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Abstract

Metamaterials are new artificial materials with unusual electromagnetic properties, not

commonly found in nature. All natural materials have positive magnetic permeability and

electric permittivity. In contrast, in metamaterials they are negative. Using these exotic

properties, several high performance microwave devices/components have been developed

by many researchers across the globe. In our study, many size miniaturized and per-

formance enhanced planar microwave devices/circuits employing metamaterial based sub-

wavelength resonators viz. complementary split ring resonator (CSRR), open slot split ring

resonator (OSSRR) and open complementary split ring resonator (OCSRR) were designed,

fabricated, tested and are listed below.

e Various wide bandstop filters using complementary split ring resonator (CSRR), open
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stub and spurline are designed and used for harmonic suppression of lowpass and

bandpass filters.

A complementary single split ring resonator (CSSRR) is used to develop a band
notched ultra wideband (UWB) bandpass filter, designed using ground plane aperture
technique. To filter out the undesired wireless local area network (WLAN) signals,
a CSSRR is placed under the coupled lines of bandpass filter. Thus, any unwanted
signals (i.e., IEEE 802.11a frequency band) that may interfere with the desired UWB
frequency range are effectively removed.

An OSSRR is introduced for the first time to realize a composite right/left handed
(CRLH) transmission line (TL) structure in microstrip technology. The CRLH line
is synthesized by etching OSSRR in the ground plane and interdigital capacitor in
the microstrip line. The proposed method of realization of CRLH TL results in size

reduction compared with the conventional CSRR based TL.

A compact lowpass filter is constructed using periodic array of OSSRR and open

stubs. Open stubs are attached on both sides of the OSSRR. The proposed filter
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has sharp rejection characteristics and compact size compared with the conventional

stepped impedance lowpass filter.

A compact, wide fractional bandwidth bandpass filter, using a new resonator OSSRR
and compact microstrip resonating cell (CMRC) is presented. The designed BPF has
a wide fractional bandwidth of 74%, sharp passband to stopband transition, and low

passband insertion loss of less than 1 dB .

Design of a compact lowpass filter using an OCSRR and an open stub is presented.
The proposed lowpass filter consists of two OCSRR connected in series with the open
stubs attached on either side. At the 3 dB cut-off frequency of 1 GHz, the proposed
filter offers a sharp and wide rejection bandwidth of more than 20 dB, up to six times

the cut-off frequency.

The size of the lowpass filter designed using OCSRR and open stub is further reduced
by replacing the open stubs with the defected ground structures. A size miniaturized
lowpass filter is designed using two cell OCSRRs connected in series and dumbbell
shaped DGS placed below the OCSRRs. The proposed filter size is very small and

its rejection band is up to ten times the cut-off frequency.

By utilizing the slow-wave effect of OCSRR, size miniaturized and third harmonic
suppressed T-junction power divider is designed. The proposed power divider is 47%

smaller than the conventional design.

A compact and harmonic suppressed 180 ring hybrid is proposed using OCSRR. It of-
fers third harmonic suppression up to 35 dB and is 37% smaller than the conventional

ring hybrid.



Contents

List of Figures
List of Tables
List of Acronyms

1 Introduction

1.2 Electromagnetic metamaterials . . . . . . .. ... oL Lo
1.2.1 Wave propagation in left-handed medium . . . . . . .. . ... ... ... ..
1.2.2 Experimental verification of metamaterial . . . . . . . . .. . ... ... ....
1.2.3 Implementation of left-handed line . . . . . . . .. ... .. ... .. ......
1.3 Literature review and motivation . . . . . . . . ... Lo e
1.4 Contribution of this thesis . . . . . . . . . .. ... L

[xiii
kviid
[xi
[1

11 Introduction . . . . . oo B
H

H

[

[

[

[1d

1.5 Thesis organization . . . . . . . . ... L L e

2 CSSRR and its applications in performance enhancement of microstrip filters
2.1 Imtroduction . . . . . . . . L e e
2.2 Split ring resonator (SRR) . . . . . . .. . L
2.3 Single split ring resonator (SSRR) . . . . . .. .. oL

2.4  Complementary single split ring resonator (CSSRR) . . . . .. .. ... ... ... ..

2.6 Parametric study of CSSRR . . . . . . . . . . ...
2.6.1 Close form formula for resonant frequency of CSSRR . . . . . . ... ... ...
2.7 Harmonic suppression of microwave filters using CSSRR . . . . . . .. ... ... ...
2.7.1 Objectives . . . . . . . . e

14
14
2.5 Lumped element model of CSSRR . . . . . . . . .. ... .. ... ... ... ... d
2d
24
d

2.7.2 Harmonic suppression of bandpass filter using CSSRR . . . . . . ... ... ..

TH-996_06610207

ix



Contents

2.8

2.7.2.1 Design of PCML bandpass filter . . . . . ... ... ... .......

2.7.2.2 Realization of bandstop filter . . . . . . . ... ... ... ... ...

2.7.2.3 Harmonic suppressed bandpass filter . . . . . . ... ... ... .. ..

2.7.3 Harmonic suppression of lowpass filter . . . . . . . .. ... ... ... .....

2.7.3.1 Design of wide stopband BSF . . . . . . ... ... ... ...

2.7.3.2 Harmonic suppressed LPF using CSSRR-Stub-Spurline filter . . . . .

Notched ultra-wideband BPF using CSSRR, . . . . . . . .. ... ... ... .. ....

2.8.1 Comparison between CSSRR and CSRR. . . . . . ... ... ... ... .....

2.8.2 Bandpass filter with notched band . . . . . .. .. .. ... ... ... .....

2.8.3 Summary . .. ...

3 CSRR and its applications in performance enhancement of microstrip filters

3.1
3.2
3.3
3.4

3.5
3.6

3.7

Introduction . . . . . . . ..

Topology and circuit model of SRR and CSRR . . . ... ... ... ..........

Extraction of material parameters . . . . . . . . . . . .. ...

Parametric study of CSRR

3.4.1 Influence of CSRR dimension . . . . . . . . . . . . . v v o

3.4.2 Influence of substrate permittivity . . . . . . . . ... ... . ... ... ....

Stopband characteristics of CSRR . . . . . . . . . . .. .. ... ... ... ...

Multiple harmonic suppression of PCML bandpass filter using CSRR . . . . . . .. ..

3.6.1 Introduction . . . .

3.6.2 Design of wide stopband BSF using CSRR . . . . ... ... ... .......

3.6.3 Harmonic suppression of PCML BPF . . . . ... ... .. ... ........

Summary . . ... .....

4 OSSRR and its applications in performance enhancement of microstrip filters

4.1
4.2

4.3
4.4
4.5

Introduction . . . . . . . ..

Open split ring resonator .

4.2.1 Double negative MTM cell using OSRR . . . . . . ... ... ... ... . ...

Open slot split ring resonator . . . . . . . . . . . . . .. e

Lumped element model of an OSSRR . . . . . ... ... ... ... .. ........

Parametric study of OSSRR




Contents

4.6 Composite right/left handed transmission line based on open slot split ring resonator @
4.6.1 Introduction . . . . . . . . ... [zd
4.6.2 CRLH line using OSSRR. .+« « v o oo e [z3

4.7 Compact lowpass filter design using open slot split ring resonator . . . . . . . . .. .. @
4.7.1 Introduction . . . . . . . L @
4.7.2 Comparison between various DGS . . . ... ... ... .. ........... @
4.7.3 Lowpass filter using OSSRR. . . . . . . . . . ... . &1

4.8 Compact wideband bandpass filter using open slot split ring resonator and CMRC . . @
4.8.1 Introduction . . . . . . . . @
4.8.2 Design of highpass filter . . . . . . . . .. .. ... ... d
4.8.3 Design of lowpass filter . . . . . . . . ... @

4.9 Design of bandpass Filter . . . . . . . . . . ... @

4.10 SUMMATY . .« v v v e e e e e e e e e e e e e e e e e fod

5 OCSRR and its applications in performance enhancement of microwave devices |_9__l|

5.1 Introduction . . . . . . . . . . . e @
5.2 Conventional open split ring resonator and open complementary split ring resonator . 92
53 OCSRR and its modeling . . . . . . . . . . . . .. o4
5.4 Improved stopband lowpass filter using OCSRR . . . . . . . ... ... ... ... ... @
5.4.1 Introduction . . . . . . . . . . . e e e @
5.4.2 Lowpass filter design using OCSRR . . . . . ... . ... ... ... ...... lod
5.5 Ultra-wide stopband lowpass filter using open complementary split ring resonator and
defected ground structures . . . . . . . . . ... L e
5.5.1 Imtroduction . . . . . . . . e [10d
5.5.2 Lownpass filter with wide rejection bandwidth . . . . . . .. .. ... ... ...

5.6 Compact, harmonic suppressed power divider using open complementary split ring res-

ONAator . . . . e e e e e e e e e s [@

5.6.1 Introduction . . . . . . . ... 105
5.6.1.1 The lossless power divider . . . . . . . .. ... ... ... ....... @

5.6.2 Power divider using OCSRR . . . . . . ... .. ... .. [10d

5.7 Size reduced and harmonic suppressed rat race coupler . . . . .. ... ... ... ..

xi



Contents

5.7.1 Introduction . . . . . . . . . e
5.7.2 Ring hybrid using OCSRR . . . . . . . .. ... ... .. . ... .. ......

5.8 Summary . . .o .. e

6.1 Conclusions . . . . . . . .

6.2 Suggestions for future work . . . . . ...

Bibliography

114
114
118
6 Conclusions and future work
[12d
[12d
123
129

List of Publications

xii



List of Figures

1.1
1.2
1.3

1.4

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10
2.11

2.12
2.13
2.14
2.15
2.16

Permittivity-permeability and refractive index diagram. . . . . .. ... ... .. ...

= =3

The wave propagation in a) Right-handed medium b) Left-handed medium. . . . . . .

Pendry’s structure a) Thin wire (negative € / positivey) b) Split ring resonator array

=1

(positive & / negative f1). . . . ... Lo

(o]

Various resonating structures exhibiting metamaterial properties. . . . . . . . . .. ..

Schematic representation of SSRR. . . . . . . . . . .. ... .
Simulation setup for parameter extraction of SSRR. . . . .. ... ... ... ... ..
Scattering parameters of SSRR. . . . . . . .. ..o oL

Extracted permeability of SSRR. . . . . . . . .. ..

15
[1d
[1d
Extracted permittivity of SSRR. . . . . . . .. .. oo o
Structure of the CSSRR showing the physical dimensions. . . . . . .. ... ... ... 4
Simulated scattering parameters of CSSRR. . . . . . . .. ... ..o [1d
Extracted permittivity of CSSRR. . . . . . . . . ..o oo
Extracted permeability of CSSRR. . . . . . . . . .. ... .. d

1

Lumped element model of CSSRR. . . . . . . . .. ... ... . ... ... .. ...,

Scattering parameters of CSSRR - EM simulation (Solid line), Circuit simulation (Dashed

TH-996_06610207

xiii



List of Figures

2.17

2.18
2.19
2.20
2.21
2.22
2.23

2.24

2.25

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13

3.14

Various types of bandstop filters a) CSSRR bandstop filter b) Open stub bandstop filter
¢) CSSRR-Stub bandstop filter. . . . . . . . . .. ... .
Insertion loss of various BSFs. . . . . . . .. ..
Proposed BPF with CSSRR-Stub filter a) Photograph b) Scattering parameters.

Stepped impedance lowpass filter a) Layout b) Scattering parameters. . . . . . . . ..
Open stub-CSSRR-Spurline BSF a) Layout b) Scattering parameters. . . . . . . ...
Harmonic suppressed lowpass filter a) Layout b) Scattering parameters. . . . . . . ..
a) CSSRR geometry (a = 12 mm, d = g = 0.5 mm) b) Conventional CSRR geometry
(a =10 mm, d = ¢ = g = 0.5 mm) c) Scattering parameters (CSRR - dashed line,
CSSRR - solid line). . . . . . . . e
UWB BPF with aperture in the ground plane a) Geometry b) Photograph c¢) Simulated
(solid line) and measured (dashed line) scattering parameters. . . . . . . . ... .. ..
Proposed UWB BPF with notched band a) Geometry b) Photograph c) Simulated (solid

line) and measured (dashed line) scattering parameters. . . . . .. ... ... ... ..

Topology and equivalent circuit of a) SRR b) CSRR (Dark portion represents the metal).

a) Simulation setup b) Scattering parameters. . . . . . . . ... ... L.
Extracted effective material parameters of SSRR a) Permeability b) Permittivity. . . .
CSRR loaded microstrip line a) Layout b) Simulated scattering parameters. . . . . . .
Extracted effective material parameters of CSRR a) Permeability b) Permittivity. . . .
Microstrip line loaded with periodic array of CSRRs. . . . . . . . . .. ... ... ...

Insertion loss of microstrip line loaded with periodic array of CSRRs. . . . . . . . . ..

Rejection bandwidth (10 dB) of microstrip line loaded with various number of CSRRs.

Maximum rejection level of microstrip line loaded with various number of CSRRs.

Geometry of a) Open stub b) Open stub-Spurline and c¢) Proposed BSFs. . . . . . ..
Simulated insertion loss of various BSFs. . . . . . . . ... oo oL
Simulated and measured scattering parameters of conventional PCML BPF. . . . . . .
Fabricated prototype of proposed PCML BPF using CSRR-Stub-Spurline BSF (Top
and Bottom view). . . . ...
Simulated and measured scattering parameters of harmonic suppressed PCML BPF

using CSRR-Stub-Spurline BSF. . . . . . ... ... ... .. ... .. ... .

xiv



List of Figures

3.15 Simulated scattering parameters of harmonic suppressed third order PCML BPF using

CSRR-Stub-Spurline BSF. . . . . . . . . . . .o 59
4.1 Layout of OSRR (a =4 mm,b=2mm,p=g=c=d=02mm). .......... 63
4.2 Simulation setup of OSRR. . . . . . . . . . . 63
4.3 OSRR a) Simulated scattering parameters b) Extracted permeability. . . . . ... .. l6d
4.4 Simulated scattering parameters of SRR and OSRR. . . . . ... ... ... .. ... l6d
4.5 Simulation setup of DN-MTM cell. . . . . . .. ... . o . oL lod

4.6 a) Extracted permeability of DN-MTM cell b) Extracted permittivity of DN-MTM cell. l6

4.7  Open slot split ring resonator a) Layout b) Simulated scattering parameters. . . . . . l6d
4.8 Material parameters of OSSRR a) Permittivity b) Permeability. . . . . . .. ... .. l6d
4.9 Lumped element model of OSSRR. . . . . . . . . .. . ... ... ... ... . ... @
4.10 Representation of reflection co-efficient (S11) on the Smith chart. . . . . .. ... ... [z2
4.11 Comparison between OSSRR EM and EC simulation. . . . ... ... ... ... ... [zd
4.12 Variation of resonance frequency vs dimensions of OSSRR. . . . ... ... ... ... 74

4.13 Extracted equivalent circuit values vs different a) Side length ‘a’ b) Strip width ‘¢’ ¢)

Slot width ‘d’ and d) SPlit AP G « « « « e e e e [z4
4.14 Propagation characteristics of OSSRR a) Attenuation constant b) Phase constant. . . [zd
4.15 Characteristic impedance of OSSRR. . . . . . . . ... .. ... oL [
4.16 CRLH transmission line a) Schematic (W; = 0.6 mm, Wy = 1 mm) b) Fabricated

prototype. . . . . . L e e e e e e e @
4.17 Scattering parameters of proposed CRLH transmission line. . . . . . . ... ... ... [zd
4.18 Dispersion relation of CRLH TL. . . . . . . . . .. .. . . . . @
4.19 Simulated scattering parameters of OSSRR (solid line) and CSRR (dashed line). . . . l8d
4.20 Transmission response of various DGSs. . . . . . . .. ... o 0oL @
4.21 Proposed single cell lowpass filter a) Layout b) Simulated scattering parameters. . . . @

4.22 Proposed lowpass filter a) Layout (Wy = 11.1 mm) b) Fabricated prototype c¢) Simulated

and measured scattering parameters. . . . . . . . .. ... Lo @
4.23 Highpass filter a) Geometry b) Transmission response for various ‘a’. . . . . . . . . .. @
4.24 Layout of a single CMRC cell. . . . . . . . . . . . . lsd
4.25 Frequency response of CMRC for a) Various lengths ¢) Various widths. . . . . . . . .. @

XV



List of Figures

4.26
4.27

5.1

5.2
5.3
5.4
9.5

5.6
5.7

5.8
5.9

5.10

5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18
5.19
5.20
5.21

Fabricated proposed BPFs a) Type 1 b) Type 2. . . . ... ... ... ... ......
Scattering parameters of proposed BPFs a) Type 1 (Continuous line— measurement,

Dotted line— simulation, Dashed line— Conventional PCML BPF) b) Type 2.

Typical topology and equivalent circuit of a) Open split ring resonator b) Open com-
plementary split ring resonator. . . . . . . . . ...
OCSRR a) Layout b) Simulated scattering parameters. . . . . .. ... .. ... ...
Simulated current distribution of the OCSRR at the resonant frequency 2.46 GHz. . .
Slow-wave factor of the microstrip line. . . . . . . . . . . . . . ... .. ... ......
OCSRR a) Equivalent circuit of the microstrip line with OCSRR b) Butterworth pro-
totype of one pole lowpass filter ¢) Simulated scattering parameters of OCSRR. . . . .
Proposed lowpass filter layout. . . . . . . . .. ...
Proposed lowpass filter a) Transmission response for various heights ‘H’ for fixed width

‘W’= 4 mm b) Transmission response for various widths ‘W’ for fixed height ‘H’ = 26

Proposed lowpass filter a) Layout b) Photograph. . . . .. ... ... ... ... ...
Simulated (solid line) and measured (dashed line) scattering parameters of proposed
lowpass filter. . . . . . . . L e e
Proposed LPF a) Layout (z = 5.5 mm, y = 7.2 mm, p = 12.5 mm) b) Simulated
scattering parameters. . . . . . . . ... L0 L0 Lo e e e e e
Transmission line model of a lossless T-junction. . . . . . ... ... ... .......
Basic topologies of power divider. . . . . . . . .. ... o
Simulated scattering parameters of conventional T-junction power divider. . . . . . . .
Simplified model to determine the characteristic impedance of OCSRR line. . . . . . .
Simulated phase response of microstrip line with and without OCSRR. . . . . . . . ..
Proposed power divider a) Geometry b) Photograph. . . . .. ... ... ... ....
Proposed power divider simulated scattering parameters. . . . . . . . ... ... .. ..
Proposed power divider measured scattering parameters. . . . . . . . . ... ... ...
Simulated and measured output phase difference of the proposed power divider. . . . .
Schematic of conventional ring hybrid. . . . . . . .. .. ... ... ... ... .. ...

