¥)WILEY

- Metamaterials with
Negative Parameters

RICARDO MARQUES, FERRAN MARTIN,
I and MARIO SOROLLA



= ey

S HAY
P4V /

/ / 4

Metamaterials with
Negative Parameters

Theory, Design, and
Microwave Applications

RICARDO MARQUES
FERRAN MARTIN
MARIO SOROLLA

. e Lo '.\v‘.
-\ 2 .\‘;
\ A , 5 /
WL g
WILEY-INTERSCIENCE E2008001569
A JOHN WILEY & SONS. INC.. PUBLICATION

11807}
z" z
 HWILEY ;
$2007:

NNNNNNNNNN



Copyright © 2008 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by
any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as permitted
under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior written
permission of the Publisher, or authorization through payment of the appropriate per-copy fee to the
Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax (978)
750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission should be
addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030,
(201) 748-6011, fax (201) 748-6008, or online at http://www.wiley.com/go/permission.

Limit of Liability /Disclaimer of Warranty: While the publisher and author have used their best efforts
in preparing this book, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. No warranty may be created or extended by sales
representatives or written sales materials. The advice and strategies contained herein may not be suitable
for your situation. You should consult with a professional where appropriate. Neither the publisher nor
author shall be liable for any loss of profit or any other commercial damages, including but not limited to
special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our
Customer Care Department within the United States at (800) 762-2974, outside the United States at
(317) 572-3993 or fax (317) 572-4002.

Wiley also publishes it books in variety of electronic formats. Some content that appears in print may not be
available in electronic formats. For more information about Wiley products, visit our web site at
www.wiley.com.

Library of Congress Cataloging-in-Publication Data:

Marqués, Ricardo, 1954-.
Metamaterials with negative parameters : theory, design and microwave applications / by
Ricardo Marqués, Ferran Martin, Mario Sorolla.
p. cm.
ISBN 978-0-471-74582-2 (cloth)
1. Magnetic materials. 2. Microelectronics—Materials. 1. Martin, Ferran,
1965- 1I. Sorolla, Mario, 1958- III. Title.
TK7871.15.M3M37 2007
620.1°1297—dc22
2007017343

Printed in the United States of America

109 8 7 6 54 3 2 1



WILEY SERIES IN MICROWAVE AND OPTICAL ENGINEERING

KAI CHANG,-Editor
Texas A&M University

FIBER-OPTIC COMMUNICATION SYSTEMS, Third Edition ® Govind P. Agrawal

ASYMMETRIC PASSIVE COMPONENTS IN MICROWAVE INTEGRATED CIRCUITS e
Hee-Ran Ahn

COHERENT OPTICAL COMMUNICATIONS SYSTEMS e Silvello Betti, Giancarlo De Marchis, and
Eugenio lannone

PHASED ARRAY ANTENNAS: FLOQUET ANALYSIS, SYNTHESIS, BFNs, AND ACTIVE ARRAY
SYSTEMS e Arun K. Bhattacharyya

HIGH-FREQUENCY ELECTROMAGNETIC TECHNIQUES: RECENT ADVANCES AND
APPLICATIONS e Asoke K. Bhattacharyya

RADIO PROPAGATION AND ADAPTIVE ANTENNAS FOR WIRELESS COMMUNICATION
LINKS: TERRESTRIAL, ATMOSPHERIC, AND IONOSPHERIC e Nathan Blaunstein and Christos G.
Christodoulou

COMPUTATIONAL METHODS FOR ELECTROMAGNETICS AND MICROWAVES e
Richard C. Booton, Jr.

