3 Tuning mechanism

The proposed FSS can be simply modified to exhibit a tunable response by loading

varactors in the front and back layers, as shown in Fig. 6.11(a) (with the back layer

excluded for clarity). A metallic via in each unit cell is used to electrically connect the

front and back cross-shaped resonator to the middle layer wire grid. This configuration

is depicted in Fig. 6.11(b) through the cross-sectional view of the unit cell. The varac-

tors are loaded in the gaps between the cross-shaped resonator arms and the front and

back wire grids. By applying a DC bias voltage between the middle wire grid and the

front and back wire grids, the equivalent capacitance (CC1 and CC2) between the cross-

shaped resonators the front and back wire grids can be varied resulting in a tunable
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wire grid

(a)

(b)

Front layer metallization

Back layer metallization

Middle layer
wire grid

Bonding 
layer

Front substrate

Back substrate

Via holes

Figure 6.11. Varactor loaded unit cell with via hole. (a) 3D view of the front and middle layers

of the unit cell. A metallic via and four varactor diodes are included in each unit cell

for tuning. The back layer and the other dielectric spacers are not drawn for clarity.

The black strips show the cathode side of the varactors. (b) Cross-section view of the

unit cell indicating the three metallisations, via holes and the bonding layer.

frequency response for the FSS. In this condition, the equivalent capacitances of the

hybrid resonators can be defined as a summation of the varactor capacitance Cvar and

the capacitance between the cross-shaped resonators and wire grids C0,

CCi = Cvar + C0i, i = 1, 2. (6.15)

A significant benefit of this structure compared with other varactor-tunable FSSs (Mias

2005, Huang et al. 2015, Pan et al. 2013) is in this case, all the varactors are electrically

biased in parallel and no additional bias network such as thin bias wires, resistors, or

lumped capacitors are needed. It requires only a single RF choke to connect in series

with the DC voltage supply to isolate the DC signal from the RF signal.

6.3.4 Structure realisation

The described synthesis procedure has been used to design a varactor-loaded FSS hav-

ing a centre frequency of 5.2 GHz and a fractional bandwidth of δ = 9%. The loaded

varactor is with minimum capacitance of 0.12 pF. A transmission zero is positioned at
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fz = 6 GHz to improve the upper band selectivity of the filter. The FSS is designed

to exhibit a Butterworth response, and so the extracted k12 and q values are 1.4142

and 0.707 respectively. The Teconic TLY-5 with a relative permittivity of 2.2 and a loss

tangent of 0.0009 is chosen as the dielectric substrate. Based on this specification and

from (6.1)–(6.10), the equivalent circuit parameters are calculated as: Lm = 4.5 nH,

CC1 = CC2 = 0.21 pF, LC1 = LC2 = 2.78 nH, L1 = L2 = 1.7 nH. The calculated spacers

thickness h1 = h2 = 1.65 mm is not commercially available. Therefore, we have cho-

sen h = 1.52 mm that is the closest commercially available thickness. Furthermore, the

front and back dielectric spacers have to be bonded to each other. The bonding layer

consists of a 0.1 mm thick Rogers 4450F with a relative permittivity of εr = 3.58. The

presence of this thin bonding layer introduces asymmetry, which can be compensated

via optimisation. The optimisation has been carried out at the circuit level in Advanced

Design System (ADS). In the simulation, this bonding layer is represented by a trans-

mission line with a length of 0.1 mm and a characteristic impedance of 207.5 Ω in

series with the transmission line that represents the back spacer. The h values are kept

constant, whereas the other circuit parameters are tuned to achieve the specified filter

characteristics. It should be mentioned that in the optimisation the circuit parameters

obtained from (6.1)–(6.10) are considered as initial values. Having these initial values

significantly simplifies the optimisation process.

In the next step, the optimised circuit parameters in ADS are converted to the physical

dimensions of the FSS by using a procedure explained in Section 6.3.2. In full-wave

simulations, four lumped capacitors each with 0.12 pF are placed between the cross-

shaped resonator arms and wire grids in each of the front and back layers of the FSS to

model the varactor diodes. The varactor diode is MA46H120 from M/A-COM which

is a GaAs flip-chip diode and provides a range of capacitance between 0.12–1 pF for

a reverse bias voltage between 16 V and 0 V. The optimised equivalent circuit and

the geometrical parameters of the designed FSS are listed in the caption of Fig. 6.12.

The slight difference in the dimensions and circuit parameters between the front and

back layers reflect the asymmetry that is imposed by the bonding layer. The simulated

fractional bandwidth is 8.8% and the upper stopband transmission zero is achieved at

5.97 GHz, close to the desired filter specifications. A comparison in Fig. 6.12 shows a

good agreement between the circuit model and 3D EM simulation results.
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Figure 6.12. Circuit versus EM simulation results. Comparison between the circuit model and

full-wave electromagnetic simulation results of the designed FSS. The optimised equiv-

alent circuit parameters are: h1 = h2 = 1.52 mm, CC1 = 0.251 pF, CC2 = 0.231 pF

LC1 = 2.48 nH, LC2 = 2.65 nH, L1 = 1.95 nH, L2 = 2.07 nH, Lm = 3.1 nH. The unit

cell geometrical dimensions are: Dx = Dy = 8 mm, δ1 = δ2 = 0.9 mm, g1 = 3.8 mm,

t1 = t2 = e1 = 0.6 mm, e2 = 0.3 mm, s1 = s2 = 0.3 mm, b1 = b2 = 2.3 mm,

c1 = c1 = 1.25 mm, d1 = 1.6 mm, d2 = 1.5 mm, and w = 0.65 mm.

6.3.5 Results and discussion

A prototype of the designed FSS has been fabricated and tested inside a parallel-

plate waveguide to show the validity of the design and the effectiveness of the tun-

ing method. An array of 3 × 18 unit cells is fabricated to match the dimensions of the

waveguide aperture. The overall thickness of the fabricated sample is 3.14 mm, which

is less than λ0/18 at 5.2 GHz. The cross-shaped resonators in the front and back layers

of the FSS are connected to the middle layer wire grid through via holes with 0.3 mm

diameter. A 47 kΩ resistor is soldered to the middle layer wire grid to act as an RF

choke. The fabricated prototype and its front and back unit cells are demonstrated in

Fig. 6.13. Since the TEM mode can be excited inside the parallel-plate waveguide in the

frequency range of interest (Shang et al. 2013, Li and Shen 2014, Shang et al. 2014), only

two varactors aligned with the E-field direction are soldered in each front and back

unit cell. The FSS is then placed inside the waveguide and the bias wires are connected

to a variable DC power supply. In this way, all the varactors are reverse-biased and by

changing the DC bias voltage (Vb), the varactors capacitance will be tuned.
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Varactors

Back bias wire

RF choke

Middle layer bias 

Via hole

Varactors
Front bias wire

(a)

Via hole

Figure 6.13. Realised FSS sample. Fabricated FSS prototype. (a) Front layer with an inset

showing a unit cell. (b) Back layer with an inset showing a unit cell. Two red wires

are soldered to the front and back wire grids to apply the negative bias voltage. A

black wire in series with the RF choke is soldered to the middle wire grid to provide

the grounding.

H

E

k

Parallel Plate 
wave guide

Foam absorbers

Figure 6.14. FSS test setup. FSS inside the parallel-plate waveguide testing platform.

In the measurements, first the bias voltage is set to 16 V to yield the lowest capacitor

value of 0.12 pF for each varactor, which corresponds to a center frequency of 5.2 GHz

for the filter response. Then, the bias voltage is decreased step by step and the cor-

responding transmission response has been recorded for each step. The normalised

measured transmission responses of the FSS for different bias voltages are plotted in
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Fig. 6.15 together with the results from EM simulations for normal incidence. The EM

simulations in CST Microwave studio are carried out with Floquet boundary condition

to replicate an infinite planar array of the unit cells.

There is a good agreement between the simulated and measured results. The discrep-

ancies between them are mostly attributed to the small air gap between the top and

bottom plates of the waveguide and the FSS edges that would be improved if free-

space measurement setup is used. The passband is defined at −3 dB from the peak of

the transmission response. The maximum measured insertion loss within the FSS pass-

band varies from 3 dB to around 6 dB when the reverse bias voltage changes from 16 V

to 4 V. This is mostly caused by the ohmic loss in the varactor diodes. The insertion

loss increases by decreasing the bias voltage. This is because the varactor possesses

a higher series resistance in lower bias voltages. Fig. 6.16(a) plots the series parasitic

resistance of the varactor obtained from the spice model. The FSS center frequency and

the varactor capacitance versus the bias voltage are pltted in Fig. 6.16(b). As seen, the

simulated and measured center frequencies are very close to each other. The variation

of the center frequency is smoother for the voltages above 10 V, but it gets sharper for

the smaller voltages. This is due to the nonlinear relationship between the varactor ca-

pacitance and the bias voltage, where below 10 V the slope of the capacitance is larger

than the slope for higher bias voltages.