Simulated phase response of microstrip line with and without OCSRR. . . . . . . . ..

xvi



List of Figures

5.22 Slow-wave factor of the microstrip line loaded with OCSRR. . . . . . .. ... ... .. 114
5.23 Proposed ring hybrid a) Geometry b) Fabricated prototype. . . . .. ... ... ... [114
5.24 Proposed rat-race coupler a) Simulated (solid line) and measured (dashed line) scat-

tering parameters (|S11], [S21]) b) Simulated (solid line) and measured (dashed line)

scattering parameters (|Ssi|, [Sa1]). - - - - - o oL 116
5.25 Phase response for the sum port excitation. . . . . . . ... ... 0oL 117
5.26 Phase response for the difference port excitation. . . . . . . .. . ... ... ... ... [ﬂ

xvii



List of Tables

2.1
2.2
2.3
24
2.5
2.6

3.1
3.2
3.3
3.4

3.5

4.1
4.2
4.3
4.4

5.1
5.2
5.3
5.4

TH-996_06610207

Equivalent circuit values of CSSRR for various split gap ‘@’ . . . . . .. .. ... ... 4
Equivalent circuit values of CSSRR for various slot width ‘¢’. . . . . . ... ... ... 4
Equivalent circuit values of CSSRR for various split gap ‘¢” . . . . . ... .. ... ..
Parametric study of CSSRR. . . . . . . . . . ... kd
Physical parameters of first order Chebychev BPF centered at 0.9 GHz with 10% FBW

Comparison of three BSFs . . . . . . . . . .. . 31
Parametric study of CSRR . . . . . . . . . . ... @
CSRR etched in different substrate . . . . . . . . . . .. ... 51
Comparison of three BSFs . . . . . . . . . . . . . e [5d

Physical parameters of the first order Chebychev BPF centered at 0.9 GHz with 10%

EBv EL. . (N DN NN N - ¥
Physical parameters of the third order equi ripple PCML BPF centerd at 0.9 GHz with

10% FBW « o oo o i e bd
Parametric study of OSRR (all dimensions are in mm) . . . . . . ... ... ...... l6d
Extracted equivalent circuit parameters of the OSSRR . . . . ... ... .. ... .. @
Comparison of various DGSs . . . . . . . . . ... k1
Physical parameters of BPFs (all dimensions are in mm) . . . ... ... ....... g
Performance comparison of LPFs . . . . . ... oo oo 102

Performance comparison of LPFs . . . . . .. .. oo o 105
Comparison of conventional and proposed power dividers . . . . . .. ... ... ... m
114

Performances of the proposed ring hybrid . . . . . . ... ... ... ... ...

xviii



List of Acronyms

TH-996_06610207

BLC
BPF
BWM
CMRC
CPW
CRLH
CSR
CSRR
DGS
DGP
DNG
DPS
EBG
ENG
FCC
FBW
HPF
LHM
LPF
MNG
MTM
NIM
OCSRR
OSRR

Branch Line Coupler

Bandpass Filter

Backward wave Material

Compact Microstrip Resonating Cell
Co-planar Waveguide

Composite Right/Left Handed
Complementary Spiral Resonator
Complementary Split Ring Resonator
Defected Ground Structure

Defected Ground Plane

Double Negative

Double Positive

Electromagnetic Bandgap Structures
Epsilon Negative

Federal Communication Commission
Fractional Bandwidth

Highpass Filter

Left Handed Material

Lowpass Filter

Mu Negative

Metamaterial

Negative Index Material

Open Complementary Split Ring Resonator

Open Split Ring Resonator

xix



List of Acronyms

OSSRR
PBG
PCML
SNG
SR
SRR
TL
UWB
WLAN

Open Slot Split Ring Resonator
Photonic Bandgap Structures
Parallel Coupled Microstrip Line
Single Negative Material

Spiral resonator

Split Ring Resonator
Transmission Line

Ultra Wide Band

Wireless Local Area Network

XX



Introduction

Contents
1.1 Inmtroduction . . . . . . . . . . i i i i i i i ittt et e e 2
1.2 Electromagnetic metamaterials . . . ... ... ... ... ... 0000 3
1.3 Literature review and motivation . . . . . .. ... ... ... ... .. E
1.4 Contribution of thisthesis . . . . . ... ... ... .. .. |E
1.5 Thesis organization . . .. .. .. ... ittt e 1l
TH-996_06610207



TH-996 0

1. Introduction

1.1 Introduction

Present day RF/microwave wireless communication systems increasingly require, microwave de-
vices with smaller size and improved performance. Over the past decade, several researchers have
attempted to reduce the size and improve the performance of various planar microwave devices. In
recent years, the use of metamaterial based resonators and transmission lines has been the alterna-
tive approach to obtain size miniaturization and performance enhancement of microwave components.
Metamaterials are artificial materials with unusual electromagnetic properties. They have both nega-
tive electric permittivity (¢) and negative magnetic permeability (1) that are not observed in naturally
occurring materials. The past few years have been momentous for the development of concepts and
applications of metamaterials.

Metamaterials were theoretically postulated by a Russian scientist, Viktor Veselago, in 1967 [1].
He investigated the electromagnetic wave propagation in such materials and their properties. Ac-
cording to Maxwell’s equations, the direction of energy flow of a plane wave is given by the direction
of the Poynting vector. The Poynting vector is the cross product of electric field E and magnetic
field H. For plane waves propagating in a regular medium, the cross product of electric field E and
magnetic field H gives the direction of energy flow, and it is in same direction with that of the wave
vector (k). The vectors E, H and k follow the right-hand rule. However, Veselago predicted that
in a metamaterial medium, the Poynting vector direction is opposite to that of the direction of wave
propagation, which indicates that E x H gives the direction of energy flow, and the phase velocity
(wave vector) is opposite to that of energy flow. The electric field vector, magnetic field vector and
wave vector form a left-handed triplet. In addition to these left-handed (LH) characteristics, other
unusual properties of metamaterials are the reversal of Snell’s law, reverse Doppler effect and reverse
Cerenkov effect. However, experimental verification of such materials with the simultaneously negative
¢ and p was achieved only three decades later. The first particle that exhibits negative permittivity
by decreasing the plasmon frequency into microwave range was proposed in [2]. Shortly after that,
a particle called split ring resonator (SRR), which provided negative permeability at microwave fre-
quencies was introduced [3]. By combining these two structures, the existence of LH metamaterial
was experimentally proved in 2001 [4]. With these new artificial materials, new kinds of miniatur-
ized antennas and microwave components/devices can be created for the RF /wireless application. In

metamaterials, the wave propagation is opposite to that of energy flow. Hence metamaterials are also
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1.2 Electromagnetic metamaterials

known as left-handed materials (LHM) or backward-wave materials (BWM). The metamaterials can
also be termed as negative index materials (NIM), since the refractive index is negative, or as double

negative material (DNM) because both € and p are negative.

1.2 Electromagnetic metamaterials

Any material response to applied electromagnetic energy can be characterized by its magnetic
permeability and electric permittivity. In metamaterials, these two material properties are negative.
Electromagnetic metamaterials are defined as artificial, effectively homogeneous electromagnetic struc-
tures with unusual properties not readily available in nature [5]. An effectively homogeneous structure
is a structure with average cell size much smaller than the guided wavelength. If the condition of ef-
fective homogeneity is satisfied, the structure behaves as a real material and has the same constitutive
parameters, defined as the permittivity € and the permeability p, which are related to the refractive

index n by,

n = +\/erfy (1.1)

where ¢, and p, are the relative permittivity and permeability related to the free space permittivity
and permeability. From equation (1.1) it can be observed that there are four possible sign combinations
for e, and p, (+ +), (+ -), (- +) and (- -). A medium with positive permittivity and permeability
(e, pr >0), which constitutes most naturally occurring media (e.g., dielectrics) is called a double
positive (DPS) medium. A medium with positive permittivity and negative permeability (g, > 0,
< 0), (e.g., ferrimagnetic materials) is called mu-negative (MNG) medium. A medium with negative
permittivity and positive permeability (¢, < 0, u, > 0) is referred as epsilon negative (ENG) medium.
The medium with simultaneously negative permittivity and negative permeability (e, < 0, pu, < 0) is
called as double negative medium (DNG) or left-handed (LH) material. The graphical representation

of the above properties is shown in Fig. [Tl
1.2.1 Wave propagation in left-handed medium

The four Maxwells equations which describe the electromagnetic wave are

VeD=p, (1.2)
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Figure 1.1: Permittivity-permeability and refractive index diagram.
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for a plane monochromatic wave, the last two equations can take the form

k:xE:%uH

kxH=—2:E
C

(1.6)

(1.7)

It can be seen from the equation that if &, > 0 and p, > 0 then E, H and k form a right-handed

triplet of vectors and if &, < 0 and pu, < 0 they from a left-handed triplet. In left-handed medium, the

permittivity and permeability are negative and the phase velocity will be anti-parallel to the direction




1.2 Electromagnetic metamaterials

of wave propagation or energy flow; in other words the wave has a negative phase velocity in that
medium. Since the direction of energy flow is always from the transmitter to the receiver, the phase
moves in the opposite direction. As illustrated in Figure [[.2] in a right-handed medium, the Poynting
vector (S) and wave vector (k) both are in the same direction. But in left-handed medium, these two

vectors are antiparallel to each other.

E E

V' N N

(a) (b)

Figure 1.2: The wave propagation in a) Right-handed medium b) Left-handed medium.

1.2.2 Experimental verification of metamaterial

Following Veselago’s prediction, it took more than 30 years to experimentally verify the existence
of metamaterials. In 1996, J. B. Pendry [2] introduced the plasmonic type negative £ / positive u
structure consists of a mesh of very thin metal wires arranged in a periodic lattice as shown in Fig.
If the excitation electric field is parallel to the axis of the wires, this structure exhibits nega-
tive permittivity. Further, he proposed another structure known as split ring resonator that exhibits
positive £ / negative p when excited by magnetic field. Fig. shows the array of SRR struc-
ture exhibiting negative permeability. Inspired by Pendry’s work, the first left-handed material was
proposed by Smith and colleagues at University of California, San Diego, which simultaneously exhib-
ited negative permittivity and negative permeability. It is a combination of Pendry’s two structures,
metal wires and SRRs. In 2001, R.A. Shelby and colleagues proposed the two dimensional left-handed
metamaterials and experimentally verified the negative refraction. The structure developed by these

authors consisted of a square shaped SRR printed on one side of the dielectric substrate with metal
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strips on the other side.

Figure 1.3: Pendry’s structure a) Thin wire (negative € / positiveu) b) Split ring resonator array (positive &
/ negative p).
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1.2.3 Implementation of left-handed line

Generally, in a planar medium, the left-handed transmission line can be synthesized using two
approaches: a) Transmission line approach and b) Resonant type approach. In transmission line
approach, the host line is loaded with series capacitances and shunt inductances [6-8]. In resonant
type approach, the host line is loaded with the various resonating structures such as split ring resonator,
spiral resonator, omega type resonator, etc. Some of the structures proposed earlier are shown in Fig.

[[L4l In our study, the focus is mainly on resonant type approach.

1.3 Literature review and motivation

A planar structure exhibiting negative permeability called as split ring resonator (SRR), first
proposed by J. B. Pendry [3] opened the way for size reduction and performance improvement of
various devices using metamaterials. By applying the duality and complementarity principle another
interesting resonator exhibiting negative permittivity known as complementary split ring resonator
(CSRR) [9] is obtained. This is a negative image of the SRR. The CSRR behaves as a resonant element
which is able to produce negative effective permittivity at resonance. The size of such resonators is
much smaller than the wavelength at resonance; hence they are known as sub-wavelength resonator.
Because of their size and characteristics, SRR and CSRR are highly useful for the size miniaturization
of planar microwave devices such as filters, couplers and diplexers, and for the improvement for their
performance. They can also be applied in antennas to reduce the higher order resonant effect and
increase the antenna gain. Several research studies [10-12], showed that SRR and CSRR can be
used as stopband filter for removing the unwanted spurious passband of the conventional bandpass
and lowpass filters. By properly tuning the resonant frequency of these particles, multiple harmonic
suppression can be achieved [11,13]. It has also been demonstrated that CSRR can be used for
designing compact lowpass, highpass and bandpass filters [14-19]. A lowpass filter, which exhibits a
wide stopband and sharp rejection with small size, using CSRR and rectangular patch was proposed
in [20]. A dual band filter with CSRR and interdigital capacitor was discussed in [21].

Apart from the filter applications, CSRR can be used for other applications as well. By etching
CSRR beneath the coupled lines, the coupling effect of the coupler can be increased, and it can serve
to maintain a comfortable distance of separation between the two parallel lines, which provides more

flexibility in the fabrication process [22,23]. Compact microwave power dividers with several topologies
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Figure 1.4: Various resonating structures exhibiting metamaterial properties.




1.3 Literature review and motivation

are designed in microstrip technology by using artificial left-handed lines implemented by means of
SRRs and CSRRs [24,25]. A 90° impedance inverter is first designed using CSRR and etched gap in
the microstrip line then; it is applied for the design of narrow band power dividers. A new type of left-
handed transmission line, implemented by means of CSRR etched on the microstrip line, was proposed
[26] to design a compact power divider and bandpass filter. Yet, this method involves via holes for
the realization of devices. Hybrid rings are crucial structures in microwave engineering. However,
the main limitation of a conventional hybrid ring is its large size because of the 270° branch line. To
overcome this, Itoh and co-workers proposed a left-handed transmission line hybrid ring, realized by
lumped elements, which has reduced size and enhanced bandwidth [27]. A novel miniaturized hybrid
ring was presented, which replaced the 270° branch line of the conventional hybrid ring with a —90°
left-handed branch line realized by complementary split ring resonators (CSRRs). Thus, a 60% size
reduction was achieved [28]. In [29], a composite right/left handed transmission line was used for
dual-band coupler design. However, the design procedures for the realization of composite right /left
handed transmission line in [29] were complicated, they also degraded the performance of the coupler.

A novel dual-band branch line coupler (BLC) [30,31] was presented by the LH-RH transmission
line composed of strip-shaped CSRRs and series gap. The proposed BLCs operates in the GSM band
frequencies (900 MHz & 1800 MHz). Recently a dual band compact BLC using complementary spi-
ral resonator (CSR) was proposed in [32]. Compared with the CSRR, the resonant frequency of the
CSR was half the resonant frequency of the CSRR; hence, size reduction was achieved. Recently, a
new compact resonator called as open split ring resonator (OSR) [33] and open complementary split
ring resonator (OCSRR) [34] were introduced by some of the authors for designing size miniaturized
microwave components [35]. By periodic arrangement of OCSRR a sharp cut-off lowpass filter was
implemented in microstrip technology [36]. In [34], a wideband bandpass filter was designed using
OCSRR in coplanar wave guide technology. The synthesis of composite right/left-handed transmission
line designed using a combination of SRR and OCSRR was reported in [35]. Due to the small dimen-
sions of these resonators, the resulting lines were very compact. It was shown that these artificial lines
can be applied to the synthesis of dual-band components and bandpass filter in coplanar wave guide
(CPW) technology.

In addition, etching of CSRR in the radiating element of ultra wideband (UWB) antenna produces,

notch characteristics and make the antenna coexistence with the wireless local area networks [37,38].
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By placing a patch antenn in the ground plane, containing a number of CSRRs, the patch antenna
size reduction was possible without major changes in the bandwidth [39].

In spite of wide applications of left-handed materials, improvement is still needed in some cases. To
obtain a wide rejection bandwidth from CSRR, a large number of CSRRs is needed, which increases
the device length unnecessarily. Hence, in our work, by combining the CSRR with other stopband
structures, a wide rejection band filter is designed for obtaining a spurious passband free lowpass filter
(LPF) or bandpass filter (BPF). The size reduction for a few of the reported devices (power divider
using CSRR and CSR) has been achieved at the expense of bandwidth reduction. Thus, this approach
is limited to narrowband devices. The ever expanding wireless and consumer electronics market require
the integration of more components, and there is an increasing demand for size reduction and high
performance circuits. To meet this demand, a new resonator exhibiting the same characteristics as
CSRR with a reduction in size is required. Therefore, a new structure called as an open slot split
ring resonator (OSSRR) is introduced in this thesis. Even though the size of the OCSRR is much
smaller than the size of the CSRR for the same resonant frequency, most of the applications reported
are in CPW technology. The fabrication of such devices is difficult because it involves via holes and
bonding wires for connecting the different ground regions. By considering this, we contribute some
works related to the size miniaturization and performance improvement of microwave devices using

CSRR and other sub wavelength resonators.
1.4 Contribution of this thesis
The key contributions of the present study are as follows,

e Various wide bandstop filters, using complementary split ring resonator (CSRR), open stub and
spurline are designed and harmonic suppression of lowpass (LPF) and bandpass filters (BPF)

are demonstrated both by simulation as well as through experimental results.

e Using a single complementary split ring resonator, a notch in the UWB bandpass filter response
is created for suppression of WLAN signals. The fabricated notched UWB BPF is tested using

vector network analyzer and shows the desirable notch filter characteristics.

e Novel resonators, named open split ring resonator (OSRR) and open slot split ring resonator

(OSSRR) exhibiting negative material parameters at the vicinity of the resonant frequency are
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investigated.

e An open slot split ring resonator is introduced to a host microstrip line to realize composite
right /left handed (CRLH) transmission line structure in microstrip technology. It is experimen-

tally verified with the fabricated results.

e A wide fractional bandwidth BPF and compact lowpass filter are designed, fabricated and tested
using OSSRR.

e A wide rejection bandwidth and compact lowpass filters are proposed using OCSRR. It is verified

from simulation as well as experimental results.

e A compact and harmonic suppressed T-junction power divider for wireless application is de-

signed, fabricated and tested.

e Size miniaturized and harmonic suppressed rat-race coupler is proposed, designed and verified

with the fabricated prototype.

1.5 Thesis organization

This thesis is organized into six chapters. The first chapter is an introduction that gives an
overview of the study. Chapter 2 discusses the theory and applications of complementary single split
ring resonator (CSSRR). The modeling, material parameter extraction and detailed parametric study
of CSSRR are presented in this chapter. The applications of CSSRR as performance improvement of
microwave filters are validated through several examples.

Chapter 3 presents a study of CSRR stopband characteristics. To support this study, a parametric
analysis has been performed and presented. Multiple harmonic rejection of conventional parallel
coupled microstrip line bandpass filter using CSRR based bandstop filter is further discussed.

The new sub-wavelength resonators OSRR and OSSRR are discussed in Chapter 4. Methods for
obtaining the frequency response and material parameter extraction of the composite substrate are
also presented here. The modeling of OSSRR has been carried out and the extraction of equivalent
circuit parameters are also included. With the help of complete parametric study, the relation between
the OSSRR dimensions and the resonant frequency is explained. Different applications of OSSRR also

presented in this chapter.
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Chapter 5 discusses performance enhancement of microwave devices using OCSRR. The lumped
element model of OCSRR is presented and model parameters are extracted. Various performance
enhanced microwave devices, such as size-miniaturized lowpass filters, T-Junction power divider and
180° hybrid coupler design using OCSRR in microstrip technology are demonstrated in this chapter.

Conclusion arising from this study and scope for further research directions are discussed in Chapter

TH-996 0
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2. CSSRR and its applications in performance enhancement of microstrip filters

2.1 Introduction

Size miniaturization and performance improvement of microwave filters are in much demand in
today’s rapidly changing communication world. Since the microwave filters are distributive in nature,
they have such shortcomings as suffering from spurious passband, poor roll-off rate, etc. Therefore,
researchers are working toward designing high performance filters with spurious free stopbands and
compact size. Many microstrip filter designs have been proposed in the past few decades, but there is
still room for improvement. Over the past few years, metamaterials have been gaining a lot of interest
among researchers across the globe because such artificial materials produce negative-¢ and negative-p
electromagnetic properties, which do not occur in naturally available electromagnetic materials. Split
ring resonators (SRRs) and complementary split ring resonators (CSRRs) are the key particles for
such exotic artificial materials. These two types of resonators can also be called as sub-wavelength
resonator, due to their smaller size compared with the wavelength at resonance. Several applications
of SRRs and CSRRs were demonstrated in the literature. In this chapter, we introduce one such
metamaterial structure, called complementary single split ring resonator (CSSRR), exhibiting negative
permittivity. As a first step, single split ring resonator (SSRR) and its characteristic are studied
followed by the introduction of CSSRR. A Detailed parametric study and closed form formula for the
resonant frequency of the CSSRR are presented. Finally, a few of the applications of the CSSRR for

performance improvement of microstrip filters are discussed.