MICROWAVE RING CIRCUITS AND ANTENNAS e Kai Chang
MICROWAVE SOLID-STATE CIRCUITS AND APPLICATIONS e Kai Chang
RF AND MICROWAVE WIRELESS SYSTEMS e Kai Chang

RF AND MICROWAVE CIRCUIT AND COMPONENT DESIGN FOR WIRELESS SYSTEMS o
Kai Chang, Inder Bahl, and Vijay Nair

MICROWAVE RING CIRCUITS AND RELATED STRUCTURES, Second Edition ® Kai Chang and 3
Lung-Hwa Hsieh ‘

MULTIRESOLUTION TIME DOMAIN SCHEME FOR ELECTROMAGNETIC ENGINEERING e
Yinchao Chen, Qunsheng Cao, and Raj Mittra

DIODE LASERS AND PHOTONIC INTEGRATED CIRCUITS e Larry Coldren and Scott Corzine
RADIO FREQUENCY CIRCUIT DESIGN e W. Afan Davis and Krishna Agarwal

MULTICONDUCTOR TRANSMISSION-LINE STRUCTURES: MODAL ANALYSIS TECHNIQUES e
J. A. Brandao Faria

PHASED ARRAY-BASED SYSTEMS AND APPLICATIONS e Nick Fourikis
FUNDAMENTALS OF MICROWAVE TRANSMISSION LINES e jon C. Freeman
OPTICAL SEMICONDUCTOR DEVICES e Mitsuo Fukuda

MICROSTRIP CIRCUITS e Ffred Gardiol

HIGH-SPEED VLSI INTERCONNECTIONS, Second Edition ® Ashok K. Goel

FUNDAMENTALS OF WAVELETS: THEORY, ALGORITHMS, AND APPLICATIONS e
Jaideva C. Goswami and Andrew K. Chan

HIGH-FREQUENCY ANALOG INTEGRATED CIRCUIT DESIGN e Ravender Coyal (ed.)

ANALYSIS AND DESIGN OF INTEGRATED CIRCUIT ANTENNA MODULES o
K. C. Gupta and Peter S. Hall

PHASED ARRAY ANTENNAS e R. C. Hansen

LOCALIZED WAVES e Hugo E. Herndndez-Figueroa, Michel Zamboni-Rached, and
Erasmo Recami (eds.)



MICROSTRIP FILTERS FOR RF/MICROWAVE APPLICATIONS e Jfia-Sheng Hong and
M. J. Lancaster

MICROWAVE APPROACH TO HIGHLY IRREGULAR FIBER OPTICS o Huang Hung-Chia

NONLINEAR OPTICAL COMMUNICATION NETWORKS e Eugenio lannone, Francesco Matera,
Antonio Mecozzi, and Marina Settembre

FINITE ELEMENT SOFTWARE FOR MICROWAVE ENGINEERING e Tatsuo ltoh, Giuseppe Pelosi,
and Peter P. Silvester (eds.)

INFRARED TECHNOLOGY: APPLICATIONS TO ELECTROOPTICS, PHOTONIC DEVICES, AND
SENSORS e A. R. Jha

SUPERCONDUCTOR TECHNOLOGY: APPLICATIONS TO MICROWAVE, ELECTRO-OPTICS,
ELECTRICAL MACHINES, AND PROPULSION SYSTEMS o A. R. Jha

OPTICAL COMPUTING: AN INTRODUCTION o M. A. Karim and A. S. S. Awwal

INTRODUCTION TO ELECTROMAGNETIC AND MICROWAVE ENGINEERING e Paul R. Karmel,
Cabriel D. Colef, and Raymond L. Camisa

MILLIMETER WAVE OPTICAL DIELECTRIC INTEGRATED GUIDES AND CIRCUITS
Shiban K. Koul .

MICROWAVE DEVICES, CIRCUITS AND THEIR INTERACTION e Charles A. Lee and
C. Conrad Dalman

ADVANCES IN MICROSTRIP AND PRINTED ANTENNAS e Kai-Fong Lee and Wei Chen (eds.)

