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1 Introduction

Recent advances have made possible the emergence of a new kind of materials:
Metamaterials. In just some years, the development of this new scientific branch has given rise
to numerous discoveries and technological advances based on the new properties shown by
these novel materials. Optics and Electromagnetism are some of the fields in which
Metamaterials have found interesting applications, among which is also the Microwave
Engineering. The present Thesis gathers a part of the work developed during the last years in
the Group GEMMA and CIMITEC (Centre d’'Investigacio en Metamaterials per la Innovacié en
Tecnologies Electronica i de Comunicacions) in the application of resonant-type metamaterial
transmission lines to the development of microwave devices.

The small size and the controllability of the electrical characteristics of metamaterial
transmission lines based on sub-wavelength resonators are the main properties that make
possible their use in the synthesis of microwave devices with compact dimensions and
exceptional features. Microwave components based on metamaterial transmission lines are,
therefore, of special interest in those applications in which compactness is a critical aspect.
However, besides their small size, such devices can also offer a performance improvement or
even new functionalities. These facts have awakened a big interest in metamaterial devices
during the last years and this has become a research hot topic in which an important number of
studies are regularly published.

This document has been written as a compendium of 13 articles, which are attached at the
end of the document. The articles contain most of the results of the work developed during the
realisation of this Thesis and the text frequently makes reference to them (the articles are
marked in bold in the text when they must be looked up). The document has been divided in
several sections devoted to different aspects:

- The second chapter presents a brief introduction about Metamaterials, and left-
handed materials, including their properties and constituent elements. Special
attention is paid to the application of such concepts to planar structures and the
synthesis of metamaterial transmission lines.

- The third chapter delves into the implementation of metamaterial transmission lines
by means of the resonant approach, which is applied in this work. Different kinds of
resonant-type metamaterial transmission lines are presented and studied, with
special emphasis on those structures which have been employed in the devices
presented in chapter 4.

- The fourth chapter is devoted to the applications of the previously studied structures
to the design of specific components, including different kinds of power dividers,
narrow- and broad-band filters and reconfigurable structures based on ferroelectric
materials.

- Finally, the fifth chapter includes some conclusions and possible next goals are
exposed.

The work elaborated during the realisation of this Thesis has been carried out within the
Group GEMMA/CIMITEC, which is part of the Electronics Engineering Department of the
Universitat Autonoma de Barcelona. GEMMA/CIMITEC has been part of the European Network
of Excellence NoE 500252-2 METAMORPHOSE (Metamaterials organized for radio, millimetre
wave and photonic superlattice engineering), whose main objective was the research, the study
and the promotion of artificial electromagnetic materials and metamaterials within the European
Union and has recently given rise to the Virtual Institute for Artificial Electromagnetic Materials
and Metamaterials (METAMORPHOSE VI AISBL). Furthermore, CIMITEC is one of the centres
of the Technological Innovation Network of the CIDEM of the Catalan Government, created with
the objective of promoting the transference of technology to the industry in the field of
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Communication and Information Technology and has been recognized as Singular Research
Group by the Catalan Government (AGAUR). This work has been, thus, supported by the
European, Spanish and Catalan Governments by means of several projects and contracts and,
specially, a Grant from the FPU (Formacion de Profesorado Universitario) Grant Program of the
Science and Innovation Ministry of the Spanish Government (Ref. AP2005-4523). The
Universitat Autdbnoma de Barcelona contributes through the Vicerectorat de Projectes
Estratégics-Parc de Recerca.

Among the projects and contracts with different institutions and companies which have given
support to the developed research activities, we would like to stress:

- Project TEC2004-04249-C02-01 METASYSTEMS from the Spanish Government
(Direccion General de Investigacion). Project coordinated between the Universitat
Autonoma de Barcelona (UAB) and the Universidad de Sevilla. Title: Disefio,
caracterizacion y aplicacion de estructuras basadas en metamateriales al desarrollo
de subsistemas de microondas y milimétricas.

- Project TEC2007-68013-C02-02 METAINNOVA from the Spanish Government
(Direccion General de Investigacion). Project coordinated between the Universitat
Autdonoma de Barcelona and the Universidad de Sevilla. Title: Tecnologias basadas
en metamateriales y su aplicacién a la innovaciéon en componentes y subsistemas
de RF microondas y milimétricas: circuitos de radiocomunicacion.

- International Project Eureka METATEC with title METAmaterial-based TEchnology
for broadband wireless Communications and RF identification. Granted to a
consortium formed by two companies and three research institutions from Serbia
and Spain. This international Eureka Project has been funded in Spain by a
PROFIT and an AVANZA 1+D project.

- Project CSD2008-00066 CONSOLIDER INGENIO 2010 from the Spanish
Government granted to a consortium formed by 8 research groups from different
Spanish Universities. Title: Ingenieria de Metamateriales (EMET)

- Several contracts with SEIKO EPSON Corp. and EPSON Europe Electronics GmbH
in the field of UWB bandpass filters.



2 Metamaterials

The definition of metamaterials is not completely definite and can be done taking
into account diverse aspects and considering different degrees of flexibility. Periodicity
and exotic electromagnetic properties may be considered as essential issues for a
structure to be regarded as a metamaterial. We will use, however, a wider definition of
metamaterial, in which these two aspects are not essential. We will consider
metamaterials as “periodic or quasi-periodic structures which are artificially created to
exhibit controllable electromagnetic properties”.

Regarding the size of the unit cell, these structures can be classified as
electromagnetic crystals (or Electromagnetic Band-gaps —EBGs-) or effective media.
Those structures whose period is on the order of the wavelength can be considered
electromagnetic crystals. They exhibit interference effects which give rise to frequency
band-gaps, what is known as Bragg dispersion. The period in effective media is, on
the contrary, much smaller than the wavelength. This causes the medium to seem
uniform for the electromagnetic fields and, therefore, to show effective electromagnetic
properties. It is worth mentioning that the effective characteristics of the whole medium
do not have to be the same as those of the unit cells of which it comprises. This fact is
what makes possible that metamaterials show properties which can not be found in
nature. Effective media are studied in section 2.1, whereas sub-wavelength
resonators, which are used in the synthesis of y-negative effective media, are studied
in2.2.

Undoubtedly, the media which have specially stirred the interest within the
scientific community are the effective media and, specifically, those known as left-
handed media (LH media or LHM). In these metamaterials the dielectric permittivity ()
and the magnetic permeability (u), which characterize the propagation of
electromagnetic waves in a medium, are simultaneously negative. These new double
negative (DNG) media behave like no other material found in nature does, what opens
the door to new effects and application possibilities. Left-handed media are covered in
section 2.3.

Section 2.4 deals with the application of the principles of LH media synthesis to the
implementation of one-dimensional planar left-handed media. Metamaterial
transmission lines are nowadays widely used in microwave device design and several
approaches are devoted to this purpose. LC-loaded transmission lines are presented
in 2.4.2, whereas resonant-type metamaterial transmission lines are studied in detail
in chapter 3.

2.1 Effective Media

As has been previously mentioned, effective media are those whose unit cells and period are
much smaller than the wavelength. The incident radiation perceives the structure as a
homogeneous medium with effective properties, which can be different from the constituent
element ones. This is one of the most important characteristics of effective media, given that it
allows the achievement of certain properties that natural materials do not exhibit.

Regarding the magnitudes ¢ and g, which characterize the propagation of electromagnetic
waves in media, we can classify the different materials into different types, depending on
whether the dielectric permittivity and/or the magnetic permeability are negative or positive [1]. If
only one of the two parameters is negative, the structure is considered as a single-negative
medium (SNG), whereas those whose two parameters are negative are double-negative (DNG)
media. The four different kinds of materials are depicted in Fig.2.1 and their properties can be
deduced from the study of the equations describing the propagation of electromagnetic waves
in media.
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n® =egu (2.1)

k* = a)—zn2 (2.2)
c

If we consider lossless isotropic materials with real values for the dielectric permittivity and
the magnetic permeability, the inspection of the equations (2.1) and (2.2) shows that
substances with ¢ and g having different sign exhibit imaginary values of the propagation
constant k’ and the refraction index n and, as a result, they are not propagating media.
However, if both parameters have the same sign, no matter if it is positive or negative, both k
and n are real and the medium allows the propagation of electromagnetic (EM) waves. Taking
this into account, we can conclude that SNG media are opaque media, whereas DNG and DPS
(double positive) media are transparent.

We can try to sort the different kinds of media into the four different quadrants depicted in
Fig.2.1 according to the signs of the parameters & and u. Conventional isotropic dielectric
materials could be found in the quadrant I, since for such materials both ¢ and y are positive. On
the contrary, materials located in the dark quadrants (SNG media) do not allow transmission.
The fact that ¢ and ¢ have opposite signs makes that both, n and k, are imaginary and only
evanescent modes are allowed. Some of these opaque materials can be found in nature, like
ferrimagnetic materials, which have &0, but <0 (mu negative MNG) and belong to the
quadrant Il. Another kind of SNG media would be metals at optic frequencies and plasmas
under their plasma frequency, which have &<0 and ;>0 (epsilon negative ENG) and would be
located in quadrant IV.

Fig.2.1. Representation of the different kinds of materials according to the signs of the
parameters ¢ and x. They can be transparent or opaque to electromagnetic waves,
depending on whether the signs of ¢ and x are equal or opposite, respectively.

DNG media would be, thus, transparent. However, provided they do not exist as natural
materials, their properties could only be theoretically studied up to recent years. The synthesis
of the first DNG media in 2000 [2] opened the door to the study and application of such
materials and their special properties. Some of the characteristics of double negative (also
called left-handed (LH)) media are studied in section 2.3.

! Although the propagation constant is referred here as k, which is the conventional character to
designate the propagation in continuous media analysis, in the following sections devoted to circuit
analysis it will be denoted as g.
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2.2 Sub-wavelength Resonators

The synthesis of effective media requires electrically small unit cells exhibiting specific
properties. No DNG materials are available in nature. However, the artificial synthesis of such
media by means of effective media was made possible by the appearance of the split-ring
resonator (SRR) in 1999 [3].

@ , (b)
Lg D, |
@
z X| Cu2 Cy2 (\@ m
H p d 0000
SRR

Ce
Cs=C,/4 CSRR Lo/2
L.=L,/4

D,

e

Fig.2.2. (a) Representation of a split-ring resonator (SRR) and its equivalent circuit
model. The resonator is formed by two metallic split-rings (b) Representation of a
complementary split-ring resonator (CSRR) and its equivalent circuit model. In this case
the resonator is etched on a metallic surface. Metallic parts are represented in grey.
Figures extracted from [4].

The SRR is formed by two concentric open metallic rings, as Fig.2.2(a) depicts. The
resonator can be excited by an axial (z direction in the figure) time-varying external magnetic
field, which induces currents in the rings. The splits present in the rings force the current to flow
as displacement current between them. The current loop is thus closed through the distributed
capacitance that appears between the inner and the outer ring (edge capacitance). The
resonator can be modelled as is shown in Fig.2.2(a) [4,5]. Ls is the resonator self-inductance,
whereas Cy/2 is the capacitance related with each of the two SRR halves. C, can be obtained
as Cy=2nrC,,, Where C,, represents the per unit length capacitance between de rings forming
the resonator. As for L, it can be approximated to the inductance of a single ring with the
average radius of the resonator and the width of the rings, c.

There are two characteristics of the SRR which make it especially interesting. One of them is
its small electrical size. At the resonance frequency:

1

\/ﬁ (2.3)

the perimeter of the resonator is smaller than half the wavelength of the exciting wave. The
electrical size of the resonator can be reduced decreasing the gap between the rings and the
ring width (in order to increase C; and L, respectively). Thus, the minimal achievable resonance
frequency will be determined by the limitations imposed by the considered technology. Their
sub-wavelength characteristics make SRRs perfectly suitable to be applied as elemental units in
the synthesis of effective media. The second and more important property of this resonator is
the fact that an effective media formed by SRRs exhibits around their resonance frequency
negative effective magnetic permeability, u The effective permeability of such a medium can
be estimated (neglecting losses) as:

a, =

: Fo’
Hy =lm—7—%
eff a)z_a)g

(2.4)

where F is the fractional area occupied by the interior of the resonator within the unit cell [2,3].
The typical behaviour of a MNG effective media is depicted in Fig.2.3. The variation of s
around the resonance frequency is shown in Fig.2.3(a). Just above @, and up to wn, (the
“magnetic plasma frequency”), the effective permeability is negative. The corresponding
frequency gap, where no propagation is allowed, can be observed in the dispersion diagram
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shown in Fig.2.3(b). The appearance of the split-ring resonator opened the door to the synthesis
of the first effective MNG [3] and DNG [2] media, as will be exposed in section 2.3. Furthermore,
it has been widely used in the implementation of different kinds of effective media, as well as
metamaterial transmission lines with controllable characteristics (section 3.1). Due to the
symmetry properties of the SRR, cross-polarization (electric excitation of magnetic dipoles and
vice versa) is possible [6,7,8]. Although this fact can represent a drawback for the synthesis of
isotropic media, it is in general not determining for its application in planar device
implementation, as is our case.

(a) pefr (b)
Heff=1 8
: )
8
: =}
: g
P ANAN o «
0)0 X 0)mp
£

wave vector, &

Fig.2.3. (a) Effective magnetic permeability of a MNG medium. (b) Dispersion diagram
of a MNG medium. Transmission is inhibited in the frequency range wo-@mp, Where ter is
negative. Figures extracted from [3].

On the basis of the SRR, numerous sub-wavelength resonators with similar topologies have
been proposed. One of them is the complementary counterpart of de SRR, the complementary
split-ring resonator (CSRR) (see Fig.2.2(b)). In this case, the rings forming the resonator are
etched on a metallic surface. It appeared from the idea of applying the Babinet principle to the
SRR [9,10]. According to this principle, in such complementary structures, electric and magnetic
fields, currents, etc. interchange their roles. This occurs in such a way that, ideally, both
structures have the same resonance frequency, but, contrary to the SRR, the CSRR exhibits
negative values of the dielectric permittivity around its resonance, which can be excited by
means of an axial electric field. Its circuit model can be seen in Fig.2.2(b), which is the dual of
the SRR circuit model. Many other resonators admit a complementary counterpart, like, for
example, the ones represented in Fig.2.4(a) to (e).
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(e)

Fig.2.4. (a) Non-bianisotropic split-ring resonator (NB SRR) and its equivalent circuit
model. (b) Double-slit SRR and circuit model (c) Spiral resonator (SR) and model (d)
Double spiral resonator (DSR) and model. (e) Open split-ring resonator (OSRR)
(f) Broad-side coupled split-ring resonator (BC SRR). (g) Broad-side coupled non-
bianisotropic split-ring resonator (BC NB SRR) (h) Broad-side coupled spiral resonator
with four turns (BC SR (4)). Figures extracted from [4,6, 12 and 15].

In order to find resonators with different symmetry properties and smaller size, many other
structures, based on different spiral, multiple split, or multi-layer topologies, have been
proposed and studied [4,6,11,12,15]. In Fig.2.4, some of these resonators can be seen.
Fig.2.4(a) shows the non-bianisotropic split-ring resonator (NB SRR), which has the same
resonance frequency as the SRR, but, due to its symmetry, neither the NB SRR nor its
complementary counterpart exhibit cross-polarization effects [4]. The same happens with the
double-slit split-ring resonator (DS SRR), which avoids cross-polarization, but its resonance
frequency is twice the one of a SRR with the same dimensions (Fig.2.4(b)), given that the total
capacitance C; is four times smaller than in the SRR. The resonance frequency, f,, can be
reduced, for example, using any of the rest of the particles shown in Fig.2.4. The spiral
resonator (Fig.2.4 (c)), for example, reduces in a factor 2 the resonance frequency of the SRR.

The inclusion of additional rings or turns in the resonators contributes to further decrease the
resonance frequency [4,13,14]. As an example, the double spiral resonator, which reduces f;, in
a factor 2" with respect to the SRR, is shown in (Fig.2.4 (d)). The open split-ring resonator
(OSRR) (Fig.2.4 (e)) also achieves a smaller electrical size (2 times smaller than for the SRR)
since, contrary to the SRR, the two halves of the total capacitance are parallel connected [15].
Further size reduction can be achieved if the metallic strips forming the resonators are broad-
side (instead of edge-side) coupled, like in figures (f) [6], () and (h) [12]. This is realized using
two metal layers to implement the resonator. The broad-side coupling allows the achievement of
higher capacitances, this reducing the resonance frequency of the resonator. Additionally, the
inclusion of vias connecting the metallic strips (Figs. (g) and (h)) allows the elongation of the
metallic strips and, thus, the enlargement of the resonator inductance, contributing to a further
resonance frequency reduction. Most of the particles shown in Fig.2.4 have a complementary
version. Along the development of this Thesis, the particles which have been mainly used are
the SRR, the SR, their complementary counterparts, as well as the open complementary split-
ring resonator (OCSRR).
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2.3 Left-handed Media

We will now focus our attention on those materials belonging to quadrant Il in Fig.2.1. Such
materials are transparent like many conventional materials, since ¢ and x have the same sign.
Nevertheless, they exhibit some special properties which had never been observed before the
implementation of the first artificial medium with such properties in 2000 [2]. Although they
cannot be found in nature, 40 years ago, in 1968, Viktor Veselago [1] already predicted many of
the characteristics of such media in a merely theoretical work, in which he deduced the
consequences of taking negative values for the magnetic permeability and the dielectric
permittivity simultaneously. Studying Maxwell’s and constitutive equations, we can infer some of
these characteristics:

Vx E = - o8 (2. 5)
ot
vui =L (2.6)
ot
B=uH 2.7)
D=¢E (2.8)
Considering a monochromatic plane wave, we can write:

kxE=cwuH (2.9)

kxH=-weE (2.10)

where we can deduce that if £ >0 and x >0, the orthogonal vector system formed by the wave
vector, k, and the electric and magnetic field vectors, E and H, is right-handed, whereas when
they both are negative, the vector system is left-handed (see Fig.2.5). This is the reason why
these media were called “left-handed media” by Veselago.

RHM 4. LHM 4.

Y
v
A
v

Fig.2.5. Representation of the field, wave and Poynting vectors for propagating waves
in right-handed (RHM) and left-handed (LHM) media. In LHM the wave and Poynting
vectors are antiparallel and the propagation is “backward”.

Although the wave vector reverses its direction in LHM, the Poynting vector keeps it, given
that the change in the signs of ¢ and x does not affect it.

S=ExH 2.11)

As a consequence, the energy flux and the wave fronts travel in opposite directions or, in
other words, the group and the phase velocities are antiparallel in LHM. This kind of
propagation is called “backward propagation” and it gives rise to different phenomena which are
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exclusive of left-handed media. The synthesis in 2000 of the first left-handed medium [2]
allowed the corroboration of many of the predictions made by Veselago. The composite medium
consisted in a periodic array of metallic posts, which was already known to exhibit “plasma
behaviour” [16] (e<0 below a certain frequency known as plasma frequency) and split-ring
resonators (see inset in Fig.2.6(a)). The combination of both elements forming a periodic
distribution resulted in an effective medium showing negative values of ¢ and x in a certain
frequency range when it was illuminated with a properly polarised wave. In order to achieve the
desired behaviour, the electric field of the incident wave should be parallel to the metallic posts,
whereas the magnetic field has to be perpendicular to the planes containing the SRRs in order
to ensure their excitation. By this means, it was experimentally corroborated that, whereas the
composite medium (DNG) was transparent, a medium formed only by SRRs was able to inhibit
the propagation around the resonance frequency of the resonators (where <0) (see
Fig.2.6(a)). Backward propagation was later achieved in many different media based on
different approaches like, for example, SRR-loaded waveguides [17] or transmission lines, and
the LC-loaded transmission line (see following sections).

One of the consequences arising from this phase velocity reversal is negative refraction.
Equation (2.1) is ambiguous regarding the sign of the refraction index. However, if a proper
study is carried out, this ambiguity can be avoided [1,18]. One easy way to see if the sign of the
refraction index in left-handed materials is negative or positive, is the next one [18,19]:

We can express the two negative magnitudes, ¢ and g, in polar coordinates and give them
the value -1. If do so, (2.1) can be rewritten as follows:

"=@=x/zx/;=ej5ej5=ef”=—1 (2.12)

It must be taken into account that the imaginary parts of the square roots of ¢ and i must be
positive, as it is in passive media. By these means, it can be deduced that the refraction index is
negative in left-handed media. As a consequence, when a wave travels through a RHM and
arrives to a LHM the refraction angle is also negative in such a way that the incident and the
refracted beams lay at the same side of the normal (see Fig.2.6(b)). Negative refraction was
experimentally verified for the first time in 2001 [20], in a medium similar to the one shown in
Fig.2.6(a). Other phenomena, like Doppler effect or Cerenkov radiation [1,21] are also inversed
in left-handed media.

| I
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Fig.2.6. (a) Photograph of the first composite medium with left-handed characteristics
(inset) and measured transmission of the composite medium containing SRRs and
posts (dashed line) and a second medium with only SRRs (solid line). Figure extracted
from [2]. (b) Comparison between the refraction of a radiation beam arriving to a LHM,
when it is refracted with an angle -4, or to a RHM, when the refraction angle is 4.

Metamaterials promptly stirred a big interest among the scientific community and many
different applications were soon envisaged. The controllability over their characteristics and
their exotic properties has made metamaterials become a “hot topic” during the last years.
Although it is not based on a left handed medium (it is a DPS metamaterial), the most



10
Marta Gil Barba

innovative and spectacular application taking advantage of metamaterial properties is,
undoubtedly, the use of cloaking structures to achieve invisibility. The first approach achieving it
was based on the use of a cloak to direct the electromagnetic waves to surround an object
[22,23] (see Fig.2.7(b)) in such a way that, behind the shield, the radiation contains no
information (in terms of phase and direction) of the object. In this sense, it can be said that the
object becomes invisible, since the radiation is not reflected by the object and behaves like if
there was nothing in its way. The shells forming the cloak contain metallic resonators tuned to
vary the permeability (and, thus, the refraction index) in the different layers (see Fig.2.7(a)). By
this means, the light can be “bended” to surround an object located in the centre of the cloak.
Up to now, however, cloaking has been only achieved for a specific frequency and at the
microwave range. Many efforts are now devoted to achieve broadband cloak at visible
frequencies, although it is a very complex technological challenge. A step forward in this subject
was recently taken with the synthesis of a negative refractive index metamaterial at optical
frequencies [24]. The structure presented in [24] consists of alternating layers of silver and
magnesium fluoride (MgF;) forming a fishnet prism, which was able to produce negative
refraction at THz frequencies.

Fig.2.7. (a) Photograph of the first 2D cloaking structure. Figure extracted from [22] (b)
Scheme of the effect of the cloak on the radiation beams. The cloak directs the radiation
to surround the object avoiding reflexion and shadows from the object. The light
penetrating the cloak is bended and forced to exit following the same trajectory as if
there was no object in its way. Figure extracted from [23].

Super lenses have also been a very attractive application of metamaterials. Metamaterials
allow the overcoming of the diffraction limit [25,26], giving rise to superresolution. Such
subdiffraction imaging has been achieved using different types of slabs [27,28] and surfaces
[29,30]. Some medical applications of magnetoinductive lenses in magnetic resonance imaging
are already being studied [31].

2.4 Metamaterial Transmission Lines

Soon after the appearance of the first left-handed media, such interesting concepts were
applied to the design of planar structures. Left-handed transmission lines were soon
implemented in coplanar [32,33], strip line [34] and microstrip [35,10] technologies. In contrast
to previous bulky structures, they were compatible with planar fabrication processes and,
therefore, more suitable for microwave device design. The big advantages of these artificial
transmission lines are their compact dimensions and design flexibility, given that phase and
characteristic impedance can be tailored to some extent in order to obtain the suitable
properties that each design requires. Two main approaches are devoted to the implementation
of artificial transmission lines and their application in microwave device design: the CL-loaded
transmission line and the resonant-type approach. The first of them is presented in section
2.4.2, whereas a wide study of the resonant-type approach and their applications is exposed in
chapters 3 and 4. Both approaches are based on the dual transmission line concept, which is
exposed next.
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2.4.1 Dual Transmission Line

When it comes to study the propagation characteristics in a transmission line, it is possible to
make an analogy between the propagation in a transmission line and the propagation of plane
waves in a homogeneous and isotropic medium. By this means, if we make use of the
equivalent T-circuit model of a transmission line unit cell (see Fig.2.8(a)), we can make an
equivalence between the magnitudes &+ and u o characterising the propagation in media and

the series impedance Z’ and the shunt admitance Y’ of the TL model [36] (the sign ‘ is here
used to denote the per-unit-length magnitudes).
7= Jjo, (2.13)
Y':ja)geff (2.14)

This gives rise to four possible sorts of transmission lines, regarding the signs of Z’and Y’
(actually the series reactance and the shunt susceptance). As indicated in Table | and in an
equivalent way as it was illustrated in Fig.2.1 in section 2.1, the signs of the series impedance
and shunt admittance determine the propagating or not propagating nature of the line.

Inmitances
Medium Propagating
Z (~per) | Y(~éer)
>0 >0 Conventional TL. DPS YES
>0 <0 SNG NO
<0 >0 SNG NO
<0 <0 Dual TL. DNG YES

Table I: Different kinds of transmission lines depending on the sign of the impedances
of their circuit models.

(b)

| | | |
| |
2¢, Y 2¢,
(a) L
(c) —

Fig.2.8. (a) Generic T-circuit model of a transmission line unit cell. (b) Unit cell for a
conventional (right-handed) transmission line. Lg and Cg are the series inductance and
shunt capacitance in the RH TL model. (c) Unit cell for a left-handed transmission line. L,
and C, are the shunt inductance and series capacitance in the LH TL model.

Therefore, considering purely reactive inmitances (lossless TL), a conventional transmission
line, modelled by series inductances and shunt capacitances (Fig.2.8 (b)), exhibits positive
values of g and g

R

L, L, (2.15)
Hor = "2
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_Co_ (2.16)
R

geff I

where [ is the length of the unit cell. On the contrary, if we intend to obtain negative values for
& and e, Z° must be capacitive, and Y’ must be inductive (Fig.2.8 (c)) giving rise to:

1 (2.17)
’Lle.ﬁ. = 22C I
L
R (2.18)
T 'Ll

This results in what is known as “dual transmission line” (Fig.2.8 (c)), since it represents the
dual circuit of a conventional transmission line. Regarding the propagation constant, g, and the
phase, v, and group, v, velocities, they also show the differences between the conventional
and the dual transmission lines [5,37]. The propagation constant can be obtained in terms of the
series and shunt impedances of our lossless T-network as [38]:

cosfBl=1+27Y (2.19)

where | is the unit-cell length. This expression can, in the long wavelength limit, be

approximated to:
f=+ [o7y (2.20)

Furthermore, for such a T-network, the characteristic impedance can be obtained as [38]:

Z, = /Z(Yi +2) (2.21)

Phase and group velocities are given by the following expressions:

@

v, = 3 (2.22)
ow

Vg = % (2.23)

In the case of the conventional transmission line, if we take into account the expressions of Z
and Y we can obtain the equations:

L
Z,=jo-=% (2.24)
2
Y, = joC, (2.25)
Therefore, we can obtain:
Z, = \/L—R(l—a)z ﬁ) (2.26)
C, 4
2
" L,C,

cos pl=1- (2.27)

2
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Expression (2.27) can be approximated in the long-wave limit to [5]:

L.C
p=ro Tt =0 L, C, (2.28)

Regarding the phase and group velocities, we obtain:

1
t— (2.29)

w
VP:_: ' '
ﬁ LRCR

oo [,
4 aﬂ L'RC'R P

v (2.30)

The sign of the group velocity can, in principle, be arbitrarily chosen. Nevertheless, the group
velocity can only be either positive or negative in order not to violate causality. We will assume
that vg>0 (2.30). As a consequence, the g and v, are positive as well, what confirms forward
propagation in conventional transmission lines.