2.2 Split ring resonator (SRR)

A split ring resonator (SRR) is a well-known structure exhibiting negative permeability, first
reported by Pendry [3]. Various studies of SRRs have been carried out so far. A SRR consists of
two metallic concentric rings separated by a split gap on the opposite sides of the rings. When a
time varying magnetic field is applied to the SRR, the current is introduced in the split ring. Due to
the split in the SRR, the current in the SRR does not find a closed path but still lows due to the
capacitance between the rings. The amount of the current is determined by the inductance of the
SRR and capacitance of the gap. If the quality factor of the SRR is sufficiently high, the permeability
can be made negative. So far, various kinds of SRRs have been proposed by many researchers. In this

chapter, however, we mainly concentrate on a single split ring resonator.
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2.3 Single split ring resonator (SSRR)
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Figure 2.1: Schematic representation of SSRR.
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Figure 2.2: Simulation setup for parameter extraction of SSRR.

2.3 Single split ring resonator (SSRR)

Fig. I shows the structure of a single SRR. It has a square copper ring with a small split gap on
one side. Circular shaped SRRs are also used in practice. Here, however, we are concentrating only on
square SRR because most of our work is related to square SRR and our fabrication facility is available
for such SRR only. To support our study, the parameter extraction of SRR is also performed and
presented. By applying the effective medium theory, from the simulated S-parameters, the permittivity

and permeability of SSRR are calculated. The simulation setup for extracting the material parameter
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B
Frequency, GHz

Figure 2.3: Scattering parameters of SSRR.

is shown in Fig. 2.2 The unit cell is cubic with a cell dimension of x =y = z = 5 mm. The perfect

electric conductor (PEC) boundary condition is applied to the top and bottom walls of the waveguide,
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Figure 2.4: Extracted permeability of SSRR.
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Figure 2.5: Extracted permittivity of SSRR.

and the perfect magnetic conductor (PMC) boundary condition is applied to the side walls of the
waveguide. The other two sides are assigned as wave ports. A copper SSRR with ¢ = 4 mm, ¢ = 0.2
mm, and g = 0.2 mm is printed on one side of the RT/Duroid substrate with dielectric constant &,
= 2.33 and height A = 0.5 mm. The thickness of the SSRR is taken as 0.5 mm. The S-parameters
of the unit cell are computed using a full-wave simulator and plotted in Fig. 23] At the resonance
frequency f,. = 5.4 GHz, a sharp narrow stopband is observed. The material parameters of the SSRR

are retrieved using the following equations [40].

(14 511)? = 8%
Z = 21
\/(1 —S11)% - 5% 21

b b 2
n= g 008 (2521 (1 =50+ 531)) (2.2)
e=n/z (2.3)
H=nz (2.4)
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where z is the wave impedance of the dielectric slab, d is the size of the cell, and k is the wave vector.
The retrieved material parameters are illustrated in Fig. 24 & Fig. It is shown that around the
resonant frequency of the SSRR, the real part of permeability of the medium is negative, proving that

the SSRR is a py-negative material.

2.4 Complementary single split ring resonator (CSSRR)

Complementary single split ring resonator (CSSRR) or slotted split ring resonator contains a slot
having the shape of a split ring resonator in the ground plane. By applying the property of duality
and complementarity, CSSRR can be derived from SSRR. CSSRR essentially behaves as an electric
dipole that can be excited by an axial time varying electric field rather than a magnetic field as in the
case of SSRR. Hence, negative permittivity is expected from a CSSRR based medium. Both SSRR
and CSSRR with the same dimensions resonate at the same frequency. However, CSSRR occupies
less area than SSRR. Since complementary split ring resonators are etched in the ground plane, unlike
SRRs that are etched in the same plane of the microstrip line, CSSRRs are mostly preferable for size
miniaturization and performance enhancement of microwave devices. To verify its e-negative property
(ENG), the CSSRR is placed in the ground plane exactly below the center of a 50 Q microstrip line
of 3.06 mm width for the FR4 dielectric substrate of ¢, = 4.4 and height A = 1.6 mm as shown in
Fig. The dimensions of the CSSRR structure chosen for the simulation are: ¢ = 12 mm, ¢ =

0.5 mm, and g = 0.5 mm. Fig. 2.7 shows the simulated scattering parameters of CSSRR. Fig.

Ground
1
plane 50Q microstrip
Port 1 Port 2

Figure 2.6: Structure of the CSSRR showing the physical dimensions.
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'28.5 1 15 2 25 3 35 4
Frequency, GHz

Figure 2.7: Simulated scattering parameters of CSSRR.
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Figure 2.8: Extracted permittivity of CSSRR.
& Fig. depict the extracted material parameters for a CSSRR loaded microstrip line using the
eqns. (2.1

)-(2.4). The scattering parameters illustrate that a stopband characteristic is present at the

resonant frequency (f,) of 2.09 GHz with a maximum rejection of 25 dB. Examining the extracted
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parameters, one can see that the reason for the stopband characteristic is the presence of negative e

at resonance.

80

Extracted permeability (u)

25 1 15 2 25 3 35 4
Frequency, GHz

Figure 2.9: Extracted permeability of CSSRR.

2.5 Lumped element model of CSSRR

Since CSSRR is etched in the ground plane, we can consider this as a defected ground structure
(DGS) or defected ground plane (DGP). The frequency response of a conventional DGS and its
equivalent circuit have been studied in [41]. The equivalent lumped element model of CSSRR is
obtained using [42]. For a better illustration, it is shown in Fig. CSSRR is considered as
a parallel RLC resonant circuit. L and C are the inductance and capacitance of the CSRR, and R;
represents the losses in the resonant circuit. The nonuniform current distribution effects on the ground
plane are modeled using Ro. The equivalent circuit parameters are easily obtained from the simulated

scattering parameters with the help of the following equations [42],

(14 S11)(1 — S22) + S12521 Y1
2591 * Y, (2:5)
(14 S811)(1 + So2) — S128n1 1
B = 7 T =1 (2.6)
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O
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Port 1 R, Port 2

Figure 2.10: Lumped element model of CSSRR.

where Y7 and Y5 are the parallel and series admittances of the II - type symmetrical two port network.
Zy is the characteristics impedance of the microstrip line. A and B are the elements corresponding to
the ABCD matrix. The relation between the equivalent circuit parameters and the II - type two port

network are given by,

Yi="—=— 1B (2.7)

Yo=—+jBs (2.8)

Since the simulated scattering parameters of the CSSRR are complex, the resulting equivalent circuit
parameters is also complex. From which the lumped element values of CSSRR are obtained using

eqns. and

B
OF i i (2.9)
fc fO
L—— 1 (2.10)
4m? f2C '

where fy and f. are attenuation pole frequency and cut-off frequency of CSSRR. respectively. The
extracted lumped element values of the structure are L = 2.0325 nH, C = 2.9114 pF, Ry = 0.9 KQ,
and Ry = 1.25 K at the resonant frequency, 2.09 GHz. The equivalent circuit of CSSRR is simulated

using Ansoft Designer SV and compared with the electromagnetic simulation (EM). The result is
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shown in Fig. Bl As expected, EM simulated results are well matched with the circuit simulation.

Small differences found may be due to the negligence of fringe field capacitance in the model.

'28.5 1 15 2 25 3 35 4
Frequency, GHz

Figure 2.11: Scattering parameters of CSSRR - EM simulation (Solid line), Circuit simulation (Dashed line).

2.6 Parametric study of CSSRR

To investigate the influence of the CSSRR dimensions on the changes in its resonant frequency,
we have simulated the CSSRR with different dimensions. By keeping the slot width ¢ and gap width
g constant, the side length a of the CSSRR was varied in increments of 2 mm. Similarly, the other
dimensions of the structure are also varied and its frequency response is plotted in Fig. 212l to Fig.
214l The corresponding lumped element values are also extracted and tabulated in Table 2.1 to Table
By examining the plots, we can see that as the side length a of the CSSRR increases, the effective
inductance value is increased, which, in turn, leads to a lower resonant frequency, or attenuation pole
frequency. Similarly, the increase in slot width and split gap decreases the capacitance value with less
change in inductance, so that the attenuation pole frequency moves toward the higher end. Therefore,
it is concluded that for a fixed split gap value, the resonant frequency of CSSRR can be easily tuned

to the desired value by changing the side length of the structure.
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Figure 2.12: Frequency response of CSSRR for variation of side length ‘a’.
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Figure 2.13: Frequency response of CSSRR for variation of slot width ‘c’.
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Frequency, GHz

Figure 2.14: Frequency response of CSSRR for variation of split gap ‘g’.

Table 2.1: Equivalent circuit values of CSSRR for various split gap ‘a’

a (mm) | ¢ (mm) | g (mm) | f. (GHz) | fo (GHz) | L (nH) | C (pF) | Ri1(KQ) | R2(KQ)
9 0.5 0.5 2.38 2.78 1.4178 | 2.314 1.428 0.833
11 0.5 0.5 1.86 2.19 2.039 | 2.5928 1 1.2
13 0.5 0.5 1.56 1.81 2.1875 | 3.5382 0.714 1.429
Table 2.2: Equivalent circuit values of CSSRR for various slot width ‘c
a (mm) | ¢ (mm) | g (mm) | f. (GHz) | fo (GHz) | L (nH) | C (pF) | Ri1(KQ) | R2(KQ)
9 1 0.5 241 2.94 1.748 1.6782 2 0.909
9 1.5 0.5 2.52 3.13 1.778 | 1.4554 2 0.833
9 2 0.5 2.67 3.4 1.8585 | 1.1802 2 0.833
Table 2.3: Equivalent circuit values of CSSRR for various split gap ‘g’
a (mm) | ¢ (mm) | g (mm) | f. (GHz) | fo (GHz) | L (nH) | C (pF) | Ri1(KQ) | R2(KQ)
9 0.5 0.5 2.38 2.78 1.4178 | 2.314 1.428 0.833
9 0.5 1 2.53 2.99 1.3303 | 2.132 1.67 0.769
9 0.5 2.54 3.09 1.6943 | 1.5674 1.67 1

oo IHt
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2.6 Parametric study of CSSRR

Table 2.4: Parametric study of CSSRR

a (mm) | ¢ (mm) | g (mm) | & | Simulated f, (GHz) | Calculated f, (GHz)
10 0.4 0.5 4.4 2.42 24
10 0.6 0.5 4.4 2.54 2.46
10 0.7 0.5 4.4 2.62 2.487
10 0.5 0.4 4.4 2.53 2.427
10 0.5 0.5 4.4 2.55 2.43
10 0.5 0.6 4.4 2.75 2.44
11 0.5 0.5 4.4 2.27 1.69
12 0.5 0.5 4.4 2.0 2.19
13 0.5 0.5 4.4 1.78 2.0
10 0.5 0.5 4.4 2.55 2.43
10 0.5 0.5 6.15 2.22 2.11
10 0.5 0.5 10.2 1.79 1.69

2.6.1 Close form formula for resonant frequency of CSSRR

The conventional method [43] for calculating the resonant frequency of the CSSRR is a tedious
process. To make this process easy, the length of the current path for the SSRR is first calculated,

from which the resonant frequency is computed as follows,

I = v
' 2x {4x (a—c)—gh/=

(2.11)

where v is the speed of light in vacuum. Since CSSRR is a dual counterpart of SSRR, the computed
formula is applicable to the CSSRR also. To verify this formula, a detailed parametric study on
the resonant frequency of CSSRRs has been carried out based on the CSSRR’s side length, slot
width, split gap, and substrate on which it is printed. The results are tabulated in Table 24l Such
a detailed investigation will be useful for the proper selection of CSSRR dimensions for designing
CSSRRs for various applications. It should be noted, however, that the formula is useful only for the
rough estimate of initial dimensions of the CSSRR. The final dimensions should be obtained using

optimization process.
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2. CSSRR and its applications in performance enhancement of microstrip filters

2.7 Harmonic suppression of microwave filters using CSSRR

2.7.1 Objectives

The main limitation of microwave filters implemented using distributed components is the presence
of unwanted spurious passbands, occurring at the harmonics of the cut-off frequency of the filter.
These undesired passbands degrade the performance of the filter in certain applications that require
a wide rejection bandwidth. For example, in the case of parallel coupled microstrip line (PCML)
bandpass filter (BPF), the presence of a spurious passband at twice the fundamental (fy) frequency is
a major limitation of the filter. Similarly, stepped impedance lowpass filter is also seriously affected
by the presence of a spurious passband near its resonance frequency. As a result, the suppression
of the spurious passband in microwave filters is a challenging job for the designers. Our intention
is to develop a harmonic suppression technique or device that can be used in conjunction with the
existing conventional filters such as the lowpass filter (LPF) or bandpass filter to improve their filtering
performance. In this section, we investigate the CSSRR-stub filter as a harmonic suppression device
or technique for PCML BPF and stepped impedance lowpass filters. It should be noted, however, that
this harmonic suppression technique can also be used for improving filtering characteristics of other

types of filters.
2.7.2 Harmonic suppression of bandpass filter using CSSRR

Bandpass filters have been widely employed in microwave and wireless communication system
for permitting desired band of frequencies while rejecting all other bands. In microstrip technology,
PCML BPFs are commonly used because of their planar structure and simple design procedure. The
required design parameters can be obtained from various literatures [44-46]. However, the presence
of the spurious passband at twice the fundamental frequency (2fy) is a major limitation of this filter.
This is mainly due to the unequal even and odd mode phase velocities of parallel coupled lines. Several
techniques have been proposed [10,47-50] to suppress the spurious passband of the PCML filter at
2fy. Using the continuous modulation pattern, which employs a sinusoidal law in the strip widths of
parallel coupled line filter, is effective in suppressing the spurious response [47]. In [48], corrugated
coupled microstrip lines are designed to equalize the odd and even mode phase velocities for obtaining a
wide upper stopband. Based on Bragg reflection, periodic grooves are etched in the microstrip lines to

eliminate the spurious passband at 2fy [49]. Recently, split ring resonators (SRR) and complementary
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2.7 Harmonic suppression of microwave filters using CSSRR

split ring resonators (CSRR) have been established as a solution for the suppression of harmonics in
microstrip and CPW technologies [10,50]. The bandstop filter using open stub and spurline can be
adopted for suppressing the second harmonic in open loop ring bandpass filter [51]. In this work,
the presence of the spurious passband at the second harmonic of center frequency is eliminated by
cascading the bandstop filter, designed using CSSRR, with the PCML BPF. The bandstop filter
(BSF) using open stub employs several cascaded stages to obtain a wide rejection bandwidth and
high rejection ratio. On the other hand, the CSSRR has a narrow stopband and good rejection
level. Placing a CSSRR under the stub filter results in a wider stopband and high rejection level.
The undesired second harmonic of the conventional parallel coupled microstrip line bandpass filter is

eliminated by cascading this BSF with the PCML BPF.
2.7.2.1 Design of PCML bandpass filter

A coupled line configuration consists of two transmission lines placed parallel to each other. In
such a configuration, there is a continuous coupling between the electromagnetic fields of the two
lines. Due to the coupling of the magnetic fields, a pair of coupled lines provides two different modes
of propagation. When the coupled microstrip lines are symmetrical, the two modes of propagation are
the odd mode and even mode of propagation. A detailed analysis of this phenomenon can be found

in [44,45]. The design equations for the filter are given by,

TA
Zody = (| — 2.12
0J1 =/ % ( )

Dody = — "2 for n=2,3,..N (2.13)

2\/ 9In—19n

A
Zodvin L J E ™ (2.14)
29NgN+1

where J,, is the admittance inverter constants, A is the fractional bandwidth, g is the lowpass filter
prototype element values and Zj is the characteristic impedance of the line. To realize the J-inverters
obtained above, the odd and even mode characteristics impedance of the coupled microstrip line
resonators are determined by eqn. and eqn. 2,161 With the help of these odd and even mode

impedance values, width and spacing between the coupled lines have to be determined.
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2. CSSRR and its applications in performance enhancement of microstrip filters

Table 2.5: Physical parameters of first order Chebychev BPF centered at 0.9 GHz with 10% FBW

i (mm) | Zoe Q| Zoo Q| wi(mm) | s;(mm) | /; (mm)

1 70 30 1.22 0.512 | 46.972
Zoe = Zo[l + T Zy + (J Zy)*] (2.15)
Zoo = Zo[1 — JZo + (J Zp)?] (2.16)

As an example, a first order Chebyshev parallel coupled microstrip line filter, operating in the GSM
band of frequencies in the range of 890 MHz to 960 MHz, is designed and simulated. The center
frequency (f.) of the passband is taken as 900 MHz, which covers the GSM band. The filter fractional
bandwidth (FBW) is taken as 10%. The BPF is designed on the FR4 substrate of relative dielectric
constant €, = 4.4 and height h = 1.6 mm. The physical parameters of the filter are calculated by the
above equations and listed in Table The 50 €2 access lines of 10 mm are added on both input and
output ports.

The bandpass filter with the dimensions listed in Table 2.5is simulated using a full-wave simulator.
The fabricated prototype of the filter is shown in Fig. 2.5l The simulated and measured results of the
conventional BPF are shown in Fig. By observing the plots, one can see that the first passband
exists from 0.83 GHz to 0.95 GHz covering the GSM band. In addition, a small spurious passband is
observed around 1.8 GHz, which is twice the center frequency of the filter. This spurious passband
has to be suppressed to obtain a wide rejection bandwidth. Therefore, a bandstop filter is designed

using CSSRR and cascaded with the conventional BPF to improve the filter performance.
2.7.2.2 Realization of bandstop filter

The suppression of harmonics in microwave and millimeter wave system using a bandstop filter
is a common practice. The conventional open stub BSF suffers from a narrow stopband and larger
size. Hence, by combining the various stopband [51,52] structures, a wide stopband can be obtained
without increasing the circuit area. In our work, BSF is designed using open stub and CSSRR. As
we need to suppress the second harmonic (1.8 GHz) of the GSM bandpass filter, a bandstop filter is
first designed using CSSRR. Fig. shows the structure of the CSSRR bandstop filter. We have
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2.7 Harmonic suppression of microwave filters using CSSRR

Figure 2.15: Photograph of conventional BPF.
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Figure 2.16: Scattering parameters of conventional BPF.

designed a CSSRR to resonate at 1.8 GHz with the following dimensions: ¢ = 13 mm, ¢ = 0.5 mm,
and g =0.5 mm. Stop bandwidth of the designed CSSRR loaded microstrip line bandstop filter is 200
MHz. The basic configuration of the open stub filter is depicted in Fig. Two open stubs of
length \;/4 are separated by a distance of \;/4, where ), is the guided wavelength of the microstrip.
A wide stopband can be obtained by cascading a greater number of open stub stages, but this results
in increased circuit area. To overcome this limitation, a CSSRR is placed in the ground plane of the

open stub filter as shown in Fig. The open stub bandstop filter is designed for the same

frequency as the CSSRR bandstop filter. The optimized dimensions of CSSRR-Stub filter are L; =

TH-996_06610207
29



2. CSSRR and its applications in performance enhancement of microstrip filters

==

(b)

Figure 2.17: Various types of bandstop filters a) CSSRR bandstop filter b) Open stub bandstop filter ¢)
CSSRR-Stub bandstop filter.

