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PREFACE

Transmission lines and waveguides are essential components in radiofrequency (RF)
and microwave engineering for the guided transmission of electromagnetic (EM)
energy (power and information signals) between two points. Moreover, transmission
lines and waveguides are key building blocks for the implementation of passive and
active RF/microwave devices of interest in wireless communications (filters, diplex-
ers, splitters, couplers, amplifiers, oscillators, mixers, etc.). In planar technology, low-
cost devices can be fabricated by etching patterns (a set of transmission lines and stubs
providing certain functionality) in a printed circuit board (PCB), avoiding the use of
lumped components, such as capacitors, inductors, or resonators. Transmission line-
based circuits are usually designated as distributed circuits, since transmission lines
can be described by a network of distributed parameters. In certain designs (e.g.,
amplifiers and mixers), it is necessary to combine distributed and lumped active
elements, such as diodes or transistors. Nevertheless, the main relevant aspect of
distributed components is their capability to mimic lumped-reactive elements or a
combination of them (e.g., resonators or even more complex reactive circuits). It is
thus possible to design fully planar functional devices on the basis of the distributed
approach, or to minimize the number of lumped elements (unavoidable in certain
components, e.g., active circuits) in the designs.

Distributed circuits have two main drawbacks: (1) their dimensions scale with
frequency, and (2) transmission lines exhibit very limited design flexibility. Typically,
the required transmission lines in the designs have a length of the order of the wave-
length, which means that dimensions may be too extreme if the operating frequencies
are moderate or low. Concerning the second aspect, distributed circuits are designed
by means of transmission lines with certain phase (at the operating frequency) and
characteristic impedance. The phase varies linearly with the length of the line and



frequency (to a first-order approximation transmission lines are dispersionless).
Therefore, the functionality of distributed circuits is limited to a certain band; namely,
the required nominal phase is lost if frequency deviates from the operating value,
which means that distributed circuits are bandwidth limited by nature.

The limitations of ordinary transmission lines as building blocks for device design
are in part originated from the fact that these lines exhibit a limited number of free
parameters for design purposes (by excluding losses, ordinary lines are described
by a distributed network with two reactive elements in the unit cell). However, by
truncating the uniformity (in the longitudinal direction), by etching patterns in the
ground plane, by loading the line with reactive elements, or by using a combination
of these (or other) strategies to increase the degrees of freedom of the lines, many
possibilities to reduce device size, to improve performance, or to achieve novel func-
tionalities, are open. This book has been mainly conceived to introduce and study
alternatives to ordinary lines for the design and implementation of RF/microwave
components with superior characteristics in the above cited aspects. We refer to these
lines as artificial transmission lines, and the term is as wide as the number of strategies
that one can envision to improve the size, performance, or functionality of ordinary
lines. The book is devoted to the analysis, study, and applications of artificial lines
mostly implemented by means of a planar transmission line (host line) conveniently
modified (e.g., with modulation of transverse dimensions, with etched patterns in the
metallic layers, and with reactive loading), in order to achieve certain functionality,
superior performance, or reduced size. Nevertheless, it will be shown that in certain
artificial waveguiding structures, such as electroinductive and magnetoinductive
delay lines, the host line is not present. Waveguide-based components are not
included in this book, entirely focused on artificial transmission lines in planar tech-
nology. Obviously, it is not possible to cover all the material available in the literature,
related to the topic of artificial transmission lines, in a single book. Necessarily, the
contents of this book are influenced by the personal experience and background of the
author. However, many RF/microwave devices and applications of artificial transmis-
sion lines reported by other researchers are included in this book, or properly
referenced.

The book is devoted to readers that are already familiar with RF/microwave
engineering. The aim of writing this book has been to provide an up-to-date state
of the art in artificial transmission lines, and an in-depth analysis and study of those
aspects, structures, devices, and circuits that are more relevant (according to the cri-
terion of the author) for RF/microwave engineering, including design guidelines that
can be useful to researchers, engineers, or students involved in the topics covered
by this book. Nevertheless, Chapter 1 is dedicated to the fundamentals of planar
transmission lines for coherence and completeness, since most of the concepts of this
chapter are used in the subsequent chapters, and are fundamental to understand the
principles and ideas behind the design and applications of artificial transmission lines.

