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CHAPTER 1

Introduction and Literature Review

This chapter aims to provide the growth and evolution of the fascinating world of
metamaterials, a special group of materials exhibiting negative values for permittivity
(€), permeability (1) and refractive index (n). A general introduction to metamaterials,
their history, classification and applications are included in this chapter. It also presents
a brief review about the major research works done in this field and highlights the
possibilities and potentialities of this artificially engineered material class. The aim

and objectives of the study and the organization of thesis are also included.



Chapter 1. Introduction and Literature Review

1.1 General Introduction

Over the last few years, metamaterial has become one of the most interesting
and highly focused areas of research in the field of microwave engineering. These
artificially engineered materials exhibit some extraordinary electromagnetic properties
at certain frequency bands ranging from microwave to optical spectrum, which arise due
to the negative values of permittivity (€), permeability (1) and index of refraction (n).
Generally the permittivity and permeability are both positive for ordinary materials.
But for materials like metals and plasma, permittivity possesses negative values below
their plasma frequencies. Natural materials with negative values of permeability are

seldom seen.

During the early 40’s, the metamaterial concept was known as ‘Artificial Di-
electrics’ [1]. Later in 1968, Victor Vaselago predicted the possibility of existence of
negative index materials and proposed a theoretical medium which were well matched
with Maxwell’s equations and demonstrated the unusual electromagnetic properties of
the proposed medium [2]. However this concept was not materialized for around three

decades due to the non-availability of negative permeability structures.

In 1999, John Pendry et al. introduced a negative permeability structure called
Split Ring Resonator (SRR) [3]. He also investigated the possibility of using an array
of thin wires through which negative permittivity can be achieved [4]. Combining thin
wires and SRRs, Smith et al. materialized the first metamaterial in 2000 [5, 6]. This
innovation made a revolutionary change in the field of material science and opened up
a new door of metamaterials. These materials, which may be termed as the 'material
of the millennium’ are also referred to as Double Negative Media (DNG), backward

wave media and Left Handed Materials (LHM).

2



1.2. History of Metamaterial

1.2 History of Metamaterial

The promising field of metamaterial has today become a major research area in
the field of science and engineering due to its exceptional properties and diverse ap-
plications. The Greek word 'meta’ means 'beyond’, indicates that the characteristics
exhibited by these materials are beyond that of natural materials. The first step in the
evolution of metamaterials is the concept of artificial dielectrics which was suggested by
Lord Rayleigh in 1892 [7, 8]. He designed a continuous medium using metallic spher-
ical shaped structures as the ‘basis’ having periodicity smaller than the interacting

wavelength.

Based on this concept, Winston E. Kock made a replica of certain materials having
similar characteristics as metamaterials in 1948 [1]. He used small metal spheres to re-
alize light weight lenses at microwave frequencies based on Lorentz theory to illustrate
artificial dielectrics. A detailed description of this phenomena is given by E. Collin
[9]. Jagadish Chandra Bose and Kari Ferdinand Lindman investigated the chiral prop-
erties of certain materials in the early 19'” century by which a negative permeability
behaviour was expected [10, 11]. In 1952, Schelkunoff and H. T. Friis proposed the
first artificial magnetic structure SRR without using any magnetic components [12]. A.
N. Lagarkov et al. investigated artificial magnetism using bi-helix inclusions [13]. In
radio frequency region, the first magnetic material known as swiss roll was introduced

by Witshire and Pendry in 2001 [14].

The term ‘metamaterial’ was first introduced by Rodger M. Walser in view of its
exotic properties [15]. Metamaterials are constructed by the periodic arrangement of
certain structures, similar to that of a crystalline structure. The structural parameters
of the ‘basis’ unit and the ‘lattice spacing’ should be much less than the wavelength of

the electromagnetic wave used. The basis of the metamaterial artificial medium may be
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made by using a pairs of elements, in which one component produces a negative value
for permittivity, and the other component produces a negative value for permeability.
Natural materials with negative permeability are rarely known. Some materials show
negative magnetic activity in the lower GHz region [16]. To attain this property at
higher frequency ranges, artificially designed structures with smaller dimensions may
be fabricated. The availability of modern engineering techniques for miniaturization
made possible the fabrication of structures in micro or nano scale which may lead to

the realization of a medium showing negative magnetic response.

In 1999, Pendry et al. fabricated an array of copper wires to produce negative per-
mittivity and an array of SRRs to produce negative permeability [4, 3]. By combining
these two arrays the first left-handed medium was constructed by Smith and his col-
leagues at the University of California at San Diago (UCSD) in 2000 [17]. Afterwards a
wide variety of metamaterial structures are proposed for specific applications and also

some modifications in its geometry are done to enhance its properties.

1.3 Classification of Materials

Materials can be classified according to the values of permittivity and permeability
as shown by the u - € curve in Fig. 1.1. The four quadrants represent different types of
materials. The first quadrant represents double positive materials whose permittivity
and permeability are greater than zero. Ordinary materials like dielectrics are double
positive and the wave propagation (phase velocity) and the energy flow (poynting vec-
tor) through them are in the same direction. The second quadrant symbolizes epsilon
negative material (ENG), where the permittivity, € is less than zero and permeabil-
ity, p is greater than zero. All metals and plasmas below their characteristic plasma

frequency show this feature.
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Figure 1.1: Classification of materials based on permeability and permittivity.

The third quadrant corresponds to double negative materials, those having neg-
ative values for both permittivity and permeability. No natural materials exist with
DNG feature. Artificially fabricated materials or metamaterials exhibit DNG char-
acteristics. The fourth quadrant stands for p negative material (MNG), where the
permittivity is greater than zero and permeability is less than zero. Certain magnetic
materials having chiral structures show these characteristics at certain frequencies with

narrow bandwidth.

If any one of the parameter is negative, the electromagnetic waves attenuate in
that medium but when both the parameters are negative, waves propagate through
the medium with its phase advancement opposite to the energy flow direction. A

representation of classification of metamaterials by a simple flow diagram is given in

Fig. 1.2.
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Figure 1.2: Chart showing the classification of different types of metamaterials.

1.3.1 Artificial negative permittivity structure at microwave frequencies

using thin wire array

Permittivity is the measure of the electric polarization within the materials. Nat-
ural conducting materials like metals show negative values of permittivity below their
plasma frequency which falls in the UV regime in most cases. Naturally occurring
plasmas like ionosphere also exhibit this negative permittivity characteristics where
the value of plasma frequency is lowered to regions of MHz frequencies because of its
low electron density in comparison with that of metals. The materials having this
negative permittivity characteristics can also be artificially engineered and the most
commonly used structure is a wire medium made of thin conducting materials. In this

case, the electron density may be lowered resulting in the favourable negative permit-
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1.3. Classification of Materials

tivity properties at microwave frequencies. This thin wire medium is also referred to
as artificial plasma. In 1962 Rotman et al. synthesized an artificial medium using an

array of inductive wires [18].

LN

Figure 1.3: Negative permittivity artificial wire medium showing the periodicity a and radius r of
the wire.

Later in 1999, Pendry et al. fabricated an array of conducting thin wires which
behaves like plasma and possess negative permittivity over a wide range of microwave
frequency spectrum [4, 19]. Negative permittivity is visible when these structures in-
teract with an electromagnetic wave whereby the exciting structures act as electric
field coupled resonators [20]. The relative permittivity of a medium depends on the
frequency of the interacting electromagnetic wave. The expression for relative permit-

tivity as a function of angular frequency w is given by the expression

er(w)=1— "2 (1.1)
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Here ‘w,’ is known as the plasma frequency of the medium and it is given by

N 2
Wy = || — (1.2)
€gm
where N is the electron density of the medium, e is the charge of an electron and

m is the mass of the electron. When w <w,,, the relative permittivity becomes negative

and the corresponding material medium shows plasma behaviour.

Fig. 1.3 depicts an artificial plasma medium using an array of thin wires of radius
r having lattice spacing a. The array is excited with an electromagnetic wave in such
a way that the electric field vector is parallel to the wires. Then the movement of
electrons are confined only inside the wires which leads to a reduced effective electron

density Ny and is given by [16]

2
r
Neff - ?N (13)

Due to the high inductance and reduced effective electron density, the effective electron
mass attains a large value and it is given by
Hor?Ne? @

meff: —2 n;. (14)

Now the plasma frequency in (eqn 1.2) becomes ,

N,jpe?
wy = 4| —HL& (1.5)
Meyfr€o
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such that the plasma frequency of thin wire array becomes

wp? = — (1.6)

where c is the velocity of light.

From eqn. 1.6, it can be seen that the plasma frequency of the thin wire structure
only depends on its lattice spacing and the radius of wire. So it is easy to design
plasma frequency of the wire medium in the lower frequency part of the microwave
spectrum by simply adjusting the radius of the wire and lattice spacing. If the incoming
electromagnetic wave has frequency less than the plasma frequency, then the thin wire

structure acts as a negative permittivity medium according to eqn 1.1.
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Figure 1.4: Dispersion diagram of thin wire structure showing the frequency dependent behaviour
of relative permittivity. For frequencies less than w), the relative permittivity becomes negative.

Fig. 1.4 depicts the frequency dependence behaviour of relative permittivity of

a thin wire structure. Investigations on the electromagnetic response of some related

9
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wire structures are also reported. The electromagnetic properties of 3D wire mesh
are investigated by D. F. Sievenpiper et al [21]. S. I. Maslovski et al. proposed an
analytical wire media with negative effective permittivity [22, 23]. The design of an
isotropic negative permittivity medium using triple wires is presented by M. Hudlicka

and J. Machac [24].

1.3.2 Artificial negative permeability structures at microwave frequencies

using Split Ring Resonator

Permeability is a measure of the magnetization of the material when exposed to an
external magnetic field. Naturally occurring materials having negative values of per-
meability are rarely seen. This forced the researchers to think about the development
of negative permeability structures by artificial means. The most popular unit cell of
microwave metamaterials for realizing negative permeability is SRR and this structure
is proposed by Pendry et al [3]. Tt consists of two interleaved metallic rings that have
splits on diametrically opposite sides and this structure is also called Edge Coupled
SRR (ECSRR). Other variants of SRRs like complementary SRR (CSRR), Broadside
Coupled SRR (BCSRR) and multi ring SRR are of much importance and are seen to
have a wide variety of applications [25, 26, 27]. These structures are also fabricated in

different shapes like square, circular and triangular geometries.

Other resonating structures like spiral resonator, omega shaped structure, S-shaped
structure, hexagonal SRR [28] etc. also show negative permeability behaviour. More
details of these structures are described in chapter 2. In presence of an external elec-
tromagnetic field, these structures show a resonance behaviour in terms of its effective
inductance and capacitance resulting in a narrow band of negative magnetic response
for frequencies just above the magnetic resonance frequency. Fig. 1.5 shows typical

response curve of such a negative permeability structure demonstrating the negative

10
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Figure 1.5: Dispersion diagram of a typical magnetic resonating structure showing the negative
permeability region between w;,, and wiyy,.

response between the resonance frequency w,,, and the upper end of the resonance
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1.3.3 Negative refractive index materials

By combining the negative permittivity thin wires and negative permeability SRRs,
a double negative medium (DNG) or a medium with negative refractive index can be
realized. A schematic diagram showing the metamaterial obtained by combining the
thin wires and SRRs is shown in Fig. 1.6. This composite structure is proposed by
Smith et al [17]. But the realization of the negative index medium with verification of
negative refraction is performed by Shelby et al [29, 30]. Weiland et al. investigated
the transmission and reflection properties of negative index materials [31]. A negative
index metamaterial, which utilized co-planar waveguide is proposed by Anthony Grbic

et al. and they realized backward radiation properties which may find applications in

11
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Figure 1.6: Schematic representation of artificial single layer composite metamaterial structure real-
ized by combining thin wires and SRRs.

wireless communication and radar [32].

Several researchers have investigated the negative index metamaterial both theo-
retically and experimentally in microwave and optical frequencies [33, 34, 35]. Fig. 1.7
shows the dispersion diagram of a negative index composite medium. It is seen that
in a small frequency region both the permittivity and the permeability exhibit nega-
tive values indicating the negative refractive index behaviour at the marked portion.
Because of the negative values for €, ;1 and n, metamaterials show some extraordinary

properties other than natural materials.

1.4 Reversal of Snell’s Law in Metamaterials

Metamaterials show several unusual electromagnetic properties which are different
from the natural materials. The unique properties of these materials are due to the
negative value of refractive index. In such materials, the direction of advancement of

%
phase (k) and the direction of energy poynting vector (?) are in opposite directions

12
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Figure 1.7: Dispersion diagram of both the negative permeability and negative permittivity reso-
nances showing the negative index region where both the curves show negative values.

i.e. it shows a significant deviation from the propagation nature exhibited by natural
_>

materials, where both k and g are in the same direction. Fig. 1.8 depicts the

propagation of electromagnetic wave in both right handed and left handed medium.

Owing to this, the fundamental optical principle Snell’s law also shows a reversed

property.

The relation existing between angle of incidence, angle of refraction and refractive

indices of two different material medium is given by Snell’s law,
nysinb; = nasind, (1.7)

where n, and ny are the refractive indices of the two media, while #; and 6, are the
angle of incidence and angle of refraction. In positive index medium the refracted

wave advances to the opposite side of the normal, while in negative index materials,

13
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Figure 1.8: Refraction of waves in (a) double negative medium and (b) double positive medium.

the refracted wave advances in the same side of the normal and hence the angle of
refraction becomes negative. This is the major unusual property that metamaterial

exhibits and it is termed as negative refraction or reversal of Snell’s law [36].

Shelby et al. verified the negative refraction using a composite medium obtained
by thin wires and SRRs [29, 30]. Since the direction of energy poynting vector §
and the phase propagation direction are opposite in metamaterials as shown in Fig.
1.9, they may also show some associated effects like reverse Doppler effect and reverse

Cerenkov radiation.
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Figure 1.9: Propagation direction of energy poynting vector S in comparison with the propagation
wave vector k in (a) right handed medium and (b) left handed medium.

1.5 Applications of Metamaterials

More and more researchers are attracted to the growing field of metamaterial
because of its potential applications in amplification of the evanescent waves, frequency
selective surfaces, miniaturized antennas, wireless communication, cloaking, sensing
etc. Another interesting application of metamaterial is a super-lensing with high image
quality, which can focus information smaller than the wavelength of electromagnetic
wave used [36]. Some of the major applications of metamaterials are discussed in the

following sections and are also pictorially represented in Fig. 1.10.
1.5.1 Cloaking

One of the interesting proposed applications of metamaterial is in cloaking, the

bending of electromagnetic wave field around an object without reflection and absorp-

15
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Figure 1.10: Chart showing various applications of metamaterials.

tion but making the object invisible. Transformation optics is used for the designing
process of cloaking. The properties required to realize cloaking is that the material
should be anisotropic, inhomogeneous and spatially invariant. Schurig et al. realized
first microwave metamaterial cloak in 2006 [37]. The imperfection in the proposed
cloak was reduced by conformal mapping technique introduced by F. Leonhardt et
al [38]. At optical frequencies a non-magnetic cylindrical cloak was realized by re-
moving undesired scattering using higher order transformation technique by Cai et al
[39, 40, 41]. An inverse cloak was designed by Xu et al. which worked for all polariza-
tions simultaneously [42]. Ribeiro and Paiva attempted some other types of invisibility

cloaks designed by mathematical approach [43].

16
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1.5.2 Superlens

Another major applications of metamaterial is the proposal of superlens. Dennis
Gabbor in the early 20" century used the term superlens to introduce a different lens
array system [44]. The major limitation of conventional lens system is the diffraction
limit, and hence the lens does not consider the near field objects during focusing. This
limitation can be overcome with the metamaterial superlens. Pendry et al. introduced
the first perfect lens system in 2000 using negative refraction that can focus the entire
emitted spectrum [36]. Fig. 1.11 shows the double focusing effect of negative index
medium which is utilized in superlens. Afterwards Smith et al. reported some possible
limitations of the subwavelength imaging using a negative index slab [45]. Wiltshire
et al. proposed near field imaging endoscope using swiss roll [46]. Liu. Z. et al.
have introduced a super resolution diffraction-free lens [47]. Anthony Grib and George
Eleftheriades investigated the process of beating the diffraction limit with the help of

transmission line lens [48, 49].

Several researchers reported far field imaging system beyond and below the diffrac-
tion limit for improved resolution [50, 51, 52]. Igor I. Smolyaninov et al. reported super
lens in the visible frequency range [53]. Wyatt Adams et al. reported a loss compen-
sation method for Pendry’s lens using plasmon injection scheme [54]. Xu Zhang et al.
implemented high resolution hyperlens with loss compensation scheme [55]. W. S. Hart
investigated ultra high resolution low loss superlens using semiconductor metamaterials

[56).

1.5.3 Antennas

Antenna related researches are another important area of application of metamate-

rials. Irfan Bulu et al. reported a highly directive antenna using metamaterial medium
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Figure 1.11: Demonstration of double focusing using negative refractive index metamaterial flat
lens.

[57]. R. W. Ziolkowski introduced electrically small metamaterial antennas [58]. An
impedance matching wideband antenna with tunability is proposed by Chunchen Lin
[59]. Prathaban Mookiah and Kapil R. Dandekar proposed metamaterial substrate
based antenna array having the properties of less mutual coupling, size reduction and

improved channel capacity [60].