On the other hand, for the dual transmission line we find:

1
= 2.31
b jw2C, (2.31)
Y, =— : (2.32)
JjoL,
L 1
A i i P 2.33
0 \/CL( a)24CLLLJ (2.33)

Whereas in the long wavelength limit we obtain:

1
S AN A —
B L= e L, (2.34)

w
v, = 5 =-w’l\/C,L, (2.35)
0
v, = % = +0’1/C, L, (2.36)

where, again, the sign of the propagation constant has been chosen in order to guarantee a
positive value of the group velocity. The negative value of the phase velocity (2.35) evidences
backward propagation in dual transmission lines. The dispersion diagrams and the
characteristic impedance of the conventional and the dual transmission lines are depicted in
Fig.2.9. It is worth mentioning that, although expression (2.28) predicts no dispersion, Fig.2.9(a)
corresponds to a dispersive medium. It must be taken into account that (2.20) and, therefore,
(2.28) and (2.34) are valid only under the long wavelength approximation.
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Fig.2.9. Dispersion diagrams for a conventional (a) and a dual (b) transmission line.
Characteristic impedances of a conventional (c) and a dual transmission line. The
impedance is normalized to the maximal value, which is reached at =0 and @w=« for the
conventional and the dual transmission line, respectively. Figures obtained from [5]

From the theoretical point of view, the dual transmission line is a left-handed medium which
supports backward waves. However, the practical realization of a pure dual transmission line is
not possible. Its implementation requires a host conventional transmission line, which can be
loaded with different elements in order to obtain the desired series and shunt impedances.
Depending on the kind of loading elements, we can distinguish between two main approaches:
the CL-loaded transmission line and the resonant-type approaches. Both approaches are
described in section 2.4.2 and section 3.1, respectively.

2.4.2 CL-loaded Artificial Transmission Lines

A simply way to obtain a negative series reactance and shunt susceptance and, thus, left-
handed propagation, is to load a host transmission line with series capacitances and shunt
inductances. This strategy can be applied with different kinds of transmission lines, including
microstrip [35] and coplanar waveguides [32] (see Fig.2.10). This strategy, however, does not
allow to obtain a pure dual transmission line, since the host medium introduces parasitic
elements (Lr and Cg in Fig.2.10 (b)). Nevertheless, at certain frequency ranges, the loading
elements dominate the propagation characteristics, giving rise to a left-handed transmission
band. On the other hand, the parasitics of the host line rule the propagation at higher
frequencies. The behaviour of the so called CL-loaded transmission lines is, therefore, a
composite behaviour and such lines are known as composite right-left handed (CRLH)
transmission lines [39,40,41].
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T

Fig.2.10. (a) Layouts of different kinds of CL-loaded transmission lines. From up to
down: Coplanar waveguide (CPW) with capacitive gaps and shunt connections,
microstrip line with capacitive gaps and vias to ground and, finally, microstrip line with
interdigital capacitors and shunt-connected inductive stubs (b) T-circuit model of a
composite right-left handed Transmission Line (CRLH TL). Figures obtained from [42]

The expressions of & and wes for such a CRLH TL can be obtained in a similar way as it has
been done in the previous sections:

Lo 1 2.37
Hear =1 " w?ac,1 (2:37)
C, 1
£ =—2—
o= T oL (2.38)

As can be seen, both & and s can be either positive or negative, depending on the
frequency range. This results in two transmission bands, generally separated by a frequency
gap where transmission is not allowed (see Fig.2.11 (a)). Observing expressions (2.37) and
(2.38), it is easy to see that they both are negative at low frequencies and positive at high
frequencies. Depending on the values of the capacitive and inductive elements forming the line,
the frequency ranges at which g4 and ux have the same sign and, thus, propagation is
possible, can be different, but the left-handed band appears always below the right-handed one
(see Fig.2.11 (a)). The resonance frequencies of the series and shunt branches forming the line
act as the limits of the frequency gap between both transmission bands. Any of them can be the
lower (wg4) or the upper (wg2) limit, depending on which of the branches resonates at a lower
frequency.

g =min(o,,0, (2.39)
g, =max(w,,,) (2.40)

The composite behaviour allows the design of a specific and interesting kind of lines: the
balanced line [37,39]. In such lines, the frequency gap that is normally present between the two
transmission lines is forced to disappear. In order to do that, the resonance frequencies of the
series and shunt branches must be equal. As a result, a single transmission band with left- and
right-handed characteristics at different frequencies is obtained (Fig.2.11(b)). At the transition
frequency, w,, the phase velocity (as well as the wavelength) is infinity, whereas the group
velocity is finite and different from zero. As a consequence, and contrary to the unbalanced
case, in which at the resonance frequencies (wgs, wg2) the group velocity is zero, in balanced
transmission lines there is energy transmission at the transition frequency. As will be shown in
following sections, this kind of lines is especially interesting for broad band applications.
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Fig.2.11. (a) Dispersion diagram of a non-balanced CRLH TL. The LH (A<0) and the
RH (4>0) transmission bands can be observed separated by a frequency gap where
transmission is forbidden. (b) Dispersion diagram of a balanced CRLH TL. The limits of
the frequency gap have been forced to coincide and the gap disappears. Figures
obtained from [5]

LC-loaded transmission lines exhibit controllable characteristics, which can be tailored in
order to satisfy different requirements depending on the application. Taking advantage of this
fact, they have been widely used in microwave device design, giving rise to a big number of
different components based on the particular properties of metamaterial transmission lines.
Coupled- [43,44] and branch- [45] line couplers, power dividers [46,47,48], filters [49] or
antennas [50] are some examples of the application possibilities of LC-loaded transmission
lines. This approach has also been applied to the design of three-dimensional metamaterials
formed by LC-loaded transmission line networks exhibiting backward propagation [51,52,53].



3 Resonant-type Metamaterial Transmission Lines

Soon after the appearance of the first artificial transmission lines with left-handed
characteristics based on the CL-loaded TL approach, a new kind of metamaterial
transmission lines based on sub-wavelength resonators came out. The design
flexibility of artificial transmission lines makes them especially interesting and useful in
microwave device design. Since the development of the first SRR-based transmission
line, several kinds of resonant-type metamaterial transmission lines have been
developed and applied in the implementation of a number of microwave components,
such as filters, power dividers or hybrid couplers, among others. In this chapter,
different kinds of resonant-type metamaterial transmission lines are described and
studied, whereas their applications are exposed in chapter 4.

3.1 Composite Right/left-handed Transmission Lines based
on SRRs and CSRRs

As has been previously exposed, a necessary condition to have a propagating transmission
line is that the signs of the series and shunt reactances in the circuit model of the unit cell are
opposite. This is satisfied simply by conventional transmission lines, but it can also be achieved
in an artificial way by means of loading elements. These elements can be capacitive gaps,
strips and vias, surface mounted components or, as is the case in the resonant-type approach,
resonators.

Two main types of resonators can be applied as loading elements: metallic (SRR-type) or
complementary (CSRR-type) resonators. In both cases, the sub-wavelength dimensions of the
resonators allow the synthesis of very compact structures with significant design flexibility.
These resonant-type metamaterial transmission lines are, therefore, suitable for microwave
device miniaturisation.

Fig.3.1. Scheme of a microstrip (a) and a coplanar (b) transmission line and the
distribution of the electric (blue, solid) and the magnetic (red, dashed) fields.

The resonators can be coupled in different ways, giving rise to many different kinds of
transmission lines. As has been previously explained, SRR-type resonators are excited by an
axial magnetic field, whereas CSRR-type resonators are excited by an axial electric field. This
allows different kinds of configurations for each kind of resonator. Split-ring resonators can be
coupled to a coplanar waveguide by locating them on the bottom side of the substrate, just
underneath the gaps separating the conducting strip and the ground planes, or even on the slot
between the strip and the ground planes [54]. One more possibility is to place the SRRs close to
a microstrip line (see Fig.3.1). These configurations allow the excitation of the SRRs by means
of the magnetic field surrounding the conducting strips. Regarding the CSRRs, they can be
etched on the ground plane under a microstrip line, as well as they can be etched on the
metallic strip in both, microstrip and coplanar transmission lines.

Depending on the kind of resonator, how it is coupled to the line and the additional elements
it is combined with, different kinds of transmission lines with diverse propagation properties can
be obtained. Some examples of these metamaterial transmission lines are exposed in the
following sections. Special emphasis will be done in the CSRR-type transmission lines, which
have been mainly studied and applied throughout the realisation of this Thesis.
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3.1.1 Purely Resonant Approach

The first resonant-type metamaterial transmission line consisted of a coplanar waveguide
loaded with SRRs and shunt-connected metallic strips [33]. The SRRs were located on the
bottom side of the substrate, as Fig.3.2(a) shows. By this means, the resonators were
magnetically coupled to the coplanar waveguide. Their effect, together with the metallic strips
acting as shunt inductances, gave rise to a LH transmission band around the resonance
frequency of the resonators, where the series reactance is capacitive and the shunt reactance is
inductive.

(b)
(@

Fig.3.2. (a) Scheme of a unit cell of the first resonant-type metamaterial transmission
line. SRRs (in black) and shunt-connected metallic strips were used as loading elements
in a CPW to obtain LH propagation. Metallic parts are depicted in grey for the top layer
(CPW and strips) and black for the bottom layer (SRRs) of the substrate (b) Recently-
proposed improved circuit model for the structure shown in (a). (c) Modified circuit model
for the structure shown in (a). Figures (b) and (c) obtained from [55].

The equivalent circuit model for a unit cell (Fig.3.2(a)) is depicted in Fig.3.2(b), which can be
transformed into the n-circuit shown in Fig.3.2(c). In the circuit (b), the SRRs, modelled by the
resonant tanks formed by Cs and L, are magnetically coupled to the coplanar waveguide
through the mutual inductive coupling represented by M. The line inductance and capacitance
are taken into account by means of L and C, respectively. On the other hand, the metallic strips
are modelled by L,. As can be seen, the coupled SRRs contribute to achieve a capacitive
element in the series impedance, whereas the metallic strips are responsible for the shunt
inductance L,. This circuit has been recently proposed [42,55,56,57] as an improvement with
respect to the previously existing one [33]. Although the former circuit could also be transformed
into the circuit shown in Fig.3.2(c) and reproduced the response of the structure, it was not
perfectly able to describe its physical behaviour. The transformation from (b) into (c) obeys the
equations:

L 2
1+—
4Lp
LS'=2M2CSa)§T (31)
P
2L, L,
M2 Y
L 1+2LL
C, '= 25 > £ 2 (3.2)
Moy, L
4L

r=la+- L £—LS' (3.3)
2L, )2
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L '=2L +§ (3.4)

The series and shunt impedances (Z; and Z,, respectively) of the resulting r-circuit are:

Z =jo L’+% (3.5)
‘ (1-w°L,C))
Z =j 7]""
p=J@ C (3.6)
S .
l_a) LPE

whose sign varies depending on the frequency range. Therefore, at those frequencies where
xs<0 and x,>0, left handed propagation arises. The opposite situation (ys>0 and y,<0) occurs at
higher frequencies, giving rise to a right-handed transmission band. This composite behaviour is
studied later in detail for CSRR based structures.

The dispersion relation of the line can be obtained as:

cosfpl=1+— (3.7)
P
resulting:
I [1 - a)zL'P gj
cos l:1+(L'+ P J : (2.8)
(l1-w°LC)) L,

Moreover, the characteristic (or Bloch) impedance can be calculated as [38]:

(3.9)

The frequency response and the dispersion diagram of such a transmission line are depicted
in Fig.3.3(c). As can be seen, the structure brings about a transmission band preceded by a
transmission zero. In the dispersion diagram, the magnitude of the phase is represented. The
negative derivative (entailing a negative group velocity) indicates that the sign of the phase is
actually negative. The sign of the propagation constant is, in consequence, negative; in other
words: the transmission band is left-handed.

(c) ©

20 - ‘\\ y  ——EM Simulation (a)
30 - InF EM Simulation (b)
30 ) v\z = Circuit Simulation (a)

(a) (b)

s,, (dB)

40 - o Circuit Simulation (b)
50 | ------- Measurement (a)
—------- Measurement (b)
-60 180
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F'; 4120 D
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Fig.3.3. Layouts of a CPW loaded with SRRs and metallic strips (a) and only SRRs (b).
Metallic parts are depicted in grey for the top layer (CPW and strips) and in black for the
bottom layer (SRRs) of the substrate. (c) Simulated and measured insertion losses for
the structures depicted in (a) and (b) and dispersion diagram for the structure (a). The
right handed band of the structure shown in (a) is above 3GHz. Figures obtained from
[65].
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On the other hand, when a coplanar waveguide is loaded just with SRRs (Fig.3.3(b)),
although the series reactance is capacitive around the resonance of the SRRs (f, for the (b)
structure in Fig.3.3(c)), the shunt reactance is always capacitive. As a result, the transmission
line is transparent, except about the resonance of the SRR, f, [58]. The high values of the
characteristic impedance and the negative values of the effective permeability just above f, give
rise to a frequency range where transmission is not allowed.

As mentioned above, resonant-type artificial transmission lines can also be implemented
with complementary split-ring resonators (CSRRs). These resonators can be excited by an axial
time-varying electric field. In order to ensure such excitation, CSRRs are generally etched on
the ground plane of a microstrip line. The CSRRs themselves provide negative values of the
effective permittivity, so if they are used alone as loading elements, the structure rejects the
signal around the resonance frequency of the resonators [9]. Therefore, if backward
propagation is intended, the addition of a second element providing negative u (or negative y;)
is necessary [10]. This element can be a capacitive gap etched on the microstrip line just above
the resonator, as Fig.3.4(a) shows. Since its origin, this CSRR-based metamaterial transmission
line has been exhaustively studied and widely applied in microwave device design, what
constitutes an important part of this Thesis. Other complementary resonators can also be
applied in place of CSRRs. This allows further miniaturisation when electrically smaller
resonators, like spiral resonators (SRs), for example, are used.

The equivalent circuit model is shown in Fig.3.4(b). In this circuit the rings are modelled by
the resonant tank formed by L, and C,, electrically coupled to the line through the capacitance
C. L represents the line inductance, whereas the gap capacitance is modelled by C, (and also C
as is explained below). Nevertheless, if L is sufficiently small to ensure that the resonance
frequency of the series branch is far enough from the CSRR resonance, the line inductance can
be disregarded, since in the left-handed band its effects are negligible. This strategy was
followed from Article A to Article D in order to simplify the circuit analysis and calculations.

(b) L2 2C, 2C, L2 (c) c L2

Li2 5
|
(a) -_r'vv\_”T“_rVY\_ ______ mJ_ J_ I J_ J_rw\r“\_...
(& C C (&
c LT T 7
Fig.3.4. (a) Scheme of a unit cell of a CSRR-based resonant-type metamaterial
transmission line. CSRRs are etched on the ground plane (in grey) of a microstrip line
just below the capacitive gaps etched on the signal strip (black). (b) Equivalent T-circuit

model of the structure shown in (a). (c) Recently-proposed improved circuit model for
the structure shown in (a). Figures (b) and (c) obtained from [42].

L, C, L, C

This circuit model provides a good description of the structure, as has been widely reported
[9,19]. However, a new model (Fig.3.4(c)), which provides a better description of the physical
behaviour of the structure has been recently proposed. This new model is able to explain the
important variation observed in the coupling capacitance C when a capacitive gap is present or
not. In fact, the addition of a capacitive gap does enhance the capacitance to ground, since a
fringing capacitance appears, but it does not involve such an important increment as it is in
practice observed. The improved model takes into account this fringing capacitance, modelling
the gap as a n-circuit formed by the series capacitance C; and two shunt fringing capacitances,
Cr. The line capacitance, C., and C; form the parallel capacitance Cp,- (3.10). The new circuit
model, can be transformed into the older one by means of the expressions (3.10) to (3.12), as
reported in Article J.

C,, =C,+C, (3.10)

2C, =2C, +C,, (3.11)
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(2C. +C
C

s

— Cpar par)

C

(3.12)

The inspection of the preceding equations shows that both, C; and C, depend on Cs and C,,.
As a result, any change on the capacitive gap modifies C and C, and their related parameters
[42,56]. In conclusion, we can say that, although the original model is correct and able to
accurately reproduce the response or the considered structure, in the improved circuit all
parameters have a more realistic physical interpretation.

Nevertheless, the older T-circuit model is still preferred when it comes to analysing the
transmission properties of the structure, since the analysis is much simpler. This model has the
following series and shunt impedances:

L 1 1-w’C. L
Z =jo_—+- =( ; ) (3.13)
2 jo2C, Jjo2C,
. L, 1-w’L,(C+C,)
= = : (3.14)

Z =t jo— = a
P jeC (1-w°C.L,) joC(l-w’C,L,)

According to these expressions, the phase of the unit cell can be calculated using (3.7) or
(2.19):

1-0°C,LY1-0’C.L
cos =15 C (=@ C.DNI-0"C.L)
C. 1-0’L(C+C,)

g

(3.15)

The analysis of these equations allows the identification of several notable frequencies. Two
of them are the lower and upper limits of the left-handed transmission band, at which the phase
takes the values -180° and 0°, respectively. Observing (3.7), we can notice that cos(f/)=-1 if
Zs=-27,, whereas the zero-phase value can be reached in two different cases: Z;=0 or Z,=c.
These two last frequencies are the series (@s) and shunt (@,) resonance frequencies:

0, =—— (3.16)

. =

=L (3.17)

The minimum of these two frequencies is the upper limit of the left-handed band, while the
maximum sets the lower limit for the right-handed band, present at higher frequencies due to
the fact that resonant-type transmission lines do also exhibit a composite behaviour (see
Fig.3.5). Examining expression (3.14), it is also possible to identify the transmission zero
frequency, w;,, at which Z,=0.

1

Furthermore, the characteristic impedance can be calculated following (2.21) as:

Z,=./2,2Z,+Z,) (3.19)

obtaining:

ZO=J£(” —o) L@ -o) L (@ -o) (3.20)

C o C. (0 -w)) 4 o’
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The series and shunt reactances, as well as the characteristic impedance, can be
represented, allowing the easy identification of the resonance and transmission zero
frequencies:
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Fig.3.5. Representation of the series (}s) and shunt () reactances, the characteristic
impedance (Z,), and the phase (g/) for a unit cell like the one represented in Fig.3.4.
Two different cases have been considered: in (a) and (c) ws<a,, Whereas in (b) and (d)
ws>w,. The left- and right-handed bands have been marked, as well as the notable
frequencies ws, @, and w,. In both cases the LH band appears below the RH band.

In addition to the reactances, Fig.3.5 shows the variation of the phase in the transmission
bands (graphs (c) and (d)), where both, g and Z,, are real. The representation of the phase
allows to clearly identify the LH and RH bands, where g takes negative and positive values,
respectively. Moreover, graphs (a) and (b) allow to verify that in the LH transmission bands,
%<0 and >0, whereas in the RH transmission bands y,<0 and y:>0. As can be seen, the
characteristic impedance has a different behaviour depending on whether ws<a®, or vice versa.
Given that the shunt impedance, Z,, diverges at its resonance, it causes the divergence of the
characteristic impedance as well. Consequently, in the LH band, Z, can either vary from zero to
infinity (figure Fig.3.5(b)), or grow from zero to a maximum value to, next, diminish up to zero
Fig.3.5(a). It depends on whether the upper limit of the band is @, or ws, respectively. The most
common case is the first one (w,<ws), since, normally, the required values for L and C, to obtain
very low resonance frequencies for the series branch result quite high for their practical
implementation. The identification of different notable frequencies allows the use of a parameter
extraction method to obtain the values of the circuit model elements describing the behaviour of
the structure. The method will be described in section 3.2.3.

The graphs in Fig.3.5 evidence the composite behaviour of these resonant-type
metamaterial transmission lines [59]. Above the left-handed band and after a frequency gap
where propagation is forbidden, a second transmission band with right-handed characteristics
appears. As occurred in the case of the CL-loaded transmission lines (section 2.4.2), the
resonant-type artificial transmission lines can be designed to be balanced by forcing @, and a;
to be equal. Balanced transmission lines exhibit, therefore, a continuous transition between both
bands, giving rise to a wide transmission band with left- and right-handed characteristics
depending on the frequency range. Resonant-type balanced transmission lines were presented
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and studied for the first time in Article E, demonstrating that broadband characteristics were
also possible for resonant-type artificial transmission lines and opening the door to broadband
applications for this kind of lines. Resonant-type metamaterial balanced lines are applied in
wide band filter design in Article F and Article G (these filters will be delved into in section
4.2.3), among others [60,61]. Article F studies balanced transmission lines based on the purely
resonant and the hybrid approach, which is presented in section 3.1.2.

The propagation characteristics of CSRR-based balanced metamaterial transmission lines
are studied in Article E on the basis of the equivalent circuit model, as well as electromagnetic
simulations and experimental results. The analysis of the T-circuit modelling the structure
provides the equations for the phase shift and the characteristic impedance particularised to the
balanced case (equations (7) and (8) in Article E), which are expressed in terms of the transition
frequency w;=w,=ws. The series and shunt reactances are depicted, together with the
characteristic impedance (Zz in the article), in the figure 2 in the article. The left- and the right-
handed bands are marked and it can be verified that, as expected, in the LH zone the series
impedance is capacitive whereas the shunt impedance is inductive. The inspection of the
expression and the depiction of the characteristic impedance reveal a peculiarity of these
structures regarding the position of the maximum of Z, (Zymax)- Although in LC-loaded balanced
transmission lines Zy,.x is located at the transition frequency [37], in the case of the CSRR-
based balanced lines the maximum value of the impedance is reached above f,. If the circuit
models of both transmission lines are compared, it can be seen that the only difference is the
presence of the capacitance C in the CSRR-based circuit model. Besides originating the
transmission zero, this capacitance causes the displacement of the impedance maximum [5].
Otherwise, both circuits are essentially the same. Resonant-type balanced transmission lines do
also exhibit at the transition frequency infinite phase velocity and finite and positive group
velocity.

Taking into account the behaviour of Z, within the band (figure 2 in Article E), if the
impedance of the structure is properly tailored, balanced lines offer the possibility of obtaining
impedance values close to 50Q2 over rather wide frequency ranges. If the maximum is set close
over 50Q2, the structure will present three reflexion zeros: two of them at those frequencies
where Z,=50Q and one more at the transition frequency, where the phase shift (¢ in the article)
is zero. Furthermore, if the impedance is flat enough between the two 50Q-frequencies, the
matching to the ports can be good enough to provide an excellent pass band where insertion
losses are very close to 0dB (see Figure 5 in the article). Figures 4 and 5 in the article show
simulation and measurement results for the dispersion relation and the frequency response of
the structure shown in figure 3. The designed structure is quasi-balanced and exhibits a
transition frequency around 1GHz. The frequency response shows a wide transmission band
with a very low measured level of losses.

3.1.2 Hybrid Approach

In 2006, a new approach based on CSRRs was presented [62]. The new structure
(Fig.3.6(a)), known as hybrid approach, consists in the addition of a shunt inductance to the
previous structures combining CSRRs and capacitive gaps in order to obtain new propagation
characteristics. The additional element contributes to obtain a negative value of & (x,>0),
increases design flexibility and provides a transmission zero above the left-handed transmission
band Fig.3.6(c). This transmission zero can be especially useful in filter design, since it can be
used to achieve a symmetric response improving the rejection above the transmission band. In
fact, the hybrid approach has been applied in some of the works included in this Thesis (Article
F , Article | and Article K), among others [62].
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Fig.3.6. (a) Layout of a CSRR-based hybrid unit cell. Metallic parts are depicted in black
for the top layer and in grey for the bottom layer of the substrate. Vias connecting the
inductive stubs to ground are depicted in white. (b) Equivalent circuit model of the
structure shown in (a). (c) Typical frequency response of a hybrid structure. A
transmission zero is present above the main transmission band, with left-handed
characteristics. Figures extracted from [62].

The equivalent circuit model proposed in [62] is shown in Fig.3.6(b). This model is, in
general, able to describe the response of the considered structure at the frequency range of
interest. It does not predict, however, a transmission zero, which is present below the main
transmission band and, in most of the occasions, is neither visible nor exploited, given that it is
normally at very low frequencies and hidden by the floor noise in measurements. This
transmission zero is, however utilized in a recent work (Article K) to provide a high rejection
level below the main transmission band in the design of narrow band pass filters. This makes
necessary to find a new model able to provide a complete description of the structure. Although,
in the moment, it has not been found yet, work is in progress in order to achieve it.
Nevertheless, it should probably include additional elements taking into account different
couplings, which would complicate the circuit too much to realize a simple and illustrative
analysis. This analysis will be, therefore, carried out below on the basis of the firstly proposed
circuit model.

We can, thus, carry out an analysis on the simplest model, which can give us an overall idea
about the behaviour of the structure. This model is studied in Article F and Article | for the
balanced and the unbalanced cases, respectively. In Article | the model is actually slightly
modified in order to properly describe the structure, which differs from the one in Fig.3.6(a) (this
new structure is described in section 3.1.3). As can be seen in Fig.3.6, the central stubs, shunt-
connected by means of vias, are modelled in the circuit by means of the shunt inductance L,.
Whereas the shunt impedance is modified (3.22), the series impedance remains the same as in
the purely resonant approach (3.21) and, thus, the series branch resonance is again given by
(3.16). Besides the transmission zero, @,,(3.23) the new element provides a second resonance
frequency for the shunt branch. The two resonances are given by the expressions (3.24) and
(3.25), where @, is the resonance frequency of the resonators ((3.26)).
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This fact allows diverse combinations for the different notable frequencies and several
responses. Some of the possible combinations are shown in Fig.3.7 and Fig.3.8, in which the
position of the series resonance frequency changes with respect to the transmission zero and
the shunt resonance frequencies.
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Fig.3.7. Representation of the series (s) and shunt () reactances, the characteristic
impedance (Z,), and the phase (4l) for a unit cell like the one represented in Fig.3.6.
Two different cases have been considered: in (a) and (¢) ws<wp <w,<w,H, Whereas in (b)
and (d) ep <ws<w,<ampn. The left- and right-handed bands have been marked, as well as
the notable frequencies ws, @, @y and @,. In both cases the LH band appears below

the RH bands.