Chapter 2 is focused on artificial transmission lines based on periodic structures,
where periodicity plays a fundamental role and is responsible for the presence of band
gaps in the transmission spectrum of these lines. The Floquet analysis (leading to the
concept of space harmonics), complemented by the coupled mode theory (from which
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useful expressions for the design of periodic artificial lines are derived), and the
transfer matrix method (useful to obtain the dispersion relation of the fundamental
space harmonic), are included in the chapter. The last part is devoted to the applica-
tions, which have been divided into those of periodic nonuniform transmission lines
(e.g., harmonic and spurious suppression), and those of reactively loaded lines, where
not only the reflection properties of periodic structures but also the inherent slow-
wave effect associated to reactive loading, are exploited.

Chapters 3 and 4 are dedicated to artificial transmission lines inspired by metama-
terials, or based on metamaterial concepts. The importance of these artificial lines in
this book has forced the author to separate the fundamentals/theory and applications
into different chapters in order to avoid an excessive chapter length. Thus, Chapter 3 is
focused on the theory, circuit models, and main implementations of metamaterial
transmission lines, whereas Chapter 4 deals with the applications. Many applications
of metamaterial transmission lines are based on the superior controllability of the char-
acteristic impedance and dispersion of these lines, as compared to ordinary lines,
related to the presence of reactive elements loading the line. Indeed, metamaterial
transmission lines have opened a new way of “thinking” in the design of microwave
components, where tailoring the dispersion diagram, and not only the characteristic
impedance, is the key aspect (wemay accept that metamaterial transmission lines have
given rise to microwave circuit design on the basis of impedance and dispersion
engineering). The further controllability of the relevant line parameters (phase con-
stant and characteristic impedance) in metamaterial transmission lines, as compared
to ordinary lines, has a clear parallelism with the further controllability of the consti-
tutive parameters (permittivity and permeability) in effective media metamaterials
(periodic artificial structures exhibiting controllable EM properties, different from
those of the materials which they are made). Indeed, we can define an effective
permittivity and permeability in metamaterial transmission lines despite that these
lines are one-dimensional structures, and we can design the lines in order to support
backward (or left-handed) wave propagation (as occurs in metamaterials with simul-
taneous negative effective permittivity and permeability). However, whereas in
effective media metamaterials periodicity and homogeneity (satisfied if the period
is much smaller than the wavelength) are necessary conditions to properly define
an effective permeability and permittivity, periodicity, and homogeneity are not
requirements for impedance and dispersion engineering with metamaterial transmis-
sion lines.

The former metamaterial transmission lines were implemented by loading a host
line with series capacitors and shunt inductors (CL-loaded approach), or by loading
the host lines with electrically small resonators, formerly used for the implementation
of bulk effective media metamaterials (metamaterial resonators). This latter approach
has been called resonant-type approach. Both approaches are included in this book
(and many other latter developments), but special emphasis is put on the resonant-type
approach. Moreover, in Chapter 4 there are several applications where, rather than the
controllability of the impedance and dispersion of the artificial lines, the working
principle is the resonance of a transmission line (host line) loaded with metamaterial
resonators (these lines are designated as transmission lines with metamaterial loading
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in Chapter 4). Since metamaterial transmission lines are inspired by metamaterials, an
introduction to these artificial media and the former implementation are included in
Chapter 3. Chapter 3 includes also a section devoted to study the main electrically
small resonators useful for the synthesis of metamaterials and microwave circuits
based on them (resonant-type approach). In Chapter 4, the applications include
enhanced bandwidth components, multiband components, filters and diplexers,
active devices with novel functionalities (e.g., distributed amplifiers), novel antennas
(e.g., leaky wave antennas and antennas for RFID tags), microwave sensors,
and so on.