A. Sondas et al. proposed a micro strip patch antenna with SRR based sub-
strate with tuning capability [61]. J. Kizhakooden et al. has realized a featherlight
negative permittivity metamaterial inspired horn antenna which may find important
applications in astronomy and satellite communication [62]. They have also proposed
a negative permeability BCSRR loaded multiband microstrip patch antenna which

can be used to radiate different frequencies simultaneously, which may be useful for

18
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Wi-Max, Wi-Fi, Wi-LAN and Blue tooth applications [63].

1.5.4 Absorbers

Microwave absorbers are another important application area of metamaterials.
Absorbers are particular materials which can be designed to control the transmission
and reflection properties of the interacting wave. The choice of absorber for a particular
application demands the frequency of absorption, designing pattern of the element and
thickness. Winfield W. Salisbury developed an absorbant body for electromagnetic
waves in early 1950’s [64]. Filiberto Bilotti et al. proposed an absorber at microwave
frequencies using split ring resonators in 2006 [65]. Another metamaterial absorber
was proposed by N. I. Landy et al. in 2008 [66]. J. F. Wang et al. investigated 3-
dimensional metamaterial absorbers [67]. Li Huang et al. introduced metamaterial
absorbers at THz Frequencies in 2012 [68]. A special type thin light weight absorber
with bandwidth wider than conventional frequency selective surface absorber used for
stealth technology is proposed by Liang Kui Sun et al [69]. An absorber with flexibility
is introduced by Y. J. Yoo et al. which can be used to suppress the mobile radiation

[70].

Jinfeng Zhu et al. proposed a design using split square loops with varactor diode,
acting as a microwave absorber with greater tunability [71]. A broadband absorber
using circular split rings is designed and reported by Saptarshi Ghosh et al. which is
ultra thin and can be used for applications like stealth technology [72]. Some research
works are reported which dominates the absorption properties of sound waves using
acoustic metamaterials. Hao Meng et al. investigated that an optimized metamaterial
slab can absorb a wide band of underwater sound waves which may find application in
the design of anechoic coating [73]. Tunable negative modulus acoustic materials with

strong resonant characteristics using multi split hallow sphere is also reported [74]. A
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detailed review of absorption of sound is written by Y. I. Bobrovnitskii in 2018 [75].

1.5.5 Sensors

Another major application of metamaterial is in sensor field. The essential param-
eters that influence the performance of a sensor are sensitivity and resolution. Robert
W. Boyd and John E. Heebner reported a sensitive biosensor in 2001 [76]. Plasmon
resonance microwave sensor, developed using negative index materials are reported by
Ishimaru et al [77]. John F. O’Hara et al. investigated planar metamaterial thin film
sensors in THz region [78]. Rohat Melik et al. introduced tape based wireless strain
sensors using SRRs [79]. Sensing the dielectric samples using THz SRR are studied
by Kenta Hattori et al [80]. Jordi Naqui et al. investigated novel sensors as position,
angle and alignment sensors using the symmetry property of SRR [81, 82]. Pressure,
humidity and temperature sensors using BCSRR are investigated by Evren Ekmecki et
al [83]. M. S. Boybay et al. reported near field sensor for detecting biological tissues,

location of buried objects etc. using metamaterial unit cells [84].

Sreedevi et al. developed a dielectric permittivity measurement sensor using SRR.
They also carried out temperature dependent relative permittivity studies [85, 86] and
humidity dependent studies of pulses and cereals using negative permeability SRR unit
cells [87]. Sikha et al. made a vibration sensor using a specially designed BCSRR unit
which may be used for detecting different types of natural and man made tremors
[88]. They also reported a novel direct amplitude modulation technique using BCSRR
as a sensor element [89]. Anju et al. realized sensors for precise determination of
concentration of liquids [90] and a special type of rotation sensor using SRR units [91].
Hazel et al. reported a dielectric thickness sensor using a transmission line coupled

SRR [92].
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1.5.6 Frequency Selective Surfaces (FSS)

Frequency Selective Surface (FSS) is a panel used to select or reject a particular
frequency band like filter and the filtering characteristics depend upon the shape and
spacing of the different designs printed on the surface. Using asymmetric SRR, a FSS
is designed to detect small frequency variations for biochemical sensing applications
in the THz frequency range [93]. Farhad Bayatpur designed a loop-wire FSS and
investigated the tuning possibilities of metamaterial based FSS using surface mount
capacitors with sample dimensions less than the wavelength used [94, 95, 96]. Different
multilayer metamaterial F'SS structures using transmission line transfer matrix method
are designed by H. Oraizi [97]. Another type of FSS consisting of rectangular SRR and
T-shaped resonators as unit cells with stable incident angle and polarization is designed
and proposed by Safiullah Khan which can be used in sensors and anti-reflection coating

98).

1.5.7 Material characterization

Another important application area of metamaterial is in material characterization.
The characterization of dielectric properties of a material can be mainly carried out
by resonant and non resonant methods. In non resonant method, the properties of the
material are derived from the impedance and wave velocities over a wide frequency
range. The resonant method, which is highly accurate and sensitive than non resonant
method is used to measure the permittivity and permeability of low loss samples at a
fixed frequency. Sreedevi et al. reported a direct and efficient method for determining
the complex permittivity values of low loss materials using SRR units [86, 99, 85]. The
permittivity measurements of liquids using SRR are presented by Erick Reyes Vera et

al. which can be used in the bio-sensing applications and in food industry for quality
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analyzing [100].

Kuiwen Xu et al. proposed a novel sensor using multi-layered coupled SRR for
improving the Q-factor and measuring the complex permittivity of unknown samples
[101]. A low loss high sensitivity sensor using symmetrical SRR is proposed by R. A.
Alahnomi for material characterization of solid samples which can be found applications
in bio-medical field and in quality control measurements [102]. A sensor with high
sensitivity is proposed by M. S. Boybay et al. using SRR or CSRR units for the
characterization of material properties. The method of fabrication of the sensor is quite
simple and economical and it utilizes the microstrip technology [103]. Another sensor
is presented by Chieh-Sen Lee et al. using square CSRR which can be incorporated
in several microwave circuits [104]. They also reported a high resolution sensor for
determining the relative permittivity and thickness at the same time using single and

multi layered structural units [105, 106].

1.6 Objectives of the Study

The present study aims at the design and development of certain novel flexi-
ble metamaterial structures with variable structural and dielectric parameters at mi-
crowave frequency. They include SRR, BCSRR, Wire Split Ring Resonator (WSRR)
and Wire Broadside Coupled Split Ring Resonator (WBCSRR). The resonant proper-
ties of the artificially fabricated structures mainly depend on the structural parameters

like size, shape and spacing, and also on the dielectric properties of the substrate.

The main objective of the study is to develop different flexible resonators like
SRR, BCSRR and WSRR and to analyze their variation of resonant frequency and
bandwidth with respect to different structural parameters and substrate parameters.

Based on the new designs proposed for flexible BCSRR, the thesis investigates the
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possibility of realizing a wide band frequency selective metamaterial surface. Usually
the SRR structures are fabricated on substrates using photochemical etching or printing
methods. New ingeniously developed fabrication techniques other than those methods

commonly employed are also detailed.

1.7 Glance at the Coming Chapters

Chapter 2 presents a detailed description of the negative permittivity and nega-
tive permeability structures. This chapter also mentions other mostly explored struc-
tures like BCSRR, Double sided SRR (DSRR), Omega (2) shaped structure and S-
shaped structure. Negative permeability structures are very rarely seen in nature.
Certain chiral materials show negative permeability at certain frequencies. But for
specific applications, we have to design an artificial material for attaining negative per-
meability. SRRs are the most popular unit cells used for realizing negative permeability
and the present work is mainly concentrating on this structure. Each unit cell of SRR
acts as a LC oscillator in an external magnetic field and cause sharp absorption of mi-
crowave power corresponding to its resonant frequency. Tuning the resonant frequency
of SRRs by various methods is also mentioned in this chapter. A detailed description
of experimental set up using Vector Network Analyzer (VNA) to study transmission

properties of SRR structure is also given.

Chapter 3 focuses on the development of a novel flexible SRR structure, its
fabrication and study of its resonant characteristics. This novel SRR is the first flexible
negative permeability structure in the microwave regime. This new design will pave
a new way to the microwave industry for lot of applications like microwave absorbers
and wearable microwave devices. A thin copper sheet coated with liquid photo-resist

is fixed on a polymer film and it is exposed to ultraviolet light using suitable mask and
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is subjected to chemical etching for materializing the structure.

Another novel method is also proposed for the fabrication of SRR using a printer.
Instead of photo-masking, the SRR shapes are printed directly on the copper sheet
and after that it is glued on a polymer film before doing chemical etching. The sec-
ond method is simple and better. This novel flexible SRR fabricated on a thin inert
substrate gives good resonant absorption of microwave power. Tuning the resonant
frequency by varying the permittivity and thickness of the substrate is also presented.
The result shows large shift in resonant frequency by using substrates of Polymethyl

methacrylate (PMMA) and wax of different thicknesses.

In this chapter the structural parameter variation study of flexible SRR is also
presented. By altering the inner radius, metal width, gap distance between rings and
slit width of a flexible SRR, the resonant frequency can be tuned to desired values.
A comparative study with SRR fabricated on rigid substrate is also included. The
flexible SRR shows large frequency variation than SRR fabricated on rigid substrates.
The absorption and scattering losses, which depend on the substrate parameters, are
almost eliminated for this structure. The flexibility makes it usable in FSS of any

shape. The experimental results are also verified by simulation.

Chapter 4 describes a modified version of SRR named as flexible BCSRR with
its fabrication, resonant frequency characteristics and effect of dielectric substrate on
the resonant frequency. BCSRR consists of two identical split rings located on two
sides of the substrate with its splits in diametrically opposite ends. This structure also
shows sharp resonant absorption. The effect of dielectric substrates on the resonant
frequency of flexible BCSRR is also analyzed by using substrates of PMMA and wax.
Another important advantage of this novel BCSRR structure is the possibility to vary

resonant frequency by changing the spacing between the rings since the two rings are
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fabricated on separate polymer films. The spacing between the rings is adjusted using
pieces of papers or cloths of small dielectric constant. A remarkable shift in resonant

frequency is observed for a small change in spacing between the rings.

The structural parameter variation can also affect the resonant frequency of flexible
BCSRR. The experimental results are also verified by using simulation method. The
application of this novel flexible BCSRR as microwave absorber is described in the
next section. The negative index property of the bulk medium realized using BCSRR
as metamaterial absorber is explained. The spacing between rings are progressively
adjusted using layers of cotton fabric. A specific absorption band can be designed by
properly modifying the structural parameters of the BCSRR structure. Along with
the flexibility, the structure provides added advantage of wide band frequency tuning

possibility. This BCSRR may find application in FSSs and in cloaking mechanism.

Chapter 5 comprises of the design, fabrication and resonant characteristics study
of a new type of SRR fabricated using conducting wires. The fabrication method of
this new WSRR is quite simple compared to other SRRs. No complex procedures like
photo masking and chemical etching are involved. The WSRR unit cells are constructed
using copper wires bent into the form of split rings using a cylindrical cavity shaped
mold and by fixing them on a thin polymer film. The structure shows sharp absorption
dip in the transmission spectra. The results of WSRR are compared with that of the

conventional SRR of same dimension fabricated on a rigid substrate.

WSRR structure has sharp absorption and lower bandwidth compared to SRR. The
experimental results are evaluated with the theoretical values and they are confirmed
by simulation method. This chapter also discusses the realization of a bulk meta

structure using WSRR which may find application in microwave wideband absorption

realm. The structural parameter variations of WSRR and Wire BCSRR (WBCSRR)
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are also carried out and they show higher structural dependent frequency tunability
than conventional one. The other significant characteristics of WSRR are the enhanced
Q-factor, high sensitivity and the avoidance of any rigid supporting substrate. The
application of novel flexible WSRR structure may have potential applications in the

field of sensors, material characterization studies etc.

The last chapter gives the summary of the results obtained in the present research
work. It also describes the relevance of the work in microwave industry and discusses
the scope of future work in this new field of research. The results of the study revealed
that by suitably changing the dielectric substrate and structural parameters of the novel
proposed types of SRR structures, the resonant frequency can be precisely tuned to any
desired value. The proposed structures may also find applications in frequency selective
surfaces, cloaking and various types of sensors and absorbers. It is also observed
that the method of fabrication employed here can be extended to flexible and tunable

negative index metamaterials.
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CHAPTER 2

Negative Permeability Split Ring Resonator

Structure

Materials generally show good response to electrical excitations at wide frequency
range. But magnetic response is not observed in all frequencies particularly at higher
frequencies. In ferromagnetic and ferrimagnetic substances, a limited or a narrow band
magnetic response is observed in low frequency regions. A material with negative per-
meability, which can be used for different frequency regions are not available in nature.
So artificial structures which show strong magnetic response for particular applications
in specific frequency ranges have to be designed. Split Ring Resonator (SRR) is the
most commonly used microwave component showing negative permeability. This chap-
ter mainly deals with the SRR, its electromagnetic response, its different variants and
also other resonators having different shapes. It provides a review of SRR structure,

applications and different measurement methods to analyze its resonant characteristics.
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Chapter 2. Negative Permeability Split Ring Resonator Structure

2.1 Split Ring Resonator

Split Ring Resonator (SRR) is designed and proposed by Pendry et al [3]. For
designing a negative permeability material, Pendry first considered an array of metallic
cylinders with radius r. The magnetic resonance in relation to the effective permeability

of the SRR structure may be written as [16]

2.1

where B,y is the effective magnetic induction and H. ¢y is the effective magnetic field.

They are given as

Beff = ,UoHo (22)
and
2
Tre .
Hepp = H, — ey (2.3)

where H, is the applied magnetic field and 7 is the induced current per unit length of

the cylinder. Now the effective relative magnetic permeability of the structure becomes

2

a2
2p
oW

fer =1 — (2.4)
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where a is the periodicity, p is the resistance per unit length of the cylinder surface and
w is the angular frequency of the exciting electromagnetic wave. But the value of ji.s¢
observed is not negative for this system since the response is mainly due to inductance
alone. To introduce a capacitive element, Pendry considered two cylindrical conductive
shells with splits in diametrically opposite ends as shown in Fig. 2.1 (a). The split

blocks the current through the rings and generate a capacitance across the splits.
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2.1. Split Ring Resonator

The combined effect of capacitance and inductance results in a resonance. But the
problem about this structure is anisotropy which arise due to the flow of current along
the length of the cylinder. It produces a metal like response and causes a dominant
electrical resonance activity. So Pendry modified the structure into a flat disk form
of split rings which reduces the electrical activity and also eliminates the continuous

conducting path considerably.
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Figure 2.1: Schematic representation of (a) cylindrical shells with splits and (b) flat SRR unit with
structural parameters.

For the new structure, the effective permeability equation takes the form as [107]

w2

2
e =1- a
Hetf 14 2ip 3dc?

(2.5)

fowr  T2w?r
where d is the split width and c is the velocity of light.
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Chapter 2. Negative Permeability Split Ring Resonator Structure

This proposed structure is widely called as Split Ring Resonator (SRR) or Edge
Coupled SRR (ECSRR). A schematic diagram of the ECSRR structure is shown in
Fig. 2.1 (b). It consists of two concentric rings having different radii and splits at
diametrically opposite ends. The splits on the rings and gap between the rings induce
a capacitance which results magnetic resonance in SRR. The splits blocks the current
flow through the rings but the current flow is maintained by the mutual inductance
between the rings. The closed ring will not have magnetic resonance but will maintain

electrical resonance.
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Figure 2.2: Schematic representation of two-dimensional array of SRRs with periodicity a.

When an external magnetic field is applied perpendicular to the plane of SRR
as shown in Fig. 2.1(b), the SRR will act as a magnetic dipole with strong magnetic
activity. The magnetic resonance resulting from internal capacitance and inductance of
SRRs is based on Faraday’s law of induction. A schematic diagram of one dimensional
array of SRR units with lattice spacing a is shown in Fig. 2.2. Each unit cell acts
as a LC oscillator in an external magnetic field causing sharp absorption of power
corresponding to the resonant frequency. The charge distribution in an SRR and its

equivalent circuit is given in Fig. 2.3 (a) and Fig. 2.3 (b) respectively. Since the
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2.1. Split Ring Resonator

capacitance due to the splits in the rings is negligibly small in comparison with the

gap capacitance between rings, it is not taken into account in certain situations.

L

(a) (b)

Figure 2.3: SRR structure with (a) charge distribution and (b) its equivalent circuit.

The resonant frequency of this structure in terms of its intrinsic inductance L and
capacitance C' is given by

f=—= (2.6)

For a homogeneous medium of SRR having inner radius r, lattice constant a, gap

between rings s and metal width w, the resonant frequency is given by [107]

3sc?

w23

2.7)

Wmo =

where c is the velocity of light and the magnetic plasma frequency wy,, is given by

3sc?
Winp = —71'7“2 (2.8)
7T27’3(1 — ?)

The SRR structure gives negative values for permeability in the frequency range of w,,

< w < Wy which is a narrow band.
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Chapter 2. Negative Permeability Split Ring Resonator Structure

Different research groups have thoroughly examined the magnetic resonance be-
haviour of SRR structure and they also proposed different equivalent circuits by consid-
ering their elemental behaviour. Marques et al. proposed an equivalent circuit model
for SRR by examining the bianisotropic properties [108]. J. D. Baena et al. reported
equivalent circuit models with split capacitance and dielectric losses [109, 110]. M.
F. Wu et al. designed an equivalent circuit model for a rectangular SRR using mod-
elling methods of spiral inductors for multiple frequency bands [111]. An improved
equivalent circuit for three dimensional array of SRR is designed by Chen et al [112].
Later Shamonin et al. reported a modified circuit model for SRR [113]. Bilotti et al.
investigated an equivalent circuit model by considering the conductor and dielectric

losses for various types of resonators [114].