The sensitivity of the FSS transmission response to the oblique incidences is examined

by using 3D EM simulations for both of the TE and TM polarisations of the incident

wave. The results are demonstrated in Fig. 6.17 for both of the upper and lower lim-

its of the tunning band. It is observed that the designed FSS shows a stable passband

frequency response over a wide range of the incident angles up to 60◦ for both polarisa-

tions. This stability is a result of the very thin profile and the miniaturised dimensions

of the unit cells (Bayatpur 2009). However, weak resonances appear in the out-of-band

response for oblique incidences, and sharp harmonics appear in the upper stopband

for the TM responses. The weak resonances are mainly attributed to the field imbalance

across the FSS unit cells that excites higher-order resonance modes. The out-of-band

sharp harmonics in the TM responses are because of the conductive via holes. For the

TM-polarised excitations, the longitudinal component of the electric field exists and

couples to the metallic via holes. This effect can be modelled by adding an inductance

between the middle layer and series LCCC resonators. These out-of-band week reso-

nances can be suppressed by fabricating via holes with a thinner diameter.
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Figure 6.15. Measured versus simulated transmission coefficients of the FSS. Transmission

responses of the designed tunable FSS under normal incidence for different values of

varactor bias voltage. The reverse bias voltage (Vb) is varied from 16 V to 4 V with

a step size of 2 V. (a) The results obtained from EM simulations. (b) Measured

transmission responses.
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Figure 6.16. Varactor characteristics and centre frequency variation. (a) Series resistance

of the varactor as function of the bias voltage. (b) Variation of the varactor diode

capacitance and the center frequency of the FSS as a function of the reverse bias

voltage.

6.4 Ka-band tunable FSS based on liquid crystals

Despite their easy tuning, low fabrication cost and wide tuning range, the varactor

diodes demonstrate low quality factors at higher microwave frequencies. This draw-

back urges the designers to look for alternative tuning mechanisms at frequencies be-

yond the C-band. Several tuning techniques such as MEMS technology, Barium Stron-

tium Titanate (BST) varactors, and ferrite substrates have been utilised in designing

tunable or reconfigurable devices (Zendejas et al. 2006, Chang et al. 1994, Sazegar et al.

2011, Sazegar et al. 2012). Among all these methods, recently the liquid crystals have

shown promising advantages such as lower losses at higher frequencies, low bias volt-

age and continuous tuning (Yaghmaee et al. 2013a, Yaghmaee et al. 2012b). Several liq-

uid crystals-based tunable devices for high frequency applications from the microwave

up to the infrared and terahertz are reported in the literature (Hu et al. 2006, Yagh-

maee et al. 2012a, Goelden et al. 2009, Kuki et al. 2002).
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Figure 6.17. Scanning angle performance of the proposed FSS. Simulated transmission re-

sponses of the tunable FSS for oblique incidece angles (a) TE polarisation, and (b)

TM polarisation.

This section presents a single-pole tunable X-band FSS based on liquid crystals. Tun-

ability is obtained by integrating the liquid crystal cells inside the dielectric substrate

that separates the front and back metallic arrays. A brief explanation of the liquid

crystal tuning mechanism is given in Section 6.4.1. The FSS design procedure and elec-

tromagnetic simulation results are presented afterwards.
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(a) (b)

(c)

Figure 6.18. Liquid crystal tuning mechanism. The molecule orientation of liquid crystals results

in variable dielectric property. (a) Random orientation in absence of polyimide film.

(b) Perpendicular orientation by introducing polyimide film. (c) Parallel orientation by

applying bias voltage to the capacitive plates. After Yaghmaee et al. (2013a).

6.4.1 Liquid crystal-based tuning mechanism

Liquid crystals are dielectric materials, with anisotropic characteristics that exhibit

three different mesophases, between solid (crystalline) and liquid (isotropic) states,

known as nematic, smetic, and cholesteric phases (Mueller et al. 2005). The nematic

phase with thread- or rod-like molecules is of interest, existing in both the solid and

the liquid states. Compared to other commercially available electrically tunable mate-

rials e.g. Barium Strontium Titanate (BST) (Sazegar et al. 2012), they typically require

a very low bias voltage for tuning (Vb 6 30 V), are widely commercially available

and can be integrated with flexible printing technologies (Yaghmaee et al. 2012a). The

macroscopic anisotropy unit vector that points in the main average direction of the

liquid crystal molecules is known as the director ~n. The anisotropy tensor exhibits a

relative permittivity ε|| in the director direction, and ε⊥ in the orthogonal directions as

demostrated in Fig. 6.18. In a typical capacitive arrangement, where a liquid crystal cell

is sandwiched between two metal electrodes, a thin layer of polyimide film (≈ 0.4 µm)

with fine grooves is placed on top and bottom to align the liquid crystal molecules in

the unbiased state (Garbovskiy et al. 2011). Because of the grooves, the director will

be aligned in parallel with the metallic layers in the unbiased state and the effective
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relative permittivity for the inter-layer capacitance is ε⊥ (perpendicular state). Alter-

natively, when a bias voltage is applied (Vb � Vth, where Vth is the threshold voltage),

the molecules will re-orientate so that the relevant effective permittivity will gradually

become the relative permittivity along the director. The final state (εeff = ε||), corre-

sponds to a full alignment of the liquid crystal directors along the static electric field

lines associated with the applied voltage (parallel state). The bias-dependent transition

from the perpendicular to parallel state provides a continuous variation of the effec-

tive permittivity between these two states. The difference between these two extreme

permittivity states can be described as ∆ = ε|| − ε⊥ which is commonly known as the

dielectric anisotropy or anisotropy of the liquid crystal (Mueller et al. 2008).
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Figure 6.19. Unit cells of the designed FSS. (a) The front layer unit cell and its equivalent

circuit model. (b) The back layer unit cell and its equivalent circuit model. The

dimensions are: a1 = 1.6 mm, a2 = 1 mm, b = 0.3 mm, d = 6.2 mm, s = 0.3 mm,

c = 1, Dx = Dy = 7 mm. The dielectric substrate is shown in grey colour and the

metallisation is indicated in yellow.
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Figure 6.20. Structure of the designed FSS. Single unit cell of the multi-layered FSS structure,

illustrating each individual layer and the liquid crystal sample placed in the middle

layer, in the overlapping areas between the front pattern and the back copper grid.

The dimensions are as follows: c = 1 mm and h = 0.127 mm.

6.4.2 Design and modelling of the FSS

In order to demonstrate the tuning performance of the liquid crystal-based FSS, a two-

layer FSS is designed to act as a simple single-pole filter with an adjacent transmission

zero. The front layer is composed of cross-shaped metallic elements printed on one

side of a thin dielectric substrate, as shown in Fig. 6.19(a). In this structure, for an x-

polarised wave incident normally onto the FSS, the array acts as a series LC resonant

circuit of Fig. 6.19(a), where the inductance L is mainly determined by the length d

and width c of the cross wires and the capacitance C is mainly determined by the gap

between the two adjacent caps g and their dimension a2. Due to symmetry of the

design, the array also shows the same behaviour for a y-polarized incident wave.

The back layer of the FSS, shown in Fig. 6.19(b), is composed of a wire grid printed on

a thin dielectric substrate. It is well-known that these thin metallic strips will gener-

ate an inductive response if excited by an incident electromagnetic wave (Bayatpur and

Sarabandi 2009b). Therefore, this layer can be modelled through a lumped inductor LW

as shown in Fig. 6.19(b). These two metallic arrays are separated by an intermediate

dielectric layer. The middle dielectric layer should be thin enough (≥ 0.2 mm) to allow

strong electromagnetic interaction between the front and the back arrays. This very

thin intermediate dielectric layer will create an interlayer capacitor where the front
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cross shape resonators and the back wire grid overlap in the overall configuration as

shown in Fig. 6.20. The tuning characteristic of this FSS is achieved by controlling this

interlayer capacitance value Cint. In this work, in order to tune the FSS, the liquid crys-

tal is introduced in cells created in the substrate at the location of the capacitors. As in

Withayachumnankul et al. (2011), thin conductor strips with a width s are added in the

design to electrically connect every unit cell for facilitating application of an external

bias voltage (see Fig. 6.18). Due to the very narrow width of the conductor strips, they

show a very large inductance, which is negligible at high frequencies compared with

L and LW and hence their effect on the transmission response is minimal. Varying the

bias voltage changes the effective permittivity of the liquid crystal, and hence causes

a change in the interlayer capacitor value. The change in the capacitance leads to a

frequency shift in the transmission response of the FSS. The final schematic of the FSS

unit cell is shown in Fig. 6.20, where the location of the liquid crystal cells are visible

in the overlap areas of the front and back metallic arrays.

To gain better insight into the qualitative FSS behavior, a lumped element equivalent

circuit is developed to describe the expected frequency response of the entire structure.

As shown in Fig. 6.21, the equivalent model is composed of two parallel branches rep-

resenting the two array layers. The left branch of the circuit models the cross-shaped

metallic array that shows a bandstop behaviour. The capacitor in this branch is a func-

tion of the gap between two adjacent cross elements g. The L1 is a portion of inductor

L before the centre of the overlap capacitor and L2 models the portion which is lo-

cated after the centre of the overlap capacitor. Their values are a function of a1 and d

(Fig.6.18). The right branch, on the other hand, models the back side of the FSS, which

shows a purely inductive behaviour and has a low-pass response. Finally, the inter-

layer capacitor is modelled by a lumped voltage dependent capacitor Cint, which can

be tuned by applying a voltage between the metallic elements of the two array layers.

Furthermore, in the circuit model, the substrates are modelled by three short pieces

of transmission lines having the characteristic impedance of Z0/
√

εr, where εr is the

relative permittivity of the thin substrate layers. The free space on the either sides of

the FSS is modelled with a characteristic impedance of Z0. In this circuit, all metallic

and dielectric losses are ignored for simplicity.
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Figure 6.21. Circuit level modelling of the designed FSS. Lumped element circuit model of

the designed tunable FSS. Elements values are: L1 = 0.76 nH, L2 = 0.38 nH, C =

0.094 pF, LW = 0.58 nH, and Cint = 0.1 pF.

Table 6.2. Tuning performance of different liquid crystals samples. Comparison of full-wave

simulation results for K15, BL037 and GT3-23001 liquid crystals.