In Chapter 5, the focus is on reconfigurable components based on tunable artificial
lines and nonlinear transmission lines. Several materials, components, and technolo-
gies (including varactors, RF-MEMS, ferroelectrics, and liquid crystals) for the
implementation of tunable components are introduced. Then the chapter focuses on
the design of tunable artificial transmission lines and their applications, mostly,
although not exclusively, devoted to filters. The last part of the chapter deals with
the topic on nonlinear transmission lines, structures that support the propagation of
solitons and are of interest for harmonic multiplication.

Finally, other advanced transmission lines or, more generally, waveguiding
structures are presented and studied in Chapter 6, including applications. The covered
topics are electroinductive and magnetoinductive wave delay lines, common-mode
suppressed differential lines, lattice network-based transmission lines, transmission
lines loaded with non-Foster components, and metamaterial-based substrate-
integrated waveguides. Grouping these topics in a single chapter does not obey to
a thematic reason, but to the fact that most of them have been recently proposed
and/or are still under development, or even to the fact that they are very specific to
be included in the previous chapters (e.g., the electroinductive and magnetoinductive
wave delay lines and the substrate-integrated waveguides).

It is the author’s hope that the present manuscript constitutes a reference book in
the topic on artificial transmission lines and their RF and microwave applications, and
that the book can be of practical use to researchers, students and engineers involved
in RF and microwave engineering, especially to those active in planar circuit and
antenna design.

FERRAN MARTÍN

SANTA MARIA D’OLÓ (BARCELONA)
SEPTEMBER 2014

xvi PREFACE



ACKNOWLEDGMENTS

This book is the result of an intensive research activity on the topic of artificial
transmission lines carried out by the author and his research group (Centre
d’Investigació en Metamaterials per a la Innovació en Tecnologies Electrònica i de
les Comunicacions - CIMITEC) at the Universitat Autònoma de Barcelona, and also
by many other researchers worldwide, with whom the author has had the privilege to
collaborate or interact. It is impossible to include a complete list of all the people that
have made possible to write this book. Nevertheless, I must express my most sincere
gratitude to several colleagues, friends, and co-workers that have made invaluable
contributions to it. I apologize if I omit somebody that deserves to be acknowledged
and is not included in the following list.

First of all, I would like to give special thanks to the current and past members of
my Group (Jordi Bonache, Joan García, Nacho Gil, Marta Gil, Francisco Aznar,
Adolfo Vélez, Benito Sans, Gerard Sisó, Ferran Paredes, Gerard Zamora, Miguel
Durán-Sindreu, Jordi Selga, Jordi Naqui, Paris Vélez, Simone Zuffanelli, Pau Aguilà,
Marco Orellana, Lijuan Su, Marc Sans, Ignasi Cairó, Javier Herraiz, David Bouyge,
and Anna Cedenilla), and to the visiting professors (Javier Mata) and students
(Kambiz Afrooz and Ali Karami-Horestani). It is an honor to be the head of such pro-
ductive and fruitful research group (a consequence of the continuous and endless
effort of the involved people). Many of the ideas and results presented in the book
have their origin in the researchers of CIMITEC, and therefore this book also belongs
to them. I would like to highlight Jordi Bonache, who has had many brilliant ideas
since more than one decade ago, providing very interesting research results and inno-
vative applications on the basis of artificial transmission lines and related concepts.
I must also acknowledge the contribution of Jordi Naqui to this book, who edited
many figures of the manuscript; Gerard Zamora, for reviewing part of Chapter 4;



and Anna Cedenilla, who was in charge of the permissions for the use of many
copyrighted figures. I would not like to forget the support of the administrative staff
(headed by Mari Carmen Mesas during many years) and technicians (Javier Hellín) of
my department, who are not very visible but are essential for the success of the
research activities.