6.5 mm, Lo = 23.2 mm, L3 = 22.9 mm, and W = 3.06mm. In Fig. 218 simulated insertion loss of

three types of bandstop filters are shown.

The stop bandwidth and rejection levels of various BSF are listed in Table The CSSRR-
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Figure 2.18: Insertion loss of various BSFs.

Stub filter has wide stop bandwidth of 1.06 GHz and a rejection level of 57.03 dB when compared
with other filters, ensuring same circuit area. Compared with the conventional open stub BSF, the
proposed CSSRR-Stub BSF has 40% more rejection bandwidth without increasing the number of open

stub stages.

Table 2.6: Comparison of three BSF's

Filter Type | Stop bandwidth in GHz | Rejection level in dB
CSSRR 0.2 20.55
Open Stub 0.74 51.58
CSSRR-Stub 1.06 57.03

2.7.2.3 Harmonic suppressed bandpass filter

As stated earlier, the second harmonic suppression is achieved by cascading the proposed BSF
with the PCML BPF. In this case, the dimensions of the BSF are optimized as follows to avoid
the overlapping of desired passband of the bandpass filter and stopband of the bandstop filter. The
optimized dimensions of BSF are L1 = 6.5 mm, Lo = 18.6 mm, Lg = 17.8 mm and W = 3.06 mm. The

proposed filter has been fabricated on the FR4 substrate and tested using Agilent 8753ES network
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analyzer. The photograph and scattering parameters (S1; and So;) of the proposed BPF with CSSRR-
Stub filter are illustrated in Fig. The spurious passband at twice the center frequency (1.8 GHz)
of BPF is suppressed up to 40 dB without major changes in the passband. A rejection level of greater
than 30 dB is obtained from 1.43 GHz to 2.53 GHz. The proposed filter offers a maximum rejection of
85 dB in the stopband and low passband insertion loss of 1.43 dB. Better results can be obtained by
using the low loss substrate. Experimental results of filters are in close agreement with the simulation

results. The minor differences found can be due to the tolerances in the fabrication process.
2.7.3 Harmonic suppression of lowpass filter

A simple method to implement a lowpass (LPF) filter is to use alternating sections of very high
and very low characteristic impedance lines. This filter is simple in design and occupies less space
than a lowpass filter implemented using stubs. As a second example of performance enhancement of a
microwave filter, harmonic suppression of stepped impedance lowpass filter is presented in this section.
A new wide stopband BSF is designed using open stub, CSSRR, and spurline configuration. Then, the
proposed BSF is cascaded with the lowpass filter for suppressing the spurious passbands. A fifth order
maximally flat response lowpass filter with a cut-off frequency of 1.0 GHz and stopband attenuation of
greater than 20 dB at 2 GHz has been designed using the standard design procedure described in [44].
The low and high impedances used for the design of LPF are 20 Q and 50 €2 respectively. The filter
is designed on the FR4 substrate with ¢, = 4.4 and thickness of 1.6 mm. The Geometry of lowpass
filter is shown in Fig. The dimensions of filter are P, = 6.12 mm, P, = 22.23 mm, P; = 19.8
mm, Py = 19.8 mm, P; = 11.1 mm and F5 = 0.71 mm. Fig. shows the simulated scattering
parameters of the low pass filter. From the plot, we observe that after the required passband, the
spurious passband exists in the frequency region between 2.8 GHz to 4.6 GHz. We must suppress these
harmonics of the LPF to obtain spurious free out-of-the band filter characteristics in the frequency

region of interest.
2.7.3.1 Design of wide stopband BSF

Bandstop filters are widely used in microwave and wireless communication systems for prohibiting
undesired signals. To date, many researchers have proposed various types of bandstop filters. A
narrowband compact spurline BSF is proposed in [53]. In [51], a bandstop filter using openstub and

spurline is used for harmonic suppression of the BPF. Bandstop filters with a wide rejection bandwidth
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Figure 2.19: Proposed BPF with CSSRR-Stub filter a) Photograph b) Scattering parameters.

using stepped impedance resonator and spurline are investigated in [52]. A novel BSF with high
Q@ factor using U and V shaped slot is presented in [54]. A compact bandstop filter using signal
interference technique is proposed in [55]. A negative € bandstop microstrip line filter is demonstrated
in [9]. In this work, a wide bandstop filter is designed using three stopband structures such as open
stub, CSSRR, and spurline. In section 2.7.2.2] a BSF is designed using open stub and CSSRR. To

widen the rejection bandwidth further, additional stopband structure spurline is embedded in the
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Figure 2.20: Stepped impedance lowpass filter a) Layout b) Scattering parameters.

microstrip line. To design a wide stopband BSF, we have first designed a CSSRR, using the close-
form formula of equation Z11], to resonate at 4.0 GHz. The dimensions of the CSSRR are: a = 7.0
mm, ¢ = 1.0 mm, and ¢ = 1.0 mm. This structure is placed in the ground plane exactly below the
50 € microstrip line. For all the simulations, the FR4 dielectric substrate of ¢, = 4.4 and 1.6 mm
height is used. The stop bandwidth of the designed CSSRR loaded microstrip line bandstop filter is

320 MHz. A Conventional open stub filter is constructed by placing two open stubs of length L =
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2.7 Harmonic suppression of microwave filters using CSSRR
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Figure 2.21:
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Open stub-CSSRR-Spurline BSF a) Layout b) Scattering parameters.

Ag/4 at a distance of A\;/4 on a microstrip line, where )\, is the guided wavelength. We have designed

the open stub filter at the center frequency of 3.6 GHz. The optimized dimensions for the filter are

L, =10.23 mm, Ly = 10.23 mm, and Wy = 3.06 mm. This filter gives a stop bandwidth of 1.36 GHz.
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2. CSSRR and its applications in performance enhancement of microstrip filters

A wide stopband can be obtained by cascading more number of open stub stages, but this results
in increased circuit area. To overcome this limitation, as explained earlier, the CSSRR is placed in
the ground plane of the open stub filter, which results in a stop bandwidth of 1.99 GHz. To extend
the rejection bandwidth further, an extra transmission zero is introduced by embedding a spurline
section between the open stubs. Lg is usually taken to be slightly less than Lo, and W5 is chosen as
approximately equal to 30% of W;. The optimized dimensions of the spur line are L = 10.0 mm
and Wy = 1.0 mm. The final layout of the proposed wide stopband BSF is shown in Fig.
Simulated scattering parameters of the various BSFs are depicted in Fig. The CSSRR-Stub
Spurline BSF has the widest stop bandwidth (2.5 GHz) in comparison with other BSF's, assuring more

or less the same circuit area with the conventional open stub BSF.
2.7.3.2 Harmonic suppressed LPF using CSSRR-Stub-Spurline filter

By cascading the proposed BSF, explained in section 2.7.3.], with the stepped impedance lowpass
filter, the rejection bandwidth of the LPF is enhanced. Fig. shows the photograph of top and
bottom view of the fabricated lowpass filter cascaded with CSSRR-Stub-Spurline bandstop filter. In
this case, the optimized dimensions of the BSF to suppress the unwanted passband in the stopband are
as follows: L = 10.23 mm, Lo = 10.23 mm, L3 = 10 mm, W; = 3.06 mm, W5 = 1 mm, a = 7.5 mm, ¢
= 1.9 mm, and g = 1.9 mm. Fig. shows the simulated and measured scattering parameters of
the lowpass filter cascaded with CSSRR-Stub-Spurline BSF. The spurious passbands in the frequency
region from 2.8 GHz to 4.6 GHz are completely suppressed without major changes in the passband.
A rejection level of greater than 25 dB is obtained from 3.2 GHz to 5 GHz. The selectivity [56] for the
lowpass filter is 26 dB/GHz. All filters have been fabricated on the FR4 substrate and tested using
Agilent 8753ES Network Analyzer. Experimental results of the filter are in close agreement with the
simulation results. The minor differences found may be due to the tolerances in the fabrication process

and connector losses.

2.8 Notched ultra-wideband BPF using CSSRR

The Federal Communication Commission (FCC) authorized the unlicensed use of the ultra-wideband
(UWB) frequency spectrum (3.1-10.6GHz) in 2002 for high data rate and short range transmission.
Since then, there has been a growing interest in the field of UWB communication. To utilize the

required UWB frequency range, various UWB filters have been developed. However, some of the
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Figure 2.22: Harmonic suppressed lowpass filter a) Layout b) Scattering parameters.

frequency range within the UWB spectrum is allocated for wireless local area network (WLAN) sys-
tems. To avoid the interference between the UWB frequency spectrum and the WLAN radio signals,
an UWB bandpass filter with a notch band is desirable. So far, various UWB BPFs with a notch
band have been reported by many researchers [57-62]. An UWB bandpass filter with a narrow band
notch characteristic using embedded open stub is demonstrated in [57] and [61]. Folded interdigital

coupled lines used to create a rejection band in the UWB spectrum at 5.6 GHz are reported in [58].
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2. CSSRR and its applications in performance enhancement of microstrip filters

A meander line slot etched in the active area of the UWB BPF effectively removed the IEEE 802.11a
(5.15 GHz to 5.85 GHz) signals from the UWB passband. [59]. Recently, a metamaterial resonator
has been employed to introduce wave propagation notch in the UWB bandpass filter [60]. The filters
mentioned above have the disadvantage of either low performance or difficulty in fabrication due to
via holes.

In this work, we present an UWB bandpass filter with notch function using CSSRR. Compared
with the conventional CSRR, it has sharp cut-off and flat insertion loss. Hence, CSSRR is utilized to
introduce a sharp rejection band in the UWB frequency spectrum to suppress the WLAN frequency

range.

2.8.1 Comparison between CSSRR and CSRR

To compare the performance of the CSSRR with the conventional CSRR, a CSRR resonating at
the same resonance frequency as the CSSRR is simulated. The layout and scattering parameters of
both the CSSRR and CSRR are illustrated in Fig. [2.23] By observing the plots, we can conclude that
the conventional CSRR insertion loss is high and does not have flat response after resonance. Similarly,
the roll-off rate of return loss is also low after the resonant frequency. Thus the conventional CSRR
performance is poor for notch function. To improve the performance of the conventional CSRR, it
was slightly etched away from the host line, and an open circuited stub was employed to compensate
for the increase in inductance [60]. On the other hand, by using CSSRR, we can achieve flat insertion
loss in the passband of the filter and a better roll-off rate at the transition of the filter without the

need for any additional structure.
2.8.2 Bandpass filter with notched band

To design the UWB bandpass filter with notch function, an UWB BPF is first designed using
ground plane aperture technique [63]. Due to the aperture in the ground plane, close coupling between

the microstrip lines is achieved. The layout and fabricated prototype of UWB BPF are shown in Fig.

[2.24(a)| and [2.24(b)| respectively. A microstrip multiple mode resonator (MMR) line is used to link

the two identical PCML sections with a backside aperture. A detailed design procedure of the UWB
BPF can be obtained from [63]. The width and the gap between the coupled lines of a PCML are
0.2 mm each. The length of the PCML section is 6.32 mm which is equivalent to the electrical length

¢ = 180°. The physical length of a multi mode resonator is equal to 12.25 mm. The length of the
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Figure 2.23: a) CSSRR geometry (a = 12 mm, d = g = 0.5 mm) b) Conventional CSRR geometry (a = 10
mm, d = ¢ = g = 0.5 mm) c¢) Scattering parameters (CSRR - dashed line, CSSRR - solid line).

ground plane aperture is 6.42 mm and the height is 3.5 mm, both of which are optimized using EM
simulation. Fig. shows the simulated and measured scattering parameters of the UWB BPF.
The filter passband is from 2.8 GHz to 10.6 GHz. The measured insertion loss of the conventional
UWB BPF is less than 1.5 dB in the passband and return loss is more than 20 dB in the stopband.
As discussed earlier, to notch out the WLAN radio signals from the desired UWB passband,

stopband characteristics of a CSSRR is utilized. A CSSRR resonating at 5.5 GHz is designed and
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Figure 2.24: UWB BPF with aperture in the ground plane a) Geometry b) Photograph c¢) Simulated (solid
line) and measured (dashed line) scattering parameters.

placed underneath the parallel coupled lines. The initial dimensions of the CSSRR are obtained from

equation 2.I1T] Since the CSSRR is etched around the ground plane aperture, resonant frequency of the
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Figure 2.25: Proposed UWB BPF with notched band a) Geometry b) Photograph ¢) Simulated (solid line)
and measured (dashed line) scattering parameters.

CSSRR does not exactly match the equation 2111 However, the final dimensions are optimized using

EM simulation. To provide room for both the aperture and CSSRR under the coupled lines, the size of
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2. CSSRR and its applications in performance enhancement of microstrip filters

the aperture is modified. Similarly, instead of a square-shaped CSSRR, a rectangular-shaped CSSRR
is used to obtain the proper notch-out behavior. All the specifications of the UWB BPF with notched
band and photograph of the fabricated filter are shown in Fig. and Fig. respectively.
Fig. shows the simulated and experimental results of the UWB BPF. The fabricated UWB
BPF passband is from 2.96 GHz to 10.75 GHz, exhibiting notch characteristics at 5.5 GHz with a
rejection level of 32.25 dB. The lower and upper 3 dB points of notch are 4.85 GHz and 6.12 GHz
respectively. Thus, the proposed filter is capable of effectively suppressing the interference from IEEE
802.11a WLAN signals. Compared with the work reported in [57] and [64], the proposed method

provides better FBW in the notch band and does not require any via holes, as used in [57] and [60].
2.8.3 Summary

This chapter presented the theory and applications of single negative sub-wavelength resonator
known as CSSRR. The detailed parametric study and lumped element model of the CSSRR are
presented. From the parametric study, approximate close form formula for the resonant frequency
of CSSRR is obtained. Two different BSFs are designed using CSSRR, open stub, and spurline
combination. The proposed BSFs stop bandwidth are wider than the conventional BSF using open
stubs. By cascading these BSFs with the conventional PCML BPF and stepped impedance LPF,
the spurious passbands occurring at the stopband of the filters are suppressed. To demonstrate the

another application of CSSRR, notched UWB BPF design using CSSRR is presented.
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3. CSRR and its applications in performance enhancement of microstrip filters

3.1 Introduction

The split ring resonator (SRR) medium introduced by J. B. Pendry [3] has given us the opportunity
to make materials with negative permeability, from which a left-handed medium can be constructed.
This left-handed media exhibit a frequency band, where the u value is negative, despite being made
of a nonmagnetic material. They also have another component called a complementary split ring
resonator (CSRR), which provides the negative ¢ behavior. By using the concepts of duality and
complementarity, it is straightforward to derive a CSRR from the SRR structure. This CSRR structure
provides a negative ¢ effective permittivity in any medium. Because of their small size, SRRs and
CSRRs are called sub-lambda structures or sub-wavelength resonators. Due to this, a super-compact
stopband structure can be implemented using SRRs and CSRRs. This chapter mainly discusses
the theory and application of CSRRs for the performance improvement of microwave bandpass filter
(BPF). The detailed parametric study and stopband characteristics of a CSRR are presented followed

by the multiple harmonic suppression of a PCML BPF.

3.2 Topology and circuit model of SRR and CSRR

The split ring resonator consists of two concentric copper rings separated by a small slit gap on
opposite sides of the rings. The layout and equivalent circuit model [43] of the SRR is illustrated in
Fig. In this figure, Cp represents the total capacitance between the rings, i.e., Cy = 27rgCpy,
where C),, is the per unit length capacitance between the between the rings. The resonant frequency

of the SRR is given by,
1

- 27/ LsC

where C is the series capacitance due to the split gaps of the upper and lower halves of the SRR,

fo (3.1)

and L is the inductance of a single ring with an average radius, rg and width, c. When excited by an
axial magnetic field, the SRR behaves as a magnetic dipole and produces the stopband because of its
negative permeability. If the effects of metal thickness and losses are neglected, a CSRR is a perfect
dual counterpart for a SRR [65]. Therefore, when excited by an axial electric field, CSRR can be
considered as an electric dipole. The layout and equivalent circuit of a CSRR is shown in Fig. .
The capacitance C. of a disk of radius, rg - ¢/2 surrounded by a ground plane at a distance ¢ of its
edge, replaces the inductance Lg of the SRR model. Similarly, the series capacitor, Cy/2 in the SRR

model is substituted by the parallel combination of two inductances, Lg/2.
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3.3 Extraction of material parameters

Cy2 Cy2

(b)

Figure 3.1: Topology and equivalent circuit of a) SRR b) CSRR (Dark portion represents the metal).

3.3 Extraction of material parameters

To verify the left-handed property of the SRR and the CSRR, the material parameters, such as
effective permittivity and permeability are extracted as explained in section 2.3l Fig. shows
the simulation setup for parameter extraction. A copper square shaped SRR, with a side length of
4 mm, is printed on one side of the RT/Duroid substrate, with dielectric constant e, = 2.33 and
height A~ = 0.5 mm. The split gap, width and spacing between the split rings are chosen as 0.2 mm.
This setup is simulated using CST Microwave Studio and simulated results are shown in Fig.
As expected, the SRR exhibits sharp rejection characteristics around at the resonant frequency fo of
4.69 GHz. The effective material parameters are extracted from the simulated scattering parameters
and illustrated in Fig. B3l Before resonance, the effective relative permeability reaches its maximum

positive value of 43.55 at 4.58 GHz and crosses the zero at 4.6 GHz. At the resonant frequency, it
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3. CSRR and its applications in performance enhancement of microstrip filters
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Figure 3.2: a) Simulation setup b) Scattering parameters.

reaches its negative maximum value of -22.08 and again crosses zero at 5.3 GHz. Similarly, to study

the frequency response characteristic of a CSRR, a CSRR with the following dimensions, ¢ = 10 mm,
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3.3 Extraction of material parameters
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Figure 3.3: Extracted effective material parameters of SSRR a) Permeability b) Permittivity.

¢ =0.5mm, d =0.5 mm, and g = 0.5 mm is placed under a 50 2 microstrip line as Fig. shows.