Both figures show the characteristic impedance with the series and shunt reactances (figures
(a) and (b)) as well as the dispersion diagrams ((c) and (d)). In Fig.3.7, the cases in which

Os<Wp <0< ANd W <Ws<W<Wpy are

represented. The cases @y <w,< ws<amp,y and

wpL << mpn<os are depicted in Fig.3.8. As occurred in the purely resonant approach, the series
resonance frequency is usually above the first shunt resonance ,, since the contrary case
requires quite high values of the series branch elements. As the graphs illustrate, the different
combinations give rise to diverse distributions of the left- and right-handed transmission bands

and different behaviours of the characteristic impedance.
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Fig.3.8. Representation of the series (}s) and shunt () reactances, the characteristic
impedance (Z,), and the phase (4l) for a unit cell like the one represented in Fig.3.6.
Two different cases have been considered: in (a) and (€) @, <®,< ws<wpn, Whereas in (b)
and (d) o, <w,<wpn<ws. The left- and right-handed bands have been marked, as well as
the notable frequencies ws, @y, wpon and @,. In both cases the LH bands appear below
the RH band.

Obviously, hybrid cells do also exhibit a composite behaviour and can, therefore, be
balanced. This fact is explained in Article F, where balanced transmission lines based on the
purely resonant and the hybrid approach are studied and applied in the design of ultra wide
band (UWB) filters. In the section Il of the article, the differences between purely resonant and
hybrid balanced structures are pointed out. As is stated in the text, the two resonance
frequencies of the shunt branch give rise to two possible ways to obtain a balanced structure.
The resonance frequency of the series branch can be forced to be equal to either the first, or
the second shunt branch resonance frequency (given by the expressions (3.24) and (3.25)).
Both possibilities are illustrated in figure 2 in Article F, where the series and shunt reactances,
together with the characteristic impedance, are depicted in the figures (a) and (b). The
dispersion diagrams are represented as well (figures (c) and (d)), showing the left- (4<0) and
right-handed ($>0) character of the different allowed bands. Figure 6(a) in the article shows an
example of the frequency response of a balanced hybrid cell, which in this case corresponds to
the unit cell depicted in the figure 1(b) of the article. Figure 6(b) should show the phase of the
unit cell, although due to a mistake, it is figure 8, which has been repeated. The phase of the
Sy¢ corresponding with the considered unit cell is, therefore, included here in Fig.3.9. As
occurred in the purely resonant case, the balanced hybrid transmission line shows a wide and
continuous transmission band in which left- and right-handed characteristics are possible. The
backward and forward propagation frequency ranges can be identified as the regions where the
phase has positive and negative sign, respectively.
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Fig.3.9. Phase of the S,; for the hybrid unit cell considered in Article F. The frequency
ranges where propagation is left- and right-handed can be identified.

3.1.3 CRLH TLs with CSRRs etched on the Signal Strip

Up to now, different types of CSRR-based structures have been presented and in all cases
the resonators are etched on the ground plane. They offer very interesting propagation
characteristics and have been shown to be practical for different applications. However, they
may not be suitable for those applications in which the ground plane must lie on a metallic
surface, since the CSRRs would be disabled. Nevertheless, this problem can be avoided if the
resonators are not located on the ground plane. One possible solution is to etch them on the
signal strip itself, as exposed in Article H and Article .

This new kind of CSRR-based metamaterial transmission lines was firstly proposed in
Article H. As Fig.2(a) in the article shows, the new structure is purely resonant and consists in a
microstrip line where CSRR and capacitive gaps are etched. The new topology requires the
location of two capacitive gaps at both sides of the resonator, since placing the gap in the
central position above the CSRR is not possible anymore. Moreover, the circuit model must also
be modified in order to take into account the presence of the lateral gaps. As Fig.2(b) in the
article shows, the new circuit model includes two fringing capacitances, Cy, to properly model
each of the capacitive gaps. The article shows the electrical and electromagnetic simulation of
one of these structures in the figure 3. The frequency response is very similar to that of previous
structures based on CSRR and gaps. It exhibits a transmission zero below the left-handed
transmission band, which in this case is rather narrow, due to the fact that the coupling between
the line and the rings is weaker than in previous structures. The left-handed behaviour of the
structure is corroborated in two different ways in the article. The first and conventional one is the
study of the phase, ¢, in the transmission band, which is shown in Fig.3 (b) and, as expected, is
negative. The second one is related with the variation of the wavelength of the guided wave
within the transmission band. Contrary to forward propagating structures, in left-handed media
the wavelength increases with frequency, as a consequence of the phase velocity reversal. This
fact is confirmed in Article H with the simulation of a 10-stage structure at different frequencies
within the transmission band. The study of the current diagrams shown in Fig.6 verifies the
increment of the guided wavelength with the frequency, what confirms backward propagation in
the structure.

The new topology requires a specific parameter extraction method, as section lll in the
article expounds. The extraction is performed in two steps. On the one hand, the structure
without gaps is simulated and the involved parameters L, C, C, L. are extracted following the
procedure described in section 3.2.3. On the other hand, the gap is simulated separately and
the capacitances C, and Cr are obtained from the S-parameters by means of the expressions
(1) indicated in the article (the negative sign is missing in the first of the two expressions in the
article). Both structures can be treated independently thanks to the fact that, in contrast to
previous structures, the gaps are not coupled to the CSRR. Table | in Article H shows the
extracted parameter values, which provide the electrical simulation depicted in Fig.3. The figure
evidences the good fitting between the electrical and the electromagnetic simulations, validating
the proposed model. In order to improve frequency selectivity, a structure formed by three unit
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cells was designed and fabricated. The simulated and measured responses are depicted in
Fig.5, showing the good frequency selectivity of the structure.

A second structure based on CSRRs etched on the signal strip is proposed in Article I. In
this case, the hybrid approach is applied to design a new structure adding a shunt inductive
stub to the previously described structure. The layout of one example structure can be seen in
figure 2(a) in the article, together with the proposed circuit model (figure (b)). With the addition
of the new element, losses and bandwidth are improved with respect to the purely resonant
structure and, moreover, design flexibility is increased. As occurred in the case of the hybrid
structures in which the resonators were etched on the ground plane (described in section 3.1.2),
this new hybrid structure presents a transmission zero above the main transmission band,
which is left-handed. The comparison between the responses of two cells with CSRRs etched
on the signal strip can be seen in figure 3 in the article. One of them is a purely resonant cell,
whereas the second one is a hybrid cell. Both responses are centred around 2.25 GHz. The
figure shows the improvement, regarding bandwidth and losses, achieved with the new
structure with respect to the purely resonant one. Depending on whether the specific application
requires a sharp cut-off above or below the main transmission band, either the resonant or the
hybrid structure may be more suitable.

In the same way as in the purely resonant structures, new elements must be added to the
previous hybrid circuit model in order to properly describe the behaviour of the new structure.
Figure 2(b) in the article shows the proposed circuit model, in which four fringing capacitances
have been included to take into account the effects of the lateral gaps. Consequently, the circuit
models of the resonant and hybrid structure only differ on the presence of the shunt inductance
L4, which is responsible of the presence of the transmission zero above the main transmission
band. A parameter extraction method can be applied to the structure in order to validate the
circuit model. The method is explained in section 3.2.3.

As occurs with the rest of the structures which have been previously described, the
characteristics of these transmission lines can be tailored to exhibit the desired values of phase
and impedance at a certain operating frequency. This allows the synthesis of several kinds of
devices. As an example, a power divider and a narrow band pass filter are shown in Article I.
Sections 4.1.1 and 4.2.2.2, respectively will deal with these application examples.

3.2 Synthesis of Resonant-type Metamaterial Transmission
Lines

The following sections delve into the dependence of the geometrical parameters of resonant-
type metamaterial structures and how this influence can be exploited to synthesize transmission
lines with controlled characteristics. A mathematical study on the feasibility of such structures on
the basis of their circuit model is also exposed. Finally, a parameter extraction method which
can be applied to different unit cells is included in the last section.

3.2.1 Geometrical Parameters

One interesting analysis related to this kind of transmission lines is the study of the influence
of the geometrical parameters of such structures on their transmission characteristics. Devoted
to this purpose, Article A considers the unit cell based on CSRRs and capacitive gaps and,
besides performing a detailed analysis of the structure and its circuit model, it studies the effects
of modifying some geometrical parameters of the structure, like the gap distance, g, the
substrate thickness, h, and the line width, W. Furthermore, a parametric analysis of the CSRR
dimensions (average radius, ry, inter-ring distance, d, and ring width, c¢) and its influence on the
circuit parameters of a CSRR-loaded transmission line is carried out in Article J.

In Article A several structures were designed varying the parameters under study in order to
analyse how these modifications alter the frequency response in the left handed transmission
band and to interpret these variations to the light of the circuit model. As has been previously
mentioned, the considered circuit model was the simplified version of the T-circuit model, where
the line inductance, L, is neglected (depicted in Fig.2(b) in Article A). The recent improvements
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performed on the circuit model (exposed in section 3.1.1) allow now a more complete
interpretation of the changes originated by the structure modifications, although all conclusions
in Article A are in accordance with the new circuit model. The simplified model facilitates the
calculation of the expressions of different magnitudes, like the characteristic impedance, the
dispersion relation or the limit frequencies of the left-handed transmission band (equations (4) to
(7) in Article A.). This study can help to identify the geometrical parameters which must be
varied when the frequency response or the circuit elemnts must be modified in a certain way.

Figure 8 in the considered article shows the variation in the frequency response when the
gap distance is modified. It can be observed that, as the gap distance increases, the lower limit
of the band, 1, is shifted towards higher frequencies, whereas the upper limit, f,, remains almost
fixed. The article claims the dependence of f. on the gap capacitance C, as the motive of the
shift; the increment of the gap distance would cause a decrease in Cy what involves the
enlargement in f, (see equation (6) in the article). In this case, the left-handed band finishes at
the resonance frequency of the CSRRs (equation (7) in the article), since the resonance of the
series branch occurs at higher frequencies. Given that fy does not depend on Cy, no change is
expected for this frequency. Taking into account the recently proposed circuit model and how it
can be transformed into the old one (expressions (3.10) to (3.12)), it can be verified that a
change in g involves, not only a variation of Cg, but also (actually mostly) in C [42,56]. When the
gap is enlarged, Cy slightly decreases, whereas C experiences a considerable increase. These
changes, effectively, involve the modification of f, in the expected way.

The effect of the variation of the substrate thickness, h, was studied in a similar way. Figure
9 in Article A illustrates the influence of h on the bandwidth. In this case, fy moves towards
higher frequencies when a thinner substrate is used. This variation of the resonance frequency
of such resonators with the substrate thickness is a known fact [4]. Furthermore, the presence
of the transmission line has also an influence on the resonators, which becomes more important
as the substrate thickness decreases. On the other hand, the article claims the dependence of
C with h, what justifies the reduction in f, when h is decreased. Considering the improved circuit
model, it can be seen that the use of thinner substrates indeed involves an important increase in
the capacitance C, as well as a slight rise in C4, what causes the shift of f, toward lower
frequencies. Consequently, this study confirms that thin substrates can be used for bandwidth
enhancement.

The third considered parameter was the line width, W. Three different structures were
simulated in order to study the effects of this parameter on the transmission. As stated in the
article, when the line is widened, an increment in the capacitances C and C, was expected. The
upper limit of the band, however, was supposed to be faintly influenced by these modifications,
since the resonance frequency is just slightly altered by the presence of the line and its
widening. Taking into account the new model, it is easy to infer that, as in the previous cases, a
change in W will affect both, C; and C,,. This, effectively, entails the variation of the
capacitances C and Cg, which causes the diminution of f, when the line is widened (see figure
10 in Article A).

The structure considered in Article J is, as mentioned above, a microstrip transmission line
loaded with a CSRR (see figure 1(a) in the article). The analysis of the structure dimensions
includes the average radius, ry, the inter-ring distance, d, and the ring width, ¢ (depicted in figure
1(a) in the article). No gaps are present in the structure and the series impedance in the
considered circuit model is formed, therefore, just by the line inductance, L (see figure 1(b)).
The shunt impedance is formed by the resonator elements, L; and C;, and the capacitance C
modelling the coupling between the line and the CSRR. Numerous structures varying the
studied parameters were simulated and, by means of a parameter extraction method (section
3.2.3), the circuit model parameters of each structure were calculated.

The first varying parameter considered in the article is the average radius of the resonator,
ro. The two other parameters are constant and equal to 0.2mm, whereas r, is modified from
0.7mm to 8mm. The per-unit-length values of the four circuit elements are represented as a
function of the resonator average radius in Fig.2. Despite not having a physical meaning, the
magnitudes L, and C,, are, above a certain value of ry, constant (as expected). Regarding Cepu
and L, although they saturate above a certain value of ry, for small radius there is a
dependence not accounted in the circuit model, which is probably related to the presence of the
transmission line above the resonator.

In order to study the effects of varying ¢ and d, both parameters were modified in several
structures maintaining ro=8mm. With the purpose of reducing the variable number, ¢ was made
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equal to d, although they varied from 0.05mm to 0.75mm. Figure 3 in the article shows that C,
depends on ¢ and d more strongly than L.. It is also interesting to see the dependence of the
ratio L,/C, on the considered parameters (see Fig.4). As can be seen, this ratio varies with ¢
and d, what can be used to obtain the required value for ¢ and d once the desired ratio L,/C; ,
determined by the specifications, has been deduced. Finally, once ¢ and d are known, the
resonator radius can be estimated from the absolute values of C; and L..

This parametric study can be used, when specific values of the resonator capacitance and
inductance are required, for the estimation, in first approximation, of the CSRR dimensions,
which can be finally determined through the optimization of the structure.

3.2.2 Synthesis

The key electrical characteristics in transmission lines are the phase shift and the
characteristic impedance. Artificial transmission lines allow to control these two characteristics
rather independently. Articles A and B are devoted to the study of the possibility of imposing
desired values of these magnitudes at certain frequencies. Furthermore, Article B and Article D,
among others, consider the application of such artificial transmission lines for microwave device
design, which will be exposed in chapter 4.

Article A, besides studying the influence of different geometrical parameters on the
frequency response of purely resonant CSRR-based transmission lines, includes a detailed
analysis of the circuit model and the design possibilities offered by the structure. Section 3
studies the possibility of controlling line properties, like the phase or the characteristic
impedance, in order to improve the transmission characteristics of the structure. These
properties are of special interest due to the fact that they directly affect the impedance matching
and ripple. The most desirable behaviour for the impedance would be that it was constant and
equal to the reference impedance of the ports (usually 50Q2) along the whole transmission band.
Given that, as has been previously exposed, the impedance varies from zero to infinity in the LH
band, the most favourable situation is that in which Z, remains as close to 50Q as possible
within the transmission band. The followed strategy is the imposition of the 50Q at a frequency
as close to the central frequency as possible. By this means, the frequency range where the line
impedance is maintained close to the reference impedance is optimized. Regarding the phase
and taking into account that multi-cell structures present a number of transmission peaks equal
to the number of cells, it is interesting to control the allocation of these peaks within the band.
By these means, ripple can be improved if the peaks, where the phase condition is satisfied
(equation (9) in the article), are homogeneously distributed along the band (see figure 5 in the
article). Such considerations are taken into account in the study in order to find the most
suitable configuration to obtain the desired response.

The analysis of the T-circuit is carried out neglecting the line inductance. Once the series
inductance, L, is ignored, the circuit model is formed by four elements. This enables the
imposition of four different conditions to perfectly determine the values of the circuit elements.
Two of these conditions can be f; and fy, so that the limits of the left-handed transmission band
are determined. Furthermore, two more requirements, which can be used to improve the
transmission in the pass band taking into account the previous considerations, can be imposed.
With this intention, the values of the phase and the impedance are set at two different
frequencies (f; and f,) within the band, as is described in Article A. This allows to infer the
values of the four circuit elements, which are perfectly determined (equations (11) to (16) in the
article). There are, of course, restrictions which must be taken into account, like the fact that the
resulting values for the circuit elements must be positive and not extreme values (equations (17)
and (18)). Furthermore, equation (19) reveals the fact that the phase 90° cannot be imposed but
at a frequency lower than the central frequency of the f-fy range. These facts restrain the
freedom when it comes to choosing the frequencies and values to be imposed (equation (19)),
although the imposition of the four parameters is possible.

Two prototypes were designed, fabricated and characterised for experimental verification.
One of them consisted of ten unit cells, whereas the second one was formed by four cells.
Figure 6 shows the good agreement between the measured and simulated responses. The 10-
cell structure exhibits, as could be expected due to the high number or unit cells, a rather
important loss level, which can be improved decreasing the unit cell number (see Fig.7). The
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frequency selectivity, however, is better in the longer structure. The good agreement between
the electrical and the electromagnetic simulations reveals the fact that the target parameters
have been mostly achieved.

In the Article B, the possibility of designing transmission lines with the desired phase and
impedance at a unique required frequency is studied. The considered structures are purely
resonant CSRR-based left-handed transmission lines. In this study, the line inductance is again
neglected in the considered circuit model. Given that the circuit under consideration contains
four elements, the number of conditions which can be imposed to perfectly determine the values
of the circuit elements is also four. The study of the derived equations reveals the possibility of,
under certain limits, imposing the limits of the left-handed band (f, and f) together with the
phase shift (¢;) and the characteristic impedance (Z;) at the desired operating frequency ().
Equations (1) to (4) in Article B are the initial expressions, which can be inversed to obtain the
values of the elements C,, L., C; and C (equations (5) to (8)) as a function of the input
parameters. As in the previous case, two aspects must be taken into account in order to choose
the input parameters: the circuit elements must take positive values and they must be
reasonable in order to be layout implementable. To the light of the obtained expressions, only
the capacitance C can be negative, depending on the values of the input parameters.
Therefore, in order to ensure that C>0, condition (9) must be satisfied. This reduces the
possible values for the transmission band limits once the values of the operating frequency and
the phase shift have been imposed (see Fig.3 in the article). Moreover, the resulting value for C
should not be extreme in order to be implementable. On the other hand, as Article C states, an
additional aspect must be taken into account. Figure 2 in Article C depicts the variation of the
phase shift and the characteristic impedance of a unit cell within the transmission band. As can
be seen, in the limits of the band, the phase and the impedance take their extreme values (0°
and 180° for the phase shift and 0Q2 and infinity for the impedance). As a result, it is difficult to
simultaneously obtain for a single unit cell very low phase shift and very low impedance, or vice
versa. In spite of these limitations, it is possible to synthesize such artificial transmission lines
based on CSRRs and gaps controlling, to a certain extent, phase shift, impedance and
bandwidth.

The important variation of the characteristic impedance within the transmission band in such
structures enables the design of extreme impedance value transmission lines. Article C includes
some design examples of inmitance inverters with impedances varying from 300Q to 10 Q.
Some of these impedance values are not achievable by means of conventional transmission
lines, since they involve extreme dimensions which make them not implementable (the width of
a 150Q microstrip transmission line is 6um and only few nanometres in the case of Z,=300Q in
the considered substrate with £&=10.2 and h=1.27mm). All the designed structures have ¢=90°,
including the 300Q) inverter. In this case, the required phase shift has been achieved by
cascading two unit cells with ¢=45°. By this means, the difficulty of obtaining the desired phase
shift when the impedance takes very high values is solved. These structures, besides showing
smaller dimensions than conventional lines (the length of these artificial transmission lines is
usually about half the length of a conventional one) offer the possibility of achieving impedance
values which are unrealizable by ordinary means. Figures 4 to 8 in the article show layouts,
photographs and characterisation of several structures designed to work as inmitance inverters
with different impedances at 1.5GHz. The simulated and measured results show that the design
parameters are achieved about the operating frequency, although a small frequency shift,
attributable to fabrication tolerances, can be observed in the experimental results. The
electromagnetic simulations depicted in figures 4 and 6 were performed using the target
impedance value, Z., as reference port impedance. By these means, the frequency at which
Zy=Z,, is satisfied can be easily found by identifying the reflexion zero. On the other hand, the
dispersion diagrams allow the identification of the 90° frequency.

Besides these examples, other design options are also possible. Dual-band devices, for
example, have been recently developed using different kinds of transmission lines based on
complementary resonators. In such devices, phase and impedance are imposed at two different
operating frequencies. Additionally, the dispersion diagram of metamaterial transmission lines
can be modified in order to improve bandwidth. Baluns [63], power dividers [64] and hybrid
couplers [65, 66] are some of the devices which can be designed following these strategies and
will be considered in section 4.1.2.
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3.2.3 Parameter Extraction Method

In the previous section, a technique to obtain the circuit element values providing the desired
electrical characteristics is exposed. Once the electrical parameters are determined, they must
be translated into the physical dimensions of the layout. This is not a simple challenge given
that, up to now, no systematic method has been developed to univocally determine the topology
of the structure. Nevertheless, the opposite process is possible and represents an important
design tool, since it permits the extraction of the circuit element values from the electromagnetic
simulation of a designed structure. Once the parameters are determined, the layout can be
properly modified in order to achieve the desired response.

Electrical Simul. -------
Electromagnetic Simul.
Measurement

O:5 1 JO 1 :5 2,0
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Fig.10. (a) Layouts and equivalent circuit models of a double- and single-negative
CSRR-based structure (left and right figures, respectively). (b) Simulated and
measured frequency responses of the DNG (LHM) and SNG (&<0) structures.
(c) Electrically simulated and measured reflection coefficient of the DNG structure.
(d) Electrically simulated and measured reflection coefficient of the SNG structure.
Figures extracted from [67].

The parameter extraction method allows the calculation of the circuit parameters describing
the response of both, single- and double-negative CSRR-based purely resonant transmission
lines [67]. Either their simulated or measured frequency responses permit the easy identification
of some notable frequencies, like the transmission zero frequency, f,, (expression (3.18) in
section 3.1.1), the CSRR resonance frequency, f, (f, in expression (3.17)), at which the shunt
branch opens, and the 90° phase shift frequency, at which:

Z,(Jjo, ) =~Z,(jo.,) (3.27)

These three frequencies allow the imposition of three different conditions and the calculation
of three circuit element values. Nevertheless, additional conditions must still be found to
determine the rest of the parameters. At f, the shunt admittance is zero and the input
impedance visible from the ports consists exclusively of the series impedance and the reference
impedance of the opposite port (usually 50Q2).

Zin(jwo):50+jls(a)o) (3.28)
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As a result, at this frequency the reflexion coefficient intercepts the unit resistance circle in
the Smith Chart (see Fig.10) and the reactive part of the input impedance (formed by L, or C,
and L, for the SNG and the DNG structure, respectively) can be easily obtained. By this means,
the value of L can be simply extracted from the SNG structure. Alternatively, L can be obtained
by means of a transmission line calculator. Once the value of L has been determined, the
reactance of the input impedance at f;, can be used to obtain Cy for the DNG structure.
Regarding losses, which can also be taken into account by means of a resistive element, like R
in Fig.10(a), their value can be determined by sweeping R to obtain a good matching between
curves. As figures (b), (c) and (d) state, the matching between the curves provided by the
fabricated structure and the electrical model is excellent.

Different variants of this parameter extraction method can be applied to similar structures,
like those in which the CSRR is etched on the metallic strip described in section 3.1.3. In the
case of the purely resonant structure (see Article H), the extraction is carried out in a very
similar way as the previously described. The SNG structure (the structure with no gaps) is used
to obtain all parameters except the capacitances related to the gaps, C, and Cy. In order to
obtain these parameters, the isolated gap is simulated and, by means of the expressions (1) in
Article H, both capacitance values are extracted (as has been previously indicated, a negative
sign is missing in the first one). The rest of the parameters are obtained from the transmission
zero frequency, the reactance at f, and the 90° frequency.

A different version can be applied to hybrid structures with CSRRs etched on the strip (see
section 3 in Article I). In these structures, the gap capacitances are again obtained from the
simulation of the isolated gap as in the previous structures. Regarding the rest of the
parameters, which are obtained from the structure without gaps, given that the number of circuit
elements is higher, new conditions must be imposed. In this case, provided the shunt
impedance exhibits two resonance frequencies (expression (5)), both resonances (fy. and f,. in
the article) can be used in the extraction method, together with the usual conditions (f,, foo and
the reactance at the resonance). The resulting parameters provide a good matching between
the electromagnetic and the electrical simulation, as figure 4 in Article | shows. Among all the
extracted parameters, only C must be slightly swept in order to improve the matching due to the
fact that this parameter is faintly affected by the presence of the capacitive gaps.

SRR-based transmission lines do also admit the application of a parameter extraction
method, which must be adapted to the particular characteristics of these transmission lines. Its
application provides excellent results [68] as in the case of the CSRR-based structures.






4 Applications

Since the appearance of the first resonant-type metamaterial transmission lines
their applications to microwave device design have been numerous. On the basis of
their controllable characteristics, resonant-type metamaterial transmission lines have
been applied in the design of many different devices showing compact dimensions,
improved performance, multi-band operation, and tunability, among other interesting
characteristics. In this chapter, many of these applications are gathered, showing the
versatility of these novel structures.

4.1 Device Miniaturisation

The controllability of phase shift and impedance in resonant-type metamaterial transmission
lines allows, as has been previously stated, the design of transmission lines with the desired
values of both magnitudes at a chosen frequency. These lines can, therefore, be applied in the
design of microwave devices requiring specific values of both characteristics. Some of these
devices can be power dividers, hybrid couplers, baluns and, of course, filters. The compact
dimensions of these artificial lines allow to achieve an important level of miniaturisation with
respect to conventional devices. Additionally, the controllability over their characteristics offers
the possibility of tailoring the dispersion diagram in order to improve device performance.

4.1.1 Power Dividers

Article B, Article D and Article | are devoted to the synthesis of power dividers applying
CSRR-based artificial transmission lines. Besides studying the synthesis of artificial
transmission lines based on CSRRs, Article B applies such lines in the design of power
dividers (section 3 in the article). Such devices can be implemented using two different
topologies (see Fig.5 in the article). The first of them includes two inmitance inverters, whereas
the second one includes only one. In both cases, the impedance of the inmitance inverters (Zg
in the article) must be such that the input impedance seen from the input port, Z;,, is the
reference impedance of the ports (Z, in the article), which is usually 50Q. In the case of two-
output dividers, Z;,=50Q2 can be achieved either using two 70.71Q output inverters or employing
a 35.35Q inverter as input line. Both kinds of dividers are implemented in the article, together
with a four-output divider including a 25Q input inverter.

The first of the dividers is shown in Fig.6, which includes the layout and the photographs of
the device. In comparison with a conventional divider, the “metadivider” is about 50% smaller in
area. The synthesis of the inverters was carried out following the procedure described in the
section 3.2.2 (and in section 2 in Article B). In this case, the operating frequency was set to
1.5GHz, at which ¢,=90° and Zz=70.71Q. After choosing the limits of the transmission band
(f.,fy) providing reasonable values of the circuit parameters, the values of the circuit elements
can be calculated. Once the circuit parameters are known, the layout of the structure can be
obtained. The frequency response of the designed 70.71Q inverters is shown in Fig.4 in the
article. The simulation has been performed using 70.71Q ports. By this means, the identification
of the frequency at which Zg=70.71Q is as simple as finding the reflection zero frequency. From
this response, the values of the circuit parameters can be extracted following the method
exposed in section 3.2.3. The extracted parameters are in general close to the previously
calculated ones, except for the series capacitance, C,. This fact is not surprising due to the fact
that, in the calculation of the parameters, the series inductance has been neglected and, to
obtain an accurate value of Cy it should be taken into account. The response provided by the
extracted parameters depicted in figure 4 perfectly matches the electromagnetic simulation of
the structure. Figure 7 in the article shows the simulated and measured scattering parameters
of the whole device, which can be compared with the performance of a conventional device
implemented in the same substrate. Measured insertion losses at the operating frequency are
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very close to the ideal value (-3dB) in such devices. The designed component is compact and
suitable for narrow band applications.