In 2009, Cui et al. suggested a symmetrical circuit model for all types of meta-
materials [115]. Yasar Orten et al. developed an equivalent circuit model for SRR
arrays in 2010 [116]. The transmission characteristics of single SRR is proposed and
an expression for total capacitance which is the sum of gap capacitance and surface
capacitance is derived by Sydoruk et al [117]. Another important conceptual develop-
ment in the analysis of SRR is proposed by Sreedevi et al. where they have considered
the effect of capacitive contribution from both sides of the split rings, a noticeable

advancement from the previous reported works [99].

SRRs of different geometries are reported by various research groups. S. Maslovski
et al. introduced metasolenoid, a new artificial magnetic material in microwave region
and also verified by simulation [23]. Joseph Helszajn and David S. James theoretically
and experimentally investigated planar triangular resonators in 1978 [118]. Ittipiboon
et al. proposed aperture-fed rectangular and triangular shaped dielectric resonators
[119]. Sabah et al. reported S and C band tunable metamaterials using triangular SRR

and wire strips [120, 121]. Resonator structures with various shapes like Hexagonal
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[122, 123], Rhombic [124] and Oval [125] were also reported by different authors. A

schematic representation of commonly used ECSRR geometries are depicted in Fig.

24.

(a) (b)

() (d)
()

(e

Figure 2.4: Schematic diagrams of ECSRRs showing different geometrical shapes (a) circular, (b)
rectangular, (c) triangular, (d) hexagonal, (e) oval and (f) rhombic.
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Chapter 2. Negative Permeability Split Ring Resonator Structure

The SRR shows bianisotropic characteristics which arises from the magnetoelectric
coupling or cross polarization effects. It is undesirable in some applications and hence
to avoid the bianisotropic behavior of SRR, new forms of structures were investigated
by researchers. A significant discussion on the role of bianisotropic nature of ECSRR
is given by R. Marques et al [108]. In order to eliminate the bianisotropy, they have
introduced a new structure called Broadside Coupled Split Ring Resonator (BCSRR).

A discussion on BCSRR is followed in the next section.

2.2 Broadside Coupled Split Ring Resonator Structure

In order to overcome the limitations of ECSRR like bianisotropy, lower limit for
resonant frequency etc., several other designs have been proposed and analysed. Broad-
side Coupled SRR (BCSRR) proposed in 2002 by R. Marques et al. [108] is one among
the most explored structures. Conventional BCSRR units are fabricated on double
sided PCBs by etching split rings on both sides of the substrate co-axially with the
splits at diametrically opposite ends. The schematic representation of BCSRR with a
transparent substrate is given in Fig. 2.5. Marques et al. performed a comparative
analysis of the properties of conventional ECSRR and BCSRR [126]. The important
parameters that influence the resonant frequency of BCSRR are the permittivity and
the thickness of the substrate material. The resonant frequency varies inversely with

square root of both substrate thickness and permittivity of substrate.

The effect of substrate parameters on the resonant frequency of BCSRR was the-
oretically investigated by Ekmecki et al. and Sheng et al [127, 128]. In 2009 Ekmecki
et al. reported an equivalent circuit model for BCSRR and ECSRR and presented a
comparison between them [129]. They also reported tunable THz metamaterial using

BCSRR [130]. Different numerical and experimental studies related to the electrical
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Figure 2.5: Schematic representation of BCSRR showing the structural parameters having circular
geometry.

size and resonant frequency of BCSRR are also performed by them [131]. Tunable and
modified BCSRR (MBCSRR) are proposed by J. Wang et al [132]. The experimental
and theoretical study of mutual coupling of BCSRR are done by J. Machac et al [133].
A novel type of BCSRR loaded frequency tunable monopole patch antenna is presented
by K. Joe et al [63].

2.3 Other Types of Magnetic Resonator Structures

Other types of resonator structures explored are Double sided SRR (DSRR), Com-
plimentary SRR (CSRR), multi-ring SRR, spiral resonators, labyrinth-based metama-

terial structures, S-shaped, V-shaped and €2-shaped resonators are also attempted.

2.3.1 Double Sided SRR (DSRR)

Another structure called Double sided SRR (DSRR), analyzed by different re-
searchers, is a mixture of both ECSRR and BCSRR, where two ECSRRs are placed
on the two sides of a dielectric substrate. A schematic representation of DSRR with

circular geometry on a transparent glass subsrate is shown in Fig. 2.6.

A comparative study using numerical simulation of ECSRR, DSRR and BCSRR
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Figure 2.6: Schematic representation of a circular double sided SRR on a transparent substrate.

structures showed that DSRR can provide better miniaturization and can have wider
half-power bandwidth when compared to other conventional structures [129]. Effects
of substrate parameters on resonant frequency of DSRR structure under magnetic and

electric excitations are also investigated [127].

2.3.2 Complimentary SRR

Complimentary SRR (CSRR) is proposed by F. Falcon in 2004 and is fabricated by
removing the conducting parts of perfectly thin sheet in the shape of SRR. The Fig. 2.7
shows the schematic representation of CSRR. The designing of CSRR is based on the

Figure 2.7: Schematic representation of CSRR.
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Babinet’s principle. A metamaterial antenna using CSRR with enhanced performance
and reduced coupling effects is proposed by Bisht et al [134]. Tt is claimed to be
suitable for different types of filters also. A compact antenna for improving isolation
requirements of antenna array suitable for 5G communication elements is designed and
proposed using CSRR by R. Selvaraju et al [135]. CSRR can also be used for various
applications like satellite communication [136], material characterization [137], sensors

[138] and wireless applications [139].

2.3.3 Multi-ring SRR

Figure 2.8: Schematic representation of multi-ring SRR.

A novel structure using multi-ring SRR is introduced by O. Turkmen et al. and
variation of its resonant frequency with respect to the changes in structural parameters
are investigated [140]. Fig. 2.8 shows the schematic representation of multi-ring SRR.
F. Bilotti proposed an accurate method to realize this structure and also analyzed the
quasi-static behaviour of multi-ring SRR, [141]. A hexagonal shaped multi-ring SRR
is designed by M. Jagadish et al. and studied the effect of variation of side length
on its resonant frequency numerically [142]. A filter which can be used for wireless

applications using multi-ring CSRR is presented by Imene Sassi et al [143].
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2.3.4 Spiral resonators

Spiral resonators are the planar version of swiss roll and it is introduced by J.
D. Baena et al [109]. Spiral Resonators are non-bianisotropic elements having small
electrical size. A schematic representation of spiral resonator structure is given in Fig.

2.9. The major applications of spiral resonators are in low profile microwave antennas

Figure 2.9: Schematic representation of spiral resonator structure.

[144], miniaturized band pass filters [145] and Radio Frequency Identification (RFID)
tags [146]. Zunfu Jiang et al. computed the distributed capacitance and equivalent
inductance of spiral structures [147]. Theoretical and experimental study of spiral
resonators with elevated temperature, which can be used for applications in the field
of superconducting metamaterial, are reported by Behnood G. et al [148]. A novel
spiral resonator designed by modifying the spiral structure with embedded capacitors
is proposed by Di Wu et al. which can be used for designing compact filters with good
filter characteristics [149].
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2.3.5 Labyrinth structures

The major problems that have been encountered with SRRs are bianisotropy and
the coupling between electric and magnetic resonances. Irfan Bulu et al. proposed
a labyrinth based material structure and experimentally confirmed its magnetic reso-
nance property [150, 151]. A schematic representation of labyrinth resonator structure
is given in Fig. 2.10. E. Ozbay et al. studied the transmission, refraction and focusing
properties of labyrinth based structures [152, 153]. J. S. Dong et al. proposed symmet-
ric square labyrinth ring structure and investigated its application in horn antennas
[154]. Marques et al. analyzed different geometries of SRR like double slit SRR, non

bianisotropic SRR and two turns spiral resonators with equivalent circuits [155].

Figure 2.10: Schematic representation of labyrinth resonator structure.

2.3.6 S-shaped structures

Instead of using a combination of negative permittivity wire structure and neg-
ative permeability structure to form a negative refractive media, S-shaped resonator
structures are proposed which have both electric and magnetic resonances at a de-

sired frequency. Hongsheng Chen et al. proposed this structure and confirmed the
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left handed property of this material [156]. The experiments showed that the negative
permittivity and negative permeability regions are overlapped in such structures. A
schematic representation of S-shaped resonator structure is given in Fig. 2.11. They
have also designed a combined double S-shaped structure that showed negative index
property over a wide range of frequencies [157]. M. F. Khan and M. J. Mughal in-
vestigated the tuning properties of S-shaped materials [158, 159]. Hayet Benosman
and Nouredine Boukli Hacene simulated a double S-shaped structure and investigated
its effective parameters [160]. Some proposed applications of S-shaped resonators are

differential filters, Ultra Wide Band (UWB) antennas etc [161, 162].

Figure 2.11: Schematic representation of S-shaped resonator structure.

2.3.7 V-shaped structures

Ekmekci et al. numerically investigated V-shaped resonator design for sensor ap-
plications [83]. A schematic representation of V-shaped resonator structure is given
in Fig. 2.12. A bio-sensor is proposed by A. M. Soehartono et al. using V-shaped
resonators made of gold [163]. A multi band metamaterial is designed by Sabah et al.

using concentric type V-shaped resonators [164]. V-shaped resonators are also used for
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applications in the field of antennas [165].

Figure 2.12: Schematic representation of V-shaped double resonator structure.

2.3.8 (-shaped structures

Another structure that shows negative permeability over a certain frequency regime
is Q-shaped structure. This bianisotropic pseudochiral medium was introduced by
Mamdouh M. I. Saadoun and Nader Engheta [166]. A schematic representation of

2-shaped resonator structure is given in Fig. 2.13.

Figure 2.13: Schematic representation of 2-shaped resonator structure.

An isotropic negative metamaterial fabricated by 2-shaped elements is analyti-
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cally analyzed by Simovski et al [167]. The negative index property of 2-shaped struc-
tures are confirmed by Jiangtao Huang fu et al. [168]. V. V. Varadan and Sravanthi
Penumarthy proposed a new design named (2-image pairs and investigated its nega-
tive index and reciprocal behavior using resonance property [169]. They also reported
the switching of electric and magnetic resonances of (2-shaped elements by reflection
[170]. Tretyakov et al. realized a backward wave medium using {2-shaped composites
[171]. Aydin et al. reported the transmission properties of various {2-shaped materi-
als [172, 173]. The major application areas of this type of structures include wireless

communication [174], bowtie antennas [175], terahertz detection[176] and sensing [177].

2.4 Review of Properties and Applications of SRR

The metamaterial era begins from the invention of the first metamaterial by Smith
et al. in the year 2000 [17]. After that a lot of research activities have been carried
out in this specific area, particularly in the microwave frequency regime. SRR is the
main constituent for providing negative permeability. Owing to the exotic properties
of these meta molecules like near field sensing capability, they are used for various

applications.

Some important research works using SRRs were reported by Koray Aydin et al.
They demonstrated the magnetic resonance of SRR and studied its transmission charac-
teristics [178, 179, 180]. The magnetoelectric coupling and bianisotropic characteristics
of SRR are investigated by R. Marques [108]. Philippe Gay-Balmaz et al. reported a
crossed SRR structure which acted as magnetic resonator and showed isotropic nature
[181, 182]. Yi-Jang Hsu et al. investigated a deformed SRR which showed the reso-
nance characteristics similar to conventional one with low power loss [183]. A novel

method is proposed by Hee-Jo Lee et al. to detect biomolecular binding at microwave
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frequencies using arrays of SRR [184].

A broadband metamaterial absorber is designed using multilayer SRR by Jingbo
Sun et al [185]. Using circular cavity method, E. Li et al. proposed a system to measure
dielectric properties of low loss microwave materials for broadband frequency ranges
even at high temperatures [186]. To determine the surface strain of different materials
R. Melik et al. proposed wireless sensor using SRR metamaterial structure [187].
The experimental measurement and numerical simulation of wide-angle metamaterial
absorber by utilizing the coupling of SRR are also presented [188, 189]. A split ring
resonator can be shifted in position to tune its nonlinear characteristics [190]. Using a
couple of electric ring resonators and its complementary form, a compact metamaterial
absorber is designed in L-band by Z. X. Cao et al [191]. For environmental applications,
a wireless temperature sensor is designed by Hasanul Kairm using closed ring resonator

[192].

A low cost passive sensor for dielectric characterization of solids and liquids is
presented by Galindo Romera et al [193]. Chakyar et al. proposed a new resonant
perturbation method using SRR to measure relative permittivity of different solid ma-
terials and the permittivity measurements of food samples like pulses and cereals for
quality analysis [87]. They have also reported dielectric constant measurements of dif-
ferent wax samples with temperature variations [85, 86, 99]. A SRR sensor for the
characterization of dielectric permittivity based on near field profile is also reported
[194]. A stop band filter is designed using diamond SRR with good attenuation charac-
teristics by Betsy George et al [195]. A method to determine the thickness of dielectric
films/sheets using transmission line coupled SRR is presented by H. Thomas et al [92].
A novel method for liquid concentration measurement is proposed using BCSRR struc-
ture by Anju Sebastian et al. by considering its near field perturbation effects [90]. A

sensitive tunable sensor using BCSRR for efficient detection of mechanical vibrations
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is proposed by Sikha Simon et al [88].

Some specific applications of SRR demand tuning of its resonant frequency. A num-
ber of methods for tuning the resonant frequency are reported by various researchers.
Tuning the permeability using varactor diode is demonstrated by some researchers
[196, 197, 198, 199]. K. Aydin and E. Ozbay designed a tunable metamaterial us-
ing capacitor loaded SRRs [200]. Thomas H. Hand and Steven A. Cummer reported
ferroelectric loaded SRR with frequency tunability [201]. Qian Zhao et al. proposed
liquid crystal based negative permeability tuning using an array of SRRs [202]. Shumin
Xiao et al. investigated thermally tunable negative permeability metamaterials using
liquid crystals at optical frequencies [203]. Using an array of SRRs and ferrite rods,
Lei Kang et al. demonstrated tunable negative permeability metamaterial composites
experimentally [204, 205]. Jiaguang Han et al. numerically simulated a thermally and
magnetostatically tunable metamaterials at THz frequencies [206]. Z. Sheng and V. V.
Varadan studied the tuning properties by changing substrate thickness and dielectric
permittivity [128]. Ekmecki et al. studied the resonant characteristics of SRR, BCSRR
and DSRR by varying substrate parameters [129, 207].

2.5 Measurement Methods

In order to analyze the resonant characteristics of SRR, three different methods are
commonly employed. They are waveguide method, free space method and transmission
line method. Fig. 2.14 shows a schematic representation of these different measurement
arrangements. Resonance measurement by free space method can be done in two ways.
For measuring the resonant frequency of a single SRR molecule, a setup as shown in
Fig. 2.14 (a) is used. In this case the SRR is placed in between two monopole antennas,

one acts as a transmitting probe and the other acts as a receiving probe, which are
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connected to a Vector Network Analyzer (VNA).
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Figure 2.14: Schematic representation of different measurement methods used to study SRR mag-
netic resonance: (a) & (b) Free space measurements using probes and horn antennas respectively, (c)

Waveguide method, (d) & (e) Transmission line methods.
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The SRR should be arranged in the reactive rear field region between the probes
in such a way that the plane of the resonator rings is perpendicular to the direction of

the magnetic field component of the incident electromagnetic field [178].

In the case of a bulk medium, a measurement setup as depicted in Fig. 2.14(b) is
employed [178]. The SRR bulk sample is placed between two wide band horn antennas
connected to the transmitting and receiving ports of the VNA. In this case also, the
orientation of the plane of SRRs should be perpendicular to the magnetic field direction.
In waveguide method, the second measurement method, SRRs are arranged inside the
waveguide at the middle region along the wave propagation direction with the plane
of the rings perpendicular to the magnetic field direction as depicted in Fig. 2.14(c)
[109]. This method is found to be effective for small SRRs.

Third method is the transmission line method. Conventional transmission lines are
metallic structures used to guide electromagnetic energy. A micro-strip transmission
line of specific length fabricated on certain dielectric substrates as depicted in Fig.
2.14(d) is usually used for the resonance study. When the SRR structure is placed
near the microsrtip line, resonant absorption of power takes place corresponding to the
magnetic plasma frequency of the structure. Since the transmission line is fabricated
on the substrate, a good part of power is confined within the material. So the resonance
absorption dip is found to be less in this case [208]. For the purpose of avoiding the
dielectric related absorption losses, a new transmission line structure for finding the
resonant frequency of SRR is also proposed. This structure is fabricated using thin
wires. Fig. 2.14(e) shows the schematic representation of transmission line set up.
The SRR under study is arranged between two lines of the structure as shown. The
absorption dip corresponding to the resonant frequency obtained in this case is higher

compared to the conventional transmission line method.
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2.6 Experimental Setup Used for the Study

Resonance properties of various structures introduced in this thesis are analyzed
using the free space methods. Resonance behaviour of single flexible SRR, single flexible
wire-SRR, single flexible BCSRR and single flexible wire-BCSRR are carried out by
free space method using the transmitter-receiver probe set up depicted in Fig. 2.14
(a). In order to analyze the wide band absorption properties of bulk samples, the free
space method with wide band horn antennas is used (Fig. 2.14(b)). The measurements

are done using a Keysight vector network analyzer set up for the frequency band of 2

GHz to 9 GHz.