Since the CSRR is obtained by etching out the SRR shape from the ground plane, it occupies a lesser

47



3. CSRR and its applications in performance enhancement of microstrip filters

85 1 15 2 25 3
Frequency, GHz

(b)

Figure 3.4: CSRR loaded microstrip line a) Layout b) Simulated scattering parameters.

area than the SRR does. The substrate used for simulation is FR4, with dielectric constant of 4.4
and thickness of 1.6 mm. Fig. [3.4(b)| depicts the frequency response characteristic of a CSRR loaded
microstrip line. Like the SRR, the CSRR also exhibits stopband near its resonance frequency fo =

1.91 GHz.
Fig. shows the extracted material parameters of the CSRR loaded microstrip line. As expected,

the effective permittivity of the structure shows a maximum negative value of -28.81 at the resonant
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3.3 Extraction of material parameters
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Figure 3.5: Extracted effective material parameters of CSRR a) Permeability b) Permittivity.

frequency. It reaches its positive maximum value of 46.44 at 1.85 GHz. The zero crossing points are

at 1.85 GHz and 2.3 GHz respectively.
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3. CSRR and its applications in performance enhancement of microstrip filters

Table 3.1: Parametric study of CSRR

a (mm) | d (mm) | ¢ (mm) | g (mm) | Simulated f, (GHz)
9 0.5 0.5 0.5 2.23
10 0.5 0.5 0.5 1.91
11 0.5 0.5 0.5 1.7
10 0.5 0.5 0.5 1.91
10 1 0.5 0.5 2.02
10 1.5 0.5 0.5 2.36
10 0.5 0.5 0.5 1.91
10 0.5 1 0.5 2.09
10 0.5 1.5 0.5 2.17
10 0.5 0.5 0.5 1.91
10 0.5 0.5 1.5 1.98
10 0.5 0.5 2.5 2.11

3.4 Parametric study of CSRR

Many different parameters affect the resonant frequency of a CSRR, the most dominant being the
permittivity of the substrate and the length of the resonator. In the following sections, we show the
effect of parameters involved in the design that affect the resonant frequency and that are easy to vary

practically. While varying one of the parameters, the other parameters are kept constant.

3.4.1 Influence of CSRR dimension

To investigate the influence of the CSRR side length (a), on the the resonant frequency of CSRR,
CSRRs with different side length were simulated and Table B.I] tabulates the results. As the side
length of the CSRR increases, the effective inductance also increases, which in turn, shifts the resonant
frequency to the lower end. Similarly, the other parameters also varied and the corresponding changes
in the resonant frequency of the CSRR are tabulated. From the table, it is observed that the CSRR
resonant frequency is inversely proportional to the side length of the CSRR. Increasing the other
parameters of the CSRR, such as slot width (d), strip width (c), and split gap (g), also increases the

resonant frequency.
3.4.2 Influence of substrate permittivity

The resonant frequency is inversely proportional to the dielectric constant of the substrate. Modify-

ing the substrate dielectric constant (&) will shift the resonant frequency accordingly. To demonstrate
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3.5 Stopband characteristics of CSRR

Table 3.2: CSRR etched in different substrate

Substrate Dielectric constant (g,) | Simulated f, (GHz)
RT /Duroid 5880 2.33 2.815
FR4 4.4 1.79
RT /Duroid 6006 6.15 1.61

SIS S

= [ =1 | =] I=]]

Figure 3.6: Microstrip line loaded with periodic array of CSRRs.

this effect, we simulated the CSRR using three different substrates, and Table B2 tabulates the results.
From Table B.2] it is evident that as e, increases, the resonant peak shifts toward lower frequency. As
€, 1s increased, the capacitances of the CSRR also increase and hence, the resonant frequency shifts

to a lower frequency.

3.5 Stopband characteristics of CSRR

In this section, we present the stopband characteristics of the microstrip line loaded with the
periodic array of CSRRs. As discussed in section B3] the CSRR produces a narrow stopband during
its resonance. Here, our concern is to enhance the stopband filter characteristics by increasing the
number of CSRR structures in the ground plane. This is achieved by placing more CSRRs with the
same dimensions periodically below the microstrip line. The dimensions of all CSRRs are kept as
follows: ¢ = 8 mm, ¢ = 0.5 mm, d = 0.5 mm, and g = 0.5 mm. The distance between the two
adjacent CSRRs is maintained at 0.5 mm. Fig. shows such a stopband filter structure as having
four CSRR structures, in which all the CSRRs have the same dimensions.

Fig. B.7shows the insertion loss of various numbers of CSRRs in the ground plane. From the figure,
it is observed that, the rejection bandwidth of a single CSRR is only 170 MHz and the maximum
rejection level is 19.22 dB. In order to widen the rejection bandwidth further, the number of CSRRs

under the microstrip line is increased up to eight cells. The results show a large stop bandwidth
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Figure 3.7: Insertion loss of microstrip line loaded with periodic array of CSRRs.

from 2.2 GHz to 3.05 GHz with a rejection bandwidth of 850 MHz. This is a significant improvement
compared with the previous results of a single CSRR. The rejection level of the eight cell CSRR is also
increased to 57.06 dB. Fig. B.8 and Fig. respectively show the rejection bandwidth and maximum

rejection level of various numbers of CSRR cells.

3.6 Multiple harmonic suppression of PCML bandpass filter using
CSRR

3.6.1 Introduction

Microstrip bandpass filters (BPF) have been widely employed in microwave and wireless commu-
nication systems for permitting a signal in the desired range of frequencies and rejecting all others.
Different filters techniques are available for designing BPF. The PCML BPF is the most popular
one because of its planar structure, readily available design formulae, and easy design procedures.
However, the fundamental limitation of such BPFs is the presence of nearby out-of-band spurious
passbands. This is mainly due to the difference in the odd and even mode phase velocities and the
distributed nature of the microstrip line. To avoid interference with devices working in the nearby

frequency spectrum, these spurious passbands should be completely removed or suppressed.
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3.6 Multiple harmonic suppression of PCML bandpass filter using CSRR
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Figure 3.8: Rejection bandwidth (10 dB) of microstrip line loaded with various number of CSRRs.
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Figure 3.9: Maximum rejection level of microstrip line loaded with various number of CSRRs.

Several techniques have been reported in the literature to solve this problem. By etching periodic
photonic bandgap (PBG) patterns in the ground plane, the harmonics of the PCML BPF are effectively

removed in [66]. In [47], continuous perturbation of the coupled line width according to the sinusoidal
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3. CSRR and its applications in performance enhancement of microstrip filters

law has been suggested for suppressing the second harmonic. Corrugated coupled microstrip lines are
designed to equalize the odd and even mode phase velocities for obtaining a wide upper stop band
in [48]. Based on Bragg reflection, periodic grooves are etched in the microstrip lines to eliminate a
spurious passband at 2fy [49]. SRRs and CSRRs have been established as a means for suppression of
harmonics in microstrip and CPW technologies [10], [50]. Bandstop filters using open stub and spurline
can be adopted for suppressing the second harmonic in the open loop ring BPF [51]. Odd and even
mode phase velocities were equalized using the substrate suspension technique [67] and by placing
a dielectric overlay over the coupled lines [68] to eliminate the second harmonic. Parallel coupled
microstrip sections with a slotted ground plane are proposed as building blocks of PCML BPFs for
harmonic rejection in [69]. Floating strip conductors printed on the backside of the substrate are
shown to be useful for suppressing second harmonics in microstrip filters [70].

But the use of PBG structures for low frequencies increases the circuit area of the filter and side
by side, introduces passband ripple. As SRRs are normally placed on the upper side of the substrate
close to the signal strip, it results in an increased filter size. The printing of sinusoidal and corrugated
structures on the signal strip is difficult from a fabrication point of view. In this work, to reject the
unwanted spurious passband, we use a traditional open stub-spurline rejection band filter. However,
to enhance the rejection bandwidth, additional transmission zero is introduced by placing a CSRR
under the 50 2 microstrip line. Using this newly proposed BSF, which is constructed employing three
bandstop structures, the harmonic suppression of a PCML BPF up to the fifth order harmonic (5f)

is possible. It is demonstrated both from IE3D simulation results as well as experimental results.
3.6.2 Design of wide stopband BSF using CSRR

A Conventional open stub filter is first constructed by placing two open stubs of length L = A,/4
at a distance of Ly = A,/4 on a microstrip line, where )\, is the guided wave length. We have designed
the open stub filter at the center frequency of 4 GHz. The optimized dimensions of the filter are L=
10.23 mm, Ly = 10.23 mm, and Wy = 3.06 mm. This filter gives a stop bandwidth of 1.35 GHz. A
wide stopband can be obtained by cascading grater number of open stub stages, however, it results
in increased device area. To overcome this limitation, a spurline is embedded [51] between the open
stubs. The length of the spurline is A;/4 and the width is chosen as 10% of the microstrip line width.
The optimized dimensions of spur line are Ly = 10 mm and Ws = 1 mm. The stop bandwidth of

stub-spurline filter is 2 GHz, which is 0.65 GHz more than the open stub BSF. To extend the rejection
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3.6 Multiple harmonic suppression of PCML bandpass filter using CSRR

e

50 Q Microstrip line

Figure 3.10: Geometry of a) Open stub b) Open stub-Spurline and ¢) Proposed BSFs.

bandwidth further, one more stop band structure is added by placing a CSRR below the open stub

and spurline section. The CSRR is designed to resonate near the second harmonic frequency with
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3. CSRR and its applications in performance enhancement of microstrip filters
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Figure 3.11: Simulated insertion loss of various BSFs.

Table 3.3: Comparison of three BSF's

Filter Type Stop bandwidth in GHz
Open stub 1.35
Open Stub-Spurline 2
Proposed 2.93

the following dimensions @ = 10 mm, ¢ = 0.5 mm, d = 0.5 mm, and g = 0.5 mm. Due to this,
stopband of the bandstop filter is enhanced up to 2.93 GHz. Fig. and Fig. B.I1] show the various
types of bandstop filter layouts and their simulated insertion losses respectively. Among them, the
CSRR-Stub-Spurline filter has the widest stop bandwidth and a sharp passband to stopband transition

compared with other BSFs. Table B3] lists the stop bandwidths of various BSF's.

3.6.3 Harmonic suppression of PCML BPF

To verify the harmonic rejection capabilities of the proposed bandstop filter, a first order Chebyshev
PCML BPF centered at f. = 0.9 GHz with 10% fractional bandwidth (FBW) has been designed on
a FR4 substrate using the standard design procedure [44,45]. The physical parameters of the filter

are listed in Table B4l Fig. BI2 shows the simulated and measured scattering parameters (Si1
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3.6 Multiple harmonic suppression of PCML bandpass filter using CSRR

and Sa;1) of the conventional PCML BPF. From the figure, we observe that the spurious passbands
occur at multiples of the center frequency. This spurious passband will degrade out-of-the-band filter
performance. So by embedding the proposed wide rejection bandwidth bandstop filter in the input

port of the PCML BPF, these undesired harmonics can be eliminated effectively .

Table 3.4: Physical parameters of the first order Chebychev BPF centered at 0.9 GHz with 10% FBW

i | Zo, Q| Zp,Q | wi(mm) | s;(mm) | I;(mm)
1 70 30 1.22 0.512 46.972
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Figure 3.12: Simulated and measured scattering parameters of conventional PCML BPF.

Fig. B3l shows a photograph of the new harmonic suppressed PCML BPF. Fig. 3.14] shows the
simulated and measured results of the proposed PCML BPF with the CSRR-Stub-Spurline section.
The measured insertion loss and return loss are less than 1.43 dB and 20 dB respectively. The rejection
level is more than 20 dB, up to 4.5 GHz, and that means, the harmonic suppression up to 5fy has
been achieved. Above 30 dB rejection level is obtained from 3 to 4.2 GHz. The differences in the
simulated and experimental results are due to tolerances in the fabrication process.

In general, a third or more order BPF is used in practice. Therefore, we have simulated a third
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3. CSRR and its applications in performance enhancement of microstrip filters

Figure 3.13: Fabricated prototype of proposed PCML BPF using CSRR~Stub-Spurline BSF (Top and Bottom
view).
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Figure 3.14: Simulated and measured scattering parameters of harmonic suppressed PCML BPF using CSRR-
Stub-Spurline BSF.

order PCML BPF with the same specification and the proposed CSRR-Stub-Spurline filter is cascaded
with this BPF. A better harmonic suppression is also achieved in this case. TableB.5shows the physical
parameters of the filter. Fig. B.15 shows the simulated scattering parameters of a conventional and a

proposed third order PCML BPF. The harmonic suppression of more than a 25 dB rejection level is

TH-996_0

(o)
o
=
O
)
()

~N

58



3.7 Summary

Table 3.5: Physical parameters of the third order equi ripple PCML BPF centerd at 0.9 GHz with 10% FBW

IS, & IS,,|, dB

i Zo, 0| Zp,Q | wi(mm) | s;(mm) | {;(mm)
11 70.61 | 39.24 1.22 0.4 46.684
2| 56.64 | 44.77 1.44 1.28 46.432
3| 56.64 | 44.77 1.44 1.28 46.432
4| 70.61 | 39.24 1.22 0.4 46.684
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Figure 3.15: Simulated scattering parameters of harmonic suppressed third order PCML BPF using CSRR-

Stub-Spurline BSF.

achieved up to 5fp.

3.7 Summary

In this chapter, a well-known structure SRR, exhibiting negative permeability, and its counterpart

CSRR, exhibiting negative permittivity, are studied. The detailed parametric study and stopband

characteristics of a CSRR in the ground plane of the microstrip line are presented. A new bandstop

filter is constructed using CSRR, open stub and spurline combination. It produces a sharp passband

to stopband transition and 47% more rejection bandwidth than the conventional BSF assuring the

same device area. By combining this BSF with a conventional PCML BPF, the undesired harmonics
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3. CSRR and its applications in performance enhancement of microstrip filters

are eliminated. The proposed harmonic suppressed PCML bandpass filter operating in the 900 MHz
GSM band offers more than a 20 dB rejection level up to the fifth harmonic, a maximum rejection

level of 75 dB in the stop band, and a low passband insertion loss of less than 1.43 dB.
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4. OSSRR and its applications in performance enhancement of microstrip filters

4.1 Introduction

Metamaterials are a special class of artificial materials simultaneously exhibiting negative per-
meability and permittivity. Recently, various structures exhibiting metamaterial characteristics have
been proposed by various authors [71-78]. A double negative (DNG) metamaterial (MTM) cell com-
posed of a SRR and an I shaped ring is demonstrated in [71]. A negative index material designed using
an omega like structure is presented in [72] and [74]. Size miniaturized left-handed transmission lines
using a multiple SRR and spiral resonator are discussed in [73]. A fractal spiral resonator exhibiting
negative permeability is demonstrated in [78].

In this chapter, we introduce two new resonators exhibiting metamaterial properties, namely an
open split ring resonator (OSRR) and an open slot split ring resonator (OSSRR). The OSRR exhibits
negative p and the OSSRR exhibits negative €. Compared with the conventional SRR and CSRR
structures, the proposed structures occupy a lesser area for the same resonant frequency. Hence, size
miniaturization of microwave devices is possible using the new class of resonators. First, the theory and
material parameter extraction of OSRR are discussed. Then the design of a single negative and double
negative cell using an OSRR is presented. The rest of the chapter deals with the detailed analysis of
the planar structure OSSRR, starting from material parameter extraction, equivalent circuit modeling,
and is followed by the parametric study of OSSRR. Few applications of OSSRR, such as bandpass
filter, lowpass filter and composite right/left handed transmission line are presented to support this

study.

4.2 Open split ring resonator

Fig. [4.1] describes the structure of the OSRR. It is formed by two concentric copper rings having
openings at the same side that are connected to another set of concentric copper rings. This structure
is printed on one side of the RT/Duroid substrate, with dielectric constant of 2.33 and a height of
0.5 mm. This structure is placed inside a waveguide. The dimensions of the cubic cell are x =y
=z = 5 mm. The perfect electric conductor (PEC) boundary condition is applied to the top and
bottom walls of the waveguide, whereas a perfect magnetic conductor (PMC) boundary condition is
applied to the sidewalls of the waveguide. The other two opposite sides of the waveguide are assigned
as wave ports. Fig. shows the simulation setup for acquiring the scattering parameters. This

setup is simulated using commercial full-wave simulator. Fig. shows a plot of the the simulated
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4.2 Open split ring resonator

—| g |—
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Figure 4.1: Layout of OSRR (¢ =4 mm, b =2mm, p =g =c =d = 0.2 mm).
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Figure 4.2: Simulation setup of OSRR.

scattering parameters of the OSRR. Similar to an SRR [50], if an array of the OSRR is excited by the
magnetic field parallel to the ring axis, current loops are introduced in the ring. At resonance, these
current loops are closed through the capacitance between the rings and an incident wave is reflected
back to the source, causing a stopband. At a resonance frequency of 4.12 GHz, a sharp rejection band
is observed.

The parameter extraction can be done using the method described in [78]. The extracted perme-
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Figure 4.3: OSRR a) Simulated scattering parameters b) Extracted permeability.

ability of OSRR is shown in Fig. 4.3(b)l Similar to the well-known mu-negative material (MNG) SRR,

OSRR also exhibits negative permeability near its resonance frequency of 4.12 GHz. The bandwidth
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4.2 Open split ring resonator

of the u negative region is 0.4 GHz.

To study the characteristics of the OSRR for different dimensions, a parametric study has been
performed and Table [4.1] shows the results. When one of the OSSRR parameters was increased, all
others were kept unchanged. When ‘a’ and ‘b’ are increased, the equivalent inductance of the OSRR is
increased and the resonant frequency, f, is decreased. When the split gap ‘g’ of the OSRR is increased,
the decreased equivalent capacitance leads to an increase in f,.. Similarly, an increase in ring width ‘d’
also increases the resonant frequency. For comparison purposes, we also designed a SRR resonating
at the same frequency as the OSRR. The simulation setup for SRR is same as described in section
42 Fig. 4.4 shows a plot of the comparative results of SRR and OSRR. By observing the plots and
dimensions of both structures, we conclude that the OSRR is approximately 20% smaller than the

SRR.

.
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Figure 4.4: Simulated scattering parameters of SRR and OSRR.

4.2.1 Double negative MTM cell using OSRR

A double negative (DN) cell is constructed by placing the OSRR and thin copper wire on opposite
sides of the substrate. Fig. illustrates the simulation setup for the DNG cell. The width of
the copper wire is 0.2 mm and it runs along the length of the cell. The material parameters are

extracted from the scattering parameters, as explained in the previous section. The retrieved material
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4. OSSRR and its applications in performance enhancement of microstrip filters

Table 4.1: Parametric study of OSRR
(all dimensions are in mm)

a b C d g l fr (GHZ) Hreal

25(115102]02]02]0.2 7.39 -1.99
35(115(102]02|02]0.2 5.48 -4.27
4511510202 |02|0.2 4.12 -6.97
451 2 102020202 3.44 -9.401
3511510202 |04|0.2 5.68 -5.68

3515104020202 .86 -6.864
35(115(102]03|02]0.2 6.14 -3.191

PMC

Figure 4.5: Simulation setup of DN-MTM cell.

parameters are shown in Fig. The double negative region, where permittivity and permeability

both are negative, is observed from 4.3 GHz to 4.6 GHz.

4.3 Open slot split ring resonator

An OSSRR is a negative image of the OSRR. An OSSRR is formed by two concentric square slots
having openings at the same side that are connected to another set of concentric square slots. Since
OSSRR is a dual counterpart of the OSRR, an axial time varying electric field is required to excite
the OSSRR instead of a magnetic field as with an OSRR. As a result, the permittivity of the OSSRR

loaded medium is negative. To study the frequency response characteristics of an OSSRR, an OSSRR
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Figure 4.6: a) Extracted permeability of DN-MTM cell b) Extracted permittivity of DN-MTM cell.

with the dimensions, ¢ = 12 mm, ¢ = 0.5 mm, d = 0.5 mm, ¢ = 0.5 mm, and [ = 3 mm is placed

under a 50 €2 microstrip line and simulated using a full-wave simulator. A FR4 substrate, with the
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Figure 4.7: Open slot split ring resonator a) Layout b) Simulated scattering parameters.

dielectric constant e, = 4.4 and height A = 1.6 mm is used for all simulations. Fig. [T depicts the
layout and scattering parameters of the OSSRR. At the resonance frequency f, = 0.74 GHz, a sharp
stopband is observed. The values of permittivity and permeability of the OSSRR loaded transmission
line are obtained from the simulated scattering parameters and plotted in Fig. L8 The amplitude
of the real part of permittivity (¢) is negative just above the resonant frequency. It reaches its most
positive value, i.e., 125.5, at 0.69 GHz, crossing the zero at 0.707 GHz, and then reaches its most

negative value, i.e., -53.07, at 0.74 GHz, again crossing the zero at 0.827 GHz.
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Figure 4.8: Material parameters of OSSRR a) Permittivity b) Permeability.
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Figure 4.9: Lumped element model of OSSRR.