As was seen in Article A, bandwidth can be enhanced using thin substrates. This strategy
was applied in Article D, to design a new power divider formed by two 70.71Q inmitance
inverters using a 0.127mm-thick substrate. Its frequency response is compared in Figure 6 with
the response of the previously described divider, implemented in a thicker (h=1.27mm)
substrate with the same permittivity (£=10.2). A notable bandwidth enhancement can be
appreciated, as well as a good agreement between the simulated and measured responses.

Article B also includes a power divider implemented by means of an only 35.35Q inmitance
inverter as input line (shown in figure 8 in the article). The inverter has approximately half the
length of a conventional one, so the achieved size reduction is considerable. The simulated and
measured scattering parameters are shown below in Fig.4.1 (figure 9 in Article B is mistaken)

0

S Parameters (dB)

oL o e 1]
Frequency (GHz)

Fig.4.1. Simulated and measured S-parameters of the power divider implemented using
a metamaterial 35.35Q inmitance inverter.

The measured insertion losses, despite being slightly worse than in the previous examples,
are still close to the -3 dB ideal value. As well as in the previous type, thin substrates could be
employed to increase bandwidth in this kind of power dividers.

A third power divider, this time including four outputs, is also shown in Article B. This divider
is designed following the topology shown in figure 5(b) and contains a 25Q inverter. The
designed inverter (shown in Fig.10) is more than two times shorter than a conventional one,
involving a significant size reduction on the final device. As occurred in the previous cases, the
experimental and simulated results (shown in Fig.11 in the article) reveal a very low insertion
loss level at the operating frequency, which is in this case close to -6dB, as expected for such a
four-output power divider.

A different unit cell is employed in Article | to design a two-output power divider including
two 70.71Q inverters (see figure 6(a) in Article I). In this case the inverters are formed by hybrid
structures with CSRRs etched on the signal strip as the ones described in section 3.1.3. They
are microstrip structures combining CSRRs etched on the metallic strip with lateral gaps and a
shunt connected inductive stub. The frequency response and the dispersion diagram of the 90°
transmission line are shown in figure 5(a) and (b), respectively, where the achievement of the
target values of impedance and phase at the operating frequency (f,=1.5GHz) can be
confirmed. The performance of the power divider can be observed in Fig.6 (b). The measured
and simulated transmission and reflection of the device are compared with the simulated
response of a conventional power divider implemented in the same substrate. The
“metadivider”, despite having a narrower bandwidth, shows around the operating frequency a
low insertion loss level, which is close to the ideal value. With respect to other CSRR-based
dividers, the one presented in Article | presents the advantage of leaving unaltered the ground
plane, besides having a smaller size. The bandwidth is, however, narrower than in the
previously presented devices, what makes this later kind of power divider suitable for narrow
band applications were the ground plane must be left intact. Article | presents, additionally, a
narrow band pass filter using hybrid transmission lines with CSRRs etched on the strip. Such
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components will be considered in following sections devoted to metamaterial filters (section
4.2).

These five examples of power dividers demonstrate the viabilty of CSRR-based
metamaterial transmission lines for power divider design. In light of the results, these devices
are suitable for narrow band applications where low losses and compactness are key issues.
Furthermore, no lumped elements are needed in the implementation of these structures, what
simplifies the implementation and reduces fabrication costs. Several other application examples
of resonant-type metamaterial transmission lines are pointed out in following sections.

4.1.2 Dispersion Engineering

The large number of degrees of freedom of metamaterial transmission lines allows, not only
the imposition of certain values of the phase shift and the impedance at certain frequencies, but
also the controllability over the line dispersion characteristics.

Dispersion engineering strategies can be applied, for example, for bandwidth enhancement
purposes. Microwave component bandwidth is given by the frequency range in which the
required characteristics of the device are satisfied within certain limits. In metamaterial
transmission lines, the group delay of single lines can be controlled to some extent. However,
only in certain cases and above certain phase values, bandwidth can be improved with respect
to conventional lines [69]. Nevertheless, dispersion engineering can be successfully applied to
the design of devices based on the phase difference between two or more of the constituent
transmission lines, like baluns [63,70] hybrid couplers [71] and phase shifters [72], among
others [73, 74]. It is clear that, in such devices, bandwidth is related to the derivative of the
phase difference between two or more transmission lines; the longer the phase difference
remains close to the target value, the broader the bandwidth will be [5].

2n

©n Frequency

Fig.4.2. Phase difference between a conventional and a left-handed transmission line.
Figure extracted from [5].

As long as the dispersion diagram of one (as is the case in Fig.4.2) or both transmission
lines can be tailored and both curves are parallel around the desired point, the phase difference
will be almost constant over a fairly wide range. The graph in Fig.4.2 shows the phase of a
conventional and a left-handed transmission line and how the phase difference between them
would behave. As can be seen, the phase difference is pretty flat around the design frequency,
w,. Due to the dispersion characteristics of metamaterial transmission lines, and their
controllability, the phase difference between two transmission lines can be tailored to some
extent in order to improve bandwidth.
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Fig.4.3. (a) Layout of a metamaterial rat-race hybrid coupler. (b) Photograph of the
device compared with a conventional rat-race. Phase balance for the metamaterial and
the conventional couplers for the A (c) and X (d) ports. S-parameters of the metamaterial
(e) and the conventional (f) couplers. Figures extracted from [65].

The layout and the photograph of a rat-race hybrid coupler designed applying this idea are
shown in Fig.4.3. It is formed by four resonant-type CSRR-based metamaterial transmission
lines showing Z,=70.71Q at the design frequency (f,=1.6GHz), as required in such components.
The +90° conventional transmission lines are replaced by +90° right-handed transmission lines,
whereas a -90° left-handed line substitutes for the +270° conventional line. The use of the
metamaterial lines entails a considerable size reduction as can be observed from the
comparison between both devices in Fig.4.3 (b). Moreover, graphs (c) and (d) show the
comparison between the phase balance of the metamaterial and the conventional couplers for
the A and X ports. It can be observed that the phase balance remains almost constant over a
wider range in the coupler implemented by means of metamaterial transmission lines.
Regarding isolation and matching, both devices exhibit comparable values at the design
frequency.

One more possibility that these transmission lines with controllable characteristics present is
the design of multi-band devices. Metamaterial lines offer a certain level of arbitrariness in their
dispersion characteristics as an advantage over conventional transmission lines, in which the
fixed linear dependence of the phase with frequency establishes the frequencies at which the
lines exhibit certain phase values [75]. CL-loaded and resonant-type metamaterial transmission
lines have been successfully applied in the design of dual-band components. The employment
of more complicated artificial structures and models containing additional elements would allow
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the achievement of multiband devices with not only two, but a higher number of arbitrary bands
[76,77].

------ Conv. Line
i — CRLH Line
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Fig.4.4. Dispersion diagrams of a conventional and a composite right/left-handed
transmission line (balanced). Metamaterial lines can be designed to exhibit the desired
frequency values at different frequencies, depending on the particular design
requirements. Figure extracted from [78]

Dual-band operation for metamaterial transmission lines is illustrated in Fig.4.4. The figure
shows the dispersion diagrams of a conventional and a composite right/left-handed
transmission line. For given values of the phase shift (¢;, ¢,) the frequencies in the case of the
conventional line are fixed, whereas in the case of the artificial transmission line, they can be
arbitrarily chosen. The controllable dispersion diagram of the metamaterial lines allows to
choose the frequencies at which the required phases are satisfied and it can be done with both,
balanced and not balanced lines. In Fig.4.4, the phase shift ¢, is achieved at a different
frequency for the conventional (@20n,) and the metamaterial (@) transmission lines lines.

On the other hand, the composite behaviour of metamaterial transmission lines allows the
imposition of the same required characteristics at different frequencies lying on different
transmission bands. This fact is illustrated in Fig.4.5. The figure shows the phase shift and
characteristic impedance of a composite right/left-handed transmission line designed to exhibit
¢=-n/2 and Zg;=50Q at f;=1GHz and ¢,=+n/2 and Zz,=50Q at f,=2GHz. In this case, the graphs
illustrate the particular case of a CL-loaded balanced transmission line.
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Fig.4.5. (a) Dispersion diagram for a balanced composite right/left-handed transmission
line exhibiting -7/2 and +n/2 phase at f;=1GHz and f,=2GHz. Figures extracted from [5].

Dual band devices can also be designed applying resonant-type metamaterial transmission
lines based on CSRRs. Balanced lines are, however, not always suitable in that case. As is
explained in [66], the particularisation to the balanced case in the design of dual band
components is not possible in the resonant approach if the target impedances, Zg; and Zg, have
the same value, as usually happens. Therefore, in order to ensure finite, positive values for the
equivalent circuit elements, unbalanced lines must be used. This does not actually imply any
important limitation, since, as long as the target characteristics are satisfied at both design
frequencies, a single, continuous band is, a priori, not required for dual-band operation.
Considering two frequencies at which impedance and phase shift are imposed, the five circuit
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elements are not univocally determined, leaving one degree of freedom that provides design
flexibility. Different kinds of devices can be designed following this procedure, as has been
recently demonstrated [63,64,66]. As an example, the application of resonant-type metamaterial
transmission lines to the design of dual-band power dividers is shown in Fig.4.6. The layout of
the device based on CSRRs is depicted in the figure Fig.4.6(a). The use of spirals, electrically
smaller than the CSRRs, would contribute for a further miniaturisation [64]. The graph in
Fig.4.6(c) shows the device frequency response. It can be easily seen that, at the operating
frequencies, the insertion losses are very close to the ideal value (-3dB), proving the good
performance of the power divider. The fulfilment of the required values for the phase (+90°) and
the impedance (35.35Q) at the design frequencies (fi=0.9GHz, f,=1.8GHz, the mobile GSM
bands) can be corroborated in Fig.4.6(c).
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Fig.4.6. (a) Layouts of a two metamaterial dual-band power dividers based on CSRRs
(b) Frequency response of the CSRR-based dual-band power divider. (c)
Representation of the phase shift and impedance of the CSRR-based inmitance inverter
forming the power divider. Figures extracted from [64].

4.2 Metamaterial Filters

The frequency selectivity that characterizes the response of resonant-type metamaterial
transmission lines, lends itself well to their application in filtering devices. Since the
implementation of the first resonant-type metamaterial transmission line, several kinds of lines
have been applied in the implementation of filters with different performances. In the following
sections, a general overview of the work developed during the recent years in filter design
based on resonant-type metamaterial transmission lines is exposed.

4 2.1 State of the Art

One of the first applications of sub-wavelength resonators to the design of filtering
microwave devices consisted in their use to load a host transmission line to create a stop band
at those frequencies where, due to the presence of the resonators, the structure behaves as a
SNG medium [9,58,79].
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Fig.4.7. (a) Frequency response of a stop band filter formed by a coplanar waveguide
loaded with SRRs. (b) Measured responses of an EBG and a SRR-based stop band
filter. (c) Layout of the stop band filter with the response shown in (a). (d) Photograph
of the filters whose responses are shown in (b). Figures obtained from [58,79].

The resonators can be tuned to reject the signal at slightly different frequencies and, thus,
give rise to a rejection band with a certain bandwidth, which can be to some extent controlled
with the number of resonators. The frequency response of a stop band filter consisting on a
coplanar waveguide loaded with SRRs is shown in Fig.4.7(a), whereas the performance of a
microstrip filter designed following a similar strategy can be seen in Fig.4.7(b). In this later
figure, the measured responses of the SRR-loaded microstrip structure and an electromagnetic
band gap (EBG) structure, which combines unit cells with different line widths and exhibits a
similar performance, are compared. The important size reduction achieved with the use of
SRRs to create the stop band can be observed in Fig.4.7(d). In that respect, the use of the SRR
stop band filter is obviously very convenient. Other resonators, like CSRRs [9], SRs [80], etc.,
can also be applied with similar purposes.
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Fig.4.8. Photographs and frequency responses of coupled-line band pass filters
loaded with sub-wavelength resonators to improve out-of-band performance. (a)
Photograph of a microstrip filter loaded with SRRs. (b) Comparison between the
measured responses of the filter shown in (a) and a conventional filter. (c) Photograph
of a coplanar waveguide filter with CSRRs etched on the signal strip. (d) Comparison
between the simulated responses of the filter shown in (c) and a conventional filter.
Figures obtained from [79,83].
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A different purpose for which sub-wavelength resonators have proved useful is the spurious
pass band suppression. In a similar way as the resonators are used to create a stop band
response, they can be included in the design of a conventional filter in order to eliminate
undesired bands [81,82,83]. By this means, the out-of-band performance of the filter can be
improved with one additional asset: the addition of the resonators does not entail any size
increase. The photographs in Fig.4.8 show two examples of coupled line filters in microstrip
(Fig.4.8(a)) and CPW (Fig.4.8(c)) technologies. In the first one, SRRs have been located close
to the lines and, in the coplanar filter, CSRRs have been etched on the strips. In the graphs, the
resonator-loaded filter performance can be compared with the response of the conventional
filter to see the effect of the loading elements. As can be observed, thanks to the presence of
the resonators, the first spurious bands are eliminated, achieving an important out-of-band
performance improvement. Low-pass filters have also been implemented taking advantage of
the rejection that CSRRs provide when they are employed to load a microstrip transmission line
[84] giving rise to very compact devices.

In the previous filters, sub-wavelength resonators are employed as additional elements to
improve a conventional distributed filter. However, in those filters the resonators are not basic
elements contributing to create a controllable transmission band. Posteriorly developed works
do in fact use metamaterial transmission lines based on sub-wavelength resonators to compose
filters with controllable characteristics. Article L exposes an overview on such devices,
reviewing different approaches based on the resonant-type metamaterial transmission lines and
devoted to the synthesis of filters. Some of those approaches are exposed in the following
sections with special attention (Sections 4.2.2 and 4.2.3), given that they represent an important
part of this Thesis.

The alternation of right- and left-handed unit cells to create a band-pass response [19] was
one of the first approaches applied to the design of filters based on resonant-type metamaterial
transmission lines. These filters are taken up in section 3.1 in Article L. This strategy allows the
generation of pass bands with very sharp edges, thanks to the presence of transmission zeros
at both sides of the band. Figures 4(a) and (b) in the article show the responses and layouts of
the left- and the right-handed unit cells. The first one consists in a CPW transmission line
loaded with SRRs and shunt connections to create a backward-propagating transmission band
preceded by a transmission zero. As for the RH unit cell, it combines SRRs and capacitive gaps
giving rise to a transmission band followed by a transmission zero. When these two unit cells
are designed to produce the transmission at the same frequency range and cascaded, they
form a very compact structure providing a narrow band pass response (see figures 4(c) and (d)
in Article L). The filter shown in Fig.4(d) in the article consists of two left- and one right-handed
unit cell. If the transmission zeros are properly located, the structure can exhibit a sharp cut-off
at both sides of the band. This strategy has shown useful in the design of compact-size filters
[85,86,87] and diplexers [88]. A similar strategy was employed in [89], where a high- and a low-
pass stages are cascaded to give rise to a band-pass filter based on CSRRs with very compact
dimensions.

In section 3.4, Article L also mentions other approaches devoted to the synthesis of
metamaterial filters. LC-loaded metamaterial transmission lines have been applied in filter
design following different strategies. As Article L exposes, coupled-resonator-based CRLH
transmission lines are useful in the design of broadband filters with improved selectivity above
the pass band [90]. As has been previously mentioned, dual-band filters have also been
implemented employing LC-loaded transmission line. This is the case of the filters presented in
[49], where the non-linear behaviour of the phase of CRLH transmission lines is exploited to
create two pass- or stop-bands at different arbitrary frequencies. Stepped-impedance resonator-
based filters can also be implemented employing artificial transmission lines, as is shown in
[91]. This work includes such a filter implemented by cascading RH and LH transmission line
sections, which even allows the control of the first spurious resonance. Recently, narrow band-
pass filters based on grounded spirals simultaneously showing very good performance and
compact dimensions have been proposed [92].

The following sections include different techniques devoted to the implementation of narrow
and broadband filters based on resonant-type transmission lines. Other approaches have also
made use of sub-wavelength resonators, although they are not based on the synthesis of
metamaterial transmission lines. This is the case of the coupled-resonator-based filters
presented in [93], where SRRs and SRs are employed to miniaturize filter dimensions.
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4.2.2 Narrow Band-pass Filters

In 2006, a methodology for the design of standard filters based on the hybrid approach was
developed and successfully applied [19,62] in the design of narrow- and moderate-band
bandpass filters. Article L addresses this method in section 3.3. During the development of this
Thesis, this methodology has been applied to the synthesis of several devices, which were
presented in Article | and Article K and also gathered in Article L. The following sections deal
with this methodology and the results obtained from its application.

4.2.2.1 Methodology

The considered filters follow the band-pass filter model based on impedance inverters and
shunt resonators [94]. This model is illustrated in Fig.8(a) in Article L. Specifically, the structure
is modelled by impedance inverters with normalized admittance J =1 and parallel LC resonant
tanks, as Fig.8(b) depicts. Given that the normalized admittance is equal to one, the presence
of each inverter merely involves a phase shift of 90°.

The unit cell of the metamaterial filter will be a hybrid cell combining CSRRs, capacitive gaps
and shunt-connected inductive stubs as loading elements of a host microstrip line (already
described in section 3.1.2), which can be seen in Fig.2(b) in the article. The design method
considers the model shown in Fig.2(e) in the article, but neglecting the series inductance in a
similar way as it was previously done in some works applying the purely resonant approach.
Provided the characteristics of the employed unit cell, the model shown in Fig.8(b) in Article L
can be applied to this structure as a basis for standard narrow band-pass filter design [19].

Taking advantage of their design flexibility, each of the unit cells forming the filter is designed
to, on the whole, exhibit characteristic impedance equal to the reference impedance of the ports
(Zo=50Q) and phase ¢=90° at the considered central frequency of the pass band. By this
means, one unique unit cell acts as a resonator and exhibits the required phase without needing
the addition of different stages acting as inverters and resonators, what involves a considerable
size reduction. The unit cells must satisfy several other conditions in order to obtain the desired
standard response. Equations (8) to (16) in Article L represent the different imposed conditions
and the derived expressions used to obtain the circuit element values, which can be univocally
determined. The imposition of the phase and impedance at the central frequency forces the
series and shunt impedances of the T-circuit model to be equal to —jZ, and +jZ,, respectively. In
the case of Chebyshev filters, the values of the g; elements of the low-pass filter prototype are
determined by the required ripple and the rejection level. These element values, together with
the fractional bandwidth of the filter, allow to determine the 3dB bandwidth of each of the unit
cells (equations (8) and (12) in the article). The transmission zero and central frequencies are
also imposed values. The position of the transmission zero can be chosen to eliminate spurious
bands or increase the rejection just above the transmission band, improving the out-of-band
performance of the filter.

4.2.2.2 Results

The previously described methodology has been applied in different works to design periodic
and Chebyshev filters. Besides the application examples using CSRRs included in [62] when
the design method was introduced, other filters have been designed making use of electrically
smaller resonators intending a further miniaturisation level. Article K and Article | include two
different filters employing complementary spiral resonators (CSRs). Article L also gathers
results from [62] and Article K. In [62], two design examples are shown. One of them is a
periodic 3-stage filter, whereas the second one is a 3" order Chebyshev filter. This last filter can
be observed in Fig.9 in Article L. The device was designed to exhibit FBW=9% with central
frequency f,=2.5GHz and 0.3dB ripple. The layout of the structure can be seen in Fig.9(a),
where the relevant dimensions are indicated. The whole device has a total length of 20mm,
which is 0.4 times the guided wavelength, A. Figure 9(b) shows the performance of the filter,
with the simulated and measured S-parameters. The filter exhibits a very symmetric response,
very low in-band insertion losses and an important rejection level, which has been improved
making use of the transmission zero to eliminate the first spurious band. Figure 9 in Article L
also shows the layout with dimensions (figure (c)) and the frequency response (d) of a CSR-
based filter. Nevertheless, Article K provides a more detailed description of this filter in section
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lll. It has been designed following the previous strategy, which can be likewise applied with
CSR-based structures. In this case, the central frequency of the filter is f,=1.1GHz, FBW=10%
and 0.3dB ripple. Each of the unit cells was designed to improve the out-of-band rejection
controlling the position of the transmission zeros below and above the transmission band.
Specifically, they have been located at different frequencies for each cell in order to widen the
rejection band above the main transmission band. The required rejection level was -30dB at
1.3GHz. The frequency response of the filter can be seen in Fig.7 in Article K. Figure 7(a)
shows the simulated response of the designed filter compared with that of a coupled-line filter
with similar characteristics, but a higher ripple (0.5dB). As can be appreciated both responses
are very similar within the transmission band. However, in the case of CSR-based metamaterial
filter, the first spurious band appears at a rather higher frequency (close to 3f,). The simulated
and measured responses of the designed filter are shown in Fig.7(b). The most remarkable
characteristic of the filter is its small size, which can be appreciated in Fig.6 in the article. In the
figure, the layout of the CSR-based filter is compared with those of the coupled-line filter and a
similar filter based on CSRRs extracted from [62]. As can be appreciated, the CSR-based
device (with an area A=0.221 x 0.081) is around 5 times shorter than the coupled-line filter and
occupies a 5-times smaller area than the CSRR-based filter. As a drawback, the small electrical
size of the resonators involves a smaller quality factor and, consequently, higher insertion
losses in the pass band.

Section 4 in Article | includes, as an application example of transmission lines with
complementary resonators etched on the signal strip (introduced in section 3.1.3), a periodic
filter implemented following the same strategy. The employed resonators are, like in the
previous example, complementary spiral resonators. The filter was designed with f,=1GHz, like
the periodic filter included in [62], with the aim of being able to compare them. The filter
bandwidth is, however, different; whereas in [62] the fractional bandwidth was FBW=10%, in the
case of the CSR-based filter, the considered bandwidth was smaller (FBW=4.5%). The three
identical stages forming the filter have the same g value. This is the case of a 3-order low-pass
filter prototype with normalised cut-off angular frequency w=1rad/s, whose all elements are
equal to g=1.521. The unit cell is, thus, designed to exhibit the required values of the phase
shift, the impedance and the resonator bandwidth. The resulting device exhibits a symmetric
pass band and an important out-of-band rejection level. As occurred in the previous example,
the small bandwidth and the limited quality factor of the resonators gives rise to a significant
increment in the in-band insertion loss level. This penalty must in general be paid when the
electrical size of the resonators is decreased [12].

4.2.3 Broadband Filters

Within the resonant-type approach, two main strategies devoted to the synthesis of broad-
band filters have been applied. One of them consists on the use of balanced transmission lines
(described in section 3.1), which provide broad transmission bands, to design high- or band-
pass filters. Such filters will be covered in detail in the following sections. A second method is
the application of a modified version of the technique addressed in section 4.2.2.1, which is
applied to a different unit cell providing wide transmission bands. By this means, wide and ultra-
wide band-pass filters based on sub-wavelength resonators can be implemented following a
complete design methodology. This strategy is delved into and exploited in several works
[95,96,97] and is briefly exposed in Article L. It is based on a similar unit cell as the previous
one; it also combines CSRRs and inductive shunt stubs, but they are coupled by means of /4
lines. As a consequence, although the methodology is basically the same and identical
conditions are imposed, some of the design equations differ from the original ones. The
employed unit cell is represented in Fig.10(a) in Article L. Next to it, the layout (b) and the
frequency response (c) of a periodic ultra-wide band-pass filter based on this approach can be
found. The use of this new unit cell allows the achievement of broad transmission bands (the
given example shows FBW=90%) with a sharp cut-off at the upper edge, what involves a
significant improvement of the out-of-band rejection with respect to other approaches [98].
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4.2.3.1 Filters based on Balanced Transmission Lines

As has been previously mentioned, balanced transmission lines can be applied in the design
of wide band filters. Some examples implemented using such lines are included in Article F and
Article G. The main aspects of these devices are also reviewed in Article L. In section Il in
Article F, balanced structures based on the hybrid and the purely resonant approach are
presented as band- and high-pass filters, respectively. By cascading several unit cells, purely-
resonant balanced transmission lines provide a high-pass response whose frequency selectivity
can be enhanced increasing the number of cells. Figure 5 in Article F shows the frequency
response of several filters including different number of unit cells. The considered structures
provide a wide transmission band with an important rejection level below the lower edge of the
band. This limit can be controlled and, thus, be arbitrarily located in order to reject all undesired
signals appearing below it. Given that the upper limit of the transmission band is not controlled,
these structures must be considered as high-pass filters.

A step forward is taken in the work presented in Article G, where similar unit cells are
employed to design ultra-wide band-pass filters (UWBPFs) covering the standard mask for
UWB communications covering from 3.1GHz up to 10.6GHz. In these filters, additional
resonators are included to control the upper limit of the band and, furthermore, create
attenuation poles at arbitrary frequencies within the transmission band. These notches can be
applied to reject undesired interfering signals which may appear within the transmission band.
The basic unit cell forming the filter is depicted in Fig.3 in Article G, whereas the wide
transmission band provided by this structure can be observed in Fig.4. As has been previously
indicated, no control can be done over the upper limit of the band just cascading several of
these unit cells. Nevertheless, this can be done by means of additional resonators which can be
added to the basic structure of the filter formed by, in this case, three balanced unit cells. The
new resonators can be either metallic or complementary. An example of such a structure
including small CSRRs can be observed in Fig.5 in Article L, where the layout (a) and the
response (b) of the structure are shown. The small resonators have in this case been located
inside the bigger resonators forming the balanced structure. The additional CSRRs have been
tuned to reject the signal around 10.6GHz and, thus, create the upper limit of the band. The big
advantage of this strategy is that it does not involve any size increment. The attenuation poles
can be created by including new properly tuned resonators to the structure. They can again be
either metallic or complementary and be located either on the top or on the bottom layer of the
substrate, respectively. Two examples of these different possibilities are shown in Fig.6 in
Article L, which includes the layouts, photographs and responses of two different filters following
this strategy. In the first of the filters all the additional resonators are complementary. In addition
to the small CSRRs located inside the big ones, two CSRs have been located under the access
lines to create a notch around 5GHz. The addition of these two new resonators involves a minor
size increment. The marked rectangle occupies an area A=1.77cm X 0.41cm=0.73cm?. In the
case of the second filter (Fig.6(c)), all the additional resonators are metallic and they are located
on the top layer of the substrate close to the signal strip. This filter is also dealt with in detail in
Article G. Four square-shaped SRRs can be found close to both access lines and they are
responsible for the control of the upper band limit. Two additional spiral resonators, tuned at
5.6GHz and located in the central part of the filter, create the attenuation pole without any effect
on the rest of the transmission band nor on the device size. In this case, the area of the dashed
rectangle is A=1.57cm x 0.42cm=0.66cm®. The frequency of the attenuation pole can be
arbitrarily chosen, depending on the frequency of the interfering signal which must be
eliminated. Figure 6 in Article G shows the response of a second filter based on the same
topology. In this case, the SRs responsible for the attenuation pole have been tuned at 4.5GHz.
As in the previous case, the filter exhibits a wide frequency band covering the UWB mask a low
in-band insertion loss level and the rejection of the notch exceeds the -20dB.