SPHEROIDAL WAVE FUNCTIONS IN ELECTROMAGNETIC THEORY e Le-Wei Li, Xiao-Kang Kang,
and Mook-Seng Leong

ARITHMETIC AND LOGIC IN COMPUTER SYSTEMS ® Mi Lu

OPTICAL FILTER DESIGN AND ANALYSIS: A SIGNAL PROCESSING APPROACH e
Christi K. Madsen and Jian H. Zhao

THEORY AND PRACTICE OF INFRARED TECHNOLOGY FOR NONDESTRUCTIVE TESTING e
Xavier P. V. Maldague

METAMATERIALS WITH NEGATIVE PARAMETERS: THEORY, DESIGN, AND MICROWAVE
APPLICATIONS e Ricardo Marqués, Ferran Martin, and Mario Sorolla

OPTOELECTRONIC PACKAGING e A. R. Mickelson, N. R. Basavanhally, and Y. C. Lee (eds.)
OPTICAL CHARACTER RECOGNITION e Shunji Mori, Hirobumi Nishida, and Hiromitsu Yamada

ANTENNAS FOR RADAR AND COMMUNICATIONS: A POLARIMETRIC APPROACH e
Harold Mott

INTEGRATED ACTIVE ANTENNAS AND SPATIAL POWER COMBINING e julio A. Navarro and
Kai Chang

ANALYSIS METHODS FOR RF, MICROWAVE, AND MILLIMETER-WAVE PLANAR TRANSMIS-
SION LINE STRUCTURES e Cam Nguyen

FREQUENCY CONTROL OF SEMICONDUCTOR LASERS e Motoichi Ohtsu (ed.)
WAVELETS IN ELECTROMAGNETICS AND DEVICE MODELING e George W. Pan

OPTICAL SWITCHING e Georgios Papadimitriou, Chrisoula Papazoglou, and
Andreas S. Pomportsis

SOLAR CELLS AND THEIR APPLICATIONS e Larry D. Partain (ed.)
ANALYSIS OF MULTICONDUCTOR TRANSMISSION LINES o Clayton R. Paul
INTRODUCTION TO ELECTROMAGNETIC COMPATIBILITY, Second Edition e Clayton R. Paul

ADAPTIVE OPTICS FOR VISION SCIENCE: PRINCIPLES, PRACTICES, DESIGN AND
APPLICATIONS e jason Porter, Hope Queener, Julianna Lin, Karen Thorn, and Abdul Awwal (eds.)

ELECTROMAGNETIC OPTIMIZATION BY GENETIC ALGORITHMS e Yahya Rahmat-Samii and
Eric Michielssen {eds.)



ove

INTRODUCTION TO HIGH-SPEED ELECTRONICS AND OPTOELECTRONICS e
Leonard M. Riaziat

NEW FRONTIERS IN MEDICAL DEVICE TECHNOLOGY e Arye Rosen and Harel Rosen (eds.)
ELECTROMAGNETIC PROPAGATION IN MULTI-MODE RANDOM MEDIA e Harrison E. Rowe

ELECTROMAGNETIC PROPAGATION IN ONE-DIMENSIONAL RANDOM MEDIA e
Harrison E. Rowe

HISTORY OF WIRELESS e Tapan K. Sarkar, Robert J. Mailloux, Arthur A. Oliner, Magdalena
Salazar-Palma, and Dipak L. Sengupta

SMART ANTENNAS e Tapan K. Sarkar, Michael C. Wicks, Magdalena Salazar-Palma,
and Robert . Bonneau

NONLINEAR OPTICS e E. G. Sauter

APPLIED ELECTROMAGNETICS AND ELECTROMAGNETIC COMPATIBILITY e Dipak L. Sengupta
and Valdis V. Liepa

COPLANAR WAVEGUIDE CIRCUITS, COMPONENTS, AND SYSTEMS e Rainee N. Simons

ELECTROMAGNETIC FIELDS IN UNCONVENTIONAL MATERIALS AND STRUCTURES e
Onkar N. Singh and Akhlesh Lakhtakia (eds.)

ELECTRON BEAMS AND MICROWAVE VACUUM ELECTRONICS e Shulim E. Tsimring

FUNDAMENTALS OF GLOBAL POSITIONING SYSTEM RECEIVERS: A SOFTWARE
APPROACH, Second Edition e James Bao-yen Tsui

RF/MICROWAVE INTERACTION WITH BIOLOGICAL TISSUES e André Vander Vorst, Arye Rosen,
and Youji Kotsuka

InP-BASED MATERIALS AND DEVICES: PHYSICS AND TECHNOLOGY ¢ Osamu Wada
and Hideki Hasegawa (eds.)