Models ε⊥ ε|| tan δ⊥ tan δ|| ∆ freq. (GHz)

K15 2.72 2.9 0.03 0.03 0.18 1-10

BL037 2.35 2.61 0.06 0.06 0.26 1-10

GT3-23001 2.50 3.30 0.0143 0.0038 0.8 19

6.4.3 Results and discussions

The unit cell of the frequency selective surface is simulated in CST Microwave Studio,

using the frequency-domain solver over a frequency range of 6–15 GHz. For this full-

wave electromagnetic simulation the front, middle and back dielectric layers are simu-

lated as a RT/duroid 5880 substrate (εr = 2.2, tan δ = 0.0009, thickness h = 0.127 mm).

Also, the lumped element circuit model is developed in Advanced Design System

(ADS) software using the first-order element values approximation presented in Yagh-

maee et al. (2013b) and with the values selected to best fit the full-wave simulations.

The continuous frequency tuning of the FSS is studied using three different liquid crys-

tal samples, known as K15 (5CB), BL037 and the new GT3-23001 mixture, with corre-

sponding dielectric anisotropy of 0.18, 0.26 and 0.80 respectively. The anisotropy of
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Figure 6.22. Full-wave electromagnetic and circuit model simulation results. Frequency tun-

ing range and insertion loss comparison for, (a) K15 (5CB) (c) BL037 and (b) GT3-

23001.

the liquid crystal is taken into account by considering the two permittivity tensor val-

ues in the extreme states (ε|| and ε⊥), with their corresponding loss tangent (tan δ|| and

tan δ⊥), given in Table 6.2 (Yaghmaee et al. 2012a, Yaghmaee et al. 2013b). The full-wave

electromagnetic simulations indicate that by varying the effective relative permittivity

of the liquid crystal for the K15 sample from εeff = 2.72 to 2.90, the pass-band centre

frequency of the designed FSS shifts from 9.32 to 9.20 GHz (120 MHz) as shown in

Fig. 6.22(a). This is equivalent to a frequency shift of 1.3% relative to the lower fre-

quency. However, when the BL037 liquid crystal sample is used, the frequency shifts

from 9.50 to 9.29 GHz, indicating a frequency shift of around 2.2% i.e. approximately

twice the frequency tuning obtained with the K15 liquid crystal (Fig. 6.22(b)). Finally,

as plotted in Fig. 6.22(c), when the cells are filled with the GT3-23001 liquid crystal

mixture from Merck, the pass-band centre frequency of the structure shifts from 9.49

to 8.98 GHz (510 MHz), which corresponds to the larger frequency shift of 5.6%. In the
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Table 6.3. Tuning performance of different liquid crystals samples. Comparison of full-wave

simulation results for K15, BL037 and GT3-23001 liquid crystals.

Models f⊥,zero (GHz) f||,zero (GHz) f⊥,pole (GHz) f||,pole (GHz) Tun. (%)

K15 11.76 11.61 9.32 9.20 1.3

BL037 12.06 11.85 9.50 9.29 2.2

GT3-23001 11.94 11.31 9.49 8.98 5.6

ADS circuit simulations corresponding to the three cases above, the value of Cint was

modified based on variation of εeff. These results illustrate that Cint changes from 0.088

to 0.093 pF for K15, 0.080 to 0.090 pF for BL037 and from 0.081 to 0.106 pF for GT3-2300,

for the both perpendicular and parallel states respectively as shown in Table 6.3.

The obtained information suggests the feasibility of using liquid crystals to tune the

frequency response of this single-pole FSSs, and the principle can be scaled for opera-

tion at higher frequencies, e.g. in the Ka-band, where the dissipation of liquid crystal

is low and lumped varactors become too bulky for integration into the FSS.

6.5 Dual-band FSS based on miniaturised elements

In advanced microwave systems, multiband FSSs are needed to cover different oper-

ational frequency bands (Al-Joumayly and Behdad 2010). Different schemes are pro-

posed for designing multiband FSSs such as: fractal metallic arrays (Gianvittorio et al.

2001, Romeu and Rahmat-Samii 2000), perturbation techniques (Hill and Munk 1996)

and genetic algorithms (Manara et al. 1999, Bossard et al. 2005). In most of the pre-

sented structures, the unit cell size or element spacing is comparable to the resonance

wavelength and this makes them highly sensitive to the incidence angle of the elec-

tromagnetic wave and causes undesirable low-order harmonics in the frequency re-

sponse. Recently, new types of dual-band frequency selective surfaces have been in-

troduced (Al-Joumayly and Behdad 2010, Bayatpur and Sarabandi 2008a, Salehi and

Behdad 2008) that make use of non-resonant elements in their structures. These recent

designs show a lower dependency to oblique angles of the incident wave. However,

the element sizes are not small enough (around λ0/6) for the applications where the

FSS should be used in very close proximity to the radiation source.
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In this section, a dual-band FSS is designed with the unit cell size as small as λ0/10.

The proposed FSS is composed of an inductive wire grid and an array of square-loop

cells that are printed onto the two sides of a thin dielectric substrate. The new design

provides an advantage of controlling the two passband frequencies independently by

varying the different physical parameters of the unit cells. The synthesis method and

design procedure of the proposed FSS will be presented in the Section 6.5.1.

6.5.1 The FSS design principle

Fig. 6.23(a) shows the basic circuit model of the dual-band microwave filters that forms

the basis of the proposed FSS. The filter is composed of a hybrid resonator separated

from an inductor through a short piece of transmission line. The hybrid resonator is

composed of a parallel LC resonance circuit of L2, C2 that is in series with the capacitor

C1. The transmission line has the length l and the characteristic impedance of Zl . The

frequency of the first passband is mainly determined by L1, C1 and the length of the

transmission line l. On the other hand, the second passband frequency is dominated

by L2, C2. Fig. 6.23(b) shows the equivalent circuit model of the filter for the first pass-

band. In this model, it is assumed that the two passbands frequencies are sufficiently

seperated, so that L2C2 possesses a low impedance and can be ignored. The transmis-

sion line (l � λ) is replaced with Ll inductor. Therefore, by using a simple circuit

analysis, the frequency of the first passband can be found as

f1 ≈ 1

2π
√

C1(L1 + Ll)
. (6.16)

If the relative permeability of the transmission line is considered to be µr, Ll can be

calculated as (Bayatpur and Sarabandi 2008b)

Ll = µ0µrl. (6.17)

So,

f1 ≈ 1

2π
√

C1(L1 + µ0µrl)
. (6.18)
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Figure 6.23. Lumped-element model of the dual-band FSS. (a) Equivalent circuit model of the

dual-band filter. (b) Simplified circuit model for the first operational passband. (c)

Simplified circuit model for the second operational passband.

At the second passband, the parallel L2C2 is dominant and the filter can be modelled by

the circuit of Fig. 6.23(c). For this passband, the effect of C1 is ignored and the second

passband frequency is approximated as

f2 ≈ 1

2π

√

1

C2

(

1

L2
+

1

L1 + LT

)

. (6.19)

The circuit shows a transmission zero arising from the hybrid resonator of C1, L2 and

C2. This zero notch separates the two passbands and improves the out-of-band rejec-

tion of the filter. From Fig. 6.23(a), this zero frequency can be obtained as

fz =
1

2π
√

L1(C1 + C2)
. (6.20)
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Figure 6.24. Three dimensional view of the designed FSS. Topology of the synthesised dual-

band FSS. The unit cells of the top and bottom metallic arrays are shown on the right

hand side of the figure. The black shading denotes denots the metal.

From (6.16) it is found that the first passband frequency ( f1) is independent of C2. Also,

(6.19) shows that f2 is not dependent on C1. This allows to control the two passband

frequencies independently. This characteristic will be studied in detail in simulations.

6.5.2 FSS synthesis based on the circuit model

A dual-band frequency selective surface can be synthesised by using the filter model

described in the previous Section 6.5.1. A 3-D view of the synthesised FSS is shown

in Fig. 6.24. The structure is composed of two metallic arrays that are separated from

each other by a dielectric substrate with a thickness of l. The back layer is composed

of a metallic wire grid, which presents the inductor L1 of the equivalent circuit. By

interacting with the normal incident electromagnetic wave, this wire grid shows an

inductive behaviour, where increasing w or decreasing D will decrease the inductance

of L1. The top layer on the other side comprises a square-loop array that presents the

hybrid resonator (C1, L2, C2) of the equivalent circuit in Fig. 6.23. In this pattern, each

square-loop cell has a side length of D − g and the adjacent cells are separated from

each other by a distance of g. The gap between the unit cells show a capacitive effect

to the incident wave. This capacitive effect is denoted by C1 of the hybrid resonator,

where increasing g causes a smaller C1. In addition, the loop and square patch in each

unit cell provide the parallel L1C1 resonance behaviour where L1 is provided by the
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Figure 6.25. Simulated transmission and reflection coefficients of the designed FSS. Free

space full-wave simulation result of the designed dual-band FSS using periodic bound-

ary condition in CST in comparison with the ADS circuit model simulation results for

normal incidence. The FSS unit cell dimensions and the equivalent circuit parameters

are: Dx = Dy = 8.8 mm, g = 0.1 mm, w = 0.2 mm, wr = 0.15 mm, Dp = 8 mm,

L1 = 2.8 nH, L2 = 0.98 nH, C1 = 0.54 pF, C2 = 0.46 pF and ZT = 254 Ω.

inductive effect of the loop sides and C1 is provided by the capacitive effect between

the square patch and the loop sides. In the top pattern, increasing wr causes a smaller

L2 and decreasing DP causes a smaller C2.