Article F shows an example of a filter based on balanced hybrid transmission lines. This filter
was firstly presented in [60] and is also reviewed in Article L. The layout and the response of
the filter can be seen in Fig.7 in Article L. The filter was designed to satisfy rather strong
specifications, such as small size (area <1cm2) and high rejection level below the transmission
band (-80dB at 2GHz), among others. A four-stage structure implemented in a thin substrate
(h=0.127mm) was necessary to satisfy the required rejection. The resulting filter exhibits a wide
transmission band from 3.5GHz to 10GHz with a high frequency selectivity, this combined with a
very small size (A<O.7cm2), which is even smaller than the required.
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The exposed examples demonstrate the utility of balanced resonant-type composite
right/left-handed metamaterial transmission lines in the design of wide and ultra-wide band-pass
filters with different application possibilities, small dimensions and good performance.

4.3 Reconfigurable Transmission Lines

Tunable or reconfigurable transmission lines and devices are of big interest on present
communication systems which need to be adapted to varying conditions and requirements.
Many efforts are devoted to the development of such reconfigurable devices applying different
strategies. In the following sections, some examples of reconfigurable devices based on
metamaterial concepts and structures making use of different technologies are shown. Special
emphasis is put on tunable structures based on ferroelectric materials.

4.3.1 State of the Art

The design of reconfigurable devices has lead to the development and application of
different strategies. Microelectromechanical systems (MEMS) and tunable capacitances are the
main elements employed to achieve tunability. Both techniques have been applied in recent
years to implement reconfigurable devices based on different kinds of metamaterial
transmission lines, including the resonant-type [99]. Tunable LC-loaded metamaterial
transmission lines based on varactor diodes or tunable ferroelectric capacitors have been
applied in the design of many different devices, including antennas [100], phase shifters
[101,102] or matching networks [103]. Such transmission lines have also been implemented
making use of MEMS and employed in the design of microwave devices, like, for example,
phase shifters [104].

Regarding the resonant-type approach, tunable SRRs [105] and CSRRs [106] have been
implemented by means of varactor diodes and applied in the design of tunable transmission
lines. The layout of both resonators can be seen in Fig.4.9. In both cases, the inclusion of a
varactor allows the variation of the resonance frequency of the structure by means of a DC
voltage.
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Fig.4.9. (a) Varactor-loaded split-ring resonator (VLSRR). (b) Varactor-loaded
complementary split-ring resonator (VLCSRR). (c) Response of a VLSRR-loaded
transmission line for different diode polarisations. (d) Response of a VLCSRR-loaded
transmission line for different diode polarisations. Figures extracted from [105,106].
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The addition of a varactor can be done in the case of the SRR by directly locating it between
the two rings forming the resonator, what forces the inclusion of two patches to allow the
varactor soldering (see Fig.4.9(a)). In the case of the CSRR, the varactor can be located on the
top layer between the central and external parts of the resonator (see Fig.4.9(b)) and soldered
with vias to the ground plane. In order to allow the varactor biasing, the port placed in the
external part of the resonator (Via 2 in Fig.4.9(b)) is surrounded by a circular slot and connected
to the ground plane by means of a SMD capacitor. These two tunable resonators have been
mainly applied in the design of notch and stop band filters. The responses of two microstrip
transmission lines loaded with VLSRRs and VLCSRRs for different diode polarisations can be
observed in Fig.4.9(c) and (d), respectively. Other configurations of tunable transmission lines
based on sub-wavelength resonators are also possible if the varactors are placed, not on the
resonator, but, for example, on a capacitive gap or both [107,108].

As has been previously mentioned, MEMS have also been applied in the design of resonant-
type metamaterial transmission lines. Coplanar waveguide structures loaded with
complementary split-ring resonators can be tuned with the addition of MEMS switches which,
when properly biased, allow the modification of the resonance frequency of the CSRRs [109].
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Fig.4.10. (a) Scheme of the unit cell formed by a coplanar waveguide loaded with a
CSRR and a MEMS switch (in black). Metallic parts of the CPW are depicted in white
and slots in grey (b) Cross-section representation of the MEMS switch loading the
CPW line with CSRRs. (c) Photograph of the fabricated device. (d) Measured and
simulated insertion losses of the 4-unit-cell fabricated device. (e) Measured and
simulated return losses of the 4-unit-cell fabricated device. Figures extracted from
[109].

The implemented structure exhibits a notch, which, thanks to the action of the bridges, can
be tuned between 39GHz and 48GHz for the down- and up-states, respectively, as can be
observed in Fig.4.10. The measurements show an achieved tuning range about 20% and very
low insertion losses in the pass band.

These examples represent a proof-of-concept showing the possibility of applying these
tuning strategies to the implementation of resonant-type reconfigurable metamaterial
transmission lines. In the following sections, a different approach, based on the use of
ferroelectric materials is presented as an alternative way to synthesize tunable resonant-type
metamaterial structures.
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4.3.2 Tunable Metamaterial Transmission Lines based on
Ferroelectrics

One additional interesting approach devoted to the development of tunable microwave
devices is based on the use of ferroelectric materials. The useful properties of ferroelectrics are
numerous [110,111]. Thanks to their piezoelectric behaviour, they can be used in
electromechanical sensors and transducers. They are massively used in memories, where the
direction of their spontaneous polarizability is controlled to store information. They also exhibit
pyroelectric behaviour, which can be exploited for infrared sensors. Moreover, the high values
of their dielectric permittivity make these materials very useful as dielectrics in capacitors. When
ferroelectrics are used in the design of reconfigurable devices, the tunability is mainly achieved
in virtue of the dependence of the dielectric permittivity of such materials on the external electric
field [110,112], although it can also be modified by the temperature [113]. In our case, we will
take advantage of this dependence of the dielectric permittivity to create voltage-dependent
reconfigurable frequency-selective structures based on metamaterial resonators.

4.3.2.1 Ferroelectric Materials

A dielectric crystal is considered a ferroelectric if it is able to exhibit spontaneous electric
polarization and its direction can be reoriented between crystallographically defined states by
means of an external electric field. Due to its similarities with the phenomenon of
ferromagnetism, this effect received the name of ferroelectricity. Any dielectric experiences a
polarization when it is subjected to an electric field. Its charges are reoriented forming dipoles,
what can be described by means of the dipolar moment, p.

p=0d (4.1)

where Q is the value of the charges forming the dipole, and d is the vector representing the
distance between them. If the whole volume, V, of the dielectric is taken into account, one can
obtain the total macroscopic dipole of the material, which is known as polarization, P.

i (4.2)

Although polar dielectrics contain permanent dipoles in absence of an external electric field,
they are randomly oriented, the total sum of dipolar moments is cero, and so is the polarization.
However, the polarization in presence of an electric field is higher in polar dielectrics than it is in
non-polar dielectrics, due to the contribution of the intrinsic and the induced dipoles.

The electrical displacement field, D, in a dielectric can be described as:

D=¢gE+P (4.3)
On the other hand, the relation between polarization and electric field is:
P=¢g,yE (4.4)
where y is the electrical susceptibility which is related to the relative dielectric permittivity:
e =l+y (4.5)

Therefore, the susceptibility can be obtained differentiating the polarization with respect to the
electric field:

1P

— 4.6
g, OE (46)

X

and the electric displacement can be rewritten as:

D=g,E+s,yE =s,E(+ y)=¢5,¢ E (4.7)
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The ferroelectric properties of a material are related to the symmetry. Only those crystalline
systems which do not contain any inversion centre are able to exhibit polar properties. Many
ferroelectric materials are oxides showing a perovskite structure [110,114]. The most
representative ferroelectric material is barium titanate (BaTiO3), which is represented in
Fig.4.11.

Fig.4.11. Representation of the unit cell of BaTiO; in the cubic phase. The atoms of
the barium titanate are arranged just as a perovskite structure, adopted by many
oxides having the chemical formula ABO;. In the cubic phase (a), oxigen atoms sit at
face centred positions, barium atoms are located at the corners of the cubic structure
and the body centred position is occupied by the titanium atom. In the tetragonal
phase (b) the relative positions of the positive and negative atoms changes and
polarization arises.

In the cubic phase (Fig.4.11(a)), the body centred position occupied by the titanium atom is
an inversion centre and, consequently, spontaneous polarization is not allowed. In this case, the
material is paraelectric; there is no permanent dipole in absence of an external electric field.
The temperature below which the material behaves as ferroelectric is the Curie temperature.
Therefore, a temperature decrease causes a phase change, permitting the existence of a
permanent dipole. If a tetragonal deformation occurs (Fig.4.11(b)), causing the displacement of
the relative positions of positive and negative ions in the grid, spontaneous polarization arises.
Consecutive transitions can lead the structure to new phases, like the orthorhombic and the
rhomboedric with different orientations of the dipole [110]. The phase transitions can be induced
by changes in the temperature, causing the appearance of the spontaneous polarisation and,
thus, surface changes. This effect is known as pyroelectricity and is applied, for example, to
detect temperature changes in passive infrared sensors. All ferroelectric materials can exhibit
pyroelectricity and also piezoelectricity, since the electrical polarization can also be induced by
a mechanical strain. Spontaneous polarization, however, is not enough to talk about
ferroelectricity; it is the reorientability by means of an external field what defines a material as
ferroelectric.
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Fig.4.12. Typical hysteresis loop of a polycrystalline ferroelectric material. The
polarisation P varies as a function of the E field. Figure obtained from [115].

The characteristic behaviour of a ferroelectric material is shown in Fig.4.12. The graph
shows the typical hysteresis loop occurring during the reversal of the polarization in a
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polycrystalline ferroelectric. Starting from P=0, E=0, when the material is subjected to an
external rising electric field, the polarization describes a non-linear increment until it reaches
saturation (grey curve). At this point, if the electric field is decreased to zero, a remaining
polarization Pg is observed. The value Ps is obtained extrapolating the graph from the saturation
zone to E=0 and corresponds to the remaining polarization for single crystal ferroelectrics. A
negative electric field is necessary to decrease polarization, which can be cancelled and
reversed applying an electric field E<-Ec until it saturates. E; is the coercive field necessary to
null the polarisation. If the field is again increased, the hysteresis loop is closed. Typically,
ferroelectric materials only show this behaviour under its Curie temperature, T,, above which
they behave as paraelectric materials. In paraelectric materials, E; vanishes and there is no
hysteresis in the dependence of P with E.

4.3.2.2 Reconfigurable Structures based on BST Thick-films

For microwave applications, the most suitable behaviour is actually the paraelectric, since
this prevents hysteresis, among other effects [111,115]. For this reason, materials whose Curie
temperature is close to the operation temperatures are needed. On the other hand, given that
the tunability decreases strongly as the temperature increases from the Curie temperature, the
most favourable situation is when the operation temperature lies just above the Curie point, at
which the dielectric permittivity reaches its maximum value [115]. There are no known single
crystal perovskite-type ferroelectrics with Curie temperature close to 273 K. As a result, mixed
crystal systems, whose Curie temperature depends on the ratio of components, must be
artificially synthesized. In the case of the BaTiO3 (T,=120°C), it can be mixed with SrTiO; (T,=-
235°C) and form a mixed crystal system (Ba,Sr,,TiO3;) whose Curie temperature can vary
between -80 °C and 130°C approximately, when the chiometric factor x, representing the ratio of
Barium and Strontium contents varies from 1 to 0.4 [115] (see Fig.4.13). Such a mixed crystal is
called Barium Strontium Titanate and is normally abbreviated as BST. Different studies point at
the BageSrp4TiO; (x=0.6) as a good candidate to be used as tunable dielectric at room
temperatures suitable for microwave applications [111,115]. The Curie point for a mixed crystal
containing 60% barium is around T,=-2°C. Bag ¢Sro 4TiO3 exhibits, thus, paraelectric behaviour at
room temperatures.
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Fig.4.13. Variation of the dielectric permittivity of diverse samples of BST with different
values of the stechiometric factor x. The relative content of Ba and Sr determines the
Curie point, which is the temperature at which the highest value of ¢ is reached. Figure
obtained from [115].

Thick layers of BST can be screen printed on a carrier substrate and lay under the
metallization layers of a planar circuit. By this means, capacitive gaps can be tuned applying a
biasing voltage between the two sides of the gap [116]. The effective permittivity of the BST
layer, taking into account the influence of the air due to its porous nature (the porosity is about
40%), can vary between &~200...700. Due to the high values of the BST permittivity, film
thicknesses of only 2-6um are needed for planar microwave components. A thick-film of BST
(few microns thickness) on a conventional aluminium oxide substrate (Al,O3) with dielectric
permittivity e=10 is enough to achieve tunability maintaining reasonable values of the effective
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permittivity of the whole substrate. Otherwise, too high values of the permittivity would force a
decrease in the device dimensions up to critical values. The high breakdown field strength of
the BST (around 400V/um) allows high biasing voltages, what increases the achievable
tunability.

In the work developed in this Thesis, two different kinds of sub-wavelength resonators have
been implemented on BST in order to achieve tunability and they have been used to load
microstrip transmission lines. The considered substrate for the design of the tunable resonators
is shown in Fig.4.14, where the relevant parameters are indicated. It consists of an Alumina
layer with thickness taumina=650um covered with a BST layer with thickness tgsr=3.5 um. The
gold metallization layer has a thickness f4,= 2.5um.
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Fig.4.14. Scheme of the substrate employed in the implementation of the tunable sub-
wavelength resonator structures.

The fabrication process comprises a considerable number of steps which includes the
deposition of the BST layer, the metallization process and the biasing setup. The carrier
substrate is a low-loss Al,Os; microwave ceramic with £=9.8. The tunable BST thick-film is
created by screen-printing a BST powder-based paste on the carrier substrate. The elaboration
of the powder requires calcine and milling steps. By sintering the printed paste at 1250 °C, a
porous layer of BST with a thickness of a few microns is created [115].

Gold-Plating
m 3 ¢S
Au Photoresist
} Cr .
BST =4 BST
4/ ALO, 4/ ALO,
UV-light
2) Photomask 4)
Photoresist Au
— 4 BST —41 BST
4/ ALO, 41/ ALO,

Fig.4.15. Scheme of the different steps for the implementation of the metallic
structures on the BST substrate. (1) Evaporation of the starting-metallization layer. (2)
Deposition of the photoresist, photomask positioning and UV-illumination. (3) Removal
of the illuminated photoresist and gold plating. (4) Elimination of the remaining
photoresist and starting layer. Figure extracted from [115].

The implementation of the planar metallic structures requires several additional steps (see 1-
4 steps in Fig.4.15). First of all, a thin adhesion layer of chrome and a gold starting—
metallization layer are thermally evaporated. Once the gold seed layer has been deposited, only
a one-step lithography and gold galvanic plating process are necessary to obtain the
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metallization. Finally, the starting gold/chrome layers are eliminated by wet etching. Once the
structure has been implemented, it is cut and properly assembled for the biasing.

BST films have already been applied in the design of tunable SRRs in [113]. Nevertheless, in
that work, tunability was achieved on the basis of the pyroelectric behaviour that BST exhibits.
The variation in ¢ was, thus, provoked by the modification of the temperature. In our case,
however, tunability is achieved by means of a variable electric voltage that causes the change
of & in the BST layer. The behaviour of the resonators is modified by tuning their associated
capacitance. When the tuning voltage is applied between the two sides of a capacitive gap
implemented on the considered substrate, the electrical field going through the BST layer is
able to cause its polarisation. One important condition for tunability optimization is the
homogeneity of the tuning field distribution in the BST thick film [116]. If the capacitive gaps are
narrow enough, we can ensure that an important part of the electric field lines between the two
parts of the gap appearing when the DC-voltage is applied, go through the BST layer. This
electric field varies the polarisation of the material under the gap, changing its permittivity and,
thus, the capacitance of the gap. However, too narrow gaps could give rise to inhomogeneities
in the BST polarisation, decreasing tunabilitiy. The effects of the geometry on the tunability were
studied in [116], where the influence of the thickness of the BST layer, the width of the gaps and
the width of the central strip of a coplanar waveguide was evaluated. For a BST-layer thickness
of approximately 3.5um, as the one used in this work, a gap width around 10pum was found to
be the optimal value. Tunability could be increased by decreasing the BST layer thickness, but it
would require narrower gap widths, compromising the reliability of the fabrication process.

Although the breakdown voltage in bulky BST films is very high (around 400V/um),
breakdown occurs at lower field strengths in the case of planar structures, due to the presence
of the air, what further limits the tuning. In our case, tuning voltages of 140V have been applied,
what implies field strengths around 14V/um. Some structures allow the addition of parylene
coatings to cover the planar metallization and the BST film in order to increase tunability. In
[117], field strengths up to 29V/um could be applied thanks to the use of such coating,
increasing the tunability in an important factor. In addition to this, the parylene coating protects
the porous BST layer from humidity. In this work, however, no coating films have been used.

The objective of this work was to verify the feasibility of the application of this technology in
the design of tunable sub-wavelength resonators. The selected structures for their
implementation were two: the split-ring resonator (SRR) and the open complementary split-ring

resonator (OCSRR) (Fig.4.16). OCSRRs have been recently proposed and they can be etched
either on a CPW [118] or, like in our case, on a microstrip transmission line [119].
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Fig.4.16. (a) Scheme representing a SRR and the application of the DC tuning
voltage. The biasing is applied between the two rings forming the SRR. (b) Scheme
representing an OCSRR etched on a microstrip line and the application of the DC
tuning voltage. The polarization of the structure requires the inclusion of an electrode
along the slots forming the OCSRR. The biasing is applied between the electrode and
the microstrip line.

The topologies of these resonators allow their fabrication on the considered substrate and
their polarization with the intention of obtaining the desired tunability. In our case, the resonance
frequency of these structures is tuned by tuning their associated capacitances in a similar way
as it is done in thick-film BST varactors [116]. Both resonators are modelled by a parallel LC
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resonant tank. In the case of the SRR, the capacitance between the two open rings forming the
resonator can be tuned applying a DC-voltage between both rings (see Fig.4.16(a)). On the
other hand, in the case of the OCSRR, the tuned capacitance is that between the two sides of
the paths etched on the transmission line forming the structure. In this particle, there is a direct
connection between the two edges of the transmission line and this forces the use of an
electrode in the middle of the paths in order to apply the required polarisation voltage to obtain
the tunability. By this means, the tuning voltage is applied between the electrode and the
transmission line (Fig.4.16(b)).

The design and implementation of a SRR-based reconfigurable stop-band structure is
described in Article M. Figure 1 in the article shows the cross section of the substrate and the
layout of the fabricated structure with the relevant dimensions. The device consists in a
microstrip line loaded with two rectangular SRRs. One electrode is joined to each of the rings
forming the resonator by means of a high impedance section in order to apply the biasing
voltage between them. This structure is fabricated on the BST substrate and then placed on a
carrier substrate. A photograph of the whole device, including the biasing network can be seen
in Fig. 2 of the article. The 100KQ SMD resistors used to block the RF signal can be observed
in the photograph. The DC signal needs no blocking, since the rings are isolated from the
transmission line and, thus, from the ports. The applied tuning voltage was varied from V=0V
(untuned state) up to V=140V (tuned state), what causes an important variation in ¢. The values
of & considered in the simulations are & ynunea=255 and & 4neq=340, which have been chosen
taking into account the kind of substrate, the applied voltage and the distance between the
electrode and the line. The simulated and measured frequency response of the device in these
two states is shown in Fig.3 in Article M. Very low insertion losses are observed in the pass
band, whereas the rejection in the notch is around -5dB. This rejection level can be increased
by cascading several unit cells as can be observed below in Fig.4.17(a), which shows some
recent results from a 3-stage structure. The achieved tuning range is around 13% in both cases,
which is in agreement with previous results in similar substrates. The photograph in Fig.4.17(b)
shows the whole fabricated device including the biasing network, in which 100KQ resistors are
employed to block the RF signal and 0Q resistors are simply used as connecting elements.

(@ o

Simulation Measurement
—--—- tuned tuned
untuned ----untuned 0

)
Z-10r
n

-20

Frequency (GHz)

Fig.4.17. (a) Simulated and measured frequency response of a tunable SRR-loaded
microstrip transmission line formed by 3 unit cells. The measured tuning range is
12.7%. (b) Photograph of the complete fabricated device.
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Regarding the OCSRR, it was also designed to be polarised and used to load a microstrip
transmission line. Two structures formed by 1 and 3 unit cells were implemented and
characterised. The OCSRRs have a rectangular form, as can be seen in Fig.4.18 (b), where the
main dimensions are indicated. The picture shows the electrodes used to apply the DC voltage
to tune the capacitance and, therefore, the resonance frequency of the resonator. The
simulated and measured frequency responses of the 1- and 3-unit-cell structures are shown in
Fig.4.18(a) and (c), respectively. The designed structures exhibit a low-pass response with a
very low insertion loss level in the pass band. The measurements reveal the achieved tunability,
which arrives at 12.5% in the case of the 3-unit-cell structure. In this case a difference of up to
30dB is achieved around 3.2GHz between the tuned and untuned states around 1.8GHz. In the
1-unit-cell structure, the measured tuning range is about 7%, which is considerably lower than
the expected. This low tunability is probably related to fabrication tolerances, since other
structures evidence higher achievable values. Fig.4.18(d) shows the photograph of the
fabricated device formed by 3 unit cells.
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Fig.4.18. (a) Simulated and measured frequency response of a tunable OCSRR-
loaded microstrip transmission line formed by 1 unit cell. The measured tuning range is
7%. (b) Scheme of the fabricated unit cell (not to scale). The real dimensions are
s=30um, g=10um, d=70um, b=0.33mm, /[,=0.69mm, [=1.47mm, w=1.35mm,
L=2.33mm. (c) Simulated and measured frequency response of a tunable OCSRR-
loaded microstrip transmission line formed by 3 unit cells. The measured tuning range
is 12.5%. (b) Photograph of the fabricated device with 3 unit cells.

The developed work represents a first step in the implementation of tunable devices based
on ferroelectric materials and metamaterial structures. The presented results evidence the
possibility offered by this strategy to implement tunable resonators. On the basis of these
results, possible next stages could be the implementation of transmission lines with controllable
and tunable phase and impedance, or tunable devices, like, for example, filters.



5 Conclusions and Future Research Lines

This document gathers the results of the work developed during the elaboration of
this Thesis, focussed on the study and implementation of resonant-type metamaterial
transmission lines and their application in microwave device design. The resonant-
type approach employs different kinds of sub-wavelength resonators in the synthesis
of metamaterial transmission lines exhibiting compact dimensions and controllable
characteristics. Different kinds of microwave devices can be implemented by means of
these metamaterial transmission lines and this Thesis includes some of them as
application examples.

The document has been divided in several chapters and sections devoted to different
aspects of the work carried out during the last years. After a first chapter, in which the work is
introduced, three chapters are devoted to the study of the employed concepts and the
presentation of the obtained results:

- Chapter 2 consists in a general and short introduction about metamaterials. It includes
brief considerations about effective media, whose period is much smaller than the
wavelength, this allowing those media to exhibit exotic properties, different from those of
their constituent elements. Within media with effective characteristics, left-handed
media and their exceptional properties are considered with special attention. As basic
elements in resonant-type metamaterial transmission lines, sub-wavelength resonators
are also studied in this chapter. Special attention is also paid to metamaterial planar
structures based on the dual line concept.

- Chapter 3 studies different kinds of metamaterial transmission lines based on the
resonant approach. Structures based on split-ring resonators (SRRs) and
complementary split-ring resonators (CSRRs) are presented and studied, although
special attention is paid to those lines based on complementary split-ring resonators,
which have been mainly applied along this Thesis. These structures are basically
microstrip transmission lines loaded with CSRRs and capacitive gaps. A second
approach called hybrid approach includes also shunt connected inductive stubs, which
additionally contribute to obtain backward propagation. The transmission properties of
purely resonant and hybrid transmission lines are studied in detail on the basis of their
equivalent circuit model. The presented microstrip structures include complementary
resonators, which can be etched either on the ground plane or on the signal strip; both
kinds of structures are presented in this chapter. Balanced transmission lines are also
studied in this chapter. On the basis of the composite behaviour of resonant-type
metamaterial transmission lines, balanced transmission lines showing a continuous
transition between the right- and left-handed transmission bands can be designed. Wide
band responses can, thus, be obtained by the elimination of the frequency gap that
usually separates the RH and the LH transmission bands in composite structures,
opening the door to the application of resonant-type metamaterial transmission lines for
wide band applications. The second part of the chapter is devoted to the synthesis of
this kind of transmission lines controlling their transmission properties. The first part
studies the influence of the modification of the geometrical dimensions of different
elements of the purely resonant structure on its frequency response. Additionally, a
parametric analysis shows the effect of the modification of the resonator dimensions on
the values of the related elements of the circuit model. These studies provide a guide
when it comes to design a transmission line with specific values of the phase and
impedance at certain frequencies. Additionally, the equivalent circuit model is
theoretically analysed. In a first study it is shown that it is possible to modify the phase
and the impedance of the structure in order to control the frequency response and
improve it in terms of matching and ripple within the band. Several restrictions apply,
since the elements of the circuit model must be positive and not extreme, but it is
perfectly possible. A second study shows that it is also possible to impose both, phase
and impedance, at the same frequency. As in the previous case, certain considerations
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must be taken into account in order not to obtain extreme or negative values of the
circuit elements, but it can, in general, be achieved without important restrictions. The
chapter finishes with a brief description of a parameter extraction method which can be
applied to obtain the circuit parameters of some of the considered structures from its
simulated or measured frequency response.

- Chapter 4 is devoted to applications of the studied structures to specific devices. Once
the transmission properties of the resonant-type metamaterial transmission lines have
been studied, they can be properly designed to form part of specific devices. The first
devices presented in this chapter are power dividers. The implementation of such
devices requires the design of impedance inverters with specific values of the
characteristic impedance. Several components implemented by means of metamaterial
inverters and based on different topologies are shown. The fabricated devices include
two types of two-output dividers comprising one and two “meta-inverters”, as well as a
four-output divider. The measured frequency responses of the fabricated devices
evidence the achievement of the required phase and impedance at the design
frequency, which is 1.5GHz. The inclusion of metamaterial transmission lines involves a
size reduction which is around a 50% in the case of the components based on purely
resonant structures and significantly higher in the case of hybrid structures with the
resonators etched on the signal strip. Insertion losses are very low (very close to the
ideal values) in all cases, what makes these devices suitable for narrow band
applications. As the experimental results confirm, bandwidth can be to some extent
enlarged in this devices employing thin substrates.