COMPACT AND BROADBAND MICROSTRIP ANTENNAS e Kin-Lu Wong

DESIGN OF NONPLANAR MICROSTRIP ANTENNAS AND TRANSMISSION LINES o
Kin-Lu Wong

PLANAR ANTENNAS FOR WIRELESS COMMUNICATIONS e Kin-Lu Wong
FREQUENCY SELECTIVE SURFACE AND GRID ARRAY o T. K. Wu (ed.)

ACTIVE AND QUASI-OPTICAL ARRAYS FOR SOLID-STATE POWER COMBINING e
Robert A. York and Zoya B. Popovic (eds.)

OPTICAL SIGNAL PROCESSING, COMPUTING AND NEURAL NETWORKS e Francis T. S. Yu and
Suganda Jutamulia

SiGe, GaAs, AND InP HETEROJUNCTION BIPOLAR TRANSISTORS e Jiann Yuan
ELECTRODYNAMICS OF SOLIDS AND MICROWAVE SUPERCONDUCTIVITY e Shu-Ang Zhou



Metamaterials with
Negative Parameters



BICENTENNIAL

1807

FWILEY
2007

BICENTENNIAL

TVINN3ILNADIE

BICENTENNIAL

THE WILEY BICENTENNIAL-KNOWLEDGE FOR GENERATIONS

)

ach generation has its unique needs and aspirations. When Charles Wiley first
opened his small printing shop in lower Manhattan in 1807, it was a generation
of boundless potential searching for an identity. And we were there, helping to
define a new American literary tradition. Over half a century later, in the midst
of the Second Industrial Revolution, it was a generation focused on building the
future. Once again, we were there, supplying the critical scientific, technical, and
engineering knowledge that helped frame the world. Throughout the 20th
Century, and into the new millennium, nations began to reach out beyond their
own borders and a new international community was born. Wiley was there,
expanding its operations around the world to enable a global exchange of ideas,
opinions, and know-how.

For 200 years, Wiley has been an integral part of each generation’s journey,
enabling the flow of information and understanding necessary to meet their needs
and fulfill their aspirations. Today, bold new technologies are changing the way
we live and learn. Wiley will be there, providing you the must-have knowledge
you need to imagine new worlds, new possibilities, and new opportunities.

Generations come and go, but you can always count on Wiley to provide you the
knowledge you need, when and where you need it!

UWdeccon, <t Poree 7%‘/5“722//5/

WiLLIAM J. PESCE PETER BOOTH WILEY
PRESIDENT AND CHIEF EXECUTIVE OFFICER CHAIRMAN OF THE BOARD




To our families
Asuncion, Ricardo Jr., Concepcion and Ricardo Sr.
Anna, Alba and Arnau
Puri, Carolina and Viviana
And also to the memory of Prof. Manuel Horno



Preface

Discovery consists of seeing what everybody has seen and thinking what nobody has
thought.

Albert Szent-Gyorgyi

Classical electromagnetism is one of the best established theories of physics. Its con-
cepts and theorems have been shown to be useful from the atomic to the cosmological
scale; and they have been more successful in surviving to the relativistic and quantum
revolutions than other classical concepts. It is well known for instance that Maxwell’s
equations were at the very basis of relativity and that Maxwell’s electromagnetic
theory was the first relativistic invariant theory. Concerning quantum mechanics,
classical electromagnetism still provides the best foundations—together with
quantum dynamics—for atomic and solid state physics. It is only in the domain of
particle physics that classical electromagnetism needs to be reformulated as quantum
electrodynamics. With regard to practical applications, classical electromagnetic
theory is the basis of many well-known technologies, which strongly affect our ordin-
ary lives, from power generation to wireless communications. It seems very difficult to
add something conceptually new to such well-established theories and technologies.