6.5.3 Simulation results and discussions

Based on the circuit model and the procedure discussed in Section 6.5.1, a dual-band

FSS with passbands at the S and X bands with central frequencies of 3.3 and 9.5 GHz

has been designed and simulated in CST Microwave Studio full-wave simulator. The

physical parameters of the designed FSS are listed in the caption of Fig. 6.25 together

with its equivalent circuit parameters values. The top and bottom metallic layers are

patterned on the both sides of 0.254 mm thick Rogers RO5880 dielectric substrate with

the relative permittivity of εr = 2.2 and loss tangent of tan δ = 0.0009. The full-wave

simulations are carried out using unit cell boundary condition that simulates an infi-

nite array of FSS cells that are exposed to an electromagnetic wave with an arbitrary

incidence angle. In addition, the equivalent circuit of the FSS (Fig. 6.23) is simulated in
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ADS using the parameters listed in the caption of Fig. 6.25. These circuit parameters

are optimised by curve fitting of the circuit and EM simulation results. The full-wave

simulation results of the FSS are plotted in Fig. 6.25 together with the results obtained

by using ADS. As seen, there is a good agreement between the full-wave and circuit

model simulations. The passband frequencies of the filter are 3.3 and 8.6 GHz with a

transmission zero at around 5 GHz that improves the out-of-band rejection of the FSS.
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Figure 6.26. Scan angle performance of the designed FSS. Full-wave simulation results of the

transmission coeficient of the designed FSS as function of the electromagnetic wave

incidence angle for (a) TE polarisation (b) TM polarisation.
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The scan angle performance of the designed FSS is shown in Fig. 6.26 showing a low

sensitivity to oblique angles of the incident electromagnetic wave. This low sensitivity

arises from the miniaturised unit cell size since the unit cell dimension is as small as

λ0/10, where λ0 is the wavelength at the first operational passband. This feature pro-

vides a freedom to use the designed FSS in the applications with non-planar incident

phase fronts (Bayatpur and Sarabandi 2008a).

As discussed in Section 6.5.1, the two passband frequencies of the proposed FSS can be

controlled independently by controlling C1 and C2 element values. The value of the C1

capacitor can be tuned by varying the gap (g) between adjacent square-loop unit cells

where decreasing g increases C1 and shifts the first passband frequency downward

without affecting f2. This phenomenon is investigated using the full simulations in

CST by changing g and the results are shown in Fig. 6.27. As demonstrated in Fig. 6.27,

the smaller value of g causes a lower f1 without a significant effect on the second pass-

band frequency.

On the other hand, the C2 capacitor can be tuned by changing the square patch size DP.

A larger DP causes a larger C2 which shifts the upper passband frequency downward

without a sensible change in f1. Fig. 6.28 demostrates the full-wave simulation results

of DP variations effect on the FSS transmission response. As seen, a larger DP leads to
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Figure 6.27. Effect of g on transmission coefficient. Full wave simulation of the transmission

coeficient of the dual-band FSS as a function of the g. In simulations g is varied from

0.1 mm to 0.25 mm with a step size of 0.05 mm.
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Figure 6.28. Effect of DP on transmission coefficient. Full wave simulation of the transmission

coeficient of the dual-band FSS as a function of the DP. In simulations DP is varied

from 8 mm to 7.6 mm with a step size of 0.1 mm.

a lower f2 without a significant variation in the lower passband frequency, confirming

the analysis presented in Section 6.5.1.

6.6 Conclusion

In summary, this chapter has proposed new structures and approaches for designing

FSSs for tunable and multiband applications. The first FSS was a single-pole tunable

prototype in which all the varactor diodes were biased in parallel. An application of the

proposed FSS in designing higher-order FSSs has been studied by developing a second-

order FSS made of two cascaded single-pole sections. The proposed FSS showed a

stable response under oblique incidences for both TE and TM polarisations.

The second design was a low-profile second-order varactor-tuned FSS with embedded

bias network. A superiority of this design over the other designs is that it avoids the

need of any additional metallic network for biasing the varactor diodes. A circuit-

based synthesis method has been developed for designing the desired filtering re-

sponse. The proposed synthesis procedure and tuning mechanism have been verified

by fabricating an FSS prototype and testing it inside a parallel plate waveguide. The

good agreement between the simulation and measurement results validated the pro-

posed second-order tunable FSS concept.
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A liquid crystal-based tunable FSS has been proposed for higher frequencies around

the X-band. The FSS is made of metallic patterns printed on both sides of very thin

dielectric spacer. Tunability has been achieved by integrating liquid crystal cells into

the overlapping areas between the front and back layers metallic patterns that form

interlayer capacitors. By applying bias voltage between the front and back layers the

overlap capacitors are tuned resulting in a tunable frequency response. The frequency

behaviour has been modelled by a lumped element circuit and the tunability has been

verified using both electromagnetic and circuit model simulations.

Finally, a dual-band FSS has been designed based on miniaturised elements with sta-

ble scanning angle performance for multi-band and multi-standard applications. The

designed FSS incorporates the unit cells with dimensions as small as λ0/10 at the first

operational passband providing desired independency of the transmission response

with respect to the angle of the incident wave. In addition, the proposed design ap-

proach gives the benefit of independent controllability of the two passband frequencies

simply by adjusting the different unit cell physical parameters.

This chapter focuses on FSS designs for microwave frequencies. The FSS designs for

millimetre-wave and terahertz applications will be presented in Chapter 7.
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Chapter 7

Terahertz frequency
selective surfaces

T
HIS chapter is dedicated to designing high performance fre-

quency selective surfaces (FSSs) for terahertz applications. Here,

miniaturised-element concept is used to design FSSs with a

second-order filtering responses that are highly desirable in terahertz sys-

tems. The miniaturised elements enable accurate modelling of the FSS fre-

quency response through a lumped element circuit model. So, a circuit-

based synthesis approach can be developed for the desired response type

that facilitates the FSS design and optimisation procedure. Additionally,

the miniature unit cell provides a good stability of the frequency response

over oblique excitations and non-planar electromagnetic phase fronts. A

full description of the design approaches and results validating the pro-

posed concepts are presented throughout the chapter.
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7.1 Introduction

The terahertz radiation covers a frequency range between 0.1 THz and 10 THz. Techni-

cally, it fills the gap between the electronics and photonics as demonstrated in Fig. 7.1.

In the last decade, there has been a great interest in using this frequency spectrum

for communication applications since it promises a wider bandwidth and higher com-

munication speed. In addition, a number of materials show spectral fingerprints at

this frequency range making this frequency band attractive for sensing and screening

applications. A major challenge in designing devices for this frequency range is the

relatively low signal-to-noise ratio and low radiation power of compact terahertz sys-

tems (Yardimci et al. 2015). Therefore, there is a great interest nowadays for developing

new designs and methodologies to bridge the gap between the microwave and optical

frequency ranges.

Electronics Photonics

Figure 7.1. Electromagnetic spectrum. The terahertz band is loosely defined between 0.1 THz

to 10 THz. After Withayachumnankul et al. (2007)

One of the key components in terahertz systems is the frequency selective surface

(FSS). Several FSS structures have been proposed for bandpass filtering at terahertz and

millimeter-wave frequencies (Zhu et al. 2012, Lan et al. 2014, Chiang et al. 2011, Lu et al.

2011, Paul et al. 2009). A common specification among these conventional FSS struc-

tures is that their unit cell dimensions are comparable to half of the operational wave-

length. As a result, their frequency response is highly sensitive to the angle of incidence

(Bayatpur 2009). In order to circumvent this problem, a new class of FSS structures

called miniaturised-element FSSs (MEFSSs) has been introduced in Sarabandi and Be-

hdad (2007) at microwave frequencies. These structures are composed of multilayer

arrays of non-resonant metallic elements with dimensions much smaller than the oper-

ation wavelength. The sub-wavelength unit cells provide a more consistent response of

the whole structure with respect to non-planar and oblique phase fronts. Since then, a

large number of MEFSS structures for higher-order spatial filtering have been designed

and proposed at microwave frequencies (Chiu and Chang 2009, Ebrahimi et al. 2014b,
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Li and Behdad 2013, Li and Shen 2013, Momeni Hasan Abadi et al. 2014). However,

they have not been demonstrated for sub-millimeter-wave and terahertz applications

yet. Recently, a MEFSS has been proposed by Moallem and Sarabandi for suppress-

ing an image component provided by a harmonic mixer in MMW radars (Moallem

and Sarabandi 2012). The structure in Moallem and Sarabandi (2012) is composed of

metallic patches and I-shaped wires that provide a first-order bandpass response with

an adjacent transmission zero. Higher-order filters with wide out-of-band rejection

are required in certain applications to enhance the spectral selectivity. This chapter in-

troduces THz miniaturised-elements FSSs (MEFSSs) with second-order filter response

for sub-millimeter-wave and terahertz applications with wide rejection band and large

angular tolerance.

7.2 Second-order terahertz FSS on quartz substrate

This section presents the design of a terahertz spatial filter with a second-order trans-

mission response. The FSS is composed of miniaturised-element metallic arrays printed

on both sides of a quartz substrate. The deeply sub-wavelength unit cell enables a high

stability of the frequency response over a wide range of incidence angles.

7.2.1 FSS topology

Fig. 7.2 shows the unit cell of the designed THz FSS. The front layer of the unit cell is

composed of a capacitive metallic patch enclosed by a metallic loop. The back layer

of the unit cell is made of a Jerusalem cross resonator surrounded by a metallic loop.

These metallic arrays are to be patterned on the two sides of a 135 µm thick quartz

substrate. The front and back metallisation is 0.2 µm thick gold, well above the skin

depth at terahertz frequencies.

The proposed FSS can be modelled by an equivalent circuit model shown in Fig. 7.3.