During the recent years, we have had fruitful collaborations with many groups that
have contributed to the progress of the topic covered by the book. Among them,
I would like to cite the groups of Prof. Francisco Medina (Universidad de Sevilla);
Prof. Mario Sorolla (Universidad Pública de Navarra), who passed away in November
2012; Prof. Vicente Boria (Universitat Politècnica de Valencia); Prof. Rolf Jakoby
(TU Darmstadt); Prof. Tatsuo Itoh (University of California Los Angeles); Prof.
Christophe Fumeaux (University of Adelaide); Dr. Walter de Raedt (IMEC); Prof.
Pierre Blondy (XLIM-Université de Limoges); Prof. Didier Lippens (IEMN-Univer-
sité de Lille); and the groups involved in the Network of Excellence within the VI
Framework Program of the European Union, METAMORPHOSE (2004–2008).
We have recently been a partner in the collaborative project Engineering Metamater-
ials (2008–2014) of the CONSOLIDER INGENIO 2010 Program (MICIIN-Spain),
which has represented an ideal platform for cooperation between the partners, and
a continuous source of ideas. Special thanks go to Francisco Medina (Universidad
de Sevilla), Christian Damm (TU Darmstadt), Silvio Hrabar (University of Zagreb),
and Txema Lopetegi (Universidad Pública de Navarra) for reviewing some parts of
the manuscript (Txema Lopetegi has also co-authored some sections of Chapter 2
and two appendixes). I will never forget the extraordinary contribution of my past
PhD student (shared with Prof. Mario Sorolla), Francisco Falcone (now associate pro-
fessor at the Universidad Pública de Navarra), to the topic of metamaterial transmis-
sion lines (many of the ideas presented in this book are in part due to him). To end the
acknowledgments relative to external collaborations, I would like to mention Prof.
Ricardo Marqués (Universidad de Sevilla), who is a well-known authority in the field
of metamaterials, and with whom I have had the privilege to cooperate, learn, and co-
write a previous book. We have had many stimulating discussions on many topics,
including the modeling of artificial lines based on metamaterial concepts. There is
no doubt that Prof. Marqués has been a key researcher for the progress and applica-
tions of metamaterial transmission lines based on the resonant-type approach.

The research activity that has conducted to the results presented in this book has
been funded by several agencies or institutions. Particularly, I would like to express
my gratitude to the past Spanish Ministry of Science and Innovation (MICIIN), for
supporting our work through the collaborative project Engineering Metamaterials,
cited earlier (ref. CSD2008-00066), and to the current Spanish Ministry of Economy
and Competitiveness (MINECO), for funding our research activities through other
national projects. Thanks are also given to the past Spanish Ministry of Industry,
Commerce and Tourism (MICyT) for giving us support through several collaborative
projects with companies for the development of precompetitive products on the basis
of our research activities on topics related to this book. The Government of Catalonia
is also acknowledged for giving us support as members of TECNIO (a network of
Research and Technology Transfer Centers), and for funding several research projects

xviii ACKNOWLEDGMENTS



of CIMITEC. I would also like to express my most sincere gratitude to Institució Cat-
alana de Recerca i Estudis Avançats (ICREA) for supporting my work through
an ICREA Academia Award (calls 2008 and 2013), and to my university for the
continuous support, which includes the Parc de Recerca UAB-Santander Technology
Transfer Chair. At the European level, I would like to express my gratitude to the
European Commission and to the Eureka Program for funding several international
projects. I would also like to mention the Virtual Institute for Artificial Electromag-
netic Materials and Metamaterials, “METAMORPHOSE VI AISBL,” for giving us
the opportunity to disseminate and promote our research activities, and the Institute of
Electrical and Electronics Engineers (IEEE) for elevating me to the grade of IEEE
fellow (in acknowledgment to my contributions to the topic of metamaterial-based
transmission lines).

Last, but not least, I would like to acknowledge the support of my wife, Anna, who
has created the necessary atmosphere to write a long manuscript like this, who has
accepted my long absences (this extends also to my children, Alba and Arnau),
and who has done her best in favor of the family, myself, and my vocation.
I would also like to include in the list many other people who have supported or
influenced me, such as my parents (Juan and Rosario), my “second parents”
(Josep Maria and Josefina), my grandparents, Carlos, Rut, my parents-in-law (Lina
and Josep), and many others that are not in my mind at this moment, but are always
present in my heart. Thank you very much!

FERRAN MARTÍN

xixACKNOWLEDGMENTS