Other strategies for bandwidth enlargement are exposed in the section devoted to
dispersion engineering. This fragment deals with the handling of the dispersion diagram
of the metamaterial transmission lines. The controllability over the electric
characteristics of these structures allows the achievement of certain conditions which
are not possible when only conventional transmission lines are employed. This fact can
be exploited with bandwidth enhancement purposes or even to create devices operative
at multiple and arbitrary frequencies (multi-band devices). Bandwidth can be enhanced,
for example, in devices based on phase differences by manipulating the dispersion
diagrams of the different transmission lines forming the device to be parallel along a
wider frequency range. By imposing phase and impedance at different frequencies, a
device can be designed to be dual- or multi-band.

Metamaterial filter design is one more of the application possibilities of resonant-
type metamaterial transmission lines. The section devoted to such devices starts with a
review of the state of the art in metamaterial filters based on the resonant approach.
The inclusion of SRRs to create a stop band or improve the out-of-band performance of
conventional filters by suppressing spurious bands and the alternation of right- and left-
handed transmission line sections are some of the strategies employed. Some
examples of metamaterial filters based on different approaches are also included. The
section continues with the presentation of new results based on different strategies
suitable for the implementation of narrow- and broad-band filters. A methodology for the
design of standard filters with narrow and moderate bandwidths is briefly exposed and
some results obtained from its application are shown. The results apply two different
kinds of hybrid structures. The first one is an order-3 Chebyshev filter based on CSRs
etched on the ground plane of a microstrip transmission line. The complementary
resonators are combined with capacitive gaps and shunt-connected inductive stubs.
The use of CSRs involves an additional size reduction with respect to previous results
employing CSRRs, which are electrically larger. The position of the transmission zeros
of the different unit cells is controlled to improve the out-of-band rejection. The result is
a very compact filter with central frequency f,=1.1GHz and FBW=10% exhibiting a total
area A=0.221 x 0.084 and the first spurious band around 3f,. A second example is a
periodic filter based on CSRs like in the previous case, but this time the resonators are
etched on the signal strip. The advantage of this structure is the fact that it leaves the
ground plane unaltered. This fact can be of interest in those applications in which the
components must rest on a metallic surface, since this would disable the resonators if
they were etched on the ground plane. Additionally, size reduction is achieved thanks to
the use of CSRs, although their inclusion also involves a light increment of the loss
level. Regarding broadband filters, two strategies are exposed. One of them is based on
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a methodology similar to the one developed for narrow-band bandpass filters, but
employing a different topology providing broad transmission bands. The second one
employs balanced transmission lines. The union of the left- and the right-handed
transmission bands that resonant-type metamaterial transmission lines exhibit thanks to
their composite behaviour allows to obtain broad transmission bands. Cascaded purely
resonant balanced transmission lines can be used to implement high-pass filters,
whereas if additional resonators are included to reject the signal at certain frequencies a
band-pass response can be obtained. Several device examples are shown, in which
metallic or complementary resonators are included to control the upper edge of the
band or even to include attenuation poles. The designed devices cover the standard
mask for ultra wideband (UWB) applications and the attenuation poles are included to
eliminate undesired interfering signals that may appear within the transmission band.
Different topologies can be used to implement such filters and all of them give rise to
very compact devices, smaller than 1cm® UWBPF filters based on balanced
transmission lines can also be implemented by means of the hybrid approach. A four-
stage filter based on such structures is shown as an application example. The filter
exhibits a good frequency selectivity and very compact dimensions.

The chapter devoted to applications finishes with the section dedicated to
reconfigurable transmission lines, paying special attention to those based on
ferroelectric materials. A short introduction is devoted to tunable components based on
the application of varactor diodes and MEMS, which have been applied in the design of
resonant-type metamaterial structures. Ferroelectric-based tunable structures are
studied in more detail. Some basic concepts related to ferroelectric materials are
exposed before the presentation of the obtained results. Barium Strontium Titanate
(BST) thick layers are used under the metallisation layer to implement tunable
structures. Reconfigurable structures based on SRR and open complementary split-ring
resonators (OCSRR) are synthesized taking advantage of the dependence of the
dielectric permittivity of the BST layer with the external electric field to tune the
associated capacitance of the resonators by means of a DC-voltage. The achieved
tunability is around 13% for both kinds of structures. The results are a proof-of-concept
showing the feasibility of this technique to implement reconfigurable structures based on
metamaterial resonators. It could represent a first step in the future application of such
structures in the design of tunable microwave devices.

The exposed results represent a part of the work developed during the last years in this
research group in the analysis of resonant-type metamaterial transmission lines and their
application in microwave device design. Different structures based on sub-wavelength
resonators have been studied and employed in the implementation of specific components, like
power dividers or filters, showing the suitability of this kind of transmission lines for such
purposes. The small dimensions of these structures allow the design of compact devices, which
may be of special interest in those applications in which size or weight are critical aspects, like,
for instance, aerospace or portable communication systems.

The possibilities that resonant-type metamaterial transmission lines can offer are still not
exhausted. New structures and applications are being found and studied in order to improve the
existing results or to find new ones. Efforts are being devoted, for example, to the study and
implementation of coplanar structures based on SRRs or other resonators with the intention of
applying them in a similar way as structures based on microstrip lines and complementary
resonators are employed. The possibility of synthesizing, for example, balanced structures
based on such topologies for their application in broadband devices is being studied.
Resonators which have recently been proposed by the Group, like the OCSRR, and their
application in low-pass and band-pass filter design are also being analysed in detail. Further
steps in the application of MEMS technology in the synthesis of reconfigurable components are
also in progress in collaboration with IMEC (Leuven, Belgium) and the MINACOM Department
from the XLIM Research Institute of the Université de Limoges/CNRS (France). The
improvement of the equivalent circuit models of different structures is one additional objective
which is under study. One more interesting scope is the development of a synthesis method
based on space mapping which allows the determination of the topology of a structure from the
electrical parameters of the circuit model. This methodology is planned to be carried out in
collaboration with the GAM Group of the iTEAM Reseach Centre of the Universidad Politécnica
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de Valencia. Multi- (more than two) band device design is one more interesting scope which is
also being studied.

Regarding concrete applications, radio frequency identification (RFID) is a very promising
field in which resonant-type metamaterial devices could contribute good solutions. Work is in
progress in this direction developing dual-band matching networks and antennas with small
dimensions for UHF-RFID systems suitable for the operation at the European and American
bands. The implementation of such components on paper substrates, what would involve
important reductions in costs and weight, is one more possibility which is being explored.
Regarding device miniaturisation, geo-radar systems represent one example of a specific
application in which metamaterial based components can involve important improvements.

In conclusion, the results presented in this Thesis show the particular properties of resonant-
type metamaterial transmission lines and how they can be exploited in the design of innovative
microwave devices with compact dimensions and improved performances.
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On the transmission properties of left-handed microstrip lines
implemented by complementary split rings resonators
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SUMMARY

In this paper, the transmission properties of left-handed microstrip lines implemented by etching
complementary split rings resonators (CSRRs) and capacitive gaps in the ground plane and conductor
strip, respectively, are investigated. To this end, we make use of the lumped element equivalent circuit
model of the structure, from which an accurate analysis is carried out, and the influence of the main
electrical parameters on the transmission properties is pointed out through electrical simulations. Aspects
such as bandwidth and in-band ripple control are discussed in detail. The influence of the geometrical
parameters is also discussed and interpreted to the light of the equivalent circuit model. From the results
obtained, there are inferred design guidelines that are suitable for the design of metamaterial transmission
lines subjected to specifications. Copyright © 2006 John Wiley & Sons, Ltd.

KEY WORDS: metamaterials; left-handed; Complementary Split Ring Resonators (CSRRs)

1. INTRODUCTION

Metamaterials are artificially fabricated materials, based on periodic or quasi-periodic
structures, with electromagnetic properties beyond those that can be readily found in nature
[1]. These unique characteristics are possible because the relevant dimensions (period) of these
structures are typically much smaller than signal wavelength at the frequencies of interest.
Therefore, these materials can be considered as effective (continuous) media able to exhibit
electromagnetic properties different from those of their constitutive elements. Among them,
there are the so-called left-handed metamaterials (LHMs), which simultaneously exhibit
negative values of the effective dielectric permittivity and magnetic permeability. These negative

*Correspondence to: Ferran Martin, Departament d’Enginyeria Electronica, Universitat Autonoma de Barcelona, 08193
Bellaterra, Barcelona, Spain.
TE-mail: ferran.martin@uab.es

Contract/grant sponsor: MEC (Spain); contract/grant number: TEC2004-04249-C02-01 METASYSTEMS
Contract/grant sponsor: UAB-CIRIT; contract/grant number: PNL2004-22
Contract/grant sponsor: European Commission; contract/grant number: E 500252-2 METAMORPHOSE

Copyright © 2006 John Wiley & Sons, Ltd. Accepted 16 December 2005



88 M. GIL ET AL.

(a) (b}

Figure 1. Topology of the SRR (a) and CSRR (b) and relevant dimensions. In case that ring widths are
different, we call them ¢, and ¢,y for the inner and outer ring, respectively.

parameters lead to the propagation of backward waves in such materials, and also to a negative
value of their index of refraction, a reason that justifies the alternative nomenclature given to
these media, i.e. negative refractive index (NRI) materials. Although the electrodynamics of
LHMs were already studied by Veselago in the late 1960s [2], and their main electromagnetic
and optical properties (such as the inversion of the Snell law and Cherenkov radiation, among
others) predicted in 1968, it was not until 2000 that a left-handed material was synthesized [3].
The structure was due to Smith and co-workers and consisted on the combination of an array of
metallic posts, which behaves as an electric plasma (with negative valued permittivity below a
cut-off, or plasma frequency) scaled down to microwave frequencies, and an array of split rings
resonators (SRRs), namely high-Q resonant particles, electrically small, previously proposed by
Pendry et al. [4] (see Figure 1). In the experiment, the required negative value of the magnetic
permeability was due to the SRRs, which behave as a magnetic plasma in a narrow band above
their resonant frequency, provided the magnetic field of incident radiation has a non-negligible
component in the axial direction. After this seminal and imaginative structure, the works aimed
to the synthesis of LHMs [5-8], to the experimental demonstration of their exotic
electromagnetic properties [9-12] and to the design of novel functional microwave devices
based on them has dramatically increased, and is still growing up. In particular, in planar
technology numerous applications of metamaterials have been already pointed by the team of
Itoh at the University of California at Los Angeles (UCLA) [13-15], and by the group of
Eleftheriades at the University of Toronto [16, 17], and many others are expected. Essentially,
these teams have designed and fabricated planar one- and two-dimensional LHM structures and
microwave devices based on the dual transmission line concept, where shunt inductors and
series capacitors are used as loading elements in planar transmission lines to achieve left-
handedness.

Based on SRRs, the first planar one-dimensional LHM was reported by Martin et al. [18]. It
was a coplanar waveguide (CPW) transmission line with SRRs etched in the back substrate side,
and wire shorts between the central strip and ground planes placed at periodic positions.
However, the first functional microwave device based on SRRs, a narrow band pass filter
implemented in CPW technology, was obtained by combining SRRs with wires and series
capacitive gaps to form a structure with left-handed and right-handed cells alternating [19]. In
microstrip technology it has been demonstrated that LHMs can be obtained by combining
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square-shaped SRRs and metallic vias connected between the ground plane and conductor strip
[20]. However, in microstrip technology, there is an alternative to SRRs for obtaining a LHM
structure. It consists on using a resonant particle, recently reported by some of the authors,
which provides a negative value of the effective permittivity (rather than permeability) in the
vicinity of resonance: the complementary split rings resonators (CSRRs) [21]. This particle, also
depicted in Figure 1, is the negative image of SRRs, exhibits roughly the same resonant
frequency as that of a SRR with identical dimensions, and can be excited by an axial electric
field. Therefore, by etching CSRRs in the ground plane of a microstrip line, underneath the
conductor strip, a one-dimensional effective medium with negative value of the effective
permittivity in a narrow band (below the intrinsic resonant frequency) is thus obtained [21]. In
order to manufacture LHMs based on CSRRs, additional elements, able to provide the required
negative permeability, are necessary. It has been demonstrated that capacitive gaps etched in the
conductor strip at periodic positions are appropriate for this purpose, and the first LHM
microstrip line based on CSRRs was recently designed by combining CSRRs with series gaps
[22]. It has been also demonstrated that by adding inductive stubs to the structure, an additional
degree of flexibility is obtained that allows us for the design of band pass filters with controllable
characteristics and small dimensions [23-25].

Typically, in LHM microstrip lines loaded with CSRR and gaps (i.c. without the presence of
the inductive stubs), measured frequency responses exhibit narrow bands with sharp cut-off in
the lower band edge and a soft transition above the upper edge of the band [22]. Actually, the
CSRR/gap-based structures reported so far have not been subjected to any given specifications.
They have been simply designed to guarantee a gap-related cut-off frequency above the resonant
frequency of the CSRRs (a necessary condition to obtain a backward propagation band).
Moreover, the influence of the main parameters of the structure on propagation characteristics
has not been yet analysed. However, in order to obtain design guidelines for these structures
that may allow for the synthesis of LHM microstrip lines with controllable characteristics, it is
necessary to know the effects of the geometry of the structure. Since the geometry is intimately
related to the electrical characteristics of the structure and a lumped element circuit model of the
basic cell has been reported [26], it follows that from the accurate analysis of this model it is
possible to infer the above-cited design guidelines. The main purpose of this work is thus to
carry-out an exhaustive analysis of the transmission properties of LHM microstrip lines loaded
with CSRRs and series gap, on the basis of the lumped element equivalent circuit model of the
structure. From the results obtained concerning the effects of the electrical parameters, several
structures will be designed and simulated (by means of an electromagnetic solver), in order to
corroborate the main conclusions inferred from the previous analysis. It will be also discussed
the possibility of using these metamaterial transmission lines in practical applications.

2. EQUIVALENT CIRCUIT MODEL OF CSRR LEFT-HANDED MICROSTRIP LINES
AND DISPERSION RELATION

The basic cell of the structure under study and its lumped element equivalent T-circuit model are
depicted in Figure 2 (losses and inter-resonators coupling have been excluded in this model).
This equivalent circuit has been already reported [26], but it is reproduced here for coherence
and completeness. The model is valid under the assumption that the size and distance between
adjacent CSRRs are both electrically small, and it only applies in the frequency region of
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Figure 2. Topology of the basic cell of the structure under study (a) and its lumped element
equivalent circuit model (b). The upper metallization is depicted in black, whereas the bottom
metal regions are depicted in grey.

interest, namely the backward allowed band. The series gaps are modelled by the capacitance
C,, while CSRRs are described by parallel resonant tanks (with inductance L. and capacitance
C.), which are electrically coupled to the host line through the line capacitance C. The line
inductance, L, which is series connected to the gap capacitance in this model, can be actually
neglected provided in the region of interest (i.e. the transmission band) the series impedance is
clearly dominated by C,. Namely, the cut-off frequency, f., of the high-pass structure solely
formed by the series gaps should be set clearly beyond the intrinsic resonant frequency of
CSRRs, fy. This frequency is given by

|
fe 2n,/LC, M
and the series impedance is capacitive below it, the reactance being more significant as lower the
frequency is.
The periodic structure formed by cascading several cells is highly disperse, as can be inferred
from the Bloch impedance, Zg, and phase shift, ¢, of the elemental cell (dispersion relation).
The general expressions for these magnitudes can be obtained following [27]:

Zy = \/Z(jo)[Z((jw) + 2Z,(jo)] (2)
- Zs(jo)
cos¢p =1+ Z,G) 3)

where Z (jw) and Z,(jow) are the series and shunt impedances of the T-circuit model. In our
particular case, the previous expressions lead to

L/C. 1 1 1
Zp = - - 4
B I Cow 4C20?  CCyo? @

— L
C.o @

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Numer. Model. 2006; 19:87—103



TRANSMISSION PROPERTIES OF LEFT-HANDED MICROSTRIP LINES 91

1/2C,0
T LG

Cw

cosp =1+ (5)

L _
@ C.w
The structure supports propagating waves in that frequency interval where ¢ is a real number.
Analysis of expression (5) indicates that this occurs in the region delimited by the following
frequencies:

L= (6)

4
L. Cc+17

4
C, C
1

- 2/ L.C,

where the sub-indexes simply make reference to the lower and higher frequencies of the interval.
At these frequencies, both the phase and Bloch impedance take extreme values, i.e. Zg — oo and
¢ =0 at fy, whereas Zg = 0Q and ¢ = 7 at fL. Obviously, these results are valid under the
assumption of negligible losses. To gain more insight on the dispersion characteristics of the
structure, expression (5) has been depicted in a reduced Brillouin diagram, as shown in Figure 3
(the considered electrical parameters are indicated in the caption). As can be seen from the
diagram, there is a region delimited by f; and fg where the phase and group velocities are anti-
parallel. This is the region of interest, where the structure exhibits left-handedness. Above this
region, there is another interval starting at f. (not represented) where signal propagation is also
possible. In this frequency range the structure exhibits a positive series impedance (inductive)
and shunt admittance (capacitive). Therefore, forward signal propagation, rather than
backward, is expected.
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Figure 3. Dispersion relation represented in a Brillouin diagram corresponding to the equivalent circuit
model of the basic cell. Element values are: Cg = 0.69 pF, C = 34.38 pF, L. = 0.036 nH and C. = 78.15 pF.
The delimiting frequencies of the left-handed propagation interval are fi = 2.5 GHz and fy = 3 GHz.
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Inspection of the circuit of Figure 2(b) also reveals that there is a transmission zero frequency
given by
1

T 2 /L(C £ Co)

Aslong as C < Cg, f; and fi are very close, and the structure exhibits a very sharp cut-off in the
lower edge of the left-handed allowed band regardless of the number of stages. However, to
properly understand the transmission characteristics of these structures, and to obtain design
guidelines that permit us to control these transmission characteristics, it is necessary to further
analyse the structure and the previous expressions, which is the main aim of the next section.

f2 ®)

3. ANALYSIS OF THE TRANSMISSION CHARACTERISTICS OF CSSR-LOADED
MICROSTRIP LINES

Let us now focus on the detailed analysis of the transmission characteristics of the structures
under study. Essentially, they behave as band pass elements where, due to the presence of the
transmission zero, they typically exhibit an abrupt transition at the lower band edge. It has been
previously indicated that there are two frequencies, fi and fy, where both the phase and the
Bloch impedance take extreme values. These frequencies delimit that region where the structure
is transparent and supports backward waves. However, the effective bandwidth of the structure
is not actually given by these frequencies, since there is an increasing mismatch at the boundaries
of the interval. Namely, there is only one frequency where the Bloch impedance coincides with
the reference impedance of the ports (usually set to 50 Q). At this frequency, total transmission is
expected provided losses are neglected. However, for any other frequency, impedance mismatch
will lead to only partial transmission, as can be appreciated in the electrical simulation (obtained
by means of the Agilent ADS commercial software) of a single-cell structure (Figure 4). In this
figure the simulated transmission coefficients, S;; that have been obtained in three- and

0
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z S N
5 " <\
@ 150 \)
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- 3 stages ‘1
-200 4 stages ‘1
i 27 égH 25 34
250 ) - requency (GHz)
0 1 2 3 4 5

Frequency (GHz)

Figure 4. Frequency responses obtained through electrical simulation of the equivalent circuit model of the
structure under study, for different number of stages. Element values are: C, = 0.69 pF, C = 34.38 pF,
L. =0.036nH and C, = 78.15 pF.
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four-stage devices are also depicted. Contrarily to the single-cell structure, multiple transmission
peaks arise and the number of them coincides with the number of stages. One of these peaks
corresponds to the matching condition (as in the single cell), whilst the others can be identified
with those frequencies where the total phase shift is an integer multiple of 7, and hence complete
transmission also occurs (phase condition). Since the whole phase variation through the
left-handed band for a single cell is © (see Figure 3), it immediately follows that the number
of transmission peaks associated to the phase condition is given by the number of cells minus
one, and the exact location of these frequencies within the left-handed band is given by the
following rule:
n
b= ©
where N is the number of cells and i labels the transmission peak frequency (i is an integer
number which should satisfy N — 1>i>1). Actually, Equation (9) provides the phase condition,
from which the frequencies can be inferred following the dispersion relation.

Once the analysis of the transmission characteristics in the left-handed allowed band has been
carried out, the main objective now is to infer, from the model equations, design guidelines that
allow us to control these transmission characteristics; namely, the width of the propagation
band, the level of ripple, etc. The presence of ripple is unavoidable in periodic structures near the
band edges. However, as will be later shown, it can be controlled to some extent. Indeed, if
conduction and dielectric losses are neglected, in-band losses are limited by an envelope
function, fe,w(w) that depends on the Bloch impedance variation along the allowed band,

following:
2
} (10)

Since the Bloch impedance experiences a continuous variation between 0 Q and oo within the
interval delimited by fi and fy, there is a region, in the vicinity of that frequency where the
Bloch impedance is Zg = 50 Q, where in-band losses and ripple are small. Ideally, a Bloch
impedance independent of frequency and matched to the ports would be desirable to minimized
ripple. Obviously, this is not possible, but we can impose certain conditions in order to control
the frequency response in the region of interest. Another relevant aspect to handle is the phase
variation with frequency. This has influence on the positions of the transmission peaks. If the
aim is to uniformly distribute such transmission peaks within the band as much as possible, then
it is convenient that the phase variation of a single cell is as close as possible to 90° in the central
frequency of the band. It is the purpose of this section to determine to what extent it is possible
to independently control these aspects. We must have in mind that the basic cell of the
equivalent circuit model is dependent on four reactive elements. Hence, to univocally determine
the element values, 4 conditions are required. However, it is not a priori evident that any
combination of conditions is valid for a solution to exist. For instance, it would be of interest to
set fi and fy at certain locations (and thus delimit the allowed band), and simultaneously chose
two frequencies within this band (as close as possible to the limits) where the envelope function,
Sfenv(w), 1s smaller than a given reference value (and hence in-band losses). This gives two
different values for the Bloch impedance for such frequencies (one above and the other below
50Q), and, in general, there is no solution for the element values of the basic circuit cell.

Zi(w) — 507

env - 101 ] - =
Jen(@) Og{ ‘zﬁ(ww 50°
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To demonstrate this, we can rewrite Equation (4) as

1,1 o7 an
4C2 T CCy wPr(w) +1
where
2
o 1
- 12
o) \/aﬂ—w%{ [w{—w%} (12

and wy = 2nfy and wp = 2nfL. Inspection of Equations (11) and (12) reveals that, in general,
Equation (11) cannot be simultaneously satisfied for two (or more) combinations of Zg and o,
unless 7(w) (that depends on f1 and fy) takes the appropriate value. Therefore, if we choose to
set the limits of the allowed left-handed band, then it is not possible to limit in-band ripple
below a certain value within any desired interval in the band.

Depending on the specific application, it may be convenient to set fi and fy, or to set two
frequencies with limited values of the envelope function. If the structure has to be used as a
filtering element with strong rejection outside a given interval, then the former procedure is
preferred. Contrarily, if we want to exploit the small dimensions of the device and its left-
handed nature over a relative wide band, then the latter approach is more convenient. In this
work, we have followed the former approach, namely we have set fi and fy. The other
conditions for the determination of circuit parameters are discussed as follows. We have
considered the criteria of having minimum losses at the central region of the band. Therefore, we
have forced the Bloch impedance to be Zg = 50Q at the central frequency, or close to this
frequency, which means that the right-hand side of Equation (11) is fixed, and hence the
relationship between C and C, (to avoid extreme values of the element parameters, it can be
convenient to slightly shift the matching condition from the central frequency). The other
condition we need comes from the phase shift per cell, namely, we can set a value of this shift
between ¢ = 0 and ¢ = n for a given frequency. As has been previously commented a phase
shift of ¢ = m/2 at the central frequency leads to the same amount of transmission peaks at both
sides of that frequency. This may produce a quasi-symmetric frequency response within the
band. However, we have to investigate if this is possible and, if not, how to obtain an optimum
criterion, or solution. To this end, we start by isolating C, in Equation (5). After some tedious

calculation, we obtain
1 +cos¢ 1
= 1
Ce \/l —cos ¢ 4D (E(w)A + 1) (13)

where D is the right-hand side of Equation (11) (excluding the negative sign) with Zg = 50 Q
and o set to the central frequency or to another frequency close to it, A is a constant dependent
on the band limits:

(I
A=——— 14
pog (14)

and E(w) is a frequency-dependent function given by

w2 w?
E@)=——"5 (15)
0? — o}

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Numer. Model. 2006; 19:87—103



TRANSMISSION PROPERTIES OF LEFT-HANDED MICROSTRIP LINES 95

From (13) by forcing the phase to have a certain value, at a given frequency, we can infer
C,. From it, by using (11) and Dy, the value of C is perfectly determined. Finally, L. and C, can
be obtained from (6) and (7). Now, a question arises: do we have some restriction to choose the
value of the phase for a given frequency within the interval f; —fi? From a mathematical point of
view, we have freedom to do that. However, we must guarantee positive values for the elements
of the equivalent circuit model. Namely, from expression (11), we can isolate C to obtain

—4cC,

o
4C§D] +1

(16)

Since C must be positive, this means that the denominator in the above expression must be
negative, which means that

1 +cos¢ 1 -
1 —cos ¢ (E(w)A + 1)
By substituting (14) and (15) into (17) we obtain

1 17

2 2 2
1+Cos¢>w712{w2 i, (18)
l—cos¢p of wf —?

Therefore, any combination [, ¢] is possible if the previous inequality is satisfied. Inspection of

(18) reveals that for a given left-handed propagation interval delimited by the frequencies f; and

fH, there is an upper limit for the phase ¢ that can be assigned to a given frequency w within this

interval. This limit is given by

¢ = arccos <]l:: n i) (19)
F being the right-hand side of (18). In particular, since the right-hand side of (18) is always
higher than one, it follows that it is not possible to obtain a 90° phase shift per cell at the central
frequency of the interval, but a smaller value. Therefore, we are forced to set a 90° phase shift at
a lower frequency within the above-cited limit. In summary, the four conditions for the
determination of the element parameters of the equivalent circuit model are given by the
position of the two limiting frequencies, f1 and fy, and by the frequencies where the Bloch
impedance, f1, and phase variation per unit cell, f>, are 50 Q and 90°, respectively. As long as the
element parameters inferred from the model equations do not take extreme values, these latter
frequencies shall be chosen as close as possible to the central frequency of the interval (taking
into account the previously cited restriction) in order to generate a quasi-symmetric response
with small ripple in the central region of the allowed band. In practice, C and C, cannot take
very high values since this would imply very small gap separation and/or substrate thickness,
and this is limited by the resolution of the fabrication process and by the availability of the
substrate. We have analysed the effects of varying f; and f, on the frequency response that has
been obtained by electrical simulation of a 10-stage structure (Figure 5). Since the number of
stages is relatively high, we obtain similar responses regardless of the specific values of f; and f>.
Therefore, we should choose these frequencies according to the resulting element values, which
should allow us to physically implement the structure. Nevertheless, i has some more influence
on the symmetry of the frequency response. In fabricated devices, since losses obscure in-band
ripple, symmetry is preferred to obtain insertion losses as flat as possible in the vicinity of the
central frequency.