In this model, the front layer of the FSS is modelled with a parallel L1C1 resonator

where, L1 models the inductive behavior of the front layer wire grid and C1 models

the capacitive effect between the wire grid and the square patches. The back layer is

modelled as a hybrid resonator consisting of L2 inductor in parallel with L3C3 series

resonator. The L2 inductor represents the wire grid of the back layer and the L3C3 series

resonator describes the Jerusalem cross resonator. In addition, the quartz substrate that

Page 147



7.2 Second-order terahertz FSS on quartz substrate

Dx

Dy
Dp

t1

(a)

Dx

Dy

w

t d

(b)

t2

Figure 7.2. Unit cell views of the FSS. (a) Front layer. (b) Back layer. The dimensions are

as follows: Dx = Dy = 175 µm, DP = 120 µm, t1 = 22.5 µm, t2 = 22.5 µm,

d = 110 µm, t = 5 µm, w = 25 µm. The yellow areas represent metal, and the blue

areas for the substrate.

ZT , l

L1 C1
L2

L3

C3

Figure 7.3. Lumped-element circuit model of the FSS. The element values are: L1 = 9.3 pH,

C1 = 25 fF, L2 = 70 pH, L3 = 25 pH, C2 = 2.5 fF, ZT = 169 Ω and l = 135 µm.

separates the two metallic layers is modelled as a section of a transmission line with the

length of 135 µm and a characteristic impedance of ZT = Z0/
√

εr, where Z0 = 377 Ω

is the free space impedance and εr is the relative permittivity of the quartz substrate.

The equivalent circuit parameters obtained from the closed-form equations and the

curve fitting of EM and circuit simulations are listed in the caption of Fig. 7.3.

7.2.2 Simulation results and discussion

The designed FSS and its equivalent circuit model are simulated by using the param-

eters given in Fig. 7.3 and Fig. 7.2. Fig. 7.4 shows the transmission response (S21) of

the FSS obtained from the full-wave electromagnetic simulation together with its cir-

cuit model simulation. As seen, there is a good agreement between the EM and circuit
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model simulations confirming the validity of the circuit model. The bandpass charac-

teristic is achieved with a center frequency around 0.4 THz. As seen, the filter has no

harmonic response up to 0.8 THz. There is a zero in the transmission response of the

FSS at around 0.6 THz, which improves the out-of-band rejection of the filter. From the

circuit model in Fig. 7.3, this transmission zero takes place at the resonance frequency

of the back layer series resonator, which can be described as

fz =
1

2π
√

L3C3
. (7.1)

Based on (7.1), the transmission zero frequency can be tuned by changing the value of

L3 and C3. From the back layer unit cell in Fig. 7.2(b), the value of L3 can be tuned

by changing d and t. Increasing d or decreasing t result in a larger L3 and vice versa.

Additionally, increasing w or d will increase the value of C3. The slope of the upper

and lower sides of the passband is around 70 dB/octave, showing a good selectivity of

the proposed filter.

One important feature in designing of FSSs is the immunity of the frequency response

respect to the oblique incidence angles. Fig. 7.5 shows the transmission response of

the designed FSS for the transverse electric (TE) polarisation of the incident wave at

different incidence angles.
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Figure 7.4. Circuit versus electromagnetic simulation results. Comparison between the full-

wave electromagnetic and circuit model simulation of the proposed FSS.
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Figure 7.5. Scan angle performance for TE polarisation. Transmission response of the designed

FSS for TE polarisation of the incident wave at different incidence angles (θ = 0◦

represents the normal incidence).

The frequency response of the FSS for the transverse magnetic (TM) polarisation is

demonstrated in Fig. 7.6 at different incidence angles. The structure shows the same

frequency response for both of the TE and TM polarisations at normal incidence an-

gle due to the fourfold symmetric structures of the front and back layers. However,

by increasing the incidence angle, the responses for the TE and TM polarisations will

change. This feature is mainly caused by the change of wave impedances for the TE

and TM polarisations (Z0,TE = Z0/ cos θ, Z0,TM = Z0 cos θ). So, the wave impedance

for the TE polarisation increases with increasing the incidence angle resulting in a

smaller bandwidth for the TE response. On the other hand, the wave impedance of

the TM polarisation will be decreased by increasing the incidence angle, which results

in a larger bandwidth for the TM transmission response (Behdad 2008).

7.3 Second-order terahertz FSS on PDMS substrate

Section 7.2 presented a design of second-order bandpass FSS on a quartz substrate.

However, in many designs, it is needed to have a more flexible substrate and a design

that is compatible with standard fabrication techniques. In this section, a second-order
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Figure 7.6. Scan angle performance for TM polarisation. Transmission response of the designed

FSS for TM polarisation of the incident wave at different incidence angles (θ = 0◦

represents the normal incidence).

FSS is designed by using Polydimethylsiloxane (PDMS) substrate. The PDMS is an

easy to process polymer material with a moderate loss at terahertz frequency range.

Fabricated via spin-coating, PDMS offers a broad range of thicknesses. The designed

FSS has been fabricated by using microfabrication technology and measured with THz

time-domain spectrometry for verification of the proposed concept.

7.3.1 FSS strucure and equivalent circuit model

A three-dimensional view of the proposed terahertz FSS is shown in Fig. 7.7(a). The

structure is composed of two periodic metallic arrays that are separated from each

other by a dielectric spacer having a subwavelength thickness of h. Fig. 7.7(b) shows

the unit cells for the front and back layers. The dimensions of each unit cell are Dx

and Dy (Dx=Dy=D) along the x and y directions, respectively. The front layer unit

cell is made of a wire loop surrounding a non-resonant capacitive square patch. The

back layer unit cell is very similar to the front layer excepting a complementary cross-

shaped resonator (CCSR) that is embedded into the capacitive patch. Both of the front

and back 2-D metallic arrays are covered by a very thin protective layer (thickness = t)

Page 151



7.3 Second-order terahertz FSS on PDMS substrate

made of the same dielectric material as the spacer. Since the structure is composed

of miniaturised unit cells, it can be modelled by a lumped-element equivalent circuit.

The equivalent circuit model of this FSS is depicted in Fig. 7.8(a), which is valid for a

normally incident plane wave.

In the circuit model, L1 and L2 account for the inductive behavior of the front and back

layers wire grids. The capacitors CL1 and CL2 model the capacitive effect between the

square patch and the inductive wire grid in the front and back layers, respectively.

The CCSR in the back layer is modelled by a L3C3 resonator. The dielectric spacer that

separates the two layers is modelled through a section of transmission line with a char-

acteristic impedance of ZT and length of h. It should be mentioned that ZT = Z0/
√

εr,

where Z0 = 377 Ω is the free space impedance and εr is the relative permittivity of

the spacer. And finally, the Ohmic losses associated with the front and back wire grids

and CCSR are modeled by resistors R1, R2 and R3 respectively. These losses are re-

lated to the surface resistivity of the metallisation and the current distribution therein

(Moallem and Sarabandi 2012). The combination of the complementary cross-shaped

resonator (L3C3) and CL2 adds a transmission zero to the filter response and improves

its out-of-band behavior. In fact, this transmission zero appears at the frequency where

the combination of CL2 and L3C3 is short-circuited. Thus, this frequency is given by:

fz =
1

2π
√

L3(C3 + CL2)
. (7.2)

This transmission zero can be tuned by varying the dimensions of the complementary

cross-shaped resonator (dc, wc), which in turn translates to the variation of L3 and C3

values.

Since the values of L3 and C3 are designed to be much smaller than L2 and CL2, the par-

allel combination of L3C3 has a very small impedance around the passband frequencies

of the FSS. So, L3C3 can be considered as a short circuit at these frequencies. In addi-

tion, the transmission line section can be replaced with its equivalent lumped-element

circuit model by using the telegrapher’s equation (Pozar 2009). Fig. 7.8(b) illustrates

the FSS equivalent circuit around the passband by considering L3C3 as a short circuit

and replacing the transmission line with its circuit model (L1,2 and Cs). The losses are

not considered in Fig. 7.8(b) for simplicity. The values of L1,2 inductor and Cs capacitors

can be obtained by using the following relations (Bayatpur 2009)

L1,2 = µ0µrh, (7.3)
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Figure 7.7. Three dimensional view of the FSS. Topology of the proposed second-order terahertz

FSS. (a) 3-D view of the FSS with the grey regions showing the metallisation and the

light brown regions showing the dielectric spacer. (b) Unit cells on the front and back

layers along with their geometric parameters.

Cs = ε0εrh/2, (7.4)

where µ0 and µr are the permeability of the free space and the relative permeability

of the spacer, respectively. Likewise, ε0 and εr are the permittivity of the free space

and the relative permittivity of the spacer, respectively. The circuit of Fig. 7.8(b) can

be converted into the one in Fig. 7.8(c) that shows a standard basic circuit model of

a second-order bandpass filter (Zverev 1967). In this form, C1 = CL1 + Cs and C2 =

CL2 + Cs , and the circuit can be considered as coupled input and output resonators of

L1C1 and L2C2, respectively.

7.3.2 Synthesis procedure of the proposed FSS

As discussed above, the frequency response of the considered FSS around its pass-

band can be described by the circuit model in Fig. 7.8(c). By using this circuit model,

a desired second-order filtering response can be synthesised and then, the equivalent

circuit parameters can be converted into the corresponding geometrical parameters of

the proposed FSS. The lumped-element values of the equivalent circuit in Fig. 7.8(c)
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Figure 7.8. Equivalent circuit model of the THz-FSS. Circuit model of the proposed FSS for the

normaly incident EM wave. (a) A full circuit model for normal incidence. (b) A simplified

model with the transmission line section replaced with equivalent lump elements and

the loss R neglected. (c) Standard circuit model of a second-order bandpass coupled

resonator filter. This circuit is equivalent to the circuit in Fig. 7.8(b) with C1 = CL1 +Cs

and C2 = CL2 + Cs.

can be determined by applying the concept of coupled-resonator filter with inductive

coupling (Al-Joumayly and Behdad 2010, Zverev 1967). Supposing that f0 is the center

frequency of the filter and δ = BW/ f0 is the fractional bandwidth, the values of the

circuit elements in Fig. 7.8(c) can be obtained based on the following steps:
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Table 7.1. Normalised second-order filter parameters. Normalised quality factor and coupling

coefficients for different filter types. Extracted from Zverev (1967).