2.7 Conclusion

The theory behind the widely used negative permeability SRR structure is dis-
cussed. Another important type of SRR structure known as BCSRR structure in which
bianisotropic behaviour eliminated is also presented. Various types of other resonating
structures and their applications are also detailed. A detailed review of different types
of SRRs is also presented. The various measurement methods and their experimental

setups to study the resonant characteristics of proposed structures are also presented.
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CHAPTER 3

Flexible Split Ring Resonator Metamaterial

Structure

In this chapter a novel flexible SRR metamaterial structure is introduced and
its design, fabrication and resonance behaviour are discussed in detail. The effect of
structural and dielectric parameter variations of the proposed structure on its resonant
frequency along with its transmission properties are presented. The experimental re-
sults obtained for the proposed structure are analyzed in terms of possibility of tuning
the resonant frequency to any desired values by introducing changes in its structural
parameters or in the substrate material used or in the thickness of the substrate. The

results obtained by simulation method are also presented for comparison purpose.
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3.1 Introduction

The widely used negative permeability metamaterial molecule is split ring res-
onator (SRR). Apart from using it along with wire medium to form a composite nega-
tive refractive index medium, it is used for a variety of applications both in bulk form
and as individual structure. In bulk form, the most cited applications of SRR are in
the fields of frequency selective surfaces (FSS) and absorbers, whereas the major use of
individual SRR is in the field of various sensor applications. Almost all applications of
SRRs are confined around its magnetic resonance property and it is totally related to
its intrinsic capacitance and inductance. For a particular SRR geometry the resonance
tunable properties are mostly depend on the capacitive part rather than inductive part.
The near field perturbations of the SRR in view of some sort of changes happening to
the dielectric environment of the rings drastically affect its resonance. Keeping all these
features into account, a new form of SRR fabricated with the advantage of flexibility

is presented in the following sections.

SRR also known as Edge Coupled SRR (ECSRR), consists of two circular or square
metallic rings with small splits situated diametrically at opposite ends. These concen-
tric flat rings have negligible thickness and are usually fabricated on planar dielectric
substrates. The resonance characteristics of these structures mainly depend upon their
structural dimensions and dielectric substrate parameters. Different researchers have

tried to investigate on these issues.

Aydin et al. investigated the resonant properties and the transmission charac-
teristics of SRR structures both numerically and experimentally [180]. They have
also reported the transmission characteristics and left handed behavior of a composite
medium which consists of SRR and thin wires [209, 210, 211]. The effect of alignment
disorder and periodicity are also studied [212]. In all such studies, the SRR is fabricated
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on the solid substrate of printed circuit board (PCB). Along with the rigid nature of
this structure, the non-vanishing loss factor of the substrate material forces the SRR
to behave as a LCR resonator instead of a L.C resonator, causing reduction in Q-factor.
For particular applications of metamaterial like FSSs and cloaking, the flexibility in
structure is a necessity. A flexible metamaterial structure at THz frequencies is re-
ported by R. Miyamuru et al. in 2009 [213]. The development of a flexible structure
at microwave frequencies is one of the objectives of this thesis. This work is the first
of this kind which introduces a flexible SRR structure fabricated on a negligibly thin

inert dielectric film substrate for applications at microwave frequencies [214].

3.2 Fabrication of the Flexible Split Ring Resonator Structure

Since the size of SRR molecules is very small with structural dimensions ranging
from few millimeters at certain regions to much less than a millimeter at certain other
regions, etching technique using PCBs is usually adopted for the manufacture of con-
ventional SRRs. Chemical etching based on photolithographic method or computer
aided milling method is used for this purpose. For the present flexible SRR case, since
there is no rigid substrate present, the chance of milling method is out of question.
Here SRR unit cell is fabricated on a thin polypropylene film of thickness 18 pym using
a copper foil of 20 pm thickness. Two different methods are used for the purpose. One
method is the conventional photolithographic etching method while the second one is a
novel but simple method which uses direct printing of the SRR pattern on the copper
film followed by chemical etching. For the purpose of comparison, conventional SRR
on PCB is also fabricated for the present study. Both photochemical etching method
and milling method are used for it. Various steps followed for the photolithographic

etching method and direct printing method are detailed below.
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3.2.1 Photolithographic method

Photochemical
Etching Method

Figure 3.1: The flowchart showing the photolithographic chemical etching method used for the
fabrication of flexible SRR.

In this method, the copper sheet after cleaning is fixed on a thin polymer film. It
is then dipped in a photo-resist solution and is exposed to ultraviolet rays with suitable
mask after drying. The copper sheet is then treated with ferric chloride solution for
chemically etching the unwanted portion. This method is little complex, tedious and
time consuming. Fig. 3.1 shows a flowchart of the photolithographic etching method.

A schematic representation of the entire process is also given in Fig. 3.2.

3.2.2 Direct printing method

Another novel technique introduced in this thesis for the fabrication of SRR pat-

tern on the flexible film substrate is a modification of the photochemical method. In
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UV radiation

| OO
Developer é E;[;}T:;al :888

Photoresistive layer Flexible SRR sheet
Copper
Cellophane sheet

Figure 3.2: Schematic diagram showing the different steps of photolithographic chemical etching
method for the fabrication of flexible SRR.

Direct Printing
Method

Figure 3.3: The chart showing direct printing method used for the fabrication of flexible SRR.
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. .

Copper sheet glued
on paper

SRR patterns printed
on copper film

v

QO

@ @ @ Chemical etching
OO -
QOO

Flexible SRR sheet Printed copper sheet
on polymer film glued on polymer
film

Figure 3.4: Schematic diagram showing different steps of the direct printing method.

this method no photomasking or UV irradiation is required. The desired patterns are

printed on the copper film directly using a printer and is then subjected to chemical

etching. This method seems to be easier and also simpler than the conventional photo-

chemial method. The flowchart and schematic diagram of the direct printing method

is shown in Fig. 3.3 and Fig. 3.4.
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3.3 SRRs, Substrates and Methods used

Various types of structures used for the study are detailed in this section. Different
substrates used for analyzing the resonance effect on permittivity of the near field
environment of the SRR is also presented. The simulation technique used for the

study is also mentioned.

3.3.1 Experimental studies

The resonance characteristics of the flexible SRR is analyzed with respect to the
structural and dielectric parameters. Flexible SRRs of different structural parameters
(inner radius, split width, gap distance and metallic width) are fabricated for this
purpose. For comparison purposes SRRs are also fabricated on flame retardant PCB
laminates. A photograph of certain SRR structures used for the study is given in Fig.
3.5.

For measuring the magnetic resonance of SRR experimentally the free space method
explained in chapter 2 section 2.5 is used. For single SRR, the measurement method
using transmitting and receiving probes is employed. In the case of bulk samples, free
space method using wide band antennas is used. In order to study the effect of di-
electric constant on the resonant frequency in the near field environment of the SRR,

substrates of thin polymethylmethacrylate (PMMA) and wax sheets are used.

PMMA is a vinyl polymer made by free radical polymerization from the monomer
methyl methacrylate (MMA). It is a substituent of glass with a hard and silky finish.
This transparent thermoplastic has good weather resistance, less cost and easiness to
handle and process. The fabrication of PMMA films from MMA is simple. MMA

solution is mixed with benzoylperoxide and is stirred for atleast one hour. It is then
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(©

Figure 3.5: Photograph of different SRR structures used for the study (a) flexible SRR on a polymer
film, (b) flexible SRR with different dimensions, (¢) SRR with different dimensions fabricated on
PCB.

kept in molds of different thicknesses and set for 30 minutes for drying. The molded
PMMA films of different thicknesses are then cut into square shapes using a crystal
cutter and the film is polished. Screw gauge is used to measure the thickness of the
film. Wax is a soft colorless saturated hydrocarbon derived from petroleum or coal.
Molten wax is kept in the mold, of required thickness and is allowed to solidify. It is

then cut into square shape and polished.
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3.3.2 Simulation studies

High Frequency Structure Simulator (HFSS) is one of the commonly used three
dimensional electromagnetic simulator from Ansys. It uses the finite element method
as a computational technique for designing various types of structures, electronic circuit
elements, antennas etc. In this simulator the simulation domain with the structure is
divided into small meshes in the form of tetrahedral shape and then Maxwell equations
are evaluated inside it. In the present study, the simulation studies of the proposed
structures are also carried out and the results are compared with the experimental

values.

3.4 Resonant Characteristics Study of Flexible SRR

The resonant characteristics of a single SRR is studied using free space measure-
ment method. The unit cell is placed between two monopole antennas which is con-
nected to VNA. A photograph of the experimental setup showing a schematic of the
probe-SRR arrangement is given in Fig. 3.6. The resonance graph obtained for a
typical flexible SRR unit and its phase plot is shown in Fig. 3.7 and Fig. 3.8. The
structural dimension of the SRR used for investigating the resonant characteristics are
inner radius r = 1.6 mm, gap distance between rings s = 0.2 mm, metal width w =
0.9 mm and slit width d = 0.2 mm. The resonance frequency obtained is around 4.8

GHz.

The resonant properties of SRR fabricated on PCB (¢, = 4.4) having the same
dimensions, is also measured for comparison study. The absorption graph and phase
plot obtained is given in Fig. 3.9. In this case the resonant frequency observed is around
4.4 GHz. The decrease in resonant frequency is due to the presence of the dielectric

substrate material. When the dielectric constant of the substrate increases, resonant

57



Chapter 3. Flexible Split Ring Resonator Metamaterial Structure

Transmitting port

Receiving port

Single sample |

Receiving probe

Figure 3.6: Schematic representation of probe-SRR experimental setup.
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frequency decreases due to the increase in capacitive contribution of the resonance.

10+
0w
aa}
= §
o
g -10+
o
¥
3 20+
EE
z _
[‘E' it : —o— Experimental

—o— Simulated
'40 T ¥ T b T
4.5 5.0 5.5
Frequency (GHz)

Figure 3.7: Magnetic resonance curves obtained for flexible SRR units with structural dimensions
inner radius r = 1.6 mm, gap distance s = 0.2 mm, metal width w = 0.9 mm and slit width d = 0.2
mm.

Another important point worth mentioning is regarding the resonance dip. The
flexible SRR fabricated on the thin inert substrate shows high absorption of microwave
power around -35 dB as is evident from Fig. 3.7. It is about 10 to 15 dB higher than
that corresponding to the SRR fabricated on the PCB (Fig. 3.9) . The decrease in
power for the case with PCB substrate is due to the finite (non-zero) conductivity of

the material and also may be due to some scattering effects.

In order to analyze the resonance behaviour of bulk sample, sheets of 2-dimensional
SRR arrays fabricated with lattice spacing 10 mm is arranged as shown in Fig. 3.10
(a). The SRR sheets are fixed on rectangular foamex (e, = 1.6) frame as depicted. The
spacing between sheets is 10 mm. SRR arrays fabricated on FR4 PCB laminates with

the same spacing are also arranged in bulk form to compare the resonance character-
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Figure 3.8: The phase plot of flexible SRR units with structural dimensions inner radius » = 1.6 mm,
gap distance s = 0.2 mm, metal width w = 0.9 mm and slit width d = 0.2 mm.

istics (Fig. 3.10 (b)). The schematic representation of the SRR array within the bulk
form showing different layers is given in the inset of Fig. 3.10. The magnetic resonance
graphs obtained for both bulk samples are given in Fig. 3.11 (a) and (b) respectively.

In this case also the high Q-value of the flexible sample is quite evident.

3.5 Effect of Substrate Permittivity on the Resonant Fre-

quency of Flexible SRR Structure

The two important near field permittivity related parameters of the SRR that
affect its resonant frequency are the dielectric constant and thickness of the substrate.
When these two factors change, the capacitance also changes and the corresponding
resonant frequency varies. In this study the effect of thickness and permittivity of the

substrate on the resonant frequency of the SRR are analyzed experimentally with the
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Figure 3.9: Resonance absorption and phase plots of SRR fabricated on PCB of thickness 1.8 mm
(e, = 4.4) with structural dimensions inner radius r = 1.6 mm, gap distance s = 0.2 mm, metal width
w = 0.9 mm and slit width d = 0.2 mm.

help of the new SRR structure fabricated.

Some researchers numerically addressed this problem and analyzed the effect of
substrate permittivity on resonance frequency. A numerical study of the effect of sub-
strate on the resonant frequency of particular SRR with two different thicknesses is
performed by Zhongyan et al. [128]. E. Ekmeckci et al. investigated the absorption
characteristics of double sided SRR, BCSRR and conventional SRR for different sub-
strate parameters [129, 127, 215]. Since the resonant frequency of the SRR, given by

equation

f=—F= (3.1

is inversely related to the square root of its capacitance C, any increase in capacitance
produces a corresponding decrease in resonance frequency. If the entire near field region

of the SRR is filled with any dielectric, the increase in capacitance will be of €, times.
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Figure 3.10: Photograph of the bulk samples of (a) flexible SRR and (b) SRR on PCB. Inset : SRR
arrays within the bulk sample.

For thin substrate, the capacitance change is partial since in such cases the equivalent

circuit behaves as a partially filled capacitor. For a particular substrate as its thickness
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Figure 3.11: Experimental absorption plots of bulk sample of (a) flexible SRR and (b) SRR fabri-
cated on PCB.

SRR ring

Substrate

Figure 3.12: Construction of SRR test probe for studying the effect of substrate dielectric constant
on resonant frequency.

increases, the filling space also increases resulting in maximum capacitive contribution
leading to the lowering of resonance frequency to minimum values. To perform this
experiment, two dielectrics, wax and PMMA are selected as substrates and flexible
SRR units of geometrical parameters having inner radius » = 3 mm, metal width w =

1.25 mm, gap between rings s = 0.5 mm and slit width d = 0.3 mm are fixed on them
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as depicted in Fig. 3.12 and resonance frequencies are taken. A photograph of PMMA

and wax sample used for the study is given in Fig. 3.13.

(a) (b)

Figure 3.13: Photograph of (a) PMMA and (b) Wax samples used for study.

3.5.1 PMMA and wax substrates

Three PMMA samples of thickness ¢ equal to 0.15 mm, 0.24 mm and 0.29 mm are
used for the study. Using the PMMA substrate of 0.15 mm thickness, the resonant
frequency observed is 6.37 GHz . By increasing the thickness to 0.24 mm and 0.29 mm,
the resonant frequency shifts to lower regions to 6.32 GHz and 6.23 GHz respectively.
The resonance graphs obtained are plotted as Fig. 3.14. In the case of wax samples,
the three different thicknesses 0.68 mm, 0.91 mm and 1.07 mm are used. The observed
resonant frequencies are 6.41 GHz, 6.39 GHz and 6.35 GHz as shown in Fig. 3.15. The
investigation shows that the increase in dielectric constant or thickness of substrate
will reduce the resonant frequency to lower value. It shows that the tuning of resonant
frequency of SRR to any desired value is possible by means of substrates of different
permittivity or thicknesses. Thus the new SRR structure because of its special design

allows frequency tunability also.
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Figure 3.14: Resonant frequency variation of SRR with PMMA substrates of different thicknesses.
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Figure 3.15: Resonant Frequency variation of SRR with wax substrates of different thicknesses, ¢.
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3.6 Effect of Structural Parameters on the Resonant Frequency

of Flexible SRR Structures

Figure 3.16: Schematic diagram of SRR with structural parameters.

The effect of structural parameter variation on the magnetic resonance frequency
of the flexible SRR meta molecule is carried out in this section. The four structural
parameters of interest are inner radius r, width of metalisation w, gap distance between
the rings s and split width d. SRRs are fabricated using copper sheet of thickness 20
pm and are fixed on flexible polymer film of thickness 18 pym. A schematic diagram of
the SRR showing the structural parameters is shown in Fig. 3.16. The experimental
setup in which the SRR arranged between transmitting and receiving probe antennas
is used for taking the transmission spectra. In order to compare the geometry related
resonance effects of the flexible SRR with that fabricated on rigid substrate (¢, = 4.4),

SRRs of the same dimensions are fabricated on PCB also.
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Figure 3.17: Experimental transmission curves of the flexible SRR for different inner radius .

3.6.1 Effect of variation of inner radius on resonant frequency

To study the effect of variation of inner radius r on resonant frequency, five SRR
unit cells of varying inner radius from 1.6 mm to 2.4 mm for a 0.2 mm separation
are fabricated keeping all other parameters constant and their resonance curves are
plotted. The result shows that for an increase of inner radius, the resonant frequency
of SRR decreases. It is due to the following reason. As the inner radius increases
keeping metal width, spacing between rings and split width constant, the size of ring
and hence area of the rings increases. This causes the total effective capacitance of the
structure to increase, which produces a corresponding reduction in resonant frequency.

The resonance curves obtained for different inner radii are plotted in Fig. 3.17.