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Numer. Model. 2006; 19:87—103



96 M. GIL ET AL.

0=
-10f
'''''''' -20
%/ -30
oF 40 |
-50 |
- 1,=2.70 GHz
4 -60 —— 1,=2.65 GHz
Frequency (GHz) v H [ IR f,=2.60 GHz
‘ -70 = :
4 5 2.5 2.6 2.7 2.8 2.9 3.0
(a) Frequency (GHz) (b) Frequency (GHz)
0
—~ 5
[oa)
o
oF
10t j
woef, =26 GHz |
——1f,=2.7 GHz |
——————— f,=2.8 GHz || ‘
-15 I 1 1 . i L i
25 26 27 28 29 30 . . 2.8
(c) Frequency (GHz) (d) Frequency (GHz)

Figure 5. Effects of varying f; and f; in the electrical response of a 10-stage structure with f{ = 2.5 GHz

and fy = 3 GHz: (a) insertion losses obtained by varying f, for f; set to the central frequency of the

propagation interval; (b) return losses obtained by varying f> for f] set to the central frequency of the

propagation interval; (c) insertion losses obtained by varying fi for 2 = 2.7 GHz; and (d) return losses
obtained by varying f; for f, = 2.7 GHz.

4. A PROTOTYPE DEVICE EXAMPLE

In order to validate the equivalent circuit model of the basic cell and the previous synthesis
method, a prototype device example has been designed from the model equations. The
specifications are: f{ = 2.6 GHz, f = 3.1 GHz, f; = 2.73 GHz and f, = 2.76 GHz. Application
of the model equations has led us to Cy; = 0.50pF, C =3.12pF, L. =093nH and C. =
2.81 pF. From these values, the geometry of the structure has been obtained according to the
following procedure: gap separation has been obtained by comparing the frequency response of
the device without CSRRs, obtained by electromagnetic simulation (using Agilent Momentum),
to that obtained by electrical simulation (through Agilent ADS) of the same structures with the
gaps replaced by ideal capacitances of value C,. The coupling capacitance, C, is a parameter
difficult to handle because series gaps are placed underneath the CSRRs and this enhances
capacitive coupling between the line and the CSRRs. Nevertheless, this parameter should be
dependent on the width of the host line, which has been considered as a fitting parameter;
finally, the geometry of the CSRRs has been inferred from L. and C. following the model
reported in Reference [26]. Obviously, since there exists some non-negligible interaction between
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the CSRRs and the series gaps (which has not been taken into account in the model) and the
resonant frequency of the CSRRs is influenced by the presence of the metallic line on the other
side of the substrate, adjustment of the geometry has been required to fit the electromagnetic
response of the structure to that obtained from electrical simulation of the equivalent circuit
model. The final prototype device has been fabricated on the Rogers RO3010 substrate
(dielectric constant ¢, = 10.2, thickness # = 1.27 mm, tan 6 = 0.0023). The photograph as well as
the simulated (both electrical and electromagnetic) and measured frequency responses (obtained
by means of the Agilent 8720ET vector network analyser) are depicted in Figure 6 (the relevant
dimensions are indicated in the caption). Good agreement between the electrical simulation
(losses excluded) and the electromagnetic simulation has been obtained, which is indicative of
the validity of the lumped element equivalent circuit model. Measured in-band losses are higher
than those obtained through electromagnetic simulation because Agilent Momentum does not
properly model ground plane (where CSRRs are etched) losses. It is also remarkable that the
number of stages is considerable, this contributing to substantial in-band losses. We have also
fabricated a four-stage device with identical dimensions and measured in-band losses have been
reduced to 3dB (see Figure 7), although at the expense of lower level of frequency selectivity.
We would like also to mention that no significant leakage radiation occurs, as has been verified
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Figure 6. Fabricated 10-stage prototype device (a), insertion losses (b) and return losses (c). The period is
[ = 6.4mm, gap spacing g = 0.2mm and strip width W = 1.69 mm. The dimensions of the CSRRs are
cin = 0.472 mm, ¢y = 0.391 mm, d = 0.149 mm and rey = 2.972 mm. In (a) top and bottom views are shown.
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Figure 7. Measured insertion and return losses for the fabricated four-stage device.
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Figure 8. Simulated insertion losses for a 10-stage device with different values of gap distance, g, obtained

by means of Agilent Momentum. The dimensions are /= 6.4mm, strip width W = 1.69 mm. The

dimensions of the CSRRs are ¢, = 0.472 mm, ¢y = 0.391 mm, d = 0.149 mm and rey = 2.972 mm. The
minimum value of insertion losses in the band is IL = —1.26 dB.

through full wave electromagnetic simulation by excluding Ohmic and dielectric losses
(not shown).

5. EFFECTS OF CELL GEOMETRY ON FREQUENCY RESPONSE

In this section the effects of varying gap separation, substrate thickness and the width of the host
transmission line will be analysed and interpreted in the framework of the proposed circuit
model. To this end, the Agilent Momentum commercial software, which provides a reasonable fit
to measured frequency responses (as has been shown in Figure 6) will be used. In Figure 8§, are
represented three frequency responses corresponding to different gap separations. As gap
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decreases, the upper band edge is not substantially altered. However, the lower band edge is
clearly displaced towards lower values, with the result of a wider allowed band. This effect can
be explained from expressions (6) and (7). Namely, the upper edge of the band only depends on
the parameters of the resonant tank that models the CSRRs. Therefore, we do not expect a
modification of the upper fall-off since gap width reduction does not affect the intrinsic resonant
frequency of the CSRRs. However, the lower edge depends on C, and this capacitance increases
as gap separation decreases. This explains the shift of the band onset towards lower frequencies
when gap separation is decreased. In view of these results, the left-handed band of these
structures can be widened by tailoring gap separation. Another possibility to control bandwidth
is to tailor the height of the substrate. The results are depicted in Figure 9. The thinner the
substrate is, the wider the bandwidth results. However, in this case, both band edges are shifted
to expand the left-handed band. The upper band edge is moved towards higher frequencies
because, the thinner the dielectric is, the higher the resonant frequency of the CSRRs becomes
[26], and hence fiy. On the other hand, as substrate height is reduced the coupling capacitance C
is augmented, this having the effect of reducing fi (in spite that C, is slightly reduced).
Obviously, by modifying these geometrical parameters, bandwidth has been tailored, but the
frequency response in the region of interest has not been optimized. For this reason, in-band
losses, essentially due to mismatch-related ripple are significant in some of the responses.
Finally, we have studied the effects of varying line width. This modifies both C, and C and it
may slightly affect the resonant frequency of the CSRRs through the influence of the upper
metallic strip on L. and C,. According to this, we expect a variation of the lower band edge
towards lower frequencies when line width is widened (since both C and C, are expected to
increase), and a small (although probably non-negligible) shift in the upper transition band.
This behaviour has been verified by electromagnetic simulation (Figure 10).

According to the results shown in this section, it is clear that one-dimensional left-handed
structures with moderate bandwidths based on CSRRs can be designed. To enhance bandwidth,
thin substrates are preferred since this favours the possibility to move away f; and fy. As long as

Soq (dB)
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h=1.91mm
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Figure 9. Simulated insertion losses for a 10-stage device with different values of substrate height, /4,
obtained by means of Agilent Momentum. The dimensions are / = 6.4 mm, gap spacing g = 0.2 mm, strip
width W = 1.69 mm. The dimensions of the CSRRs are ¢, = 0.472 mm, ¢yt = 0.391 mm, d = 0.149 mm
and rey = 2.972 mm. The parameters of the Rogers RO3010 substrate, except thickness, which is the varying
parameter, have been considered. The minimum value of insertion losses in the band is IL = —0.91 dB.
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Figure 10. Simulated insertion losses for a 10-stage device with different values of strip width, W, obtained

by means of Agilent Momentum. The dimensions are / = 6.4 mm, gap spacing g = 0.2 mm. The dimensions

of the CSRRs are ¢, = 0.472mm, coye = 0.391 mm, d = 0.149 mm and re = 2.972 mm. The minimum
value of insertion losses in the band is IL = —1.26 dB.

bandwidth, out-of-band rejection (mainly dependent on the number of stages although not
discussed in this paper) and in-band losses can be controlled, these structures can be applied to
the synthesis of frequency selective structures with compact dimensions. Also these structures
can be of interest for the design of transmission line sections where impedance and phase shift
can be independently and easily controlled over wide margins without the need to manipulate
line width and length (as occurs in conventional transmission lines), with potential application
in impedance matching networks, and many other microwave devices where control of these
parameters and miniaturization are key issues. Work is in progress towards this direction.

6. CONCLUSIONS

In summary, we have presented an accurate analysis of the transmission properties of left-
handed microstrip lines loaded with CSRRs. From the lumped element equivalent circuit model,
we have derived the band-delimiting frequencies where left-handed wave propagation, as well as
the dependence of the Bloch impedance and phase on frequency are allowed. From these
expressions, we have proposed a procedure to determine the element parameters of the
equivalent circuit model from given specifications, namely, the band-delimiting frequencies and
two additional frequencies within the band: one corresponding to the matching condition (Bloch
impedance Zg = 50 Q), f1, the other providing a phase variation of ¢ = 90°, f,. We have also
studied the possible restrictions to freely set these specifications as desired, and we have
demonstrated that in order to obtain real positive values of the electrical parameters, f; is
limited to a certain frequency range. Although, ideally, to obtain symmetric in-band responses,
f1 and f> should be set as close as possible to the central frequency of the band, it has been found
that in practice this is not possible in general. However, we have analysed the influence of
varying these frequencies, and no substantial differences have been obtained, unless they are set
to values close to the extremes of the band. A prototype device example has been designed from
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the model equations, following the proposed procedure. This device has been fabricated and
good agreement has been obtained between the measured and the simulated frequency responses
obtained by electrical simulation of the equivalent circuit model and electromagnetic simulation
of the device structure. Finally, we have studied the effects of varying the main physical
parameters of the devices, namely gap separation, substrate thickness and line width. We have
found that the effects mainly concern bandwidth control, and they can be explained to the light
of the equivalent circuit model. It has been demonstrated that to enhance bandwidth thin
substrates are preferred. The presented results show that it is possible to design left-handed
structures with moderate bandwidths by using CSRRs. However, bandwidth is limited by the
value of the gap capacitance and coupling capacitance and, in general, it is not possible to
achieve left-handedness in such wide band as those achieved by means of the dual transmission
line approach.
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Miniaturisation of planar microwave circuits by using
resonant-type left-handed transmission lines

M. Gil, J. Bonache, I. Gil, J. Garcia-Garcia and F. Martin

Abstract: It is demonstrated that planar microwave circuits and components such as impedance
inverters or power dividers, among others, can be compacted by using artificial left-handed trans-
mission lines in their designs. Key to this size reduction is the possibility to control the electrical
characteristics of these lines (namely electrical length and image impedance) over wide margins by
means of a single cell structure. It consists of a microstrip line section with a series capacitive gap
etched in the conductor strip and loaded with a complementary split rings resonator etched in the
ground plane. A recently reported model of the artificial line is used as a first step in the design of
the desired devices. To demonstrate the viability of the approach, several prototype device
examples are provided, that is a 90° impedance inverter and several power dividers with different
topologies. A 50% size reduction (as compared to conventional devices) has been achieved by
implementing the devices in conventional low loss microwave substrates, but further levels of min-
iaturisation can be obtained if the devices are fabricated on advanced technologies such as low

temperature co-fired ceramic or multi chip module-deposited, among others.

1 Introduction

Several techniques to reduce the size of planar microwave
components have been proposed so far. For instance the
semi-lumped element approach, where capacitors, inductors
and resonators are implemented by means of electrically
small topologies, compatible with printed circuit board or
thin film technology, has been successfully applied to the
design of filters and diplexers [1, 2]. Typically, capacitors
have been implemented by the well-known interdigitated
concept or by means of signal-to-ground metal patches,
and inductors have been designed by means of wire loops
and narrow strips (a good description of semi-lumped
element filters and related references is given in the work
of Hong and Lancaster [3]). Concerning resonators, these
elements have been implemented by combining narrow
metallic strip, which behave inductively, and capacitive
patches to ground. Semi-lumped resonators have been suc-
cessfully applied, for instance, to the design of miniature
low pass filters with attenuation poles properly located in
order to obtain a sharp cut-off [4].

Another well-known miniaturisation technique consists
of periodically loading transmission lines and stubs with
shunt connected capacitors (semi-lumped, chip capacitors
or surface mount device components), with the result of a
slow wave effect [5—8]. It has been also demonstrated
that the slow wave effect can be achieved by properly
microstructuring the ground plane [9], in microstrip con-
figurations, or the conductor strip, in Coplanar waveguide
(CPW) technology [10]. In these capacitively loaded and
microstructured transmission lines, the slow wave effect is
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due to the modification of the effective parameters (dielec-
tric constant) of the transmission line medium.

Within effective media there are also the negative index
media, namely artificial structures with effective dielectric
permittivity and magnetic permeability both being negative
[double negative or left-handed media (LHM)], or with only
one of these electromagnetic parameters taking a negative
value (single negative materials) [11]. The electromagnetic
properties of LHM (negative refraction and reversal of the
Doppler Effect, Cerenkov radiation and Goos—Héanchen
effect), which are consequence of the anti-parallelism
between the phase and group velocities, go beyond the
behaviour that conventional materials exhibit [12]. For
this reason these substances have been termed as metama-
terials. Nevertheless, since the properties and parameter
values of SNG media can also be artificially controlled,
these structures are also considered to belong to the cat-
egory of metamaterials. A key aspect for the fabrication
of metamaterials, or to achieve effective (or continuous)
index media, is to use constitutive elements, or particles,
with dimensions much smaller than signal wavelength at
the frequencies of interest. This is not very distinct than
the semi-lumped element approach for the design of
planar microwave circuits, which is in turn contrary to the
distributed approach, where transmission lines and stubs
scale with frequency. However, owing to left-handedness
and to the possibility to control their electrical character-
istics, artificial metamaterial transmission lines are of
interest not only for device miniaturisation but also for
the design of microwave devices and circuits based on
new functionalities. Two main approaches have been used
for the synthesis of such lines: (i) the dual transmission
lines concept, in which series capacitances and shunt induc-
tances loading the line are the key elements to achieve left-
handedness [13—15]; (ii) the resonant-type approach,
where split rings resonators (SRRs) or complementary
SRRs (CSRRs), shown in Fig. 1, have been combined
with shunt connected wire (or via) inductances and series
capacitances, respectively, to implement one-dimensional
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a b

Fig.1 Topology and relevant dimensions of SRR

a SRR
b CSRR

left-handed structures [16, 17]. The second approach was
introduced by some of the authors of this work, and it was
inspired in the first synthesised left-handed effective
media, which was implemented by Smith ef al. [18] at the
University of California, San Diego, USA. By combining
SRRs with shunt connected wires, a one-dimensional artifi-
cial medium with negative effective permeability (due to
the presence of the SRRs) and permittivity (thanks to the
inductance of the wires) was implemented in the CPW tech-
nology [16]. In microstrip technology, the required negative
values of permeability and permittivity to achieve a back-
ward wave structure were obtained by etching series gaps
in the conductor strip, and CSRRs in the ground plane,
the latter providing the negative effective permittivity [19].
In this work, compact microwave components are
designed in microstrip technology by using artificial
left-handed lines implemented by means of CSRRs. As
will be shown later, these artificial lines are highly disper-
sive, and both the phase shift per cell (or the electrical
length) as well as the characteristic impedance (image
impedance) can be independently tailored to some extent.
This allows us for the design of microwave devices based
on the control of the electrical length and impedance of
transmission lines and stubs, but by using single CSRR-
based cell structures. The results are small size, and the
possibility to fabricate microwave circuits with extreme
values for the characteristic impedance of transmission
lines and/or stubs. Several prototype device examples are
provided to illustrate the potentiality of the approach,
including impedance inverters, which can be used as
impedance matching networks and power dividers.

2 CSRR-based left-handed lines: topology,
equivalent circuit model and synthesis

CSRR-loaded transmission lines can be implemented in
both CPW [20] and microstrip [17, 19] technologies. In
the former case, since lateral dimensions are not univocally
determined, the conductor strip can be designed to be wide
enough to accommodate the CSRRs. In microstrip technol-
ogy, these particles are preferably etched in the ground
plane, underneath the conductor strip. This guarantees that
CSRRs can be excited by the time varying electric field of
the quasi-TEM signal propagating in the line, since it exhi-
bits a significant component in the axial direction (actually,
CSRRs can be alternatively excited by a time varying mag-
netic field applied parallel to the plane of the particle [21],
although this excitation mode is weaker). In the present
work, the left-handed artificial lines are implemented by fol-
lowing the second approach. The topology of the basic cell
and its lumped element equivalent T-circuit model are
depicted in Fig. 2 (losses and inter-resonators coupling
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Fig. 2 Left-handed artificial lines

a Topology of the artificial transmission line section

b Lumped element equivalent circuit model

The upper metallisation is depicted in black, whereas the bottom slot
regions are depicted in grey

Dimensions correspond to a 90° impedance inverter designed with an
image impedance of 70.7 () to be operative at 1.5 GHz

Dimensions are expressed in millimetres

have been excluded in this model). This equivalent circuit
has been already reported [21], but it is reproduced here
for coherence and completeness. The model is valid under
the assumption that the size and distance between adjacent
CSRRs are both electrically small. The series gaps are mod-
elled by the capacitance C,, while CSRRs are described by
parallel resonant tanks (with inductance L. and capacitance
C.), which are electrically coupled to the host line through
the capacitance C. The line inductance, L, which is series
connected to the gap capacitance in this model, has been
previously neglected. The reason is that in the region of
interest (i.e. the transmission band), the series impedance
must be dominated by C,. This is a necessary condition to
achieve left-handedness. Moreover, for filter applications,
negligible inductive impedance is required in order to
obtain a reasonable selectivity in the upper band edge
[21]. In general, L may not be negligible, and it may be
necessary to account for it in order to accurately describe
the structure, regardless of the specific conditions.
However, if we take L into account, the obtained equations
are too complicated to be intuitively useful for the design.
Therefore in the analysis carried out in the present
section, L has been omitted. We will use the model
equations to obtain the parameters of the simplified (i.e.
by excluding L) model from given specifications, and
these parameters will be used to generate the layout of the
structures. By optimising these layouts (to achieve the
target specifications), the final topology is obtained, and
the electrical parameters (including L) are extracted, so
that the validity of the simplified model can be checked.

The structure under study (Fig. 2) is highly dispersive, as
can be inferred from the phase shift of the elemental cell,
which is given by

Z(jo)

cosp=1+ -
Z,(jo)

(1)

Z, and Z; being the shunt and series impedance, respect-
ively, of the T-circuit model. The image impedance of the
structure is given by

Zy = \JZ oz o) +27,(jo)] (@

Zp and ¢ are the key electrical characteristics of the artifi-
cial left-handed lines implemented by means of CSRRs.
They must be set to the desired values (according to the
designs required) at the operating frequency. In view of
the equivalent circuit model given in Fig. 2, we have
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some flexibility for the synthesis of such artificial lines
because expressions (1) and (2) are dependent on four par-
ameters (the reactive elements of the model, except L).
However, in practice it may be convenient to broaden the
operative bandwidth of the devices as much as possible.
Hence, an analysis of the circuit model is necessary in
order to appropriately choose the circuit parameters.
Obviously, it must also be taken into account the limitations
of the structure to physically implement a layout from the
inferred circuit parameters. This analysis is carried out in
the following paragraphs.

First of all, we must have in mind that the structure of
Fig. 2 exhibits a backward allowed band in an interval
delimited by the frequencies

1 1
27 JI(C, + 4/(1/C, + 4/0))

1
Ju = Tm 4)

as results by forcing ¢, or Zg, to be real numbers. Within this
interval, ¢ varies between 0 (at f;) and —r (at f;), whereas
Zg=0Q at f; and Zg — o0 at f. This strong variation of
the electrical parameters of the artificial line through the
allowed band is very important for our purposes. Namely,
as long as these parameters can be independently controlled,
which is valid to some extent, it is potentially possible to
achieve the required values for Zg and ¢ by using a single
cell structure. This will be later verified. Now, let us focus
on the synthesis of the artificial left-handed lines from the
previous equations. The input parameters for design are
the operating frequency f., the required phase variation
at that frequency ¢.= ¢(f.) and the image impedance
Z.= Zp(f.). The frequencies f; and fy, which must be set
below and above f., respectively, are also design parameters.
In order to obtain devices with reasonable bandwidth, it is
convenient to move these frequencies apart from f. as much
as possible. However, in practice, this is limited by the
element values resulting from the previous equations,
which not only must be positive, but they should also have
reasonable values for physical implementation of the device
to be possible. One of the aims of this section is to analyse
the intrinsic limits of the operative bandwidth of the device.

From (1) and (2), the capacitance value of the series gap
can be easily inferred, namely

1 1 4 cos ¢,
C, = < 5
¢ 207\ 1—cos ¢, ®)

where w. = 27f.. To obtain other electrical parameters of
the equivalent circuit model, inversion of (1)—(4) is necess-
ary. This involves a tedious calculation. The final results are
given by

) ®)

)2 o doch -l —d)
< 2\ 1—cos ¢} (w2 — ?)

1
C. = Lot (7

c

2wy (wp — w])y/1 — cos?(¢h,)

- Z,wc|Z(1 + cos )0} — @}) — 20} (w} — @])]
®)

where w; =27 f; and wy = 27 fy. Inspection of (5)—(8)
reveals that C,, L. and C, are always positive provided
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w; < wc < wy. However, depending on the relative
values of these angular frequencies, C may be negative.
Therefore the operative bandwidth of the device is limited
by the value of C, which must be a real positive number.
The analysis of (8) indicates that the numerator is positive.
Therefore to obtain a positive value of C, the following con-
dition must be satisfied

22 2
wy(we — o)

1+cos¢c>2m

)

According to (9), for a given value of the operating angular
frequency, w,, and phase, ¢., only a limited range of w; and
wy combinations is possible. As an illustrative example, the
region in the wy — w; space where solution to (9) is
obtained, for a value of phase given by ¢.= 7/2 is
depicted in Fig. 3. This value will be considered in the
prototype devices designed in the following section. It is
interesting to mention that, as long as L can be neglected
in the model, the intrinsic limits for w; and wy are
1/\wc < wp < wc and wg > wc, respectively. Namely,
if w; and wy are chosen according to this rule, positive
values of the reactive elements result. However, in practice,
positively defined values of the model elements may not
suffice to be physically possible to implement the layout
and hence, we need to be more restrictive, as will be later
discussed.

3  Application to microwave circuit design
and miniaturisation

We have applied the CSRR-loaded lines to the design of
planar circuits with small dimensions. Key to this are the
small electrical size of the resonators and the possibility
to control phase and line impedance over wide margins
with a single cell structure. We have designed 90° impe-
dance inverters, and we have applied them to the synthesis
of narrow band power dividers, which have been implemen-
ted, tested and compared to conventional devices.

In the design of 90° impedance inverters, the line impe-
dance is usually set to the required value to match the
input port. As a first step to the design of power dividers,
we have designed a ¢. = 90° impedance inverter with a
characteristic impedance set at Z. = 70.7 () (these electrical
parameter values will be justified later). The operating fre-
quency is set to f. = 1.5 GHz. From this impedance and
phase, we have determined the parameters of the equivalent

20
[+

0.71m
c

Fig. 3 Plot of the possible values of w; and wy for an artificial
line with ¢. = 90°

75

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 22, 2009 at 13:41 from IEEE Xplore. Restrictions apply.



Electromagnetic Simulatig
[ Electrical Simulation

-10Q : ' :
00 05 1,0 15 20
Frequency (GHz)
a

-l
o]
(=]

:n-. j — Electrical Simulation [
Electromagnetic Simulation

9 120

| -

o "

5 60- \

k=)

S e

0

o

“ 60 i

3 120 I

@ | ]"\

K

o -180

00 05 10 15 20
Frequency (GHz)
b

Fig. 4 Comparison between the frequency responses of the impedance inverter of Fig. 2 obtained by full wave electromagnetic simulation

and electrical simulation of the equivalent circuit model
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circuit model following the procedure described in the
previous section. To this end, the frequencies delimiting
the allowed band have been set to f; = 1.39 GHz and
fr=1.68 GHz. These values lie within the above cited
limits and provide reasonable results for the element
parameters. The results are C, = 0.75pF, C= 149 pF,
L.=176nH and C,=5.08 pF. From these reactive
elements, we have obtained the layout of the inverter [22].
The parameters of the Rogers RO3010 substrate (dielectric
constant g, = 10.2, thickness # = 1.27 mm) have been con-
sidered. Optimisation has been actually required to obtain
the desired impedance and phase at the operating frequency.
Dimensions of the final structure are indicated in Fig. 2. The
length of the inverter is 12.9 mm, which represents a signifi-
cant miniaturisation as compared to a conventional 90° line
implemented in microstrip technology by using the same
substrate (the length in this case is 21.0 mm). The simulated
frequency response of this impedance inverter, obtained by
using an electromagnetic solver (Agilent Momentum), is
depicted in Fig. 4. From this simulation, we have extracted
the parameters of the complete (i.e. by including L) model.
To infer the elements of the series branch, the reflection
coefficient is depicted on a Smith Chart. At the intrinsic res-
onant frequency of the CSRRs (4), the shunt admittance is
null and the impedance seen from the input port is given
by the impedance of the output port (50 (2) plus the reactive
impedance of the L and C, combination. Therefore from the
reflection coefficient at that frequency (which can be ident-
ified from the intersection with the unit resistance circle),
we can obtain the series reactance, and from the value of
L, which can be estimated from a transmission line calcula-
tor, we can infer the value of C,. To determine the elements
of the shunt admittance, we use (4) and two additional
equations. One of them is the expression that gives the
transmission zero frequency

1
1= 5 (10)

7 /L(C+C,)

which can be easily identified from simulation or exper-
iment. Equation (3) can be inferred from the dispersion of
the structure (1). For that frequency where ¢ = 7/2,
namely /> = w/>/2m, we have

(11)

and hence (3). The three characteristic frequencies, f;, f, and
f=/2 can be easily determined from simulation or exper-
iment. Therefore by isolating (4), (10) and (11), the three

Zs(jw‘lT/Z) = _Zp(jwﬂ/l)
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elements of the shunt reactance can be inferred. Following
this procedure, the line inductance has been found to be
L = 5.2 nH. The other element values coincide with the par-
ameters inferred from the simplified model (see results
above) to a good approximation, with only one exception,
that is the gap capacitance, which has been now found to
be C, = 0.59 pF. This discrepancy is explained by the fact
that the line inductance, L, cannot be actually neglected.
Hence, the result obtained from the model equations for
C, must be considered as an effective capacitance. The elec-
trical simulation of the equivalent circuit model (obtained
by means of Agilent ADS), with the extracted parameters,
including L, is also depicted in Fig. 4. Excellent agreement
between both the electrical and electromagnetic simulations
has been obtained, which is indicative of the validity of the
model. This impedance inverter has not been fabricated
since it has been used as an intermediate step for the
design and fabrication of a CSRR-based power divider.
Power dividers can be implemented by means of 90°
impedance inverters as it is depicted in Fig. 5. The device
that has been implemented as a first prototype device to
demonstrate the potentiality of CSRR left-handed lines on
miniaturisation has been designed according to the topology
shown in Fig. 5a. Hence the previous impedance inverter is
useful for our purposes provided the same substrate is con-
sidered in the design of the power divider. The layout, com-
pared to that of a conventional device, and the photograph
of the fabricated prototype are shown in Fig. 6. The proto-
type has been characterised by using the Agilent 8720ET
Vector Network Analyzer. The relevant scattering par-
ameters (measured and simulated) are depicted in Fig. 7.
Good agreement between full wave electromagnetic simu-
lation and measurement has been obtained (the small shift

@

ZN2  §=m/2 Z,

(©)

Fig.5 Basic topologies for power dividers
a and b 90° impedance inverters
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a b

Fig. 6 CSRR-based power divider implemented by following the topology of Fig. 5a

a Layout of the CSRR-based power divider
b Layout of a conventional power divider
¢ Bottom face of the power divider

d Top face of the power divider

The dimensions of the two impedance inverters forming the device are those indicated in Fig. 2

a 0

T -0}

g 20

qEJ .3[)‘

@ 40

-

1] i 8,, Simulation ——

o -50r . g" i S, Simulation —
* 3% Conventional Device S -

D B0~ Sy | . Conventional Device S, -~

05 1,0 15 20

Frequency (GHz)

Fig. 7 Simulated and measured frequency responses for the
power divider shown in Fig. 6

The simulated frequency response of a conventional device is also
depicted for comparison

is due to fabrication related tolerances). Measured trans-
mission between the input and the output ports is dB(S,;) =
dB(S;;) = —3.2 dB, which is close to the value correspond-
ing to an ideal lossless device. Concerning dimensions, these
are approximately 50% smaller than those of a conventional
implementation. Therefore it is clear that the approach
proposed in this work can be used to reduce the size of
microwave devices. Actually size reduction is limited by
CSRR dimensions, which in turn are limited by the critical
dimensions of the technology in use. Namely, the size of
CSRRs (for a given resonant frequency) can be reduced by

a

decreasing the slot and interslot widths (¢ and d in Fig. 1).
Hence, by implementing these structures in advanced tech-
nologies such as LTCC or MCM-D, among others, where
lateral resolution is small, further miniaturisation is
expected. We would also like to mention that the width of
the host lines for the 90° impedance inverters is roughly
the same as that of the 50 ) access lines. This width (host
lines) does not depend on the characteristic impedance of
the inverter (as occurs in conventional lines). Therefore by
means of this technique, it is potentially possible to
achieve extreme values of line impedance without the
need to implement very narrow (or wide) transmission line
sections.