However, during recent years, a new expression appeared in the universe of clas-
sical electromagnetic theory: metamaterials. From 2000 to 2007, the number of
journal and conference papers related to metamaterials has grown exponentially;
there has also been a multitude of special sessions, tutorials, and scientific meetings,
all around the world, devoted to this new topic. Related to metamaterials, other topics
appeared on the scene, such as photonic crystals, negative refraction, left-handed
media, or cloaking, among others. But what is the reason and meaning behind this
sudden explosion in the otherwise quiet waters of electromagnetism? In fact,
nothing is new from the point of view of fundamental science in metamaterials.
Throughout this book, it will be shown that metamaterials can be understood by
using well-known theoretical tools, such as homogenization of effective media or
elementary transmission line theories. In addition, many electrical and electronic

xiii
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engineers have pointed out that almost all new applications arising from metamaterial
concepts can be understood by using more conventional approaches, that is, without
the need to invoke these metamaterial concepts. So, what is new in metamaterials?

Physicists usually try to explain how nature works, whereas engineers try to apply
this knowledge to the design of new devices and systems, useful for certain appli-
cations. In our opinion, metamaterials are placed at an intermediate position
between science and engineering—for this reason they are of interest to both physicists
and engineers. Metamaterials are not “materials” in the usual sense: they cannot be
found in nature (by the way, this is a very common definition of metamaterials). In
fact, metamaterials are artificial structures (products of human ingenuity), designed
to obtain controllable electromagnetic or optical properties. This includes the possi-
bility to synthesize artificial media with properties not found among natural materials,
such as negative refraction, among others. Within this scenario, it is evident that meta-
materials may open many challenging objectives of interest to physicists and scientists
in general. From the technological and engineering viewpoint, the interest in metama-
terials is based on the possibility of designing devices and systems with new properties
or functionalities, able to open up new fields of application or to improve existing
ones. Although it has been argued that certain applications of metamaterials can be
analyzed through conventional approaches, the key virtue of metamaterials is in pro-
viding new design guidelines for components and systems that are missing in conven-
tional approaches. Other applications such as subdiffraction imaging are, however,
genuine products of metamaterials. This intermediate position between physics and
engineering is a relevant aspect and probably one of the main novelties of meta-
materials. In order to highlight this multidisciplinarity, in our opinion it is appropriate
to refer to this new topic as metamaterials science and engineering.

Most metamaterials fall in one of two categories: photonic or electromagnetic
crystals and effective media. The first category corresponds to structures made of per-
iodic micro- or nano-inclusions whose period is of the same order as the signal wave-
length. Therefore, their electromagnetic properties arise mainly from periodicity.
Conversely, in effective media the period is much smaller than this signal wave-
length. Hence, their electromagnetic properties can be obtained from a homogeni-
zation procedure. This book is mainly devoted to the second category, specifically
to those metamaterials that can be characterized by a negative effective permittivity
and/or permeability.

The first chapter is devoted to the analysis of the electrodynamics of continuous
media with simultaneously negative dielectric permittivity and magnetic per-
meability. Chapter 2 is focused on the design of bulk metamaterials made of
systems of individual metallic inclusions with a strong electric and/or magnetic
response near its first resonance. The third chapter develops the transmission line
approach for the design of metamaterials with negative parameters, including both
the nonresonant and the resonant-type approaches. Chapter 4 is devoted to the
analysis of some relevant microwave applications of the concepts developed in the
previous chapters. Finally, in Chapter 5, some related and/or advanced topics,
such as metasurfaces, magneto-inductive waves in metamaterial structures and sub-
diffraction imaging devices are developed.



PREFACE XV

This book is mainly directed towards the resonant-type approach to metamaterials
because, obviously, it has been strongly influenced by the personal experience of the
authors. However, our aim in writing this book has been to give a complete overview
of the present state-of-the-art in metamaterials theory, as well as the most relevant
microwave applications of metamaterial concepts. Indeed, our purpose has been
twofold: to generate curiosity and interest for this emerging field by those readers
not previously involved in metamaterials science and engineering and to provide
useful ideas and knowledge to scientists and engineers working in the field.

RICARDO MARQUES
FERRAN MARTIN
MARIO SOROLLA

Sevilla, Spain
Barcelona, Spain
Pamplona, Spain
October 2007



Acknowledgments

This book is the result of an intensive research activity in the field of metamaterials,
which has been carried out by the authors and the members of their respective groups.
We must acknowledge all of them because without their contribution this book would
never have been written.