The results obtained by experiment are also verified by simulation . The resonance

graphs obtained by simulation are given in Fig. 3.18. A graph is plotted between inner
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Figure 3.18: Simulated transmission curves of flexible SRR for different values of inner radius 7.
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Figure 3.19: Experimental and simulated values of resonance frequency for the flexible SRR for
different values of inner radius r.
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radius and resonant frequency by taking values from experiment and simulation and is
shown in Fig. 3.19. Experimental resonance graphs and simulation graphs are studied
for SRRs fabricated on PCB also. The results are tabulated in Table 3.1. The resonant
frequency decrease obtained for flexible SRR will increase with inner radius and is found
to be similar to that of the conventional SRR fabricated on PCB (¢, = 4.4). But the
result shows large variation in resonant frequency with the conventional one. Here it
varies from 4.2 GHz to 3.1 GHz. The resonant frequencies are shifted to lower regions

more than that for flexible SRR and which is due to the effect of dielectric substrate.

Table 3.1: Resonance frequency variation with inner radius for SRR with PCB substrate.

Structural Parameters (mm) Resonance frequency (GHz)

rooow s Experimental ~ Simulation
1.6 09 0.2 4.2 4.08
1.8 0.9 0.2 4.0 3.0
20 09 0.2 3.9 2.28
22 09 0.2 3.2 2.26
24 09 0.2 3.1 2.19

3.6.2 Effect of variation of metal width on resonant frequency

For investigating the effect of metal width w on resonant frequency of flexible SRR,
five samples with different metal widths ranging from 0.9 mm to 1.7 mm are fabricated.
Increasing the metal width of the rings by 0.2 mm by keeping the inner radius, gap
distance and split width constant, the resonant frequency is found to shifted to lower
frequency end as that of the previous case. Increase in metal width directly enhances
the area of the SRR capacitor, which in turn increases the effective capacitance and

hence a decrease in resonant frequency.
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Figure 3.20: Experimental transmission curves of the flexible SRR for different values of metal
width w.
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Figure 3.21: Simulated transmission curves of flexible SRR for different values of metal width w.
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Figure 3.22: Experimental and simulated values of resonance frequency for the flexible SRR for
different values of metal width w.

Table 3.2: Resonant frequency variation with metal width w for SRR with PCB substrate.

Structural Parameters (mm) Resonance frequency (GHz)

r w S Experimental ~ Simulation
1.6 0.9 0.2 4.2 4.08
1.6 1.1 0.2 3.8 3.65
1.6 1.3 0.2 3.55 3.01
1.6 1.5 0.2 3.34 2.85
1.6 1.7 0.2 3.24 2.77

Fig. 3.20 depicts the variations of resonant frequency with metal width. The shift
obtained is from 5 GHz to 3.7 GHz. The simulated results are also taken and is shown
in Fig. 3.21. A graph showing the resonant frequency shift with metal width obtained
for both experiment and simulation is given in Fig. 3.22. The metal width variation of
SRR with PCB substrate is also measured and the corresponding resonant frequency

is shown in Table 3.2, which shows the same behaviour as that for the flexible case.
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3.6.3 Effect of variation of gap distance on resonant frequency

For studying the effect of gap distance on resonant frequency, five different struc-
tures with gap distance from 0.2 mm to 1 mm are fabricated. The transmission spectra
obtained for gap variations is shown in Fig. 3.23. In this case also, a decrease in gap dis-
tance between the rings of the SRR causes the capacitance to increase. It is equivalent

to a reduction in spacing between the plates of the SRR capacitor.
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Figure 3.23: Experimental transmission curves of the flexible SRR for different values of distance
between rings s.

The resonance variation of SRR fabricated on PCB for different gap distances is
shown in Table 3.3. The result shows same nature as that for flexible SRR fabricated

without substrate, but with lower value.
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Table 3.3: Resonant frequency variation with gap distance s for SRR with PCB substrate.

Structural Parameters (mm) Resonance frequency (GHz)

r w S Experimental ~ Simulation
1.6 09 0.2 4.2 4.08
1.6 09 04 3.85 4.07
1.6 09 0.6 3.78 4.04
1.6 0.9 0.8 3.6 3.93
1.6 0.9 1.0 3.57 3.86

3.6.4 Effect of variation of split width of SRR on resonant frequency

Different structures with varying split width d from 0.2 mm to 1 mm are fabricated

for this study. The split width in the SRR acts like parallel plate capacitor and in-
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Figure 3.24: Experimental transmission curves of the flexible SRR for different values of slit width

d.
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creasing the split width decreases the capacitance, and correspondingly the resonance
frequency increases. Since the capacitive contribution to the total capacitance of the
SRR by split capacitance is small compared to that of the gap capacitance, the varia-
tion in resonance frequency is not much appreciable here. The graph given in Fig. 3.24
shows the variation of resonant frequency with slit width. The slit width variation of
SRR with substrate is also measured and is tabulated in Table 3.4. It also shows the

same result with values lower than that of flexible SRR.

Table 3.4: Resonant frequency variation with slit width d for SRR with PCB substrate.

Structural Parameters (mm) Resonance frequency (GHz)

r w d Experimental
1.6 09 0.2 4.01
1.6 09 0.4 4.44
1.6 09 0.6 4.51
1.6 09 0.8 4.58
1.6 0.9 1.0 4.6

3.7 Conclusion

From the resonance property study of flexible SRR the following conclusions may
be derived. Conventional SRRs are made on rigid circuit board laminates and hence
along with the limitations of rigid nature, possibilitiy of the presence of loss factors
causing low Q-resonance cannot be ruled out. Since this proposed novel SRR is fab-
ricated on a negligibly thin loss less polymer film substrate, very good absorption of
microwave power corresponding to the resonance frequency is expected and also the

dielectric induced losses may be avoided.

Another important highlight of this metamaterial resonator is regrading its flex-

ibility. This is the first work of this kind reported. Since metamaterials have lot of
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potential applications in fields like cloaking and frequency selective surfaces, flexibility
is a much important factor. Any object can be effectively covered by the novel flexible

metamaterial structure for cloaking or frequency selective applications.

Being void of any rigid substrate, the structure here got wide possibility of tun-
ability in respect of geometrical parameters or dielectric parameters. So by the proper
choice of structural parameters and substrate permittivity the resonance can be tuned
to a large extend. So this low loss structure having possibilities for flexibility and
tunability may find good number of applications in the field of negative index meta-
materials and the advantages may be extended for the realization of negative index

medium having added properties.

75






CHAPTER 4

Flexible Broadside Coupled Split Ring Resonator

Metamaterial Structure

A modified version of flexible SRR called flexible broadside coupled SRR (BCSRR)
structure is introduced in this chapter. Fabrication method and resonance tuning
properties of the proposed structure are presented. Three methods for tuning the
resonant frequency are described. The two methods adopted for tuning the resonant
frequency of the flexible SRR structure, by changing its geometrical parameters and
the dielectric substrates are possible in the present flexible BCSRR structure also.
Moreover a third method, by changing the spacing between the rings of the BCSRR, is
introduced for resonant frequency tuning. An important application of this proposed

BCSRR structure as a wide band absorber is also presented.
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4.1 Introduction

Out of the varieties of split ring resonators, BCSRR possesses some specific prop-
erties. Researchers are focusing on BCSRR because of its isotropic nature and small
electrical size. Apart from having a 2-D planar structure possessed by most members
of the SRR family, BCSRR takes a 3-D solid like structure. As discussed in Chapter 2-
Section 2.2, it is usually fabricated using double sided PCB-like laminates. The flexible
BCSRR proposed in this thesis is prepared in a slightly different way so as to have a
possibility to change the substrate material and also its thickness. This introduces
attractive features to the structure in relation to its resonance frequency tuning meth-
ods. In view of the wide band tunability achieved by virtue of its special fabrication
technique, the possibility of the design of a wide band frequency selective surface is

also presented.

4.2 Fabrication of Flexible BCSRR Metamaterial Structure

Figure 4.1: Schematic diagram of the BCSRR with structural parameters.

As discussed earlier, conventional BCSRRs are fabricated using laminates like dou-
ble sided printed circuit boards. Usually photolithographic etching method or computer

aided milling method is used for its fabrication. Along with the ring radius and ring
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width, the thickness and permittivity of the substrate strongly affect its resonance
behaviour. The parallel plate approximation for evaluating intrinsic capacitance of
the BCSRR resonator is quite valid for this structure. So the effect of thickness and
permittivity on the resonant frequency will be much higher for this structure in com-
parison to other commonly used SRR structures. The new design of the flexible SRR
proposed in chapter 3 of this thesis provides novel methods for achieving wide band
frequency tunability by enabling the BCSRR to change the spacing and the dielectric

between the rings of the structure.

SRR prepared by
direct printing method

O O —\

Figure 4.2: Schematic representation of making of the BCSRR on transparent film.

For the fabrication of the new flexible BCSRR, photolithographic or direct printing
method introduced for flexible SRR is used. The two rings of the BCSRR are separately
etched on two thin polymer flexible sheets of micrometer thickness using copper foil
of thickness 20 pm. The rings are then arranged co-axially with the splits of the rings
in opposite ends as shown in Fig. 4.1 to form the BCSRR. The structural parameters
are also shown in figure. Flexible or rigid substrates may be used to keep the spacing
between the rings as required. For flexibility related applications, the space between
the rings may be filled with cotton, sponge, tissue paper or even air filled polymer bags.
The second way to keep the spacing fixed is by using some rigid substrates like glass,

perspex, mica and wood of required thickness and permittivity. A schematic diagram
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of the process of making flexible BCSRR is given in Fig. 4.2. A photograph showing
BCSRR structures with flexible polymer and paper substrates are given in Fig. 4.3.

(a) (b)

Figure 4.3: Photographs of flexible BCSRR structures fabricated with (a) polymer substrate and (b)
paper substrate.

4.3 Resonance Characteristics Study of the Flexible BCSRR

In order to study the transmission spectra (S31) of the BCSRR structure, free space
method discussed in chapter 2 section 2.5 is used. For single BCSRR, the method con-
sisting of transmitting and receiving probes connected to the VNA is used. A schematic
design of the BCSRR-probe setup is given in Fig. 4.4. The structural parameters that
mainly affect the resonance frequency of the BCSRR are spacing between rings s, inner
radius r, width of metallization w and permittivity of the dielectric substrate €,. Since

the capacitive contribution between the ring is very high compared to that of split
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capacitance for the BCSRR design, the effect of split width d on resonance frequency
is very small. In the following section the effect of resonance frequency on the above

mentioned four parameters are presented.

Figure 4.4: Schematic diagram showing the BCSRR unit cell between transmitting and re-
ceiving probes.

4.3.1 Effect of variation of substrate dielectric constant on the resonant

frequency of flexible BCSRR

The dielectric constant and thickness of the substrate are two important factors
that affect the resonant frequency of the BCSRR. As for the case of flexible SRR,
the same substrate materials PMMA (perspex) and wax are used for this purpose.
BCSRR with inner radius » = 2 mm and metal width w = 0.4 mm is used for the
study. PMMA samples of thickness 0.1 mm, 0.15 mm, 0.24 mm and 0.29 mm are
used as substrates. The rings fabricated on copper film are fixed on either sides of the
substrate coaxially with the splits positioned diametrically at opposite ends to form a
BCSRR unit and their resonance graphs are plotted. Fig. 4.5 represents the resonance
graphs obtained for the PMMA samples. For the substrates with 0.1 mm thickness,
the resonant frequency obtained is 3.97 GHz. When it is increased to 0.24 mm, the
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resonant frequency also increases to 4.87 GHz, i.e. a change of 0.9 GHz is observed for
a thickness change of 0.19 mm. A plot between the resonant frequency and thickness

of the PMMA substrates of the BCSRR is depicted in Fig. 4.6.

|—o— Reference
—o—t=0.15mm|
| v {=0.24mm
‘ =0.29mm

Transmitted Power (dB)

4.0 4.5 5.0 5.5
Resonant Frequency (GHz)

Figure 4.5: Experimental resonance curves obtained for the BCSRR with PMMA substrate of dif-
ferent thicknesses.

Wax samples used for the study are of thicknesses 0.68 mm, 0.91 mm and 1.07 mm.
In this case also, results similar to that of PMMA are obtained. Since the dielectric
constant of wax (¢, = 2.2) is less than that of the PMMA (e, = 2.5), the resonance
shift obtained for wax will be greater than that of PMMA. Experimental transmission
curves obtained for the wax substrates of different thicknesses are given in Fig. 4.7.

The resonant frequency versus thickness graph is given in Fig. 4.8.
4.3.2 Effect of changing the spacing between the rings

The two rings of BCSRR are fabricated separately and the spacing between them

is varied for studying its effect on resonant frequency. Strips of tissue paper is used for
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Figure 4.6: Variation of resonant frequency of the BCSRR with thickness of PMMA substrates.
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Figure 4.7: Experimental resonance curves obtained for the BCSRR with wax substrate of different
thicknesses.

changing the spacing. The small dielectric constants of the tissue paper (e, = 1.35) is

neglected for the present study. The transmission spectra given in Fig. 4.9 shows the
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Figure 4.8: Variation of resonant frequency of the BCSRR with thickness of wax substrates.
variation of resonant frequency with respect to the spacing between rings. For a small

change in spacing, a remarkable shift in the resonant frequency is obtained. The plane

of the rings is arranged perpendicular to the excited magnetic field.
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Figure 4.9: Experimental resonance curves obtained for different spacing of the BC-SRR.
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4.3. Resonance Characteristics Study of the Flexible BCSRR

When the spacing between rings is increased from 0.1 mm to 0.9 mm, the resonant
frequency is observed to shift from 3.97 GHz to 5.03 GHz. For spacings of 1.0 mm
and 1.1 mm, the resonant frequency obtained are 6.03 GHz and 6.47 GHz respectively.
With increase in spacing between the rings, the effective capacitance between the rings

of the BCSRR decreases and hence the resonant frequency increases.

The resonance graph shows that a frequency shift of 2.5 GHz is obtained for a
spacing variation of 1 mm. A graph between the resonant frequency and spacing is
given in Fig. 4.10. This remarkable shift observed predicts that the resonant frequency
can be tuned to any desired wide frequency range by properly adjusting the spacing
between the rings. It may find applications in wide bandwidth cloaking applications

and frequency selective surfaces.

Resonant Frequency (GHz)
th o

Y
1

0.0 0.5 1.0
Spacing (mm)

Figure 4.10: Variation of spacing between rings on resonant frequency of BCSRR.

4.3.3 Effect of variation of inner radius on resonant frequency

Similar to the case of flexible SRR detailed in Chapter 3, there is significant effect

on the resonant frequency for the inner radius. In this case, the increase in radius causes
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Figure 4.11: Experimental resonance curves obtained for the flexible BCSRR for different inner
radius 7.
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Figure 4.12: Variation of resonant frequency of the BCSRR with inner radius.
the area of the rings to increase which in turn increases the capacitance, and therefore it

reduces the resonant frequency. For the purpose of analyzing this properties, BCSRR
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4.3. Resonance Characteristics Study of the Flexible BCSRR

with inner radius 1.6 mm, 1.8 mm, 2 mm, 2.2 mm and 2.4 mm are fabricated and
studied. Fig. 4.11 gives the experimental resonance curves obtained for different inner

radii of the BCSRR. The graph between resonance frequency and inner radius is given

in Fig. 4.12.

4.3.4 Effect of variation in metal width on resonant frequency of flexible

BCSRR

The other parameter that may have some effect on the resonant frequency of the
BCSRR is metallic width w of the ring. As verified for the case of flexible SRR, in this
case also, an increase of metal width directly increases the capacitance contribution of
the BCSRR structure. So an increase in metal width reduces the resonant frequency
as expected. The frequency tuning obtained in relation to this parameter is depicted

in Fig: 4.13. Fig. 4.14 gives the graph between resonant frequency and metal width.

Transmitted Power (dB)

=304 ——w=1.5mm

3.5 4.0 4.5
Frequency (GHz)

Figure 4.13: Sy characteristics vs frequency for BCSRR having different metal widths.
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Figure 4.14: Variation of resonant frequency of BCSRR with metal width.

4.4  Application of the Flexible BCSRR as a Wide Band Mi-

crowave Absorber

One noteworthy result observed during the study of the resonant frequency de-
pendence of the BCSRR on its structural parameters is regarding the wide frequency
tunability obtained for the variation of spacing between the rings. By varying the spac-
ing to few fractions of a millimeter using some lossless and flexible sheets like paper
and cotton fabric, resonant frequency shifts upto 2 GHz or even a higher value can be
achieved. It is observed that a shift of 3 GHz can be achieved by a spacing variation of
1 mm in certain cases. By making use of this principle a wide band frequency selective
surface which may have potential applications in the field of metamaterial microwave

absorber is materialized in this study.

In order to realize a wide band frequency selective microwave metamaterial ab-

sorber, flexible BCSRRs with three structural dimensions are fabricated. Each struc-
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S — T — P

=2t 23—

Figure 4.15: Schematic arrangement showing one layer of the wide band BCSRR within the bulk
sample.

ture is arranged in a bulk form with 5 x 5 x 8 units to have a specific but different wide
band frequency tunability. In order to achieve this, the BCSRRs of each group are
arranged with different spacings between the rings. Since the geometrical parameters
are different for the three sets of selected BCSRRs, the resonance absorption bands
also will be different. If three frequency bands adjacent to each other combine together
to form a bulk medium, it will result in a wide band absorption with bandwidth equal

to the sum of the three bandwidths.
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Figure 4.16: Photograph of a typical bulk sample of BCSRR medium used to study the wide band
frequency selective property.