Filter Type q1 q2 k12 r1 r2

Gaussian 0.4738 2.185 0.9828 1 1

Butterworth 1.4142 1.4142 0.70711 1 1

Chebyshev (0.01 dB ripple) 1.4829 1.4829 0.7075 1 1.1007

Chebyshev (0.1 dB ripple) 1.6382 1.6382 0.7106 1 1.3554

Chebyshev (0.5 dB ripple) 1.9497 1.9497 0.7225 1 1.9841

1. The values of the C1 and C2 capacitors can be determined from the following

relation:

Ci =
qi

ω0riZ0δ
, i = 1, 2. (7.5)

In (7.5), Z0 = 377 Ω, q1 and q2 are the normalised quality factors of the input and

output resonators, and r1 and r2 are the normalised source and load impedances

of the filter in Fig. 7.8(c) (Zverev 1967).

2. The values of L1 and L2 inductors can be obtained by

Li =
1

ω2
0(Ci − k1,2δ

√
C1C2)

, i = 1, 2 (7.6)

where, k1,2 is the normalised coupling coefficient between the input and output

resonators.

3. The coupling inductance L1,2 can be calculated from

L1,2 =
1

ω2
0k1,2δ

√
C1C2

. (7.7)

The normalised quality factors and coupling coefficient for some different filter types

are extracted from (Zverev 1967) and presented in Table 7.1.

After calculating the values of the circuit elements in Fig. 7.8(c), the thickness of the

dielectric spacer that separates the front and back metallic arrays can be obtained from
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(7.3). Then the spacer capacitance Cs can be derived from (7.4), and the values of CL1

and CL2 capacitors can be found from (7.8).

CLi = Ci −
ε0εrh

2
i = 1, 2. (7.8)

In order to convert the calculated lumped element values into the geometrical param-

eters, the method presented in Al-Joumayly and Behdad (2010) can be used. The ef-

fective inductance of an infinite wire grid shown in Fig. 7.9(a) with a period of l and a

wire width of w is given by (Bayatpur 2009)

L = µ0µeff
l

2π
ln

(

1

sin πw
2l

)

, (7.9)

where µ0 is the permeability of the free space and µeff is the effective permeability of the

substrate. Equation (7.9) can be used for calculating the wires width in the front and

back layer metallisation of the proposed FSS. The period of the wire grid is considered

to be equal to the unit cell size in Fig. 7.7 (l = D) and the unit cell size can be chosen

arbitrarily. However, choosing very small unit cell size leads to a very thin wire that

might not be practical due to fabrication limits. It is worth mentioning that (7.9) is

valid when the wire grid is away from any metallic objects such as capacitive patches

in Fig. 7.8 or scatterers (Al-Joumayly and Behdad 2010, Al-Joumayly and Behdad 2009).

So, the value of w calculated from (7.9) can only be used as an approximation. A more

accurate value of w can be obtained by fitting the full-wave simulation result to the

analytical circuit calculation.

The effective capacitance of an infinite array of sub-wavelength capacitive square patches

shown in Fig. 7.9(b) can be obtained by using (Bayatpur 2009)

C = ε0εeff
2p

π
ln

(

1

sin πd
2p

)

. (7.10)

In (7.10), ε0 is the permittivity of free space and εeff is the effective permittivity of the

dielectric spacer, p is the period of the array and 2d is the gap spacing between the

adjacent patches. Although for the proposed structure the capacitive patches are sur-

rounded by the wire grid, (7.10) can still be used as an approximation if the capacitive

effect between the edges of the metallic square patches and the wire grid is approx-

imated by a corresponding patch array in Fig. 7.9(b). To this end, the gap spacing

between the adjacent metallic patches in Fig. 7.9(b) is assumed to be equal to the space
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x
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k 6d
p

p7896d
Figure 7.9. Inductive and capacitive FSS arrays. (a) Infinite metallic wire grid. (b) Infinite

metallic square patch array. The wire grid shows an inductive behavior whereas the

patch array shows a capacitive effect with respect to the incident electromagnetic wave.

Metallisation is indicated by the grey regions.

between a capacitive patch and the wire grid in Fig. 7.7(b) (2d = s). By this assumption,

the period of the corresponding patch array of Fig. 7.9(b) will be

p = D − w − s, (7.11)

where, D = Dx = Dy is the unit cell size in Fig. 7.8(b) and w is the width of the

wire grid surrounding each capacitive patch. Based on (7.10) and (7.11), the spacing

between the patches in Fig. 7.9(b) that corresponds to the spacing between the patches

and the wire grid in Fig. 7.8 can be determined.

7.3.3 Design of terahertz FSS

Based on the synthesis procedure Section 7.3.2, this section demonstrates a design of a

second-order bandpass FSS at terahertz frequencies. The design starts by considering

a center frequency of f0 = 0.42 THz and a −3 dB fractional bandwidth of δ = 35% for

the circuit model in Fig. 7.8(c). This frequency band is chosen to match the capabilities

of most terahertz time-domain spectroscopy (THz-TDS) systems. Polydimethylsilox-

ane (PDMS) is considered for the dielectric spacer since it has a low dielectric con-

stant of εr = 2.35 causing a low impedance mismatch with free space (Moallem and

Sarabandi 2012). The front and back metallic layers are made of 200 nm thick gold

(Au) with the DC conductivity of 4.1 × 107 S/m and the sheet resistance of around

0.2 + j0.22 Ω/square at the passband of the FSS. In order to improve the mechanical

strength of the filter, two encapsulating PDMS layers with a thickness of 10 µm are
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Figure 7.10. Comparison between circuit model and EM simulations before adding the

CCSR. Simulation results of the proposed FSS for the normal incidence angle. The

parameters used in simulations are: CL1 = CL2 = 4.2 fF, L1 = L2 = 45 pH,

R1 = R2 = 6.5 Ω, Dx = Dy = 130 µm, h = 100 µm, t = 10 µm, w = 10 µm and

s = 5 µm.

applied to the front and back metal layers. The relative permeability of the PDMS is

µr = 1. By assuming a Butterworth filter response, the values of the circuit elements

in Fig. 7.8(a) are calculated using the synthesis method described in Section 7.3.2. The

calculated values are C1 = C2 = 4.23 fF, L1 = L2 = 45 pH and L1,2 = 130 pH. The unit

cell size is considered as Dx = Dy = D = 130 µm, which is slightly smaller than the

λ0/5, where λ0 is the free space wavelength at 0.42 THz. The circuit parameters can

be mapped into the geometrical dimensions of the FSS: w = 14.8 µm, s = 4.5 µm and

h = 103 µm. Now, w and s can be optimised in simulation for obtaining more accu-

rate values. Equation (7.10) is reasonably accurate since the capacitance between the

patches in Fig. 7.9(b) corresponds directly to the capacitance between the patches and

grid in Fig. 7.7. On the other hand, the presence of those square metallic patches in the

vicinity of the wire grid affects the magnetic field and hence reduces the inductance.

So, the final optimised value of w is expected to be smaller than the value obtained

from (7.9). For optimisation, we firstly consider the calculated value of w from (7.9)

based on the synthesised value of L1 and L2. Now, by having D and w, the value of
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s will be determined from (7.10) to satisfy the synthesised value of C1 and C2. The

unit cell is then simulated to obtain the L and C values. If the inductance of the wire

grid obtained from the simulation is smaller than the synthesised value, the previous

steps are then repeated with a smaller value for w, until desired consistency between

the simulation results and the synthesised values is achieved. The optimised equiva-

lent circuit and geometrical parameters of the designed FSS are listed in the caption of

Fig. 7.10. As seen, the optimised value for s is very close to the value obtained from

(7.10) but, the optimised value of w is smaller than the value predicted by (7.9).

After mapping the synthesised values of the L and C parameters to the geometrical pa-

rameters of the FSS, the values of the resistances in Fig. 7.8 can be determined by curve

fitting of the EM and circuit simulation results. Fig. 7.10 shows a comparison between

the results obtained from the circuit simulation with ADS and from the full-wave elec-

tromagnetic simulation with CST Microwave Studio. Both of the transmission and

reflection coefficients are shown. As can be observed in Fig. 7.10, there is a good agree-

ment between the circuit model and the full-wave electromagnetic simulation of the

FSS. The good agreement confirms that the circuit based synthesis procedure offers an

efficient analytical method for designing the proposed FSS configuration.

The results in Fig. 7.10 are obtained without considering the effect of the CCSR. As

explained before, the combination of CCSR (L3, C3) and CL2 adds a transmission zero

that can be used to improve the out-of-band response of the FSS. The frequency of this

zero can be calculated from (7.2) and can be tuned by varying wc and dc. Fig. 7.11 shows

the transmission response of the FSS by considering wc = 20 µm and dc = 65 µm. As

seen, the out-of-band response in Fig. 7.11 is improved with respect to Fig. 7.10 since

the transmission coefficient stays below −27 dB up to 1.45 THz.

The values of L3 and C3 elements that represent the effect of the CCSR can be deter-

mined by a semi-analytical procedure described as follows: the zero frequency pro-

vided by L3, C3 and CL2 can be calculated from (7.2). The value of CL2 as listed in

caption of Fig. 7.11 is already designed by the synthesis procedure. On the other hand,

the zero frequency is obtained from EM simulation in CST Microwave Studio ( fZ1 in

Fig. 7.11). By putting arbitrary capacitors of Car between the capacitive square patches

and the wire grid in the back layer of the FSS in CST Microwave Studio, the capacitance
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Figure 7.11. Comparison between circuit model and EM simulations after adding the CCSR.