4.4 Lumped element model of an OSSRR

To validate the proposed OSSRR to a practical circuit design, it is necessary to model the OSSRR.
So the lumped element equivalent circuit of the OSSRR is constructed and parameter values are
obtained using [79]. We can model the proposed OSSRR as a parallel resonant circuit attached to the
equivalent circuit of the transmission line. Fig. shows the equivalent circuit of the OSSRR. L1
and C1 are the inductance and capacitance of the microstrip line respectively and L2 and C2 are the
inductance and capacitance of the OSSRR respectively. Two frequencies can be identified from the

equivalent circuit. One is the resonant frequency of the OSSRR f,.,

1
=- 4.1
e oy
and the other is transmission zero frequency, f, which nulls the shunt impedance.
Let
2= (4.2)
e '
1
Zy= —— (4.3)
ijQ + Jols
The resonance occurs at
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4.4 Lumped element model of an OSSRR

1 ijg

ijl + 1-— w2L202 - 0 (45)
1 — w?LyCy = wW?LoCy (4.6)
1
w? = 4.7
Lg(Cl + CQ) ( )
1
I (4.8)

. 27T\/L2(C1 + CQ)

The two frequencies can be obtained from the simulation. The notch in the transmission coefficient
is identified as f, = 0.74 GHz. To obtain f;, the reflection coefficient is plotted on a Smith chart. At
this frequency, the shunt path to the ground is opened and the input impedance seen from the port
is only the series impedance of the structure. Therefore, f, is calculated by the intersection between
the simulated reflection coefficient and the unit normalized resistance circle. Fig. illustrates the
representation of the reflection coefficient on a Smith chart. The calculated f, is 0.812 GHz. From
that, the inductance ‘L’ of the equivalent circuit is determined. By solving the equations [l and [4.8]
we can compute the remaining unknowns of the lumped element model. However, the equations [4.1]
and [4.8 are dependent on three unknowns, so we need an additional condition for solving. At the

angular frequency wy /o, where the phase of the transmission co-efficient is /2,

Zs(jwﬂ'/2) = _Zp(jwﬂ'/2) (49)

where Z,(jw,) and where Z,(jw,) are the series and shunt impedance of the equivalent circuit. Thus,
by solving the three equations .1l [4.8 and 49, we can determine the values of the shunt branch
element. By the method explained above, the lumped element values of the proposed OSSRR structure
are computed and tabulated in Table[4.2l From these element’s values, we have obtained the electrical
simulation of the model using Ansoft Designer SV. The comparison between the circuit simulation
and the EM simulation results are plotted in Fig. {11l The discrepancy between the results may be

due to the negligence of losses in the circuit.
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4. OSSRR and its applications in performance enhancement of microstrip filters

Figure 4.10: Representation of reflection co-efficient (S11) on the Smith chart.

Table 4.2: Extracted equivalent circuit parameters of the OSSRR

L1 (HH) Cl (pF) L2 (DH) 02 (pF)
22.04 1.9584 4.3538 8.6949

4.5 Parametric study of OSSRR

The effect of varying different dimensions of the OSSRR. on the resonant frequency is investigated.
Any of the parameters of the OSSRR, such as side length (a), slot width (d), strip width (c) or split
gap (g ) is varied, while the other parameters are kept constant. The side length of the OSSRR is
varied from 12-14 mm and the other parameters are (d, ¢ and g), varied from 0.5 mm-1.5 mm. The
resonant frequency of the OSSRR loaded microstrip line with different OSSRR dimensions is shown
in Fig. £12l From the results, it is evident that the transmission zero frequency is varied with respect
to the OSSRR dimensions.

Similarly, the dependence of the lumped element values upon the OSSRR dimensions are also
studied using the equivalent circuit extraction method [79]. Fig. illustrates the variation of

extracted lumped element values with respect to the OSSRR dimensions. From the plots, we observe
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Figure 4.11: Comparison between OSSRR EM and EC simulation.
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Figure 4.12: Variation of resonance frequency vs dimensions of OSSRR.

that the increase in side length of the OSSRR decreases its transmission zero frequency due to the
increase in effective inductance. An increase in slot width decreases the effective capacitance of

OSSRR, which leads to an increase in transmission zero frequency. Increases in strip width and split
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Figure 4.13: Extracted equivalent circuit values vs different a) Side length ‘a’ b) Strip width ‘¢’ ¢) Slot width
‘d’ and d) Split gap ‘g’.

gap decrease the inductance of the OSSRR, hence, the resonant frequency is increased. So the desired

resonant frequency can be easily obtained by tuning the dimensions of OSSRR.
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4.6 Composite right/left handed transmission line based on open slot split ring resonator

4.6 Composite right/left handed transmission line based on open
slot split ring resonator

4.6.1 Introduction

In metamaterials, the wave propagation is governed by the left-hand rule instead of right-hand rule.
Therefore, these artificial materials are also called as left-handed (LH) materials or backward-wave
(BW) materials. In LH material, the electromagnetic wave propagation is opposite to that of energy
flow. As a result, the electromagnetic waves propagating through the metamaterials have both phase
and group velocities opposite to each other. The left-handed materials can be realized by either using
transmission line approach (TL) or resonant type approach. In resonant type approach, the host line is
loaded with various types of resonant structures and series gap to exhibit left-handed property. In [73]
and [80], complementary split ring resonator (CSRR) is used to realize the composite right/left handed
(CRLH) transmission line. A Planar transmission line medium with negative refractive index based
on complementary omega like structure is proposed in [74]. Recently, a negative index metamaterial
composed of triangular open-loop resonator and wire structure is demonstrated in [76]. In [81], a
composite right/left handed (CRLH) transmission line is implemented by combining open split ring
resonators (OSRRs) and open complementary split ring resonators (OCSRRs) using CPW technology.
Very recently, a compact CRLH transmission line is synthesized using complementary spiral resonator
(CSR) by M. D. Sindreu et al. [32]. In our work, we propose a new, compact planar composite

right /left handed transmission line using an OSSRR for microstrip technology.
4.6.2 CRLH line using OSSRR

A Composite right/left handed planar transmission line can be synthesized by an OSSRR and an
interdigital capacitor. An OSSRR is a modified and negative image of the open split ring resonator [33].
The shape of the OSRR is slightly modified, and its negative image is etched out from the ground
plane to obtain an OSSRR. Similar structure in coplanar wave guide technology is proposed for design
of wide bandpass filter [34]. However, for the first time in microstrip technology, an OSSRR is utilized
to synthesize a CRLH transmission line. Before realizing the CRLH transmission line, to understand
the propagation characteristics of OSSRR, the OSSRR with the dimensions mentioned in section
is simulated and its attenuation constant, phase constant and characteristic impedance are plotted in

Fig. 141 & Fig. I8 respectively using the following equations [82].
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Figure 4.14: Propagation characteristics of OSSRR a) Attenuation constant b) Phase constant.

[(1 + 511)(1 — 522) + 512521] + %[(1 — 511)(1 + 522) + 512521]
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4.6 Composite right/left handed transmission line based on open slot split ring resonator
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Figure 4.15: Characteristic impedance of OSSRR.

(1 4F 511)(1 4F 522) — 519591
Z. = 4.11
ZO\/(l — S11)(1 — S22) — S12521 (4-11)

where Zj; and Zyo are the port impedances and [ is the length of the cell. The real part of v is
attenuation constant and imaginary part is phase constant. From the figures, it is observed that within
the stopband, attenuation constant is dominant and the real part of the characteristic impedance is
diminishing.

Fig. shows the layout and photograph of CRLH line realized using OSSRR and interdigital
capacitor. A two finger interdigital capacitor is embedded in the microstrip line to introduce series
capacitance. Fig. [£.17 shows the simulated and measured scattering parameters of the structure . To
understand the wave propagation in the CRLH TL structure, the dispersion characteristic is obtained
using eqn. and plotted in Fig. EI8 In region 1, the phase and group velocities are in the same
direction and in region 2 both are opposite to each other. This indicates that region 1 is right-handed
(RH) band and region 2 is left-handed (LH) band. The transition frequency between LH band and RH
band is observed at 0.92 GHz. At the transition frequency, the phase constant is zero. By inspecting
the dispersion relation, we observe that the proposed structure exhibits both the right-handed and

left-handed characteristics. Compared with the work reported in [81], the proposed structure does not
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Figure 4.16: CRLH transmission line a) Schematic (WW; = 0.6 mm, W> = 1 mm) b) Fabricated prototype.

involve any via holes. So complexity in fabrication process is reduced.

4.7 Compact lowpass filter design using open slot split ring res-
onator

4.7.1 Introduction

Over the past few years, defected ground structure (DGS) or defected ground plane (DGP) draws
the attention of many researchers for size reduction and harmonic suppression of various microwave
devices [41,83-90]. Due to the defects in the ground plane, change in shield current takes place, which
effectively changes the value of the inductance and capacitance of the microstrip line. This produces
stopband effect in certain frequency range. So far, various shapes of defected ground structures like
dumbbell, spiral, arrowhead, elliptical, U-shaped and H-shaped etc. [41,83-87] are demonstrated by
various authors. Recently, a CSRR [88] DGS and OSSRR [91] DGS have been successfully applied

for size reduction and performance enhancement of microwave devices. In this work, a lowpass filter
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4.7 Compact lowpass filter design using open slot split ring resonator
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Figure 4.17: Scattering parameters of proposed CRLH transmission line.
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Figure 4.18: Dispersion relation of CRLH TL.

(LPF) is constructed using a periodic array of OSSRR and open stubs. The proposed filter has sharp
cut-off and good outband suppression.

Since OSSRR is obtained by etching a OSRR shaped slot in the ground plane, we can consider
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4. OSSRR and its applications in performance enhancement of microstrip filters
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Figure 4.19: Simulated scattering parameters of OSSRR (solid line) and CSRR (dashed line).

the OSSRR as a defected ground structure. To compare the performance of the CSRR DGS with
the OSSRR DGS, a CSRR resonating at the same frequency as OSSRR (explained in section [4.3)) is
designed and their scattering parameters are plotted in Fig. The total defected area occupied by
the OSSRR and CSRR for the same resonant frequency is 27 x12 mm? and 30 x15 mm? respectively.
So approximately 28% area reduction is achieved for the OSSRR DGS compared with the CSRR DGS.

Hence, size miniaturization is achieved using OSSRR DGS.
4.7.2 Comparison between various DGS

Lowpass filters with sharp cut-off characteristics, compact size and easy design procedures are
desirable for modern microwave communication systems. Many novel types of microstrip lowpass
filters have been proposed using various DGS [85-90]. However, the OSSRR DGS has sharper cut-off
frequency than the conventional DGS such as dumbbell, arrowhead, elliptical etc. To compare the
properties of different DGS, various DGSs having the same transmission zero frequency are simulated
and their characteristics are listed in Table 4.3 Fig. depicts the simulated transmission response

of various DGSs. The sharpness factor of the lowpass (LPF) filter is given by,

_fe

SF = =—
fo

(4.12)

80



4.7 Compact lowpass filter design using open slot split ring resonator

m

T

= 15 :

ol Wi /7| Clrcular head

Y L% /5 Eliptical head
% 7o |--Square head
“i NS --CSRRDGS

-25 Y —OSSRR DGS|:

s 2 25 3

35 4 45
Frequency, GHz

Figure 4.20: Transmission response of various DGSs.

Table 4.3: Comparison of various DGSs

DGS Type f.(GHz) fo (GHz) SF Area (mm?)
Square 1.47 3.1 0.47 100
Circular 1.45 2.8 0.5 99.71
Elliptical 1.5 2.98 0.52 95
CSRR 2.71 2.93 0.93 56.25
OSSRR 2.73 2.93 0.93 49.5

where fy is the attenuation pole frequency and f. is the cut-off frequency. From Table [4.3] we

observe that the transmission zero frequencies of DGSs are slightly varied and OSSRR DGS has good
sharpness factor and less defected area compared with the other DGSs.

4.7.3 Lownpass filter using OSSRR

As explained in the previous section, the OSSRR has good sharpness factor and occupies less
defected area, yet the rejection bandwidth of OSSRR DGS is small, so this property is not suitable for

LPF application. To get the sufficient suppression in the high frequency range, open stubs are placed
on both sides of the OSSRR, as shown in Fig. [4.21(a)|

To obtain a 3 dB cut-off frequency of 1.5 GHz, the OSSRR dimensions are chosen as follows: a
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Figure 4.21: Proposed single cell lowpass filter a) Layout b) Simulated scattering parameters.

=7mm, ¢ =04 mm, d =0.4 mm, g =04 mm, and I = 1 mm. The length and width of the open

stubs are h = 11 mm and w = 4 mm respectively. Fig. [4.21(b)| shows the scattering parameters of

a single OSSRR DGS LPF. From the figure, we observe that still the outband filter performance is

not sufficiently good as we have expected. Therefore, cascaded stages of OSSRR DGS cells are used

to obtain a good rejection band. Fig. [4.22(a) & Fig. [4.22(b)| show the layout and photograph of

cascaded stages of two cell OSSRR DGS respectively. Simulated and measured scattering parameters

of the proposed lowpass filter are shown in Fig. The proposed filter offers, a steep rejection

oI oA
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Figure 4.22: Proposed lowpass filter a) Layout (W3 = 11.1 mm) b) Fabricated prototype ¢) Simulated and
measured scattering parameters.
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4. OSSRR and its applications in performance enhancement of microstrip filters

at 1.5 GHz and has more than a 20 dB rejection from 2 GHz to 4.5 GHz. We have calculated the
selectivity of the filter as 35.42 dB/GHz using eqn. T3]

Omin — Omax
£= A (4.13)

where £ is selectivity of the filter, oy, and e are the attenuation points at 3 dB and 20 dB

respectively, and f, is the 20 dB stopband frequency.

4.8 Compact wideband bandpass filter using open slot split ring
resonator and CMRC

4.8.1 Introduction

A bandpass filter (BPF) having wide fractional bandwidth is needed to cope up with, present
day wideband RF/Wireless communication systems. However, the BPF implemented using parallel
coupled microstrip line (PCML) is suitable for obtaining a fractional bandwidth (FBW) of only up to
20%. This is mainly due to the weak coupling between the parallel coupled lines. To achieve a large
FBW, microstrip width and spacing between the coupled lines has to be very small, which is difficult
to fabricate. Many researchers have proposed the various techniques to obtain a wide bandpass filter
response [15,63,92-96]. A ground plane aperture technique is used to obtain the fractional bandwidth
of 60% in multipole bandpass filter in [63]. A cascaded lowpass and highpass sections are utilized to
construct an ultra wideband (UWB) bandpass filter in [92] and [93]. Using a complementary split ring
resonator, a bandpass filter with wide controllable fractional bandwidth is designed in [15]. In [94],
the authors utilized the defected ground structure and a highpass filter to obtain a wide bandpass
response. However, this filter involves via holes, which are difficult to fabricate. An ultra wideband
filter using DGS and fractal shape slot is reported in [95]. Recently, a wide passband of about 61%
fractional bandwidth is obtained using a transversal resonator and asymmetrical interdigital coupled
lines in [96].

In our work, a wide fractional bandwidth bandpass filter is designed by cascading a highpass (HPF)
and lowpass (LPF) filters realized using an OSSRR and a compact microstrip resonating cell (CMRC)
respectively. The FBW of the filter can be easily varied by varying the cut-off frequencies of the LPF
and HPF sections. The proposed filter has a wide FBW and compact size, when compared with the
conventional PCML BPF.
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15
Frequency in GHz

(b)

Figure 4.23: Highpass filter a) Geometry b) Transmission response for various ‘a’.

4.8.2 Design of highpass filter
The stopband produced by the CSRR can be converted into a passband by introducing a interdigital

capacitor in the microstrip line [97]. Similarly, the stopband of a OSSRR can also be converted into

a passband. Thus, a two finger interdigital capacitor is embedded in the 50 2 microstrip line. The

geometry of highpass filter is presented in Fig. |4.23(a)l The dimensions of the OSSRR are as follows:
a=12mm, ¢ = 0.5 mm, d = 0.5 mm, g = 0.5 mm, and [ = 3 mm. The dimensions of the interdigital

capacitor are W1 = 0.6 mm and Wo = 1 mm. The cut-off frequency of the HPF can be easily controlled

85




TH-996_0

4. OSSRR and its applications in performance enhancement of microstrip filters

al's

Figure 4.24: Layout of a single CMRC cell.

by the side length ‘a’ of the OSSRR. Fig. 4.23(b)|shows the simulated transmission response for various

bl

values of ‘a’. By tuning the physical parameters of the OSSRR, the desired 3 dB cut-off frequency

can be easily obtained.
4.8.3 Design of lowpass filter

A Lowpass filter is constructed by a periodic arrangement of compact microstrip resonating cell
(CMRC). We have utilized the structure presented in [98] for designing lowpass filters. The propaga-
tion constant of a lossless transmission line is a function of distributed shunt capacitance and series
inductance. Therefore, by increasing the value of inductance and capacitance of the transmission line
periodically, slow-wave effect can be achieved. Fig. illustrates the structure of a single CMRC
cell. The narrow connecting lines result in increased inductance and the gaps between the width of the
lines are responsible for increased capacitance. The detailed investigation about this structure can be
found in [99]. The width of the cell is equal to the width of the 50 © microstrip line. The dimensions
of the CMRC cell are as follows, L1 = 10 mm, Ly = 9.2 mm, H = 3.06 mm, and ¢t; = ty = t3 = t4 =
0.4 mm. By changing the size of the cell, the stopband frequency can be easily varied. Fig. [4.25(a)
shows the simulated frequency response of the cell for various lengths. As the length of the cell is
increased, the stopband frequency moves toward the lower end. Therefore, to avoid the increase in cell
length for a lower frequency, width of the cell is increased. Fig. [4.25(b)| illustrates the characteristics

of a CMRC cell for various widths. As the width increases, the stopband frequency moves toward the
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Figure 4.25: Frequency response of CMRC for a) Various lengths ¢) Various widths.

lower end without increasing the length of the device. A wide stopband can be achieved by cascading

many cells.
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Table 4.4: Physical parameters of BPFs
(all dimensions are in mm)

a C, d, g l W1 WQ L1 L2 H tl tg t3 t4
Type 1 | 5.5 0.5 3108 15|12 |11.2]3.0603|03|04]|04
Type 2 | 8 0.5 31 0.6 1 8 7.2 6 03103]|04]|04

4.9 Design of bandpass Filter

Figure 4.26: Fabricated proposed BPFs a) Type 1 b) Type 2.

As mentioned earlier, the BPF is constructed by cascading a lowpass and highpass sections. T'wo
BPF's are designed and simulated for obtaining a different fractional bandwidth.