In this study BCSRR units with three different dimensions are fabricated and are
arranged in planar form with lattice spacing 12 mm. It consists of five columns each
having 5 BCSRR units with progressively increasing spacing from 0.1 mm to 0.5 mm
using layers of cotton fabric as depicted in the schematic diagram Fig. 4.15 (cotton
fabric pieces between the layers are avoided in the drawing for getting clarity). The
three different sample sets are formed with 8 layers each. Fig. 4.16 is a photograph of
one typical bulk sample of the BCSRR wideband medium. Resonance graphs obtained
for BCSRRs of different spacing corresponding to one set is given in Fig. 4.17. Table
4.1 gives all the values obtained for the resonance frequency of the three sets together.
The spacing variation of three different samples with their corresponding resonant

frequency is plotted in Fig. 4.18.

The dimensions used for fabricating three different set samples are as follows. The
inner radius » = 5.4 mm and metal width w = 2.7 mm for set 1; » = 4.7 mm and w

= 1.8 mm for set 2; r = 3.0 mm and w = 2.0 mm for set 3. The results show that the
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Figure 4.17: Resonance graphs of BCSRR samples having different spacing s with inner radius r =
5.4 mm and metal width w = 2.7 mm.
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Figure 4.18: The resonant frequency variation with spacing for the individual BCSRR units of the
three bulk samples.

resonant frequency is varied from 3.5 GHz to 5.3 GHz (bandwidth : 1.8 GHz) for the
first set of samples. The second and third set of samples show a bandwidth of 2.4 GHz
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Table 4.1: Resonant frequency variation for the 3 sets of sample of BCSRR with spacing.

Spacing(mm) Resonant frequency (GHz)
Set1 Set2 Set 3

0.1 34 45 6.2
0.15 395 54 6.7
2.0 435 59 7.45
2.5 4.65 6.2 8.02
3.0 485 645 8.55
3.5 50 6.6 8.9

4 5.13  6.75 8.91

for a frequency variation from 4.5 GHz to 6.9 GHz and another bandwidth of 2.8 GHz
from 6.2 GHz to 9 GHz respectively. Fig. 4.19 gives a photograph of the experiment

setup used to study the bulk resonance.

Figure 4.19: Photograph showing the experiment set up to study the resonance characteristics of the
bulk BCSRR sample placed between horn antennas inside an anechoic test box.

Even using a single set of samples with proper spacing variation, the resonant
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Figure 4.20: The wide band absorption curve obtained for BCSRR bulk sample set 1 with r = 5.4
mm and w = 2.7 mm.
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Figure 4.21: The wide band absorption curve obtained for BCSRR bulk sample set 2 with r = 4.7

mm and w = 1.8 mm.

frequency can be tuned in a wide range. The wideband absorption graph obtained for
the set with inner radius » = 5.4 mm and w = 2.7 mm as shown in Fig. 4.20. Fig. 4.21

and Fig. 4.22 give the absorption graphs obtained for set 2 and set 3 with dimensions
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Figure 4.22: The wide band absorption curve obtained for BCSRR bulk sample set 3 with r = 3.0
mm and w = 2.0 mm.

r =47 mm, w = 1.8 mm and r = 3.0 mm, w = 2.0 mm respectively. A wide band
absorption ranging from 3 GHz to 9 GHz results when these three sets of bulk forms

combined together.

4.5 Conclusion

Fabrication methods and tunable properties of a flexible BCSRR metamaterial
structure at microwave frequencies have been presented. Along with the property
of flexibility, the structure provides added advantage of wide band frequency tuning
possibility. The resonant frequency tuning of BCSRR can be done effectively by this
proposed method. The result shows that, by changing the dielectric constant of the
substrate, spacing between the rings and the structural geometrical parameters, the
resonant frequency of the proposed BCSRR structure can be tuned to any desired

value. By changing the spacing between the rings of the BCSRR unit, extensive shifts
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in resonance frequency is achieved. The structure may find applications in the design
of frequency selective surfaces and cloaking media of wide bandwidths. The method of

fabrication can be easily extended to flexible and tunable negative index metamaterials.
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CHAPTER 5

Flexible Wire-Split Ring Resonator and
Wire-Broadside Coupled Split Ring Resonator

This chapter introduces a novel negative permeability metamaterial structure called
as Wire-Split Ring Resonator (W-SRR) constructed using copper wires. Different units
of this new resonator are fixed on a thin flexible polymer film and the tuning charac-
teristics of this proposed structure at microwave frequencies are investigated for both
single and bulk form. This chapter also discusses the effect of structural parameter
variation on the resonant frequency of the W-SRR along with a comparative study with
conventional SRR. The theoretical and numerical verification of the result are also in-
cluded in this chapter. The resonant characteristics of Wire-BCSRR (W-BCSRR) is

also studied and its structural parameter variation effects are investigated.
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5.1 Introduction

Different types of negative permeability metamaterial SRRs are detailed in chapter
2. Out of these different structures discussed, ECSRR and BCSRR are the most
explored ones. Novel variants of these structures called Flexible ECSRR and Flexible
BCSRR introduced in this thesis are presented in chapter 3 and chapter 4 respectively.
Yet another addition to these groups of metastructures named as Wire-Edge Coupled
Split Ring Resonator ( W-ECSRR or simply W-SRR ) and Wire-Broadside Coupled
Split Ring Resonator(W-BCSRR) both made on flexible substrates are introduced in
this chapter. These newly introduced structures differ specifically in many aspects

compared to their conventional counterparts.

The newly proposed W-SRR and W-BCSRR are fabricated using thin conducting
wires of circular cross section in circular geometry like the conventional circular SRR
and BCSRR. The area of cross section of metalization of these new wire SRRs are
higher in comparison to conventional SRRs that use thin flat rings. For achieving
flexibility for the structure, wire SRRs are fixed on flexible polymer film substrate as
in the case of flexible structures discussed in chapter 3 and 4. It also helps to avoid
the substrate related loss factors. The fabrication, resonance characteristics, structural
specialties and some theoretical aspects of this newly proposed structures are presented

in the coming sections.

5.2 Fabrication and Measurements

The fabrication of W-SRR is simple compared to other SRR structures. The cir-
cular conducting rings of W-SRR are formed by bending copper wires into the form

of circular split rings. Complex procedures like photolithographic etching process are
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not involved in this fabrication process. The rings are made using a cylindrical cavity
shaped mold and are glued on a thin flexible adhesive polypropylene film of 18 pm
thickness. The small possible asymmetries in the fabrication of these rings may be
reduced by using any standard engineering procedures. The same method is extended
for the fabrication of wire-BCSRR also. The two rings of the W-BCSRR are made
separately on two polymer films and joined co-axially providing required spacing using
low loss dielectric materials to form the W-BCSRR. W-SRRs and W-BCSRRs with
different dimensions are fabricated using copper wires of different diameters for study-
ing the effect of structural parameters on their resonant frequencies. Fig. 5.1 gives the
schematic diagram of W-SRR and W-BCSRR designs with their structural parameters.
Fig. 5.2 show photographs of W-SRR and W-BCSRR along with a flexible sheet of
W-SRR.

(a) (b)

Figure 5.1: Schematic diagram of (a) W-SRR and (b) W-BCSRR units with structural parameters.

The transmission properties of individual W-SRR are studied by placing it between
two monopole antennas connected to VNA. For analyzing the effect of structural pa-

rameters on the resonant frequency, W-SRR unit cells of different inner radius r and
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(a) (b)

()

Figure 5.2: Photographs of (a) W-SRR , (b) W-BCSRR and (c) a flexible W-SRR sheet.

gap between inner and outer rings s are fabricated. Copper wires with different di-
ameters ranging from 0.4 mm to 0.8 mm are used for this purpose. For comparative
study, flat ring flexible SRR structures are also fabricated with the same geometrical

dimensions as that of WSRRs used. These flexible SRR units are fabricated using the
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(b)

Figure 5.3: The photographs of (a) W-SRR sheets used for making the bulk form and (b) bulk
W-SRR medium having 4 x 5 x 12 elements.

photolithographic etching method on the same type of thin polymer film substrate,
which is used in the fabrication of W-SRR. For the study of absorption properties of
bulk W-SRR medium, unit cells are arranged periodically in the form of sheets of 4 x
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5 elements with periodicity 10 mm and 12 such sheets are set parallel to each other
with spacing 10 mm. The photograph of the W-SRR structures arranged in sheet and
bulk forms are shown in Fig. 5.3. To plot the transmission spectra of the bulk medium

, free space method with the sample arranged between the transmitting and receiving

VNA

wide band antennas is used.

Figure 5.4: Schematic diagram of W-SRR unit placed between probe antennas to study the trans-
mission properties.

5.3 Study of Resonant Characteristics of W-SRR

The transmission curves of individual W-SRR are measured by placing it between
two monopole antennas connected to a VNA as depicted in Fig. 5.4. The magnetic
resonance curve and phase plot curve obtained for a typical W-SRR with geometrical

parameters (inner radius r = 2.45 mm, gap distance between the rings s = 0.8 mm,
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Figure 5.5: Experimental tranmission spectra of WSRR and flat flexible SRR. The parameters are
inner radius r = 2.45 mm, gap distance between the rings s = 0.8 mm, and slit width d = 0.5 mm,
diameter of the wire D = 0.7 mm. (The wire diameter of W-SRR D = w for flexible SRR)
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Figure 5.6: The phase plot obtained for W-SRR with parameters inner radius = 2.45 mm, gap
distance between the rings s = 0.8 mm, and slit width d = 0.5 mm, diameter of the wire D = 0.7 mm.

and slit width d = 0.5 mm, diameter of the wire D = 0.7 mm ) are shown in Fig. 5.5

and Fig. 5.6. The structure gives very sharp absorption of power with high Q value,
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which is evident from the narrow bandwidth and high absorption level of the resonance
curve. Transmission spectra of a flat ring flexible SRR with width of metalization w
equal to the diameter of wire D used for W-SRR is also plotted and given in Fig. 5.5.
The result clearly shows that equivalent flexible flat SRR have higher bandwidth than
W-SRR. Since the bandwidth is inversely proportional to the Q factor, it is evident
that the proposed W-SRR have high Q - factor than the flat SRR structure. The
results are also verified by simulation and the graphs obtained are given in Fig. 5.7

and observed to be in good agreement with the experimental values.
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Figure 5.7: Simulated transmission spectra of W-SRR and flat flexible SRR. The parameters are
inner radius r = 2.45 mm, gap distance between the rings s= 0.8 mm, and slit width d = 0.5 mm,
diameter of the wire D = 0.7 mm.

The absorption curve for the bulk W-SRR medium is plotted using the free space
method by employing transmitting and receiving horn antennas as depicted in Fig.
5.8. The absorption graph obtained for the bulk sample shown in Fig. 5.3 is plotted

in Fig. 5.9. The resonance is observed around 5.4 GHz. The geometrical parameters
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Bulk Sample

Transmitting Horn Receiving Horn

Figure 5.8: Schematic diagram of measurement setup used to study the resonance curve of bulk
W-SRR sample.
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Figure 5.9: Experimental transmission characteristics curve of W-SRR bulk medium.
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for the individual W-SRRs used for making the bulk sample for this study are r =
1.68 mm, D = 0.4 mm, s = 0.5 mm and d = 0.5 mm with lattice spacing 10mm x
10mm x 10mm. The broadening of the bandwidth observed is due to slight deviation
of the structural parameters of individual W-SRRs from the stipulated values occured

during fabrication.

5.4 Theoretical Analysis of Resonant Frequency of W-SRR

The expression for the resonant frequency of the W-SRR in terms of its capacitance

and inductance is,

1
- - 5.1
/ 2wy LC ©-1)

The gap capacitance between two rings of W-SRR as parallel plate capacitor is given
by
€,A

C:d

(5.2)

where A is the area and d is the distance between plates. In order to consider it as a
parallel plate capacitor the following expressions are made. The two wires used for the
fabrication of W-SRR is approximated as straight wires of equal length with spacing s
as pictured in Fig. 5.10 (a) and (b). Since the field distribution is between the curved
portions, direct application of the parallel plate approximation is not possible here.
The spacing between the plates of the capacitor d is taken as s which is a variable
quantity here. It is reasonable to assume that the capacitive effect is only due to
semicircular structure regions of the rings. For a small region defined in terms of r’ d6),

the capacitive contribution dC is given by

2 'df
dC = Co2TT ol AV (5.3)

S
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(a)

Figure 5.10: Schematic diagram for evaluating the effective capacitance of W-SRR.
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€,2mr,r'do

= - 4
E — 27r'cos SA
o277, dO
- W;f: (5.5)
E(l- FCOSQ)

where r, is the average ring radius, r’ is the wire radius, F is the maximum value of
the distance and d is the minimum distance between rings. Fig. 5.10 (c) shows the
cross section of the W-SRR. This equation is for a small element dx or r'df. To find

the total capacitance integrate the equation from 0 to 7/2 as

2/
E 1— —TCOSH

w/2 9 /
C:/ 2(60 o r'df ) (56)
0

After integration, along with a small correction applied to account for the fringing field

(deduction of 25%) at the end region, the equation for capacitance becomes,

eo2mror’ =27

= 1.5(—2200 o2 .
C S(Wcos ( 5 ) (5.7)

The self inductances of the rings are given by
Ly = pomrs (5.8)

and

Ly = o7 (5.9)

The mutual inductance M is given by [216]

2
_ HoTTy

27’2

(5.10)
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where D is the wire diameter, r; is the average radius of the inner ring and ry is the

average radius of the outer ring. r; and ry are given by

r=(r+ g) (5.11)
ry = (r+D+d+§) (5.12)

where r is the inner radius of the ring. Then the resonant frequency f is given by

1

/= 21/ (L1 + Lo + M)C

(5.13)

The resonance frequencies calculated using this numerical relation are compared with
the experimental values. The correction applied for the capacitance is for getting a

reasonable agreement with the experimental results.

5.5 Effect of Structural Parameter on the Resonant Fre-
quency of Flexible W-SRR

To study the structural parameter variation with resonant frequency, different
samples with varying inner radius r, wire diameter D and gap between the rings s are
fabricated and their resonant frequencies are analyzed. Wire diameter, inner radius
and gap distance between rings are the parameters selected for investigation. In all
cases the results obtained are verified by simulation. The results are also verified by

numerical equation (eqn 5.13) derived for the resonant frequency.
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Figure 5.11: Variation of resonant frequency with wire diameter for a typical gap distance of 0.5
mm.
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Figure 5.12: Variation of resonant frequency with wire diameter for a typical gap distance of 1.4
mm.

5.5.1 Effect of variation of wire diameter on resonant frequency

The effect of variation of wire diameter on the resonant frequency keeping inner

radius r and gap distance s fixed is studied for wire diameter 0.5 mm, 0.6 mm, 0.7
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mm and 0.8 mm. Graphs are plotted for wire diameter variation for two different gap
distances 0.5 mm and 1.4 mm. Results are also evaluated by theoretical and simulation
methods. Figs. 5.11 and 5.12 show the wire diameter variation of the W-SRR with
resonant frequency for gap distances of s = 0.5 mm and s = 1.4 mm respectively. As
the wire diameter increases, the resonant frequency decreases as shown by the figure
which is a result opposite to that of the conventional type SRR with metal width in
place of wire diameter. This may be due to the difference in capacitance which arised

from the structural difference of SRR and W-SRR.

5.5.2 Effect of variation of inner radius on resonant frequency

T T T T
8
g 4
Q© 61 9
5 o ]
5 ° ° -
Z 4 o 7
S 9 v .
= o
g
g o
E 21 v Experimental |
o Theoretical
O Simulated
T T T T T T T T T
1.5 2.0 2.5 3.0 3.5 4.0

Inner radius (mm)

Figure 5.13: Variation of resonant frequency with inner radius of W-SRR for a typical wire diameter
0.4 mm.

For studying the effect of inner radius r on resonant frequency, the gap distance
between the rings is kept constant. Two sets of readings with different wire diameter

0.4 mm and 0.7 mm are taken. Fig. 5.13 and Fig. 5.14 show the variation of resonant
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Figure 5.14: Variation of resonant frequency with inner radius of W-SRR for a typical wire diameter
0.7 mm.

frequency with respect to the inner radius for these set of data. The simulated and
theoretical results are also plotted for comparison. As the inner radius increases, the
capacitance between the rings increases and correspondingly the resonant frequency
decreases. This result is similar to that of conventional SRR but the variation is higher

for the case of W-SRR.

5.5.3 Effect of gap distance between rings on resonant frequency

The effect of gap distance between rings on resonant frequency is studied by keeping
wire diameter constant. By increasing the gap distance, the capacitance between rings
decreases and hence the resonant frequency increases. Figs. 5.15 and 5.16 show the
variation of resonant frequency with spacing for two W-SRRs with inner radius r =
2.42 mm and r = 2.47 mm respectively. This result also show similarity with that of

the conventional SRR structure.
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Figure 5.15: Variation of resonant frequency of W-BCSRR with gap distance for a typical inner
radius 2.42 mm.
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Figure 5.16: Variation of resonant frequency of W-BCSRR with gap distance for a typical inner
radius 2.47 mm.