Simulation results of the proposed FSS for the normal incidence angle by considering

the effect of the complementary cross-shaped resonator. The complementary cross

shaped resonator dimensions are: wc = 20 µm, dc = 65 µm and L3 = 3 pH,

C3 = 2.9 fF, R2 = 1.2 Ω and R3 = 4.25 Ω are considered in circuit model simulations.

The other parameters are the same as the Fig.7.10.

between the wire grid and square patches will be increased to CL2 + Car. This will shift

down the zero frequency to

fZ2 =
1

2π
√

L3(C3 + CL2 + Car)
. (7.12)

So, by solving (7.2) and (7.12), the unknown values of L3 and C3 are determined. The

calculated L3 and C3 for the designed FSS are given in Fig. 7.11.

It should be noted that the circuit model in Fig. 7.8(a) and the results in Fig. 7.11 are

only valid for normal incidence. For oblique incidence, both of the free-space equiva-

lent impedance Z0 and the dielectric spacer impedance ZT need to be changed to

Z0,TE = Z0/ cos θ (7.13)
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Z0,TM = Z0 cos θ, (7.14)

ZT,TE = Z0,TE/
√

εr, (7.15)

ZT,TM = Z0,TM/
√

εr, (7.16)

where Z0 = 377 Ω is the free-space characteristic impedance. In addition, the equiv-

alent impedance in the front and back layers need to be modified for the oblique inci-

dence (Cavallo et al. 2014a). A model describing the effect of oblique incidence on the

impedance of the layers and the couplings in higher order Floquet modes is available

for the square patch array (Cavallo et al. 2014a, Cavallo et al. 2014b). This model gives

an insightful understanding of the FSS response under oblique incidence and in higher

order Floquet modes.

7.3.4 Fabrication process

The FSS structure is fabricated to experimentally validate the simulation results by util-

ising standard microfabrication techniques. The FSS is composed of alternating three

layers of PDMS and two layers of patterned metal. In the first step, as a supporting

substrate, a 3 inch silicon wafer is coated with 20 nm aluminium (Al), which enables

final release of the multi-layer structure from silicon in a freestanding form. A 10 µm

PDMS layer acting as encapsulation is spin-coated on the Al-coated silicon wafer. First

metallisation step is performed with 200 nm gold (Au) with a 20 nm adhesion layer

of chromium (Cr) deposited by electron beam evaporation (PVD75, Kurt J. Lesker Co.)

at a rate of 0.1 nm/s. Metal layers are pattered by photolithography followed by wet

chemical etching. Photoresist is then stripped off with acetone, rinsed with isopropanol

and dried with high purity nitrogen.

Then, a second PDMS layer of 100 µm thickness, acting as dielectric spacer, is spun-on

and cured on a leveled surface at room temperature to ensure thickness uniformity.

Subsequently, the second layer of metallisation followed by photolithography with

alignment and etching is performed. To encapsulate the second level of metallisation,

a third PDMS layer of 10 µm is spun-on to complete the fabrication. The resulting

structure is then peeled off from the supporting silicon and transferred onto a 3 inch
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(a) (b)

100 μm 100 μm 

(c)

Figure 7.12. Fabricated second-order terahertz FSS. Optical micrographs of the (a) front and

(b) back layers. (c) Frame supported MEFSS after release.

EmitterDetector
FSS

Rotatable 
Base 

Lenses Lenses

Polariser Polariser

Figure 7.13. Measurement setup. Free-space measurement setup. A rotatable base is considered

for measuring the FSS performance at oblique angles of incidence.

clamp for testing. Figure 7.12 shows micrographs of the front and back metal layers

and the fabricated structure supported in a clamp for testing.
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7.3.5 Results and discussion

This section presents the simulation and experimental measurement results to evalu-

ate the performance of the designed FSS under different conditions. The free-space

measurement is performed using the Menlo Systems GmbH Tera K15. The measure-

ment setup is shown in Fig. 7.13. The setup is composed of Tera 15-SL25-FC and Tera

15-DP25-FC antenna modules acting as emitter and detector respectively that provide

2-port S-parameter measurement. The four identical lenses are made of polymer with

a diameter of 50 mm, an effective focal length of 54 mm, and a working distance of

46 mm. A rotatable base is used for the FSS to evaluate its response for different oblique

angles of incidence. The emitter and detector can be rotated around the propagation

axis to obtain TE and TM polarisations. Two polarisers are placed between the lenses

to have better polarisation purity in TE and TM mode measurements. A broadband

terahertz pulse is radiated from the emitter through the FSS to the detector. The four

lenses collimate and focus the beam onto the FSS. The transmission response is then

normalised with a response obtained from free-space measurement.

In Fig. 7.14, the measured transmission response of the fabricated FSS is plotted to-
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Figure 7.14. Measured and simulated transmission responses. Comparison between the simu-

lation and measurement results of the FSS transmission coefficient under normal angle

of incidence. The −3 dB bandwidth is shaded in grey.
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gether with the electromagnetic and equivalent circuit simulation results at normal

angle of incidence. As seen in this figure, a good agreement between the simulation

and measurement results is achieved within the measurement bandwidth. The center

frequency is 0.42 THz and the −3 dB bandwidth of the passband is around 45%. This

is wider than the designed 35% bandwidth because the dissipation losses in PDMS

decrease the quality factor (Q) of the front and back layers and hence increase the

bandwidth. A wide out-of-band rejection is obtained up to 1.5 THz below −25 dB.

The maximum loss in the passband is less than 5 dB. This loss is mainly attributed to

the dielectric loss in the PDMS layers. Additional simulations (not shown) reveal that

by replacing PDMS layers with a lower loss material such as cyclo-olefin copolymer

(COC), the insertion loss in passband is reduced to 1 dB. The discrepancies between

the measured and EM simulation results in the out-of-band response is attributed to

the limited dynamic range of the measurement system.

The performance of the proposed FSS for the oblique angles of incidence is also inves-

tigated through simulation and measurement. The simulated and measured transmis-

sion coefficients of the FSS for the TE polarisation are shown in Fig. 7.15. In addition,

Fig. 7.16 presents the simulated and measured transmission coefficients for the TM po-

larisation. In both cases, the results are presented for 0◦ − 60◦ incidence angles. As

observed, the FSS can reasonably sustain its original response at very large incidence

angles. However, the fractional bandwidth (FBW) is decreased for the TE polarisation

response as the angle of incidence increases. On the contrary, for the TM polarisa-

tion, the FBW is increased as the incidence angle increases. This is mainly due to a

change in the wave impedance for the two modes as described through (7.13)-(7.16)

(Behdad 2008). So, as the angle of incidence increases, Z0,TE will be increased resulting

in a larger loaded quality factor in the input/output resonators that causes a smaller

fractional bandwidth. On the other hand, in the TM mode, Z0,TM will be decreased

by increasing θ, and thus leads to a smaller loaded quality factor in the input/output

resonators and a larger fractional bandwidth. A small discrepancy between the mea-

sured TE and TM transmission responses under normal incidence is possibly caused

by a small difference in the system alignment and by a small anisotropy in the sample.

7.4 Conclusion

In summary, this chapter has presented the application of metamaterial-inspired minia-

turised elements in designing terahertz frequency selective surfaces.
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Figure 7.15. Scanning angle performance under TE polarisation. Transmission responses of

the proposed FSS for oblique angles of incidence with TE polarisation. (a) Simu-

lated transmission responses in CST Microwave Studio. (b) Measured transmission

responses.
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Figure 7.16. Scanning angle performance under TM polarisation. Transmission responses of

the proposed FSS for oblique angles of incidence with TM polarisation. (a) Simu-

lated transmission responses in CST Microwave Studio. (b) Measured transmission

responses.
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Two new second-order bandpass FSS prototypes have been proposed. The first FSS

prototype has been designed on a quartz substrate. An equivalent circuit model has

been developed for better insight into the FSS frequency response. The simulation

results of filter show a good selectivity in the passband. Further, a harmonic-free out-

of-band response up to 0.8 THz is achieved. The FSS shows a good immunity with

respect to oblique angles of the incident wave.

The second bandpass THz-FSS has been designed and implemented on a PDMS dielec-

tric substrate. An equivalent circuit is considered for modelling the FSS response. A

simple synthesis procedure has been developed based on the equivalent circuit and the

standard filter theory for designing the proposed FSS. The presented synthesis proce-

dure has been verified through both simulation and experimental results. The results

show a wide out-of-band rejection below −25 dB up to 1.5 THz. In addition, the spec-

tral responses of the FSS are consistent over a wide range of incidence angles for both

the TE and TM polarisations. The transmission level of the FSS in the passband can be

improved significantly by a low loss polymer such as COC for dielectric layers.
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Chapter 8

Conclusion and future work

D
EVELOPED around the concept of metamaterials, the orig-

inal contributions in this thesis are presented in three major

parts. The first part relates to the compact microwave planar

filters based on the metamaterial-inspired dual-mode resonators. The sec-

ond part is on the metamaterials-based microwave sensors. The last part

presents the frequency selective surfaces for microwave and terahertz ap-

plications based on the metamaterial-inspired miniaturised element unit

cells. This chapter provides the conclusions of this dissertation and sug-

gests future research on each of the three self-contained parts discussed in

this thesis.
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8.1 Part I: Metamaterial-inspired filters

8.1.1 Metamaterial-inspired dual-mode filters: Chapter 3

Background: Highly compact filters and circuit components are essential in devel-

oping many lightweight and portable electronics and communication systems. Con-

ventional microwave filters suffer integrability limitations. In order to achieve more

compact filters and circuit components, it is crucial for the resonators as a building

blocks to be much smaller than the operational wavelength.