To obtain a sharp passband to stopband transition and a wide rejection band, two CMRC cells
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Figure 4.27: Scattering parameters of proposed BPFs a) Type 1 (Continuous line— measurement, Dotted
line— simulation, Dashed line— Conventional PCML BPF) b) Type 2.

are used in the LPF section. Table [44 lists the dimensions of two types of proposed filters. The

photographs of fabricated filters are shown in Fig. In Type 1 filter, the CMRC cell width (H) is
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same as the width of the microstrip line and in Type 2 filter, the CMRC cell width is different from
the microstrip line width, to reduce the length of the filter. The cut-off frequency of BPF can be either
varied by changing the cut-off frequency of LPF or HPF. Fig. .27 shows the simulated scattering
parameters of proposed BPFs. From the figures, it can be observed that the Type 1 filter has 29.2%
FBW and is 20% smaller in size than the conventional third order PCML bandpass filter. The Type
2 BPF has 76% FBW and occupies 47% smaller area than the traditional PCML BPF with the same
center frequency at 2 GHz. The insertion losses of Type 1 and Type 2 filters are less than 1.48 dB
and 1 dB respectively. Compared with the conventional PCML BPF, proposed bandpass filters are

free from second harmonic.

4.10 Summary

In this chapter, new types of resonators exhibiting metamaterial characteristics are presented. The
OSRR exhibits negative permeability and its dual counterpart OSSRR exhibits negative permittivity.
The lumped element model of the OSSRR is presented and verified with the parameter extraction tech-
nique. The detailed parametric study of OSSRR has been done and the relation between the OSRRR
dimensions with its resonant frequency is verified. As compared with the conventional CSRR, OSSRR
is smaller in size and hence, size miniaturization of microwave devices is possible. To demonstrate the
applications of OSSRR, few of the planar circuit designs such as composite right/left handed trans-

mission line, controllable wide fractional bandwidth BPF and compact lowpass filter are presented.
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5.1 Introduction

Over the past few years, left-handed transmission line based on resonant type approach is a growing
field of interest in microwave research community. In transmission line approach, the host line is loaded
with the various kinds of resonators [65,73,100-102] such as split ring resonator, complementary split
ring resonator, spiral resonator (SR) and open slot split ring resonator etc., and mainly used for the
implementation of planar metamaterial-inspired structures. In these implementations, the resonators
are electrically or magnetically coupled to a host line, and a signal propagation is inhibited at the
resonant frequency. Due to the sub-wavelength property of these resonators, several size miniaturized
microwave components have been designed. Recently, a new electrically small resonator called an
open complementary split ring resonator (OCSRR) [36] developed by some of the authors opens
up the opportunity for synthesis of miniaturized artificial transmission line and microwave passive
devices [35]. However, most of the work already reported are mainly focussed on OCSRR based
devices implemented in coplanar waveguide technology (CPW) [34,103]. The fabrication of such
devices in CPW technology is difficult because it involves via holes and bonding wires for connecting
the different ground regions. Hence, in our study, we are concentrating on the design of microwave
passive devices in microstrip technology using OCSRR.

This chapter deals with the modeling of OCSRR and its application for size miniaturization of some
of the planar microwave components such as filters, power divider and hybrid coupler. Specifically,
lowpass filters with improved stopband and compact size, size miniaturized and harmonic suppressed

T-junction power divider, and rat-race coupler are designed, fabricated and tested.

5.2 Conventional open split ring resonator and open complementary
split ring resonator

An open complementary split ring resonator is the complementary counterpart of the open split
ring resonator (OSSR). The OSRR is a modified version of the split ring resonator (SRR). It consists
of two metallic concentric rings printed on the upper side of the dielectric substrate. The rings are
truncated by a small slit gap on the same side of the rings and each ring is connected to the adjacent
ports. Hence, we can consider the OSRR as an open resonator. As discussed in [33], it can be modeled
as a series LC resonator as shown if Fig. where L is the inductance of a closed ring of averaged

radius 79 = 7yt - ¢ - d / 2 and Cj is the distributed capacitance between the inner and outer rings.
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=
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5.2 Conventional open split ring resonator and open complementary split ring resonator

Port | Port 2

Port 2

Port 1

(b)

Figure 5.1: Typical topology and equivalent circuit of a) Open split ring resonator b) Open complementary
split ring resonator.

The OCSRR is a negative image of the OSRR. A shown in Fig. |5.1(b)} it can be modeled as an open
parallel LC resonator, where L is the inductance of the metallic strip between the ring slots, and C.,
is the capacitance of a disk of radius 7, - ¢ / 2 surrounded by a metallic plane at a distance ¢ of its
edge [43]. Since OCSRRs and OSRRs are complementary structures, it is expected that their resonant
frequencies are roughly the same if they have identical dimensions and substrates, which have been

theoretically explained in [43].
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Y
R
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L B S N
Frequency, GHz
(b)

Figure 5.2: OCSRR a) Layout b) Simulated scattering parameters.

5.3 OCSRR and its modeling

A typical topology of a square-shaped OCSRR, in microstrip technology is shown in Fig.
Here, the OCSRR is embedded in the microstrip line. The circular-shaped OCSRR is first proposed
in [36] for designing a sharp cut-off lowpass filter with compact size. To study the frequency response
characteristics of the OCSRR, this structure is designed on the Rogers 5880 substrate with €, = 2.2
and a substrate thickness of 0.381 mm and simulated using CST Microwave Studio. The dimensions

of the OCSRR are as follows: ¢ = 11 mm, ¢ = 3.4 mm, d = 0.5 mm, g = 0.5 mm and w = 0.5 mm.
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5.3 OCSRR and its modeling

The simulated scattering parameters of the OCSRR are depicted in Fig. A transmission zero
is observed at the resonant frequency fo = 2.46 GHz. At the resonant frequency, the resonator is
left open and the transmitted energy is reflected back to the source causing a transmission zero. The

current distribution of the OCSRR at the resonant frequency is shown in Fig. 5.3l  With reference

Figure 5.3: Simulated current distribution of the OCSRR at the resonant frequency 2.46 GHz.

=—Microstrip with OCSRR
==Microstrip without OCSRR W

s

Slow wave factor
W

NS

2 3
Frequency, GHz

Figure 5.4: Slow-wave factor of the microstrip line.

to the transmission line theory [104], the propagation constant of a line without loss is,

B =weVLC (5.1)

o
o
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O
)
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where wq is the angular frequency, and C and L are the distributed shunt capacitance and series
inductance per unit length, respectively. It shows that slow-wave can be achieved by increasing C
and L in the transmission line. Since the OCSRR is printed on the microstrip line, it will change
the microstrip line inductance and capacitance, resulting in a slow-wave effect. The slow-wave factor
(SWF) of the line loaded with the OCSRR is calculated by the method described in [105] using eqn.
(.2, and plotted in Fig. B4l

Ao-Af
SWEF = 360L + Eesf (5.2)

where ‘L’ is the physical length of the line and A6 is the phase difference between the microstrip line
with OCSRR and without OCSRR. From the plot, it is observed that the SWF of the microstrip
line loaded with the OCSRR is increased by 73% compared with the microstrip line without OCSRR.
Further, SWF is increased up to 130 % near the resonant frequency. Thus, the increase in SWF
validates the size reduction capability of the OCSRR for microwave applications.

In the previous section, we have seen that the OCSRR can be modeled as a parallel resonant
circuit. To apply the proposed OCSRR section to a practical circuit design, it is necessary to extract
the equivalent circuit parameters. From the scattering parameters of OCSRR shown in Fig. ,
it is observed that there exists a resonance frequency and a 3-dB cut-off frequency of OCSRR. This
kind of characteristics can be obtained from a typical parallel LC tank circuit. The equivalent circuit
parameters of OCSRR can be determined by the method described in [41]. The equivalent circuit of

the OCSRR embedded microstrip line and one pole Butterworth lowpass filter prototype is shown in

Fig. [5.5(a)| & [5.5(b)| respectively. The reactance value of the OCSRR unit can be expressed as follows,

e — | (5.3)

where wy is the resonant frequency of the parallel LC circuit, which is corresponding to the transmission
zero location of the OCSRR. The series inductance of the one pole Butterworth lowpass filter is given
as

XL = w/ZQQl (54)

where ', g1 and Z; are the normalized 3-dB cut-off frequency, prototype value of the one pole

Butterworth LPF and port impedance respectively. At the cut-off frequency, two reactance value
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5.3 OCSRR and its modeling

must be equal, so

XLC‘w:wc = XL’w’:l

(5.5)

simplifying [5.315.5] the capacitance C and inductance L of the circuit can be deduced as follows

w
C=_—_—_—°
27 (wg — w?)
1
L= —
4m? f2C

(5.6)

(5.7)

where w. and wq are the cut-off frequency and attenuation pole frequency respectively. The extracted

2 2 B :\:‘ i

.S » (Circuit simulation)
“‘821 (Circuit simulation)| 1
=S, (EM simulation)
—60r =S, (EM simulation)
_70 L 1 1 1
1 4

()

2 3
Frequency, GHz

Figure 5.5: OCSRR a) Equivalent circuit of the microstrip line with OCSRR b) Butterworth prototype of one
pole lowpass filter ¢) Simulated scattering parameters of OCSRR.
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equivalent circuit values are C = 0.6664 pF and L = 6.2875 nH at the resonant frequency fo = 2.46
GHz. The equivalent circuit is simulated using Ansoft designer SV and results are plotted in Fig.
The small discrepancy between EM simulation and circuit simulation may be due to the
negligence of capacitance to ground for microstrip implementation or other parasitic effects and losses

in the resonant circuit.

5.4 Improved stopband lowpass filter using OCSRR

5.4.1 Introduction

The rapid development of commercial markets for wireless communication products over the past
decade has led to an explosion of interest in size miniaturization and performance improvement of
microwave circuit design. The design of compact lowpass filters with sharp cut-off and wide stopband
is the present trend for the elimination of unwanted harmonics or spurious passband in microwave
and wireless communication systems. Lowpass filter (LPF) design employing conventional structures
such as stepped impedance and open stubs are suffering from either spurious passband or poor cut-off
performance. Hence, many novel types of lowpass filters using defected ground structures (DGSs)
and compact microstrip resonating cell (CMRC) have been proposed in various literature [41, 85, 86,
88-91,106, 107]. Various DGS [41, 85, 86,88,89,91] such as dumbbell, arrowhead, H shape, elliptical,
complementary split ring resonator and open slot split ring resonator are employed to design a compact
LPF and bandpass filter (BPF). A fractal shape DGS and modulated microstrip line [90] is used to
obtain a good out-of-the-band filter performance and sharp cut-off in LPF design. A novel tapered
CMRC and modified CMRC have been proposed to design a LPF with wide stopband [106], [107].
Even though, the performance is good, length of the filter is long due to the periodic arrangement of
CMRCs. Recently, an open complementary split ring resonator has been proposed to design a compact
lowpass filter in microstrip technology [36].

In this work, a compact, sharp cut-off and improved wide stopband lowpass filter is designed
using OCSRR and open stub arrangement. The proposed filter offers a wide stop bandwidth than
the conventional filter structure employing cascaded stages of OCSRR, and the length of the filter is

approximately 73% shorter than the work reported in [36].
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5.4 Improved stopband lowpass filter using OCSRR

Figure 5.6: Proposed lowpass filter layout.

5.4.2 Lowpass filter design using OCSRR

As discussed in [36], the OCSRR based filter characteristic does not fall in any standard approxi-
mations such as Chebyshev, elliptic etc. Therefore, the lowpass filter is constructed using the cascaded
stages of OCSRR. Since the OCSRRs are electrically small particles, filter dimensions can be made
small. Thus, such filters are of interest in applications, where the main objective is to reduce the size
of the filter. In the previous work [36], to obtain a spurious free stopband, additional cascaded stages
of OCSRR, tuned to the spurious passband frequency is attached with the original filter. This will
increase the length of the filter unnecessarily. Hence, in our proposed design, two open ended stubs
are attached on both sides of the OCSRR to obtain a wide spurious free stopband. The layout of the
proposed structure is shown in Fig. The dimensions of OCSRR are as follows: ¢ = 6 mm, d =
0.4 mm, ¢ = 1.45 mm, g = 0.4 mm and w = 0.4 mm.

By keeping the width of the open stub constant, simulated transmission responses for stub lengths
H = 10, 16, 20 and 26 mm are shown in Fig. . It is observed that by increasing the length
of the stub, the cut-off frequency moves toward the lower end and sharp roll of rate is also achieved.
Similarly, transmission responses of the structure for various stub widths W = 1 to 4 mm are plotted
in Fig. The increase in width of the stub causes an increased capacitive effect, due to which
sharp transition from passband to stopband is achieved. Hence, suitable choice of device dimensions
lead to a lowpass filter with the desired cut-off frequency.

For demonstration purpose, we have designed a lowpass filter with a 3 dB cut-off frequency of

1 GHz with more than 20 dB rejection level at 1.5 GHz. From the Figures [5.7(a)| and [5.7(b)| the

length and width of the stub chosen are 26 mm and 4 mm respectively. The dimensions of OCSRR
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(b)

Figure 5.7: Proposed lowpass filter a) Transmission response for various heights ‘H’ for fixed width ‘W’= 4
mm b) Transmission response for various widths ‘W’ for fixed height ‘H’> = 26 mm.

are same as mentioned above. However, the spurious passband is present near the cut-off frequency

and the transition from passband to stopband performance is poor. Therefore, we have cascaded the
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5.4 Improved stopband lowpass filter using OCSRR

Arle

(b)

Figure 5.8: Proposed lowpass filter a) Layout b) Photograph.

two cells of OCSRR and open stub arrangement. The distances between the two cells are 3 mm,
which is optimized using electromagnetic simulation. Fig. [5.8(a)|and Fig. depict the geometry
and photograph of the proposed lowpass filter respectively. The prototype of the proposed filter is
fabricated on the FR4 substrate with dielectric constant 4.4 and thickness 1.6 mm, and tested using
Agilent 8753ES network analyzer. Simulated and experimental results of the proposed lowpass filter
are illustrated in Fig. The proposed filter has a 3 dB cut-off frequency of 1.08 GHz and low
insertion loss of less than 0.66 dB in the passband. The insertion loss suddenly drops to 20 dB at
1.45 GHz that means the transition bandwidth is only 0.37 GHz. The selectivity of the proposed
filter is 46 dB/GHz. The measured stopband rejection of the filter is better than 30 dB up to 6 GHz,

which is nearly six times the cut-off frequency. The length of the filter is 32.6 mm excluding the
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Figure 5.9: Simulated (solid line) and measured (dashed line) scattering parameters of proposed lowpass filter.

Table 5.1: Performance comparison of LPFs

Structire Cut-off frequency (f.) Size Stopbandwidth Stopband rejection

(up to) (more than 30 dB)
CSRR [88] 1.1 GHz 0.32 A\, x 0.18 \, 5 fe Up to 4.4 £,
Tapered CMRC [106] 1.3 GHz 0.62 Ay x 0.19 A\, 10 f. Up to 6 f.
OCSRR only [36] 1.33 GHz 0.81 Ag x 0.09 Aq 4 f. Up to 2 fe.
Proposed work 1.08 GHz 0.22 Ay x 0.18 )4 6 fc Up to 6 f.

access line, which is 73% shorter than the work reported in [36]. The proposed lowpass filter result

is compared with the some of the work already reported and tabulated in Table LIl where A, is the

guided wavelength of the 50 €2 microstrip line at the cut-off frequency.

The proposed filter shows a very good performance in terms of low insertion loss, wide rejection

bandwidth and compact design. Moreover, the fabrication of device is simple, since it does not involve

any via holes.
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5.5 Ultra-wide stopband lowpass filter using open complementary split ring resonator and
defected ground structures

5.5 Ultra-wide stopband lowpass filter using open complementary
split ring resonator and defected ground structures

5.5.1 Introduction

As discussed in the previous section, the conventional filter design methods such as stepped
impedance and open stub are suffering from poor skirt characteristics and spurious passband. Hence,
over the past few years researchers have paid great attention for designing a compact and sharp cut-off
lowpass filter with spurious free wide stopband. Various compact lowpass filters designs are referred
in the previous section. In this section, a very small (0.16 A, x 0.08 );) and ultra-wide stopband
lowpass filter design using open complementary split ring resonator (OCSRR) and defected ground
structure (DGS) is presented. A low pass filter is constructed using two cascaded stages of OCSRR.
Since the rejection bandwidth of the OCSRR is narrow, tapered square dumbbell shaped DGS section
is placed under the OCSRRs. The cut-off frequency of the proposed lowpass filter is 1.09 GHz. The
rejection bandwidth of the filter covers the entire ultra wideband spectrum. Hence, the spurious pass-
band suppression is achieved up to 10 f.. The proposed lowpass filter is smaller and outperforming

the existing filters in terms of insertion loss level, roll off rate and rejection bandwidth.
5.5.2 Lowpass filter with wide rejection bandwidth

From the scattering parameters of the OCSRR, we observe that the rejection bandwidth of the
OCSRR is narrow and not suitable for lowpass filter application. So by cascading many numbers
of OCSRRs, the required wide stop bandwidth can be achieved. In the previous section, the wide
rejection bandwidth and compact size LPF is designed using open stubs attached on both sides of the
OCSRR. In order to reduce the size of the filter further, tapered dumbbell shaped DGSs are placed
underneath the OCSRR loaded microstrip line. Since DGSs are etched out from the ground plane,
length of the filter is unaltered. Fig. shows the schematic of the proposed LPF. The substrate
used for simulation is Rogers/RT Duroid 5880 with dielectric constant &, = 2.2 and dielectric thickness
of 0.381 mm. Here, we have cascaded the two OCSRR cells. The dark portion represents the top side
and light portion represents the bottom side of the filter. The size of the OCSRR is same as mentioned
in the section The size of the DGS is optimized to overlap the stopband of DGS section with
the OCSRR stopband to obtain a very wide stopband. Fig. shows the simulated scattering
parameters of the proposed LPF. The proposed filter has a 3 dB cut-off frequency of 1.09 GHz and

low insertion loss of less than 0.25 dB in the passband. The insertion loss suddenly drops to 20 dB

103



5. OCSRR and its applications in performance enhancement of microwave devices

.‘_.V_,|

«
-
)

-50r

T 4 6 8 10

Frequency, GHz
(b)

Figure 5.10: Proposed LPF a) Layout (xz = 5.5 mm, y = 7.2 mm, p = 12.5 mm) b) Simulated scattering
parameters.

at 1.43 GHz, which indicates that the transition bandwidth is only 0.34 GHz. The return loss in the
passband is well above 15 dB. The simulated stopband rejection of the filter is better than 20 dB up
to 10 GHz, which is nearly ten times the cut-off frequency. We have calculated the selectivity of the
filter as 48.57 dB/GHz. Compared with the work already reported, the proposed filter size is compact
and provides a wide stopband rejection. This proposed lowpass filter is much better than the existing

highly efficient filters reported by Wu [88] and Aznar [36] in terms of stopband rejection width. Our
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5.6 Compact, harmonic suppressed power divider using open complementary split ring resonator

Table 5.2: Performance comparison of LPFs

Structure Cut-off frequency (f.) Size Stop bandwidth up to
CSRR [88] 1.1 GHz 0.32 Ay x 0.18 \, 5 f.
Tapered CMRC [106] 1.3 GHz 0.62 Ay x 0.19 A, 10 £,
OCSRR only [36] 1.33 GHz 0.81 Ay x 0.09 A, 4f.
OCSRR & stub 1.08 GHz 0.22 Ay x 0.18 \, 6 f.
Proposed work 1.09 GHz 0.16 Ay x 0.08 )4 10 f.

lowpass filter has comparable rejection bandwidth with Li’s lowpass filter [106]. Yet, it is much more

compact as depicted in Table (5.2

5.6 Compact, harmonic suppressed power divider using open com-
plementary split ring resonator

5.6.1 Introduction

Microstrip power dividers are widely used in RF/Microwave front end systems such as power
amplifiers, mixers, feed network of an antenna array system for distribution of low power signals
and laboratory equipments. In order to meet the growing demands of size miniaturization and cost
reduction of various communication systems many attempts have been made to reduce the size of
the microwave circuits. Defected ground structures (DGSs) and photonic bandgap structures (PBGs)
have been used to reduce the size of the power dividers and couplers [90,99,108-112]. In [108], a new
type of compact microstrip ring hybrid incorporating PBG cells embedded in the ring is presented
and 23 % size reduction is achieved. A 4:1 Wilkinson power divider with defected ground structure
is proposed in [109]. An EBG embedded in-phase hybrid ring equal power divider providing a much
broader bandwidth and occupying a smaller area with harmonic suppression characteristic is presented
in [99]. A Wilkinson power divider using microstrip EBG cells for the suppression of harmonics and
size reduction is presented in [110]. A metamaterial based T-junction power divider with considerable
size reduction is discussed in [113] and [25]. Using an ‘I’ shaped DGS and CSRR DGS, compact power
divider and branch line coupler (BLC) for wireless applications are presented in [111] and [112].