5.6 Resonance Characteristics of W-BCSRR

Magnetic resonance studies of W-BCSRR structures fabricated as mentioned in

section 5.2 are carried out using the transmitting-receiving probe setup. A typical
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Figure 5.17: Experimental resonance curve of W-BCSRR with parameters inner radius r = 2.06 mm,
wire diameter D = 0.4 mm, split width d = 0.2 mm and spacing s = 0.2 mm.

resonance curve for W-BCSRR having ring inner radius » = 2.06 mm, wire diameter
D = 0.4 mm, split width d = 0.2 mm and spacing s = 0.2 mm is given in Fig. 5.17.
As per the case of W-SRR, W-BCSRR also gives magnetic resonant absorption with
high Q-value.

5.7 Structural Parameter Variation Study of Flexible W-BCSRR

In order to investigate the effect of structural parameter variations on the resonant
frequency of W-BCSRR, different units of W-BCSRR with varying r, D and s are con-
structed. The experimental results obtained for these three parameters are presented

in the following sections.
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5.7.1 Effect of variation of wire diameter on resonant frequency

For the purpose of investigating the effect of wire diameter on the resonant fre-
quency, W-BCSRR structures are constructed using wires of diameter 0.5 mm, 0.6 mm
and 0.7 mm. The inner radius and spacing are kept constant as 3.0 mm and 0.2 mm.

The resonance graph obtained are plotted in Fig. 5.18.
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Figure 5.18: Transmission spectra showing the variation of resonant frequency with respect to wire
diameter of W-BCSRR.

5.7.2 Effect of variation of inner radius on resonant frequency

In the case of W-BCSRR, as the inner radius increases, the capacitance increases
owing to the corresponding increase in surface area of wires which may result in a
reduced resonant frequency. The resonance graph obtained for different experimental
W-BCSRRs and given in Fig. 5.19. Fig. 5.20 depicts the resonant frequency variation
of W-BCSRR with inner radius. The wire diameter D and spacing of the rings s are
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Figure 5.19: Sy characteristics versus frequency with respect to different inner radii of W-BCSRR.
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Figure 5.20: Variation of resonant frequency with respect to inner radii of the rings of W-BCSRR.

116



5.8. Advantages and Applications of Flexible W-SRR

5.8 Advantages and Applications of Flexible W-SRR

One of the main advantages of the proposed W-SRRs over the conventional SRR
with same structural dimensions is the high ) resonance performance. The metal width
of the SRR is considered as wire diameter in W-SRR. The induced current flowing
through the rings of W-SRR is increased due to the large amount of metallization.
In conventional SRR, the rings are fabricated with flat metallization and are in tight
contact with the substrate. In such cases major portions of evanescent field passes

through this supporting dielectric. So the dielectric loss is high in conventional SRR.

But in the case of W-SRR, the metallization is in semi spherical form and there is
no question of a rigid substrate tightly attached to the rings. So the dielectric losses
will be low in W-SRR which may lead to high Q-value. The ohmic losses also reduced
in W-SRR due to the greater area of cross section than flat SRR. Another advantage
of WSRR over conventional SRR is the higher structural tunability. The flexibility is
another advantage of W-SRR. The novel structure may find applications in the field
of high sensitive sensors, frequency selective surfaces and material characterization

studies.

5.9 Conclusion

The design, fabrication and resonant characteristics of this novel flexible W-SRR
made of metallic wires are presented. The resonance characteristics of both W-SRR
and W-BCSRR are taken and the results are compared with that of conventional
SRRs. The results are also verified using simulation.The study of structural parameter
variations on the resonant frequency is also performed and it is observed that W-SRR

shows higher structural tunability than ordinary SRR. The proposed structures are
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fabricated without a solid substrate and they showed high quality factor. These thin
low loss flexible structures with high Q-value can be used for applications in various

fields like frequency selective surfaces and sensors.
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CHAPTER 6

Summary and Scope of Future Work

Structures with negative permeability nature is not common in nature. Some
ferro and ferri magnetic materials show negative permeability at particular frequency
regions which are rare and of narrow bandwidth. So different negative permeability
structures for specific applications in microwave frequency ranges have to be artificially
fabricated. Split ring resonators are the commonly used microwave structures showing
the negative permeability. But all studies in the literature show that the samples are

fabricated on solid substrate.

Structures having flexibility and tunability for particular applications like fre-
quency selective surfaces and cloaking are of much importance. In this thesis different

types of flexible structures are introduced and the resonant and dielectric characteris-
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tics study of these novel structures are presented. The effect of structural parameters
on the resonant frequency of these different structures are also investigated. The dif-
ferent types of structures presented include flexible split ring resonator (SRR), broad
side coupled split ring resonator (BCSRR), wire-SRR (W-SRR) and wire-BCSRR, (W-
BCSRR).

The first section presented the novel flexible SRR metamaterial structure fabricated
on a thin inert substrate of polypropylene film with negligible thickness. A new method
is introduced to fabricate the flexible structure other than photolithographic method
called direct printing method which prints the desired pattern on the thin film using
printer. This method of fabrication is easier than conventional complex method. The
structure shows sharp resonance absorption at microwave frequencies. The dielectric
constant and thickness of substrate are the two main factors which depend on the
resonant frequency of the SRR structure. By increasing the permittivity and thickness
of substrate, the resonant frequency shifts to a lower frequency range, due to increase

in capacitance.

For the experimental study, the substrates of PMMA and wax are used. A com-
parative study is performed to investigate the effects of structural parameters on the
resonant frequency of flexible SRR fabricated on thin film with the conventional one
which is fabricated on PCB. The parameters considered are the inner radius, gap
distance between rings and metal width. Varying these parameters, the resonant fre-
quency decreases, a similar result which is obtained for conventional SRR. By varying
the permittivity, thickness and structural parameters of this flexible SRR, the resonant
frequency can be tuned to any desired range. The proposed thin flexible structure hav-
ing low loss makes it suitable for variety of metamaterial applications like frequency

selective surfaces and cloaking.
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A modified version of flexible SRR called flexible BCSRR is introduced in the next
section. The design, fabrication and resonance characteristics of flexible BCSRR are
also included. The fabrication of flexible BCSRR is quite different from conventional
one. The two rings are fabricated separately on two thin films rather than fabricated
on the two sides of the same substrate in conventional SRR. This makes it suitable for

tuning the resonant frequency of BCSRR by varying the spacing between rings.

The effect of dielectric constant of the substrate on the resonance frequency is
investigated by using substrates of PMMA and wax. By using different dielectric ma-
terials, the resonant frequency shift obtained is remarkable. The effect of the structural
parameter variations of BCSRR with resonant frequency is studied and the results show
that by varying these parameters, the resonant frequency tuning is possible to great
extends. By varying the spacing between the rings of BCSRR using cotton fabric with
increasing thickness, a wide band microwave absorber is designed. For that study,
three sets of samples with different dimensions are fabricated. The spectra shows a
wide band absorption curve and by combining the three set of samples to make it a
bulk form, a wide band ranging from 3 GHz to 9 GHz is observed. By varying the
permittivity, thickness and spacing of the BCSRR units, the resonant frequency can
be tuned to any desired value. This structure can be used in potential applications of

metamaterials like absorbers, frequency selective surfaces and sensors.

Another novel structure introduced in this thesis is W-SRR. It is fabricated using
simple engineering technique. Photo masking and etching techniques are not used in
the fabrication process. The structure is fabricated using metallic wires bend into
the form of split rings and glued on a thin polymer film. The W-SRR shows sharp
absorption characteristics than conventional SRR. A comparative study of W-SRR and
flexible SRR is performed by using a SRR with the same geometrical configuration
as W-SRR. The experimental and simulated results are in good agreement. WSRR
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shows sharp absorption compared to SRR and has narrow bandwidth thereby shows
high-Q performance. The absorption characteristics of bulk sample of WSRR are also

investigated.

A novel wire BCSRR structure is proposed and the resonance and structural char-
acteristics are analyzed. The effect of variations in structural parameters on the res-
onant frequency is also studied. The study reveals that the structural dependence of
W-SRR is higher than SRR and shows similar result as conventional SRR except wire
diameter variation in which it behaves oppositely. Since the structure is fabricated
using thin substrate, the scattering and absorption losses due to the solid substrate are
reduced. The sensitivity of the structure is also high. The theoretical and simulated
results are in quite agreement with experimental values. The structure may find appli-
cations in the field of senors, frequency selective surfaces and material characterization

studies.

The fabrication can be extended to design a flexible negative index material in the
microwave frequencies. Tuning the resonant frequency of the proposed structures is
easier by varying any of the following parameters - substrate permittivity, substrate
thickness, spacing or structural parameters. So a wideband tunable negative index
medium can be designed using these tuning techniques. These thin low loss flexible

structures can be used in a variety of applications in the field of microwave engineering.
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Abstract — This paper introduces a negative permeability metamaterial structure —Wire Split
Ring Resonator (WSRR)— constructed using conducting wires and experimentally investigates
its tunable properties at microwave frequencies. The structure is fabricated by fixing conducting
rings made of copper wires on a thin flexible polymer film. The resonance properties of a single
WSRR are studied by placing it between two monopole antennas connected to a vector network
analyser. For the analysis of bulk samples, two horn antennas are used. The structure shows
strong magnetic response with high-quality factor and is observed to be very sensitive to parameter
variations. A comparitive study with conventional SRR is made and the results are verified by
simulation. The proposed WSRR structure is easy to construct and is superior to conventional

SRR in frequency selective and tunable applications.

Copyright @ EPLA, 2017

Introduction. — The emerging field of metamaterials
has significantly raised the interest of researchers in var-
ious fields of science and engineering due to its unique
properties and manifold applications. This new class of
artificially engineered materials with negative parameters
(permeability p, permittivity ¢ and refractive index n)
may be even described as the material of the millennium.
The realisation of this negative refractive index material
by Smith et al. in 2000 has triggered immense research
activities in this new field [1].

The two constituents of negative-index metamaterial
structures are negative permeability and permittivity
counterparts. The first negative permeability structure
called Split Ring Resonator (SRR) was proposed by
Pendry [2]. SRR which is also called Edge Coupled SRR
(ECSRR) is usually fabricated on planar dielectric sub-
strates. As the name suggests, they consist of two con-
centric metallic flat rings of circular or rectangular shape
with negligible thickness each having small splits situated
at opposite ends. Resonance properties of such metamate-
rial structures entirely depend upon their structure, sub-
strate and other dielectric environments [3-8].

In order to overcome the limitations of SRR-like bian-
isotropy, lower limit for resonant frequency, etc., several
other designs have been proposed and analysed. Broad

side Coupled SRR (BCSRR) proposed in 2002 [9] is one
among the most explored structures. The two rings of
the BCSRR are fabricated on either sides of the substrate
coaxially with the splits at opposite ends. Studies have
shown that BCSRR has smaller resonant frequency, higher
@ value, smaller electrical size and higher isotropy in the
plane of the structure than the ECSRR [10,11]. Another
structure called Double sided SRR (DSRR), studied by
different researchers, is a mixture of both ECSRR and BC-
SRR, where two ECSRRs are placed on the two sides of
a dielectric substrate [12]. A comparative study using nu-
merical simulation of SRR, DSRR and BCSRR structures
showed that DSRR can provide better miniaturization and
have wider half-power bandwidth as compared to conven-
tional SRR (ECSRR) [5]. Effects of substrate parameters
on resonant frequency of DSRR structures under magnetic
and electrical excitations are also investigated [13].

Other types of SRR structures explored are
Complimentary SRR (CSRR), multiple ring SRR
and labyrinth-based metamaterial structures [14-17].
Some other structures of different forms like S-shaped,
V-shaped, C-shaped and (-shaped resonators are also
attempted [18-23].

In this paper we propose a new split ring resonator
structure, named as Wire Split Ring Resonator (WSRR),
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Fig. 1: (Colour online) Schematic representation of the pro-
posed Wire Split Ring Resonator (WSRR) with structural
parameters.

constructed using thin metallic wires. Even though the
shape of this structure is similar to conventional SRR,
its theoretical analysis and resonant properties show a
marked deviation from the conventional one. The high-
light of this proposed novel structure is that they are
fabricated devoid of any solid substrate which makes it
self-standing and thereby avoiding the constraints associ-
ated with a supporting substrate and hence the intrinsic
resonant properties of the SRR can be directly obtained.
The changes induced on the resonant frequency due to the
interaction of the excitation field with the supportive di-
electric substrate of the existing SRRs are avoided here.
Any conventional SRR, if fabricated without a rigid sub-
strate with the intention to use it in the field of sensors, is
prone to sudden changes in resonant frequencies for even
minor structural fluctuations because of its thin metalli-
sation. This limitation is avoided in the case of WSRR
due to the comparatively rigid nature of the wire met-
allisation. This may also lead to possible applications in
various fields where our WSRR can be used as a movable
sensor probe. Since wires are used for the fabrication of
the proposed SRR, structural refinements aiming at fre-
quency tunability can be more easily realized. Here we
analyse the resonant behaviour of the proposed WSRR by
varying its structural parameters and make a comparative
analysis with the resonant properties of the conventional
SRR along with its confirmation by simulation.

Design and fabrication of the structure. — In the
presence of the magnetic-field components of an external
applied electromagnetic wave, the SRR structure under-
goes resonant absorption. The resonant frequency f in
terms of the total capacitance C' between the rings and the
effective inductance L can be obtained using the equation

(1)

The schematic representation of the proposed WSRR
unit cell is shown in fig. 1. The structural parameters
are inner radius r, diameter of wire w, spacing between
rings s and split width d. The fabrication method of this
negative permeability structure is quite simple compared

Fig. 2: (Colour online) Photograph of the WSRR constructed
with structural parameters w = 0.4mm, r = 1.68mm, s =
0.5mm, d = 0.5mm. (a) Two dimensional array with period-
icity of 10mm x 10 mm; (b) bulk medium with periodicity of
10mm x 10 mm x 10 mm.

to other SRR structures since no procedures like photo
masking, chemical etching, etc., are involved. The WSRR
unit cells are constructed using small pieces of copper
wires bent into the form of split rings using a cylindrical-
cavity—shaped mold and fixing them on a thin adhesive
polymer film. The flexibility of the polymer film is an
added advantage of the structure. WSRR unit cells hav-
ing different inner radii and gap distances are constructed
using copper wires of diameter 0.4 mm, 0.5 mm, 0.6 mm,
0.7mm and 0.8 mm. The thickness of the supporting poly-
mer film used is 18 ym. The WSRR units are fixed periodi-
cally on the polymer sheet in the form of two-dimensional
array. Such layers are arranged side by side to form a
two-dimensional bulk WSRR medium. The photograph
of the WSRR units constructed in planar and bulk form
are given in fig. 2. We can reduce the small asymme-
tries observed in the structure by employing any standard
engineering procedures. For comparing the resonance be-
haviour of WSRR with conventional SRR, we fabricated a
SRR structure on another piece of the same polymer film.
The two flat rings of the conventional SRR are fabricated
by the chemical etching process using a thin copper sheet
of 20 pm thickness [7].

Measurements and results. — Two monopole anten-
nas connected to a Vector Network Analyser (VNA) are
used to study the transmission properties of the WSRR
unit cell structure [4,24]. Figure 3(a) depicts a schematic
representation of the experimental arrangement with the
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Fig. 3: (Colour online) Schematic representation of the
experimental setup: (a) single WSRR between transmitting
and receiving probes; (b) bulk WSRR medium placed between
transmitting and receiving horn antennas.

WSRR unit cell kept between the transmitting and the
receiving probes. For measuring the absorption prop-
erties of bulk WSRR medium, a sample of dimension
50 mm x 40 mm x 100 mm is placed between two horn an-
tennas, one acts as the transmitter and the other as the
receiver (fig. 3(b)).

Transmission spectra. The measured transmission
spectra of a typical WSRR unit cell is shown in fig. 4(a).
The geometrical parameters of the structure are r =
2.45mm, s = 0.8mm, w = 0.7mm and d = 0.5mm.
The result shows sharp resonant absorption of power at
3.64 GHz. For comparative study, a conventional SRR
structure with the same values for r, s and d is fabricated.
The width of the conventional SRR is taken equal to the
wire diameter w of the WSRR. The resonant graph of the
equivalent SRR is shown along with that of the WSRR
in fig. 4(a). It is evident from the figure that the band-
width of the WSRR is quite smaller than that of the SRR
which is indicative of a high-Q) resonance performance.
The verification of experimental results by simulation is
performed using Ansoft HFSS and both results are found
quite in agreement (fig. 4(b)). Figure 5 gives transmission
spectra obtained for the bulk medium which also shows
strong absorption dip (5.39 GHz). Structural parameters
selected for fabricating the bulk medium are w = 0.4 mm,
r = 1.68mm, s = 0.5mm, d = 0.5 mm and periodicity is
10mm X 10 mm x 10 mm.

Effect of structural parameters. — Absorption curves of
different WSRR units with varying values for w, r and s
are examined and the effects of these structural parame-
ters on the resonance frequency are analysed.