Methodology: Metamaterial-inspired resonators such SRRs and CSRRs showed promis-

ing potential in miniaturising the size of conventional RF subsystems such as filters,

couplers and other circuits. This is because of the distributed capacitance and induc-

tance embedded in their geometry that result in high quality factor resonators with

compact sizes. Here, metamaterial-based dual-mode resonators are introduced as an

alternative building block for designing compact microwave filters. A dual-mode com-

plementary split-ring resonator (DMCSRR) has been developed by introducing a de-

fect to a conventional CSRR. Furthermore, the dual-mode behaviour of the comple-

mentary electric-LC (ELC) resonators is incorporated in designing compact filters.

Results: The dual-mode metamaterial resonators has been applied to the design of

compact bandpass and bandstop filters. Bandpass and bandstop filters designed based

on dual-mode CSRR show compact sizes of 0.0625λg × 0.18λg and 0.1λ× 0.18λg, where

λg is the guided wavelength. Moreover, the dual-mode bandpass filter based on com-

plementary electeic-LC resonator has a compact size of 0.11λg × 0.08λg.

Original contribution: For the first time, dual-mode metamaterial-inspired resonators

have been developed and their electromagnetic behaviour has been modelled accu-

rately based on lumped element circuits. These resonators have effectively been used

in designing miniaturised microwave planar filters (Ebrahimi et al. 2014a, Ebrahimi et al.

2014f).

Future work: The dual-mode resonators introduced in this thesis have been utilised

for designing second-order compact bandpass and bandstop filters. The applications

of these resonators are not restricted to the second-order filters. Future potential ap-

plications can be in the design of miniaturised dual-band filters or higher-order dual-

mode filters. They can also be applied in designing differential transmission lines or

differential filters with improved differential-to-common-mode ratios.
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8.2 Part II: Metamaterial-inspired sensors

8.2.1 Metamaterial-inspired microfluidic sensors: Chapter 4

Background: Microwave sensors for dielectric materials including liquids are of inter-

est in biosensing and chemical detection since they provide a label free, non-invasive

and real-time characterisation of biological or chemical samples. Despite that, a main

drawback associated with these designs is that a large volume of liquid solution is re-

quired to interact with the sensing field. Microwave microfluidic sensors considerably

decrease the amount of the required liquid for testing by integrating a tiny channel to

deliver the liquid sample to the most sensitive part of the sensor. However, the existing

microwave planar sensors exhibit lower quality factor and moderate fringing field that

are crucial for high sensitivity.

Methodology: In order to enhance the fringing fields, complementary metamaterial

resonators have been incorporated in the design of microwave microfluidic sensors.

A complementary split-ring resonator (CSRR) coupled with a microstrip transmission

line has been used for designing a microfluidic sensor with improved sensitivity. In

addition, a complementary electric-LC (ELC) resonator loaded on a microstrip line is

used for implementing a compact microfluidic sensor for characterisation of aqueous

solutions.

Results: The designed CSRR-based microfluidic sensor has been fabricated and tested

with ethanol-water solutions with different concentrations. The measurements showed

an enhancement in the sensitivity of CSRR-based sensor by fourfold with respect to

the conventional SRR-based microfluidic sensors. Additionally, the complementary

electric-LC based microfluidic sensor has been used to determine the glucose concen-

trations in water. The measurement showed an accurate linear sensitivity of the device

in determination of glucose concentration in aqueous solutions.

Original contribution: A high sensitivity microfluidic sensor has been developed with

CSRR that provides strong fringing electric field around the channel suited for accurate

dielectric characterisation. The designed sensor shows four times more sensitivity with

respect to the conventional microwave microfluidic sensors (Ebrahimi et al. 2014c).

Future work: The designed CSRR-based sensor is suitable for biological applications.

For applications in harsh industrial environment conditions or sensing the liquids with

more viscosity an optimised design without the microfluidic channel would be of in-

terest for more robust measurements. Furthermore, for implantable or on-body health
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monitoring applications the improved design on flexible and biocompatible substrates

is desirable.

8.2.2 Metamaterial rotation and displacement sensors: Chapter 5

Background: Metamaterial resonators such as split-ring resonators (SRRs), comple-

mentary split-ring resonators (CSRRs), and electric-LC resonators provide a high qual-

ity factor resonance, which is very sensitive to the environmental and geometrical pa-

rameters of the device. This makes them ideal for implementing displacement, symme-

try, and rotation sensors. Despite their high sensitivity, existing metamaterial-inspired

displacement and rotation sensors suffer low dynamic ranges and non-linearity of the

response.

Methodology: The U-shaped coupled resonators have been used for designing a wide-

dynamic-range rotation sensor. The resonators are meandered in a way that rotation

results in a larger coupling between the resonators. The large coupling shifts the reso-

nance frequency down that can be used for detection of the rotation angle. For imple-

menting a displacement sensor with a wide dynamic range, a complementary electric-

LC resonator loaded with a microstrip line is considered. Here, the displacement of the

microstrip line with respect to the symmetry line of the resonator shifts the odd-mode

resonance frequency down. The frequency shift is used to measure the displacement

of the transmission line with respect to the resonator.

Original contribution: A wide dynamic-range rotation sensor has been designed ex-

tending the sensitivity range up to 180°. Besides that, a linear rotation sensing char-

acteristic has been obtained by asymmetrically tapering the shapes of U-shaped res-

onators. The designed rotation sensor is compatible with MEMS technology integra-

tion (Ebrahimi et al. 2014d). A displacement sensor with a wide dynamic range of

1.6 mm is designed based on a microstrip-line loaded complementary-ELC resonator.

The sensor dynamic range can be extended by optimising the microstrip line width

or the resonator shape. Since the operation principle of the proposed sensor is based

on the variation of the resonance frequency, rather than the notch level, it has a better

immunity to the noise (Ebrahimi et al. 2014f).

Future work: Although, the dynamic range of the rotation sensor is extended up to

180°, in some applications a wider dynamic range up to 360° is required. So, an im-

proved design with 360° dynamic range could be investigated for these applications.
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Moreover, some modification on the rotation sensor might be of interest to use it for

angular rotation speed or acceleration sensing. Furthermore, the designed displace-

ment sensor has been validated with a series of static designs. A sensor with movable

parts fabricated by using MEMS technology should be considered in real-world appli-

cations.

8.3 Part III: Metamaterial-inspired FSSs

8.3.1 Tunable and dual-band FSSs: Chapter 6

Background: The advent of new multi-band and multi-standard electronic commu-

nication systems urges the design of components with tunable, reconfigurable, and

multiband functionalities. A major challenge in tunable and reconfigurable FSSs is

the bias network that adds undesirable spurious band to the spectral response of the

FSSs. In addition, in multiband FSS designs it is challenging to have a stable frequency

response under oblique angles especially at higher passbands.

Methodology: In this dissertation, miniaturised elements are used instead of the con-

ventional resonant unit cells for designing frequency selective surfaces. Thus, the unit

cell size of the designed FSSs is much smaller than the operation wavelength. This re-

sults in a stable frequency response with respect to the oblique incidence angles. Also,

the bias networks are designed in a way that they have minimal effect on the original

FSS response. It has been performed by embedding the bias network in the FSS unit

cell geometry.

Original contribution: For the first time, a low-profile second-order tunable bandpass

FSSs has been designed based on varactor diodes. Tunability is obtained by integrating

varactors in capacitive parts of the unit cells. A bias network has been embedded in

the FSS structure by using an inductive wire grid in each layer of the FSS. This tunable

FSS concept has been verified by fabricating a FSS prototype and measuring it in a

parallel plate waveguide setup (Ebrahimi et al. 2015b). Furthermore, a dual-band FSS

has been proposed with a unit cell size of λ0/10. The designed FSS shows a stable

frequency response under oblique incidence for both of the TE and TM polarisations of

the incident wave. The passband frequencies of the FSS can be independently designed

by properly optimising the unit cell dimensions (Ebrahimi et al. 2014a).
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Future work: We have designed and validated a second-order bandpass FSS for low

microwave frequencies. However, the varactor diodes are not applicable at higher mi-

crowave and millimetre-wave frequencies. Further research is required for designing

higher-order tunable FSSs at higher frequencies based on alternative approaches such

as liquid crystals or other tuning mechanisms.

8.3.2 Miniaturised elements terahertz FSSs: Chapter 7

Background: Frequency selective surfaces (FSSs) are fundamental components of ter-

ahertz imaging and spectrometry systems. A drawback associated with the conven-

tional THz-FSS structures is their low selectivity, out-of-band harmonics, and sensitiv-

ity to the oblique angles of the EM radiation.

Methodology: Miniaturised elements are considered as alternatives in designing tera-

hertz FSSs with higher-order responses. A double layer FSS has been designed. Since

the FSS is made of miniaturised elements, a circuit model has been utilised for mod-

elling its frequency response, and a synthesis procedure based on the equivalent circuit

is developed for an analytical design procedure.

Original contribution: For the first time, a second-order terahertz bandpass FSS has

been designed and verified based on miniaturised elements. The FSS shows a harmonic-

free out-of-band response upto 3 f0 where f0 is the center frequency of the passband.

The FSS response shows a very good stability for oblique angles of the incidence wave

for both TE and TM polarisations (Ebrahimi et al. 2015a).

Future work: The miniaturised elements have shown a good performance in designing

terahertz FSS with improved out-of-band response and high stability in the scan angle

response. Further research is needed to apply them in designing new beamforming

elements such as reflectarrays, transmitarrays, polarisation rotators, polarisation con-

vertors at the terahertz frequency range.
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