In this section, we propose a new compact T-junction power divider using an OCSRR for 900 MHz

GSM operation with considerable size reduction. The proposed power divider occupies 47 % lesser
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area than the conventional power divider and provides better third harmonic suppression.

5.6.1.1 The lossless power divider

Port3

Figure 5.11: Transmission line model of a lossless T-junction.

The lossless T-junction can be modeled as as a junction of three transmission line as shown in Fig.
BE.I1l When ports 2 and port 3 are terminated in matched loads, the input impedance at port 1 must

be equal to Zy;. This will only be true if the values Zy and Zy3 are selected such that:

Zoy = Zo2203

= - 5.8
Zoa + Zo3 (5:8)
Note however that this circuit is not symmetric, thus we find that Sss # 0 and S33 # 0. It is evident

that this divider is lossless (no resistive components), so that:
Pt=P; +P; (5.9)

where P1+ is the power incident on port 1, and P, and Pj is the power absorbed by the matched loads
of ports 2 and 3. Unless Zps = Zp3 the power will not be equally divide between the ports.

Power dividers can be implemented by means of a 90° impedance inverter. There are two different
topologies of T-junction power divider as depicted in Fig. B.12l We have used the first prototype
for our design. The equal split conventional power divider is designed using two quarter wavelength

transmission line with characteristics impedance of 70.7 €2. The center frequency of the power divider
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Port 2
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Figure 5.13:

is chosen as 900 MHz.
is shown in Fig. 513
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Figure 5.12: Basic topologies of power divider.
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Simulated scattering parameters of conventional T-junction power divider.

The simulated results of the conventional equal split T-junction power divider
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A

Zocsrr | 1y

Figure 5.14: Simplified model to determine the characteristic impedance of OCSRR line.

5.6.2 Power divider using OCSRR

To design a OCSRR based power divider, the OCSRR is embedded in a 50 2 microstrip line.
The dimensions of the OCSRR are adjusted in such a way that to obtain a 70.7 € line impedance
and 90° phase shift at the center frequency. The characteristics impedance of the OCSRR embedded
microstrip line is calculated using the method described in [109] as follows. Fig. [5.14] shows the
simplified transmission line model to determine the characteristic impedance of OCSRR embedded
microstrip line, where Zj is the port impedance. When 6 = /2 at the center frequency, the magnitude
of the reflection co-efficient (I') is maximum and it can be calculated from Si; by eq. Once |T'| is

known, Z;, is calculated by eq. E.I1l Finally, the impedance of OCSRR embedded line is calculated

from eq. B.12
S11[dB] = 201log |T| (5.10)
1+ T
Zin = Zi 11
010 (5.11)
1+
ZocSRR = \ ZinZo = Zo T IFI (5.12)

Fig. shows the simulated phase response of the OCSRR embedded microstrip line and conven-
tional microstrip line. From the figure, it is observed that the phase of the OCSRR embedded line
is —90° at 0.9 GHz and the phase of the conventional microstrip line is —90° at 1.3 GHz. The low

resonant frequency shows that the OCSRR embedded microstrip lines generates the slow-wave effect.
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Figure 5.15: Simulated phase response of microstrip line with and without OCSRR.
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Figure 5.16: Proposed power divider a) Geometry b) Photograph.
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Figure 5.17: Proposed power divider simulated scattering parameters.

S — parameters, dB
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Figure 5.18: Proposed power divider measured scattering parameters.

To validate the proposed method, a T-junction power divider operating at 900 MHz GSM frequency

is designed and fabricated. The layout and fabricated prototype of the proposed power divider are

shown in Fig. |5.16(a)| & [5.16(b)} The dimensions of the OCSRR are adjusted to obtain the required
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Figure 5.19: Simulated and measured output phase difference of the proposed power divider.

line impedance. The optimized dimensions of OCSRR used in the proposed power divider are a = 7
mm, ¢ = 0.9 mm, d = 0.4 mm, g = 0.4 mm, and w = 0.4 mm.

The simulated and measured response of the proposed power divider are illustrated in Fig. .17
and Figl5. 18 respectively. As can be seen from the figures, the power is equally divided between the
two output ports with measured insertion loss of 3.325 dB which is very close to the ideal 3 dB. The
measured reflection co-efficient is more than 36 dB in the center frequency of the band and the third
harmonic suppression is more than 22 dB. Fig. shows the simulated and measured phase difference
between the output ports of the developed power divider. It is observed that the two output port
signals are in phase with each other around the center frequency with the maximum phase imbalance

of 0.59. Table 5.3 gives a comparison between conventional power divider and proposed power divider.

Table 5.3: Comparison of conventional and proposed power dividers

Power divider | Circuit area (mm?) | Relative area (%) | Third harmonic suppression (dB)
Conventional 3520 100 no
Proposed 1890 53 22
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5.7 Size reduced and harmonic suppressed rat race coupler

5.7.1 Introduction

The rat-race coupler or 180° ring hybrid is one of the important component in the microwave /millimeter
wave circuits. It is widely used in various applications such as mixer, multiplier, amplifier, etc. It is
a four port network with a 180° phase shift between the two output ports. It can also be operated
in in-phase operation. The schematic of rat-race coupler is shown in Fig. The ports 4 and 3,
3 and 1, and 1 and 2 are separated by a electrical length of 90°, and ports 2 and 4 are separated
by a electrical length of 270°. The signal applied to port 1 will be equally divided into two in-phase
components at ports 2 and 3, and port 4 will be an isolated port. If the signal is applied to port 4,
it will be divided into two components with a 180° phase difference at ports 2 and 3, and port 1 will
be an isolated port. It can be also operated as a combiner. When input signals are applied at ports 2
and 3, sum of the input signals will be appeared at port 1 and the difference of the input signals will
be observed at port 4. Hence, ports 1 and 4 are known as the sum and difference ports respectively.
The important shortcoming of rat-race coupler is the size (1.5\y, where ), is the guided wavelength

at the design frequency).

Port 2
(0)

Port 1

Ao/4

Port 3

Port 4
)

Figure 5.20: Schematic of conventional ring hybrid.

To overcome this limitation, several methods have been proposed [28,108,114-119]. By incorpo-

rating six evenly distributed PBG cells in the hybrid ring, 23% size reduction is achieved in [108]. The
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space filling property of fractal curves are applied for the design of size reduced branch line coupler
and rat race coupler [114]. Size reduction and harmonic suppression of ring hybrid using dumbbell
shaped defected ground structure is presented in [115]. Miniaturized spurious passband suppressed
rat-race coupler using compensated spiral compact microstrip resonant cell (C-SCMRC) resonator is
demonstrated in [116]. The circuit area of the C-SCMRC rat-race coupler is only 45% of the con-
ventional coupler. A very small hybrid ring coupler based on the periodic stepped-impedance ring
resonator structure is reported in [117]. In [120], using CSRR based artificial transmission line, size
miniaturized rat-race coupler is presented. However, this design involves via holes, which are difficult
from the fabrication point of view. A novel LH-TL hybrid ring is proposed to realize a miniaturized
hybrid ring [28], in which LH transmission line is produced by CSRRs. The occupied area of the ring
hybrid can be reduced to 60% from that of the conventional one. In [119], it has been shown that a
basic unit consisting of two shunt open-stubs separated by a transmission line section can be used to
design a size reduced rat-race coupler with suppressed harmonics.

In our work, we have demonstrated a size reduced and harmonic suppressed ring hybrid using
OCSRR. The slow-wave effect of the OCSRR embedded microstrip line is used to design such a
compact ring hybrid. The proposed coupler is 37% smaller than the conventional coupler and offers a

third harmonic suppression up to 33 dB.
5.7.2 Ring hybrid using OCSRR

As explained in previous section, the slow-wave effect caused by the OCSRR embedded microstrip
line is used to design a compact and harmonic suppressed ring hybrid. Using the OCSRR embedded
microstrip line with the characteristic impedance of 50 €2, the required microstrip line of characteristic
impedance 70.7 Q is realized and it is applied for the design of a ring hybrid. The length of the
microstrip line is 20 mm, which is approximately equal to the \;/4 at 2 GHz. The dimensions of the
OCSRR are as follows: a = 4 mm, ¢ = 0.4 mm, d = 0.5 mm, g = 0.3 mm, and w = 0.4 mm. Fig. (.21
shows the simulated phase response of the microstrip line with OCSRR and without OCSRR. From
the diagram, it is evident that the phase of the OCSRR embedded microstrip line is —90° at 1.5 GHz,
whereas 2 GHz in microstrip line without OCSRR. The slow-wave effect of the OCSRR embedded
line is also plotted in Fig. £.220 The slow-wave factor of the OCSRR embedded line is more than the
conventional microstrip line. This property helps us to design a size reduced ring hybrid.

The configuration of the proposed rectangular shaped ring hybrid operating at 1.5 GHz is shown
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Figure 5.21: Simulated phase response of microstrip line with and without OCSRR.

2.15

no
Y
T

no

(e

(&3]
T

no
T

—NMicrostrip line with OCSRR
--Microstrip line without OCSRR

1.95}

Slow wave factor

_L
©
‘

185/

"85 i 15 2 25
Frequency, GHz

Figure 5.22: Slow-wave factor of the microstrip line loaded with OCSRR.

in Fig. The conventional 70.7 © microstrip line is replaced with the OCSRR embedded
microstrip line. The substrate used for simulation and fabrication is FR4 substrate with relative

permittivity of 4.4 and thickness 1.6 mm. The photograph of the fabricated ring hybrid is shown in
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Port 1 Port 2

Port 3 Port 4

Figure 5.23: Proposed ring hybrid a) Geometry b) Fabricated prototype.

Fig. Simulated and measured S-parameters of the proposed ring hybrid are shown in Fig.
Simulation and measurement are in good agreement. In Fig. frequency variation of the
input matching (S11) and the output at port 2 (Sg;) are shown and in Fig. the output at
port 3 (S31) and the isolation (S41) are shown. Measurements have been carried out using Rohde &
Schwarz vector network analyzer. The measured output |So1| is -3.508 dB and |Ss;| is -3.398 dB at
1.5 GHz. The measured return loss |S1| is -43.53 dB and isolation |Sy;| is better than -39 dB.

The measured phase response of the proposed ring hybrid for the port 1 and port 4 excitations
are shown in Fig. and Fig. respectively. The phase difference between Sy, and Ss; is 0.9Y.
The phase difference between S34 and Sy is 183.15°. The proposed coupler offers the third harmonic

suppression up to 35 dB and 37% smaller than the conventional ring hybrid. The measured amplitude
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Figure 5.24: Proposed rat-race coupler a) Simulated (solid line) and measured (dashed line) scattering pa-
rameters (]S11], |S21|) b) Simulated (solid line) and measured (dashed line) scattering parameters (|Ss1], [Sa1])-
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Figure 5.25: Phase response for the sum port excitation.
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Figure 5.26: Phase response for the difference port excitation.

imbalance for the ring hybrid is 0.11 dB. The isolation and matching are better than 20 dB from
1.33 GHz to 1.7 GHz and 1.32 GHz to 1.77 GHz respectively for the proposed ring hybrid. These

values are, respectively from 1.24 GHz to 1.75 GHz and 1.32 GHz to 1.72 GHz for the conventional
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Table 5.4: Performances of the proposed ring hybrid

Simulation | Measurement

Operating frequency 1.5 GHz 1.544 GHz
Return loss (S11) 36.08 dB 43.53 dB
Isolation (Sy1) 36.5 dB 39 dB

Output 1 (S21) 3.506 dB 3.508 dB

Output 2 (S31) 3.39 dB 3.398 dB
Amplitude imbalance 0.116 dB 0.11 dB

Phase difference (Sum port) 1.6° 0.9°

Phase difference (Difference port) 184.4° 183.15°

ring hybrid and these values are comparable to the proposed ring hybrid. The performances of the

proposed ring hybrid are summarized in Table [5.4]
5.8 Summary

This chapter dealt with the modeling and applications of sub-wavelength resonator viz. open
complementary split ring resonator. Some of the performance enhanced filters and couplers have been
presented. Compact and improved stopband lowpass filters are designed using OCSRR, open stub
and DGS combination. Size miniaturized and third harmonic suppressed T-junction power divider

and rat-race coupler have been designed using OCSRR and verified with the fabricated prototypes.
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6. Conclusions and future work

6.1 Conclusions

The main objective of this thesis is to explore the usage of metamaterial based sub-wavelength
resonators: CSSRR, CSRR, OSSRR and OCSRR for performance enhancement of microwave devices
such as filters, coupler, power divider, etc. The lumped element model of these resonators have been
developed and equivalent circuit parameters are extracted to support this study. Detailed parametric
study has been carried out to investigate the relation between the dimensions and resonant frequency of
these sub-wavelength resonators. Several size miniaturized lowpass filters, bandpass filter, stopband
extended bandstop and lowpass filters and miniaturization of power divider and ring hybrid with
harmonic suppression are presented in this thesis. Commercial full wave simulators (IE3D and CST
Microwave Studio) have been used for the design and analysis purpose. Several size miniaturized and

performance enhanced planar microwave components have been developed during the course of study.

e Various wide rejection bandwidth bandstop filters have been developed using CSSRR, CSRR,
open stub and spurline. The proposed BSFEs occupy lesser area than the conventional open stub
BSF and provide enhanced rejection bandwidth. By cascading the proposed BSFs with LPFs
and BPFs, harmonic suppression of stepped impedance lowpass filter and PCML bandpass filters

have been achieved.

e UWB bandpass filter with notch frequency characteristics is desirable to avoid the interference
between the UWB systems and the WLAN radio devices. In our work, we have presented an
UWRB bandpass filter with notch function using CSSRR. Compared with the conventional CSRR,
CSSRR has sharp cut-off and flat insertion loss after the stopband. Hence, it is utilized to intro-
duce a sharp rejection band in the WLAN frequency region. To design the UWB bandpass filter
with notch function, UWB BPF is designed using ground plane aperture technique. The CSSRR
resonating at 5.5 GHz is designed and placed underneath the parallel coupled microstrip lines
around the ground plane aperture. The proposed filter is capable of suppressing the interference
from IEEE 802.11a WLAN signals effectively. Compared with the work reported in [57] and [64],
the proposed method provides better FBW in the notch band and does not require any via holes
which are used in [57] and [60].

e A novel and size miniaturized sub-wavelength resonator known as OSSRR, exhibiting negative

permittivity is proposed. For the same resonant frequency, the size of the OSSRR is smaller than
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the conventional CSRR. Hence, compact composite right/left handed planar transmission line
is synthesized by OSSRR and interdigital capacitor. Compared with the work reported in [81],
the proposed structure does not involve any via holes. So complexity is reduced from fabrication

point of view.

e A wide fractional bandwidth (FBW) bandpass filter is designed by cascading highpass (HPF) and
lowpass (LPF) filters realized using OSSRR and compact microstrip resonating cell (CMRC),
respectively. The fractional bandwidth of the filter can be easily varied by varying the cut-off
frequencies of LPF and HPF sections. For demonstration purpose, two BPF with different FBW
is presented. Type 1 filter has 29.2% FBW and is 20% smaller in size than the conventional
third order PCML bandpass filter. Type 2 BPF has 76% FBW and occupies 47% smaller area
than the traditional PCML BPF.

e A compact lowpass filter is designed using periodic array of OSSRR and open stubs. The
proposed filter has sharp cut-off characteristics and 17.5% smaller than the conventional stepped

impedance lowpass filter and 8% smaller than the CSRR DGS LPF.

e A wide stopband, sharp cut-off and compact lowpass filter is designed using open complementary
split ring resonator (OCSRR) and open stub. The proposed lowpass filter consist of two OCSRR
connected in series. The open stubs are attached on both sides of the OCSRR. At the 3 dB
cut-off frequency of 1.08 GHz, the proposed filter offers a sharp and wide rejection bandwidth
of more than 20 dB up to six times the cut-off frequency. The filter size is very small (0.22 A,

x 0.18)\,, where \; is the guided wavelength at the cut-off frequency).

e A very small (0.16 A\; x 0.08 )\;) and ultra wide stopband lowpass filter has been developed
using open complementary split ring resonator and defected ground structure. Lowpass filter is
constructed using two cascaded stages of OCSRR. Since the rejection bandwidth of the OCSRR
is narrow, tapered square dumbbell shaped DGS section is placed under the OCSRRs. The
cut-off frequency of the proposed lowpass filter is 1.09 GHz. The rejection bandwidth of the
filter covers the entire ultra wideband spectrum. Hence the spurious passband suppression is

achieved up to 10 f..

e The slow-wave effect and the stopband effect of the OCSRR have been utilized for the size

miniaturization and harmonic suppression of power divider and ring hybrid. OCSRR embedded
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microstrip line is used for the design of a T-junction power divider and 180" ring hybrid. For
the T-junction power divider third harmonic is suppressed up to 22 dB, and device area is just
53% of a conventional power divider. For the ring hybrid, third harmonic is suppressed up to

35 dB and device area is 37% smaller than the conventional one.

6.2 Suggestions for future work
In this section, some suggestions for further research are proposed.

e The effect of applying fractal technique, in reducing the size of the resonators can be further

investigated.

e The potential for use of OSSRR in the design of dual band components such as, dual band power

divider, branch line coupler and ring hybrid should also be investigated.
e The use of OSSRR to minimize the size of couplers can be studied.

e Other compact sized resonators such as spiral and triangular shaped resonators, should be ex-

plored in further attempt to reduce the size of the microwave devices.

e In this study, performance enhancement of microwave devices using metamaterial based sub-
wavelength resonators have been investigated. This approach can be further extended to enhance

antenna gain, bandwidth, etc.

e Here, the open complementary split resonators are used to design compact lowpass filters. Stud-

ies of use of such resonators for designing bandstop and bandpass filters would also be beneficial.
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