The split width d is kept constant (0.5mm) since its
effect on resonance frequency is comparably less. The
variation of resonance frequency with inner radius r for
two different values of w, by keeping the spacing be-
tween the rings s constant is plotted in fig. 6. It shows
that irrespectively of the value of w, as r increases the
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Fig. 4: (Colour online) Transmission spectra of Wire SRR
(WSRR) and conventional SRR with the same structural pa-
rameters 7, s, d and width w equal to the diameter of the wire:
(a) experimental, (b) simulation.
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Fig. 5: (Colour online) Experimental transmission spectra of
WSRR bulk medium.

resonance frequency decreases —a result similar to con-
ventional SRR [4], but showing higher variations. Figure 7
demonstrates the effect of s on the resonance frequency
for different r, when w is kept constant. As s increases,
due to the decrease in effective capacitance and mutual
inductance between the two rings of SRR, the resonance
frequency shifts towards the high-frequency region. This
result also is qualitatively similar to that of a conventional
SRR. Figure 8 is a similar graph which depicts the depen-
dence of the resonance frequency on the diameter of the
wire w. As is evident from the figure, for an increase of
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Fig. 6: (Colour online) Variation of resonance frequency of

WSRR with inner radius r for two different wire diameters w
keeping spacing between the rings s constant (0.97 mm).
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Fig. 7: (Colour online) Variation of resonance frequency of
WSRR with the spacing between the rings s for two different
inner radii r keeping wire diameter w constant (0.6 mm).

the wire diameter the resonant frequency is seen decreas-
ing. In the case of SRR, the enhancement of the width of
the ring results in an increase in the resonant frequency,
whereas for the WSRR it behaves oppositely —i.e., as the
wire diameter increases the resonant frequency decreases.
This may be due to the variation in effective capacitance
occurred due to the structural difference between SRR and
WSRR.

Significant characteristics of WSRR. — Apart from
the above-mentioned variations of structural dependent
resonant properties of WSRR in comparison with the con-
ventional SRR, the following points are worth mention-
ing. WSRR shows a very high @ value compared to SRR
of the same structural dimensions where the width is re-
placed with the diameter of WSRR. This may be due to
the higher volume of metallisation of the WSRR leading
to increased induced current flow through the rings. Since
the cross-sectional area of the WSRR rings is much greater
than that of the SRR, the Ohmic loss is very much re-
duced. Another possible reason which may lead to the en-
hancement of the @) value can be explained by analysing
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Fig. 8: (Colour online) Variation of resonance frequency of
WSRR with wire diameter w for two different values of s keep-
ing inner radius r constant (2.2mm).

the region of field concentration between the rings of the
structure. In the case of conventional SRR, due to the
flat nature of the rings the supportive film is in tight con-
tact with the metallisation and a significant portion of
the electric field passes through the dielectric [24]. But
the capacitance contribution in WSRR is mainly by the
curved semi-spherical portions of the rings facing each
other and only a minor portion of the field passes through
the thin supporting polymer substrate film, which is at-
tached at the bottom part of the SRR ring. So the di-
electric loss which adversly influences the quality factor
of the resonator is negligibly small for the WSRR case.
This new SRR may find potential applications in fields
of sensor devices, material characterization studies, fre-
quency selective surfaces, etc. Secondly we noticed that
the dependence of structural parameters on the resonant
frequency of WSRR is much greater than that of a con-
ventional SRR. This greater tunability of WSRR also finds
specific applications in various fields. In addition to this,
non-requirement of any solid substrate removes the loss
factors and constraints associated with them and thereby
enhances the sensitivity of our structure in the external ex-
citation field. The flexibility properties of the film used for
fixing the rings in order to maintain the structural param-
eters of individual units and periodicity of bulk samples is
another added advantage in selected fields of applications.

Conclusion. — The fabrication method and resonance
characteristics of a novel flexible negative permeability
split ring resonator structure made of conducting wires
(WSRR) for microwave frequencies are presented. The
resonant properties of this proposed structure are anal-
ysed both by experiment and simulation. The frequency
tunability of WSRR by structural parameter variations
is also analysed. A comparative study with conventional
SRR shows higher structural dependent frequency tun-
ability for our structure. The other noticeable character-
istics of the WSRR are the enhanced quality factor and
the absence of any rigid supporting substrate and hence
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may have potential applications in the field of sensors,
material characterisation studies, etc. Fabrication of this
newly proposed metamaterial element is much easier and
cost effective. The design may be extended to the fabri-
cation of bulk negative-index metamaterials.
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Abstract: The results of an experimental study for tuning the resonant frequency of a split ring resonator (SRR) metamaterial
structure at microwave frequencies, by changing the material and thickness of substrate are presented. The SRR structure is fabricated
by photochemical etching on a copper foil glued on a thin low loss polymer film of negligible thickness. The transmission properties are
studied using a unit cell of SRR between two monopole antennas. The materials used for the fabrication of substrate are the Poly Methyl
Methacrylate (PMMA) and Wax. The experimental results predicts the possibility of tuning the resonant frequency of the SRR unit to
any desired value by changing the material or thickness of the substrate and are in good agreement with theoretical expectations. This
possibility may be used for the fabrication of wide band frequency selective and cloaking materials. This method may be extended to the

design and fabrication of tunable negative index materials.

Keywords: metamaterial, split-ring resonator (SRR), frequency tuning, negative permeability.

1. Introduction

Metamaterials are artificial materials that exhibit unusual
electromagnetic properties that are not observed with natural
materials. The extraordinary properties of these materials
such as negative refraction, reversed Doppler effect etc. are
due to its negative values of permittivity u, permittivity ¢ and
index of refraction n. In these negative materials, the electric
field E, magnetic field H, and wave vector k, form a left-
handed triplet and the Poynting vector ExH is anti-parallel to
the wave vector. So these materials are also called left
handed media (LHM), double negative media (DNG) and
backward wave media. Focusing beyond the diffraction
limit, amplification of evanescent waves, frequency selective
surfaces, miniaturization of antennas, cloaking, sensing etc.
are some of the promising applications of these materials.

The metamaterial concept was theoretically introduced by
Victor Veselago in 1968 [1]. For several years nobody can
materialize it due to the non availability of negative
permeability structures. In 1999 Pendry et.al fabricated
negative permeability structures using an array of split ring
resonators (SRR) at microwave frequencies [2]. The first left
handed metamaterial was materialized by Smith and
colleagues in 2000 by periodically arranging negative
permeability and permittivity unit structures [3], [4].

Split ring resonators are the most fundamental unit cell used
for almost all microwave metamaterial applications. It has
two interleaved metallic rings with two opposite gaps.-Each
unit cell acts as an LC oscillator in an external magnetic field
causing sharp absorption of power corresponding to the
resonance frequency. The resonant properties of SRR
structures have been studied by different researchers [5], [6],
[7]. Almost all experimental studies related to the resonant
frequency are performed using structures fabricated on some
rigid substrate like FR4 circuit board. To analyze the effect
of ¢ on resonance frequency experimentally, SRR structures
with certain specific geometric parameters are to be

fabricated using boards of different substrate materials. An
attempt in this direction using two substrate samples of the
same material but of two different thicknesses is presented
by Zhongyan et. al along with some numerical results [8].
Detailed numerical analysis of this problem is available in
[9], [10] and [11] also. Recently the authors have reported a
flexible SRR structure at microwave frequencies fabricated
on a thin polymer film of negligible dielectric constant using
photochemical etching [12]. We have used this structure for
the experimental study of the effect of substrate dielectric
constant on the resonant frequency of SRR. Two key factors
that influence the resonant frequency of SRR are the
permittivity and thickness of the substrate. In this paper we
present the effect of both these parameters on the resonant
frequency of SRR.

2. Resonance frequency of SRR

The schematic representation of the SRR unit is pictured in
Fig. 1. The geometrical parameters that affect the resonant
frequency are inner radius 7, metal width w, slit width d and
gap distance s.

Figure 1: The schematic representation of the SRR unit cell.

SRR unit cell structures arranged in two or three dimensional
pattern can be considered as a homogeneous medium if the
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interacting radiation is of wavelength much greater than the
array spacing (lattice constant) a. The effective permeability
of this artificially engineered medium can be written as

mr?
a?
i2pl 3l
Ty Uer3miw?C;

Uerr = 1-

where p is the resistance per unit length and / is the vertical
lattice parameter. The resonance frequency of the SRR unit
cell depends on its intrinsic values of inductance and
capacitance. The dielectric constant and thickness of the
substrate material changes the capacitance of the material
considerably. The capacitance of a SRR unit with a substrate
of dielectric constant ¢, is given by

3. Fabrication of the Structure

The SRR units are fabricated using a copper foil of thickness
20 pm. Two methods were tried for the fabrication. One
method is using photolithographic etching and the other is by
direct printing technique. In the first method the copper sheet
after fixing on a thin polymer film is coated with liquid
photo-resist and exposed to ultraviolet radiation with proper
mask ‘and subjected to chemical etching using dilute ferric
chloride solution. The second method also uses chemical
etching, but instead of photo masking direct printing of the
SRR pattern on the copper sheet is made using a printer. For
this study, the SRR structure fabricated on a thin polymer
film of thickness 18 um using photochemical etching method
is used. Fig. 2 shows the photograph of the fabricated
structure. The structural parameters are inner radius » = 3
mm, metal width w =1.25 mm, slit width 4 = 0.3 mm and gap
between rings s = 0.5 mm.

The SRR is glued on substrates of PMMA and Wax having
different thickness and are used to study the effect of relative
permittivity on resonance frequency. PMMA is a vinyl
polymer made by free radical polymerization from the
monomer methyl methacrylate. Fig. 3 shows the photograph
of PMMA and wax samples prepared for the study. PMMA
substrates used are of thicknesses 0.15 mm, 0.24 and 0.29
mm. The thicknesses of wax samples used are 0.68 mm, 0.91
mm and 1.07 mm.

i, \

Figure 2: Photograph of the SRR structure fabricated on a

low loss flexible polymer film. The dimensions are d = 0.3

mm, w=1.25mm, =3 mm, s = 0.5 mm and ¢ = 9 mm.
Thickness of metallization (copper) 20 pm.

8 P

Figure 3: Photographs of the samples of PMMA and Wax
prepared for using as substrates for the SRR

4. Measurements and Results

The transmission properties are studied by placing the SRR
unit cell between two monopole antennas. It is schematically
represented in Fig. 4. Measurements are performed using a
Network Analyzer system. The effect of substrate dielectric
constant on the resonant properties of SRR is studied using
different PMMA and Wax sheets. The dielectric constants of
samples used are measured using the waveguide method
proposed by Dube et. al [13]. The measured values of ¢, are
around 2.6 for PMMA and 2.2 for wax. When the substrate
thickness increases, the capacitance between rings increases
and correspondingly, resonant frequency shifts to the lower
frequency region because of its inverse dependence. Fig. 5
and Fig. 6 depict the resonant frequency variation of SRR
with PMMA and Wax substrates for different thicknesses.
The resonant frequency obtained for PMMA substrate for
thickness 0.15 mm is 6.37 GHz. It shifts to 6.32 GHz and
6.23 GHz for substrates of thickness 0.24 mm and 0.29 mm
respectively. For the wax samples the resonance frequencies
are at 6.41 GHz for ¢t = 0.68 mm, 6.39 GHz for t = 0.91 GHz
and 6.35 GHz for ¢ = 1.07 mm. The study clearly shows that
an increase in dielectric constant or thickness of the substrate
decreases the resonance frequency considerably. These
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results are in good agreement with the theoretical predictions
and previous numerical studies.

Figure 4: Schematic diagram of the experimental
arrangement used for the study of transmission spectra, with
the SRR unit cell between two monopole antennas.
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Figure 5: Measured transmission spectra of a SRR unit cell,
for different values of substrate (PMMA) thickness z. The
dimensions are d= 0.3 mm, s = 0.5 mm, w=1.25 mm, » =3
mm and metallization thickness 20 um.
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Figure 6: Measured transmission spectra of a SRR unit cell,
for different values of substrate (Wax) thickness ¢. The
dimensions are d=0.3mm, s=0.5mm, w=125mm, r=3
mm and metallization thickness 20 um.

5. Conclusions

The resonance tuning properties of SRR by changing the
permittivity or thicknesses of the substrate are presented. The
result of this experimental study clearly shows the possibility
of tuning the resonant frequency of the structure to any
desired value by changing dielectric constant or thickness of
the substrate. This method of fabrication can easily be
extended to the design and fabrication of flexible and tunable
negative index materials. This structure may be used for
realizing cloaking media and for frequency selective
applications.
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Abstract — This paper proposes a wide band microwave absorber in a bulk form realized using a
Broad Side Coupled Split Ring Resonator (BCSRR) metamaterial structural units fabricated in
a novel way which possesses structural flexibility and wide band frequency tunability. Instead of
using a conventional structure, the two conducting rings of the structure are prepared separately
by photochemical etching using thin copper sheets glued on polypropylene film. The resonant
property studies of the BCSRR show a noticeable tunability in resonant frequency with spacing
variation, a result not observed using other conventional SRR structures. A spacing variation of
1 mm of a typical BCSRR unit shows around 3 GHz resonant tunability which makes it suitable
for materializing various sensor applications. The resonant properties of BCSRR in a bulk
form made with specific structural dimensions arranged in periodic manner with progressively
varying spacing using layers of cotton fabric, show wide band resonant absorption. By suitably
modifying the structural parameters of BCSRR rings, the range of the frequency absorption
band can be specifically designed. The result of the study predicts a possibility of using this
proposed BCSRR designs in various types of wide band absorbers.

I. INTRODUCTION

There is vibrant research carried out by different groups in order to explore the potential possibilities and mani-
fold applications of different types of Split Ring Resonators (SRRs) [1]. Broad Side Coupled Split Ring Resonator
(BCSRR), one of the important candidates for negative permeability metamaterial resonating units, is widely used
in different sensors, miniaturized antennas, frequency selective surfaces etc [2]. Conventionally BCSRRs are con-
structed by etching the rings of the structure on two sides of a single substrate and there by will have a fixed
resonating frequency due to the thickness of the substrate used for selected structural parameters. By designing
BCSRR in a novel way by fabricating the two rings on separate substrate of the same material, the spacing vari-
ation between the rings leading to wide band frequency tunability was easily achieved [3]. Instead of using rigid
substrates for fabricating the rings, we have incorporated flexible, lossless microfilms as the substrate unit which
will provide the added advantage of flexibility [4]. In this paper, such specially designed BCSRR units are peri-
odically structured to materialize a bulk medium to achieve a noticeable wide band frequency absorption which is
not possible with conventional structures.

II. FABRICATION AND MEASUREMENTS

The rings of BCSRR are fabricated on thin copper sheets of thickness 20 um. The substrate used is a polypropy-
lene film of thickness 18 pm which is glued to the copper sheets. By using photochemical etching method the
required BCSRR rings of specific dimensions are fabricated. Three sets of rings with inner radius r = 5.4 mm,
4.7 mm, 3.0 mm and width w= 2.7 mm, 1.8 mm, 2 mm and slit width d = 0.2 mm are precisely made. Cotton
fabric strips of thickness of 0.1 mm are used for achieving the required spacing between the rings of the BCSRR.
Planar array of BCSRR rings with periodicity 12 mm having five columns with varying spacing using different
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Fig. 1: Experimental setup for studying the wide band frequency absorption characteristics of the BCSRR bulk
medium.

layers of cotton fabrics are made. Accordingly, the spacing between the rings of BCSRR units of five columns
are progressively varying from 0.1 mm to 0.5 mm. Eight layers of such BCSRR groups are arranged with same
periodicity of 12 mm in order to form three different samples of bulk media.

To find the resonant frequency of a single BCSRR unit, the measurement set up consisting of a BCSRR unit
placed between the transmitting and receiving probes of a Vector Network Analyzer (VNA) is used [5]. In order
to analyze the wide band absorption characteristics of the bulk medium made with BCSRR rings, a transmission-
reception system using two horn antennas as shown in Fig. 1 is employed.

III. RESULTS AND DISCUSSION

The transmission spectra of a single BCSRR ring is studied for the three selected units by varying the spacing
between the rings using layers of cotton fabric. As spacing increases, the capacitance between the rings decreases
and will result in the corresponding increasing in the resonant frequency. The spacing variation graph of three
BCSRR units with three distinct structural parameters is given in Fig. 2. For the structure with inner radius r =

Resonance frequency (GHz)

0.1 0.2 0.3
Spacing s (mm)

Fig. 2: The variation of resonant frequency with spacing for three different BCSRR units.



13" International Congress on Artificial Materials for Novel Wave Phenomena - Metamaterials 2019
Rome, Italy, Sept. 16" - Sept. 21t0 2019

Transmitted power (dB)

3 35 4 4.5 5 5.5 6
Frequency (GHz)

Fig. 3: The wide band absorption curve obtained for the BCSRR bulk sample .

5.4 mm given as (a), for a spacing from 0.1 mm to 0.4 mm, we observe a frequency tunability of 3.5 GHz to 5.3
G Hz. For the other two cases marked as (b) and (c), the frequency shifts observed are from 4.5 to 6.9 GHz and
6.2 to 9 GHz respectively. It is quite obvious that by properly adjusting the spacing between the rings of BCSRR,
a wide range of frequency tunability can be easily achieved. By combining the units of BCSRR rings having same
structural dimensions with different spacings (between 0.1 mm to 0.5 mm), a bulk medium with a wide range
of resonant frequency absorption can be realized. One typical absorption graph obtained for the bulk medium
fabricated with r = 5.4 mm , w = 2.7 mm is shown in Fig. 3. If we combine the three bulk forms together, we can
achieve a wide band microwave absorber which works between 3 to 9 GHz.

IV. CONCLUSION

Fabrication methodology along with wide band frequency tunability property of a specially designed flexible
metamaterial BCSRR structure is presented. By combining different BCSRR units having varying spacing and
structural dimensions, a bulk medium metamaterial structure is realized which shows wide band frequency ab-
sorption from 3 GHz to 9 GHz. This study can be extended to the realization of three dimensional wide band
microwave absorbers in bulk form with moderate thickness which will have the added advantage of flexibility and
tunability.
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