With regard to the microwave group (Universidad de Sevilla), headed by
Francisco Medina, special thanks are given to Juan Baena and Manuel Freire, who
have significantly contributed to some parts of the book, including the editing of
many figures. Also, special thanks are given to Francisco Medina, Francisco Mesa,
Jestis Martel, and Lukas Jelinek for reading the manuscript and providing useful com-
ments and suggestions. Finally, thanks to Rafael, Casti, Ana, Raul, Vicente, and all
members of the group for providing such a friendly and stimulating environment for
our research.

The members of CIMITEC (Center of Research on Metamaterials at the
Universitat Autonoma de Barcelona), headed by Ferran Martin, are also acknowl-
edged, with special emphasis given to Jordi Bonache, Joan Garcia, Ignacio Gil,
Marta Gil, and Francisco Aznar, who have been actively and exhaustively involved
in this work. Special thanks are given to Marta Gil, who has helped the authors
with the generation and editing of some of the figures, and to Anna Cedenilla, for
being in charge of copyright issues and permissions. We would also like to
mention in the list the recently incorporated members to the team: Gerard, Fito,
Ferran, and Beni.

Concerning the team of the Millimeter Wave Laboratory (Universidad Piiblica de
Navarra), headed by Mario Sorolla, the authors thank Francisco Falcone, Miguel
Beruete, José A. Marcotegui, Txema Lopetegi, Mikel A. G. Laso, Jesis Illescas,
Israel Amedo, Noelia Ortiz, Eduardo Jarauta, and Maria Flores for their enthusiastic
and creative research activities. Also, Mario Sorolla thanks Professor Manfred
Thumm (FZK and University of Karlsruhe) for his support and guidance over
many years in the topic of periodic structures.

The research activity presented in this book originated from several sources. At the
European level, thanks are given to the European Commission (VI Framework

xvii



xviii ACKNOWLEDGMENTS

Programme) for funding the Network of Excellence METAMORPHOSE, to which
one of the authors (Ferran Martin) belongs. Also, the authors have participated in
the European Eureka project, TELEMAC, devoted to the development of
metamaterial-based microwave components for communication front-ends and sup-
ported by the Spanish Ministry of Industry via PROFIT projects (headed by the
SME CONATEL). At the national level, funding has been received from the
Ministry of Science and Education (MEC) through several national projects.
Special mention deserves the support given from MEC to the Spanish Network on
Metamaterials (REME), which has been launched by the authors in collaboration
with other Spanish researchers.

And last, but not least, the authors would like to express their gratitude to their
respective families for their understanding and support, and for accepting the large
amount of hours dedicated by the authors to the exciting field of metamaterials
and to writing the present manuscript.

m oA

.M.
. M.

=

. 5



Contents

Preface

Acknowledgments

1 The Electrodynamics of Left-Handed Media

1.1
1.2
1.3
1.4
1.5
1.6

1.7

1.9

1.10

Introduction

Wave Propagation in Left-Handed Media
Energy Density and Group Velocity
Negative Refraction

Fermat Principle

Other Effects in Left-Handed Media

1.6.1
1.6.2
1.6.3

Inverse Doppler Effect
Backward Cerenkov Radiation
Negative Goos—Hinchen Shift

Waves at Interfaces

1.7.1
1.7.2

Transmission and Reflection Coefficients
Surface Waves

Waves Through Left-Handed Slabs

1.8.1
1.8.2
1.8.3

Transmission and Reflection Coefficients
Guided Waves
Backward Leaky and Complex Waves

Slabs with & /g9— —1 and p/po— —1

1.9.1

1.9.2
1.9.3
1.94

Phase Compensation and Amplification of
Evanescent Modes

Perfect Tunneling

The Perfect Lens

The Perfect Lens as a Tunneling/
Matching Device

Losses and Dispersion

xiii

Xvii

20
21
25

29
32

vii



viii  CONTENTS

1.11 Indefinite Media 34
Problems 35
References 37
2 Synthesis of Bulk Metamaterials 43
2.1 Introduction 43
2.2 Scaling Plasmas at Microwave Frequencies 44
2.2.1 Metallic Waveguides and Plates as One- and
Two-Dimensional Plasmas 44
2.2.2 Wire Media 47
2.2.3 Spatial Dispersion in Wire Media 49
2.3 Synthesis of Negative Magnetic Permeability 51
2.3.1 Analysis of the Edge-Coupled SRR 52
2.3.2  Other SRR Designs 59
2.3.2.1 The Broadside-Coupled SRR 60
2.3.2.2 The Nonbianisotropic SRR 62
2.3.2.3 The Double-Split SRR 62
2.3.2.4 Spirals 62
2.3.3 Constitutive Relationships for Bulk SRR Metamaterials 65
2.3.4 Higher-Order Resonances in SRRs 70
2.3.5 Isotropic SRRs 73
2.3.6  Scaling Down SRRs to Infrared and Optical Frequencies 75
2.4 SRR-Based Left-Handed Metamaterials 80
2.4.1 One-Dimensional SRR-Based Left-Handed
Metamaterials 81
2.4.2 Two-Dimensional and Three-Dimensional SRR-Based
Left-Handed Metamaterials 85
2.4.3  On the Application of the Continuous-Medium Approach to
Discrete SRR-Based Left-Handed Metamaterials 87
2.4.4  The Superposition Hypothesis 88
2.4.5 On the Numerical Accuracy of the Developed Model for
SRR-Based Metamaterials 90
2.5 Other Approaches to Bulk Metamaterial Design 91
2.5.1 Ferrite Metamaterials 92
2.5.2 Chiral Metamaterials 97
2.5.3 Other Proposals 102
Appendix 107
Problems 109
References 114
3 Synthesis of Metamaterials in Planar Technology 119
3.1 Introduction 119

3.2 The Dual (Backward) Transmission Line Concept 120



CONTENTS

3.3 Practical Implementation of Backward Transmission Lines

3.4 Two-Dimensional (2D) Planar Metamaterials

3.5 Design of Left-Handed Transmission Lines by Means of

The Resonant Type Approach

Effective Negative Permeability Transmission Lines

Left-Handed Transmission Lines in Microstrip and

CPW Technologies

Size Reduction

3.6 Equivalent Circuit Models for SRRs Coupled to
Conventional Transmission Lines

SRRs:

3.5.1
3.5:2

353

3.6.1
3.6.2

Dispersion Diagrams
Implications of the Model

3.7 Duality and Complementary Split Ring Resonators (CSRRs)

Electromagnetic Properties of CSRRs
3.7.2 Numerical Calculation and Experimental Validation

3.7.1

3.8  Synthesis of Metamaterial Transmission Lines by
Using CSRRs

3.8.1
3.8.2

3.8.3
3.84

Negative Permittivity and Left-Handed Transmission Lines
Equivalent Circuit Models for CSRR-Loaded
Transmission Lines

Parameter Extraction

Effects of Cell Geometry on Frequency Response

3.9 Comparison between the Circuit Models of Resonant-Type and
Dual Left-Handed Lines

Problems
References

Microwave Applications of Metamaterial Concepts

4.1 Introduction
4.2 Filters and Diplexers

Stopband Filters

Planar Filters with Improved Stopband
Narrow Bandpass Filter and Diplexer Design

4.2.1
422
423

424

423.1

4232

Bandpass Filters Based on Alternate
Right-/Left-Handed (ARLH) Sections
Implemented by Means of SRRs

Bandpass Filters and Diplexers Based on
Alternate Right-/Left-Handed (ARLH) Sections
Implemented by Means of CSRRs

CSRR-Based Bandpass Filters with Controllable
Characteristics

42.4.1

Bandpass Filters Based on the Hybrid Approach:
Design Methodology and Tllustrative Examples

ix

128
131

135
136

139
144

146

151
151

155

156
160

163
163

166
170
172

175
180
182
187

187
188

189
193
198

199

203

207

208