We have also designed a power divider according to the
topology shown in Fig. 5h. In this case, a single 90° impe-
dance inverter with 35.3 () characteristic impedance is
required. The synthesis of this device has been done by
following the steps discussed previously. The layout is
depicted in Fig. 8 together with the photograph of the fabri-
cated prototype. The simulated, using Agilent Momentum,
and measured frequency responses of this power divider
are depicted in Fig. 9. Again, good agreement between
simulation and experiment has been obtained. Device
dimensions are small (/= 12.3 mm, excluding access
lines), whereas measured performance is good [i.e.
dB(S,;) = dB(S;3;) = —3.9 dB]. This slightly higher loss
value (as compared to Fig. 7) is attributed to inaccuracies
in fabrication since from simulation no distinguishable
results arise. By increasing the number of output ports, N,

Fig. 8 CSRR-based power divider implemented by following the topology of Fig. 5b

a Layout
b Top face of the power divider
¢ Bottom face of the power divider

Gap separation and width are 0.16 mm and 3.10 mm, respectively; CSRR dimensions are: inner slot width 0.42 mm, outer slot width 0.35 mm, inter-

slot distance 0.26 mm; external radius 4.40 mm
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@ el

Fig.9 Simulated and measured frequency responses for the
power divider shown in Fig. 8

of the divider, the characteristic impedance of the inverter
must be decreased according to
ZO

where Z, is the reference impedance of the ports (normally
Z,=50(). Hence, the characteristic impedance of the
impedance inverter may take very low values for practical
implementation if N is high. The idea of implementing
these devices by means of CSRR-based artificial lines has
also been carried out. Specifically, we have designed a
power divider with four output ports. The characteristic
impedance of the 90° impedance inverter is in this case
25 Q). We have designed such a transmission line and we
have implemented the power divider by cascading 50 ()
lines to the input and output ports, as shown in Fig. 10.
The simulated and measured frequency responses for this
device are depicted in Fig. 11. The measured transmission
between the input and any of the output ports (at the
design frequency) is —6.2 dB, which is very close to
the ideal transmission for such a four-port power divider.
The width of the host line for the 90° artificial transmission
line of Fig. 10 is W = 6.0 mm. This is actually wider than a
conventional 25 () line implemented in the same substrate
(W = 3.9 mm). The reason for implementing such relatively
wide (but realisable) host line is the required value of the
gap capacitance (5), which is relatively high on account
of the low value of Zz = Z.. By using the interdigitated
concept, line and gap widths can be substantially reduced,
but this has not been applied to the design of Fig. 10
since the width of the resulting host line is still

a b

Fig. 10 Fabricated power divider with four output ports

a Layout
b Top face of the fabricated power divider
¢ Bottom face of the fabricated power divider

o

)
T-10
=
D -20
= -30
5
< -40
E " Sy Sygmrenm
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05 1,0 15 20
Frequency (GHz)

Fig. 11 Simulated and measured frequency responses for the
device of Fig. 10

implementable. Also, gap separation could have been
made smaller in order to achieve the required capacitance
with a narrower line, but we have set this geometrical par-
ameter to 0.16 mm (far above the resolution limit) to mini-
mise tolerance effects. However, in applications requiring
much lower (or higher) line impedances, conventional
lines may not be implementable. Therefore the artificial
transmission lines based on the combination of CSRRs
and series capacitive gaps are useful not only to decrease
device dimensions, but also to make possible the synthesis
of planar transmission media requiring extreme values of
the characteristic impedance. This may be the case of impe-
dance matching networks with high (or low) impedance
loads, or multi-output power dividers, among other devices.

The application of left-handed lines to the design of
multi-output power dividers has also been reported by
Antoniades and Eleftheriades [23]. In that work, they
pursue broadband in-phase power division at all ports,
and they successfully achieve this by using zero-degree
artificial lines in order to inject in-phase signal at the
output channels. Equal phase shift in the 1:4 power
divider presented in this work has not been considered,
but it would be possible to substitute the output access
lines with zero-degree (or equal phase) lines implemented
by means of CSRRs, in order to achieve in-phase output
signals. Conversely, the miniaturisation technique pre-
sented in this paper could also be applied to reduce the
size of the output channels in the power dividers presented
in the work of Antoniades and Eleftheriades [23].

Gap separation and width are 0.16 mm and 6.00 mm, respectively; CSRR dimensions are: inner slot width 0.39 mm, outer slot width 0.32 mm, inter-

slot distance 0.18 mm; external radius 4.01 mm
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Actually, the artificial lines presented in this work can be
applied in many scenarios to reduce device dimensions,
and this has been the main aim of this work. The band-
width of the reported devices is limited and hence they
are of interest in narrow band applications. Nevertheless,
by combining CSRR/gap cells with shunt connected
(grounded) stubs, an additional degree of flexibility is
introduced and it is expected that bandwidth can be
improved (this aspect is under investigation).

4 Conclusions

In conclusion, it has been demonstrated that artificial
left-handed lines, implemented by etching CSRRs and
series gaps in a host microstrip medium, can be useful for
the design of compact microwave devices, such as impe-
dance inverters and power dividers, among others. A
method for the synthesis of these lines, in which the phase
shift per cell and the characteristic impedance are the
target specifications, has been proposed. Several prototype
devices have been designed, fabricated and characterised
to validate the approach presented in this work, and to
point out the achievable levels of miniaturisation. The com-
pactness factor has been found to be of the order of 50% in
fabricated power dividers, as compared to conventional
implementations. Measured transmission coefficients
between the input and any of the output ports in such
devices have revealed very good performance for narrow
band applications. Moreover, it has been highlighted that
by means of the artificial CSRR-based left-handed lines, it
is possible to tailor line impedance over wide ranges. A
multi-output power divider, that uses a 25 ) impedance
inverter, has been designed and fabricated to further demon-
strate the potentiality of these artificial lines. Thus, CSRR
left-handed lines are of interest to reduce the size of
planar microwave circuits and to implement circuits requir-
ing transmission lines or stubs with extreme values of line
impedance.
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Figure 7 Measured S-parameters with actuation voltage of 0 V (plain
lines) and 42 V (dashed lines)

43 V and the phase shift can consequently be varied continu-
ously between the two states shown in Figure 7 by applying a
DC voltage between 0 and 42 V, which correspond to bridge
heights of about 3 and 2 um, respectively.

6. CONCLUSION

We have successfully designed and fabricated a CRLH-TL phase
shifter that can be analogically controlled by means of a MEMS
device. In addition, an accurate circuit model and a design strategy
specific to the design of MEMS CRLH-TL have been presented
and validated.

This work has shown that MEMS technology allows simulta-
neously adding variability, compactness, and monolithic integra-
tion to previously demonstrated capabilities of CRLH-TLs. It is
therefore believed that MEMS technology, associated with appro-
priate modeling methods, should help widen the field of applica-
tion of CRLH-TL metamaterials in the future.

ACKNOWLEDGMENT

This work was supported by the AMICOM European Network of
Excellence.

REFERENCES

1. M.A. Antoniades and G.V. Eleftheriades, Compact linear lead/lag meta-
material phase shifters for broadband applications, IEEE Antennas
Wireless Propag Lett 2 (2003), 103-106.

2. I.-H. Lin, M. DeVincentis, C. Caloz, and T. Itoh, Arbitrary dual-band
components using composite right/left-handed transmission lines, IEEE
Trans Microwave Theory Tech 52 (2004), 1142—-1149.

3. A. Grbic and G.V. Eleftheriades, Experimental verification of back-
ward-wave radiation from a negative refractive index metamaterial.
J Appl Phys 92 (2002), 5930-5935.

4. Z. Qi, Z. Zhongxiang, X. Shanjia, and D. Wenwu, Millimeter wave
microstrip array design with CRLH-TL as feeding line, IEEE Antennas
Propag Soc Int Symp 2004, 3413-3416.

5. J. Perruisseau-Carrier, R. Fritschi, P. Crespo-Valero, and A.K. Skriv-
ervik, Modeling of periodic distributed MEMS, application to the de-
sign of variable true-time delay lines, IEEE Trans Microwave Theory
Tech 54 (2006), 383-392.

6. S. Lee and et al., Low-loss analog and digital reflection-type MEMS
phase shifters with 1:3 bandwidth, IEEE Trans Microwave Theory Tech
52 (2004), 211-219.

7. J. Perruisseau-Carrier and A.K. Skrivervik, Composite right/left handed
transmission line metamaterial phase shifters (MPS) in MMIC technol-
ogy, IEEE Trans Microwave Theory Tech 54 (2006), Part I, 1582-1589.

8. T. Lisec, C. Huth, M. Shakhhray, B. Wagner, and C. Combi, Surface-
micromachined capacitive RF switches with high thermal stability and
low drift using Ni as structural material, In: MEMSWAVE 2004, 2004,
pp. C33-C36.

9. R.E. Collin, Foundations for microwave engineering, 2nd ed., McGraw-
Hill, New York, 1992.

DOI 10.1002/mop

ARTICLE C

METAMATERIAL TRANSMISSION LINES
WITH EXTREME IMPEDANCE VALUES

Marta Gil, Ignacio Gil, Jordi Bonache, Joan Garcia-Garcia,
and Ferran Martin

Departament d’Enginyeria Electronica,

Universitat Autbnoma de Barcelona,

08193 Bellatera (Barcelona), Spain

Received 25 May 2006

ABSTRACT: In this work, it is demonstrated that it is possible to syn-
thesize the metamaterial transmission lines with extreme characteristic
impedances. The structures consist on left-handed microstrip lines based
on the combination of complementary split rings resonators (CSRRs),
which are etched in the ground plane, and series capacitive gaps. By
means of an adequate design, it is possible to tailor the characteristic
impedance of the lines over a wide margin. The realizable impedance
values are not easily achievable through conventional transmission lines
implemented in commercial microwave substrates. Several illustrative
examples are provided and the limitations of the technique (relative to
the maximum and minimum achievable impedances) are discussed. The
compact dimensions of these artificial lines, related to the small electri-
cal size of CSRRs, are also pointed out. These structures can be applied
to the design of microwave components with severe requirements con-
cerning characteristic impedance. © 2006 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 48: 2499-2505, 2006; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
22013

Key words: metamaterials; left-handed lines; complementary split rings
resonators (CSRRs)

1. INTRODUCTION

Metamaterial transmission lines are microstructured propagating
media with controllable electrical parameters and high dispersion.
Among them, the so called left-handed (LH) lines, composed of
electrically small unit cells, exhibit backward wave propagation.
Two different approaches have been used so far for the synthesis
of LH lines: (i) the composite right/left handed (CRLH) approach,
where a host line is loaded with series capacitors and shunt
inductors [1-4], and (ii) the resonant type approach, where elec-
trically small resonant elements such as split rings resonators
(SRRs) [5, 6], or their dual counterparts (complementary split
rings resonators, CSRRs) [7, 8], are coupled to a host line. In both
cases, there is a frequency band where wave propagation is back-
ward. This behavior can be interpreted as due to the coexistence of
negative effective permeability and permittivity in that band. For
resonant type LH lines implemented by means of CSRRs, these
resonant elements provide the negative effective permittivity [6],
whereas the required negative permeability is achieved by etching
series capacitive gaps in the conductor strip. These CSRR-based
LH lines have been successfully applied to the design of compact
microwave filters [9]. In this work, the main aim is to take benefit
of the wide variation of the phase constant and characteristic
impedance over the allowed band, to design artificial transmission
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Figure 1 Basic cell of the CSRR/gap loaded microstrip line (a) and
equivalent circuit model (b). In this and the following layouts, the conduc-
tor strip is depicted in black, whereas the CSRRs, which are etched in the
ground plane, are depicted in grey

lines where the characteristic impedance can be set to values
beyond those that can be achieved through conventional imple-
mentations.

2. THE BASIC CELL AND EQUIVALENT CIRCUIT

The basic cell for such lines is depicted in Figure 1 together with
the lumped element equivalent circuit model. CSRRs are etched in
the ground plane, underneath the positions of the series gaps. The
gaps are modeled by the capacitance C,, whereas L models the
inductance of the line. CSRRs are described by the resonators
formed by the parallel combination of L, and C,, and their cou-
pling to the host line is modeled by the capacitance C. To minimize
dimensions as much as possible, these artificial transmission lines
are preferably implemented by using a single cell. However, as
will be later shown, this is not always possible. Nevertheless,
coupling between adjacent CSRRs (in case of multiple stage
devices) is ignored since it has been found that interaction between
neighbor CSRRs is negligible for circular geometries [10]. Actu-

2500 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 48, No. 12, December 2006

ally, in this circuit model, the line inductance L is ignored since we
are only interested in the backward wave transmission band of the
structure. However, to properly describe the transmission charac-
teristics of the CSRR structure by ignoring L, it is necessary that
the resonator formed by L and the gap capacitance C, exhibits a
resonance frequency well above the intrinsic resonant frequency of
the CSRRs, i.e.

1
fo= 277\@- (H

The analysis of the circuit model of Figure 1(b) can be done with
the help of the dispersion relation and Bloch impedance, which are
given by [11]

_ Z(jw)
cosp=1+ Z (o 2
and
Zy = Z(jo)lZ(jw) + 2Z,(jo)], (3)

respectively, where ¢ = [/ is the phase of the basic cell, and Z
and Z, are the series and shunt impedances, respectively, of the
basic circuit cell. In Figure 2 the variation of ¢ and Zg with
frequency are depicted, within the LH allowed band, for a basic
cell with the electrical parameters indicated in the caption. The
structure is transparent (i.e. it supports propagating modes) within
the interval delimited by the frequencies given by

“

fu= m ()

Within this interval, ¢ varies between 0 (at f;;) and —ar (at f,),
whereas Zp = 0 ) at f; and Z; — « at ;. This analysis and Figure

500 180
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o 200} =
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Frequency (GHz)

Figure 2 Dependence of ¢ and Z; with frequency for the structure of
Figure 1(b), with the following parameters: L = 3 nH, C, = 1 pF, C = 30
pF, C. = 35 pF, and L, = 4 nH
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Figure 3 Layout (a), insertion and return losses (b), and phase shift (c)
for the artificial transmission line with characteristic impedance of 150 )
and 90° phase shift at 1.5 GHz. Gap separation is 0.2 mm; CSRR dimen-
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2 suggest that it is possible (by using these CSRR-based cells) to
synthesize artificial transmission lines with impedances not easily
achievable through conventional implementations. The main aim
of this work is to demonstrate this, and to establish the limitations
of this approach, which are mainly caused by the fact that ¢ and
Zy are not fully independent parameters. In Figure 2 and the
following figures, the phase ¢ is depicted in absolute value, but it
is actually negative due to the LH nature of the structures.

3. THE SYNTHESIS METHOD

Let us call ¢. = ¢(f,) and Z. = Z(f.) the phase shift per cell and
the desired line impedance, respectively, at the operating fre-
quency f.. From these input parameters, the parameters of the
equivalent circuit model of the elemental cell can be inferred from
the following equations [12]:

1 + cosd, 6
Ce= 2w, \1 — cos¢,’ ©)

2 oo e - o)
L) \/1 — cosd, w (0f — w}) ’ )

1
C.= ®

- b
Lc Wg

20wt — i) 1 — cos’(¢.)

" Zodwi(1+ cosd)(wp — w3) — 204(wp — 0T

C ©))

where w- = 27f,, w, = 27f;, and wy = 27f,. These parameters
must be positive and they should take reasonable values to lay out
the basic cell with reasonable dimensions (i.e. within the tolerance
limits dictated by the fabrication process). In Ref. 12, this aspect is
considered, and it is concluded that there is a limited range of
values of f; and f;; that make the parameters given by expressions
(6)—(9) to take positive values. Thus, there is an intrinsic limitation
concerning the achievable bandwidth for such artificial lines. How-
ever, in practice, this is further limited by the dimensions of the
resulting layout, which must be realizable. Since there is a link
between impedance and phase (namely, as impedance varies be-
tween Z; = 0 () atf; and Z; — = at f;, the phase goes from ¢ =
—arto ¢ = 0), it is not possible to simultaneously obtain low line
impedance and phase by means of a single cell, or, alternatively, a
high impedance line with a phase shift close to ¢ = —r. In the
next section, these limitations will be discussed on the basis of
artificial line design and implementation.

4. ILLUSTRATIVE EXAMPLES

Since many microwave circuits (admittance inverters, power di-
viders, filters, directional couplers, etc.) are based on 90° trans-
mission lines or stubs, this has been the considered target value of
¢, whereas the operating frequency has been set to f, = 1.5 GHz.
The aim of this section is to study the maximum range of achiev-
able line impedances with the previous phase constraint. We have
used Egs. (6)—(9), by giving tentative values to w; and wy, to
obtain the electrical parameters of the basic cell, and by following
an optimization procedure, the layout of the structure has been
generated. We have considered both the synthesis of high imped-
ance (in reference to 50 )) and low impedance artificial lines.
Concerning high impedance lines, it has been found that it is
possible to synthesize 150 () lines with 90° phase shift by means
of a single cell. The layout and the simulated (using the Agilent
Momentum commercial software) frequency response are shown in
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Figure 3. The impedance of the ports has been set to 150 () since,
by doing this, total transmission at the target frequency must be
obtained. The phase shift ¢ has been obtained from the simulated
phase of the transmission coefficient, ¢,,, (with 50 Q ports)
following:

COShy,
T

cosp = (10)

where 7 is the modulus of S,,. Inspection of Figure 3 indicates that
Zs = 150 Q and ¢ = 90° at 1.5 GHz. As compared to a
conventional transmission line implemented on identical substrate
(Rogers RO3010, dielectric constant €, = 10.2, thickness h = 1.27
mm) the length of the CSRR line is smaller (10.1 mm). The 90°
conventional line is 22 mm long, and it is not implementable since
it is only 6 wm wide, and this is not achievable with any known
fabrication process in this type of substrates.

If the line impedance is set to 300 (), which gives a width for
the conventional line in the nanometre scale, it is not possible to
implement a 90° line with a single cell. The reason is that as
impedance increases, the phase decreases (as has been explained in
earlier section). Therefore, to achieve the required phase shift, a
solution in this case is to cascade two CSRR cells each contribut-
ing with 45° to the phase shift. The layout and simulated frequency
response for this structure are depicted in Figure 4. Obviously, in
this case, since two sections are needed, we do not take benefit of
the small length of a single cell and the length of the artificial line
(20.8 mm) is comparable to that of the conventional, but not
realizable, structure (21.7 mm). This structure has been fabricated
by cascading 50 () access lines. The photograph of the structure is
shown in Figure 5. Also in this figure is depicted the frequency
dependence of Z; and ¢ that has been inferred from measurement
(by using the Agilent 8720ET VNA). The frequencies where Z; =
300 ©Q and ¢ = 90° do not exactly coincide with the nominal
values. This is due to fabrication related tolerances and to the fact
that the impedance is very sensitive on frequency at these high
values. Nevertheless, we are able to synthesize artificial lines with
very high impedance values. Because of the presence of the access
lines, the procedure to experimentally obtain the characteristic
impedance and the phase shift corresponding to the CSRR struc-
ture (i.e. by excluding the access lines) is not as simple as just
using Eq. (10) or representing the frequency response. We have
obtained the characteristic impedance from the measured S,, co-
efficient. This gives the impedance seen from the input port, and
from the electrical length of the access lines, we can obtain the
impedance seen from the interface between the access line and the
CSRR cell. Once this impedance has been obtained, the charac-
teristic impedance of the CSRR structure can be inferred from the
well-known formula giving the input impedance of a loaded trans-
mission line. To obtain the phase shift corresponding to the region
of interest, we have experimentally obtained the phase of the
transmission coefficient ¢,, for the whole structure (including
access lines). From it, we have inferred the phase shift according
to Eq. (10), and by subtracting the experimentally measured phase
shift of the access lines, we have finally obtained the phase shift ¢
of the CSRR structure.

With regard to the synthesis of low impedance lines, we have
designed a single cell 25 Q line with 90° phase shift. The layout
and simulated frequency response are depicted in Figure 6. In this
case, the conventional line is realizable, but the length of the
artificial lines (8.1 mm) is substantially shorter (as compared with
the length, 17.98 mm, of the conventional line).

We have also designed a single cell 90° and 10 () line at 1.5
GHz. The corresponding layout, frequency response, and phase

2502 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 48, No. 12, December 2006

(a)

10 12 44 18 18 20
Frequency (GHz)
(b}
180
160 -
40}
%12{1-

1.:12 1.114 1.215 1,']43 1,1':0 1.|52 1.1':4
Frequency (GHz)

(c)

Figure 4 Layout (a), insertion and return losses (b), and phase shift (c)
for the two-stage artificial transmission line with characteristic impedance
of 300 €2 and 90° phase shift at 1.5 GHz. Gap separation is 0.2 mm; CSRR
dimensions are as follows: external radius r,,, = 4.85 mm, slot widths c¢;,,
= 0.27 mm, c,,, = 0.30 mm, and slot separation d = 0.14 mm

out

shift are depicted in Figure 7. The conventional line is in this case
12.5 mm wide (i.e., implementable), whereas its length is 16.7
mm, i.e. longer than the artificial line (13.84 mm). This structure
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Figure 5 Photograph of the structure of Figure 4 with access lines (a),
and dependence of the characteristic impedance and phase shift (b) with
frequency [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

has been also fabricated (see photograph in Fig. 8), and by fol-
lowing the procedure described before, we have experimentally
obtained the dependence of Z and ¢ on frequency (Fig. 8). Again
there is some discrepancy between the frequencies where the
measured electrical parameters of the line take the target values
and the nominal frequency (1.5 GHz), which can be also attributed
to certain inaccuracies in fabrication.

Essentially, in this work, the possibility of implementing arti-
ficial metamaterial transmission lines with impedance values in the
range 10-300 Q (with 90° electrical length) has been demon-
strated. Theoretically, it is possible to achieve impedances beyond
these limits, but in practice either the resulting topologies are not
easily realizable or the sensitivity of impedance with frequency
(high impedances) is too high (as is indeed the case for the 300 ()
line). This type of artificial transmission lines can find application
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Figure 6 Layout (a), insertion and return losses (b), and phase shift
(c) for the artificial transmission line with characteristic impedance of
25 Q and 90° phase shift at 1.5 GHz. Gap separation is 0.16 mm;
CSRR dimensions are as follows: external radius r,,, = 4.05 mm, slot
widths ¢;, = 0.36 mm, c,,, = 0.32 mm, and slot separation d = 0.18
mm
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in narrow band microwave circuits that require transmission lines
and stubs with extreme impedance values. They are also interest-
ing to reduce device size, as has been demonstrated from the

50 I | i
10 12 14 16 18 20
Frequency (GHz)

(b}

R T e ey
o oo
o o

¢ (degrees)
cBEB3BEBER

F 1 r 1Tt rryrryrryrryrroooqgrda

145 1.&':0 1,I55 1,60 1,65
Frequency (GHz)

(c)

Figure 7 Layout (a), insertion and return losses (b), and phase shift (c)
for the artificial transmission line with characteristic impedance of 10 )
and 90° phase shift at 1.5 GHz. Gap separation is 0.18 mm; CSRR
dimensions are as follows: external radius r,,, = 4.06 mm, slot widths ¢;,
= 0.51 mm, c¢,, = 0.62 mm, and slot separation d = 0.14 mm
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Figure 8 Photograph of the structure of Figure 7 with access lines (a),
and dependence of the characteristic impedance and phase shift (b) with
frequency [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

comparison to conventional transmission lines. As has been seen in
the preceding examples bandwidth is limited. It has been found
that bandwidth is somehow wider for the small impedance struc-
tures. The reason is that in these structures, C, and C are larger,
and this enhances bandwidth [Egs. (4)—(9)]. However, caution
must be taken with Eqs. (4)—(9) since they are valid under the
assumption that line inductance L gives a negligible impedance as
compared with the impedance associated to C,. Moreover, strictly
speaking, bandwidth in these structures is related to that frequency
band where impedance lies within a certain range, and a more
rigorous analysis, which is out of the scope of this paper, is
required to study the effects of electrical parameters on bandwidth.
Work is in progress to introduce additional elements to the topol-
ogy of the basic cell to increase bandwidth.

5. CONCLUSIONS

In conclusion, it has been demonstrated that by loading microstrip
lines with CSRRs and series gaps, it is possible to perform the
synthesis of LH artificial transmission lines with extreme imped-
ance values. Both high and low characteristic impedance lines
have been designed and fabricated. While impedance and phase
shift for such lines are not fully independent variables, the design
of CSRR based lines with 90° phase shift (useful in many appli-
cations) and different impedance values (as high as 300 () and as
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low as 10 €)) has been carried out. This method is useful to reduce
the physical length of the transmission lines and to obtain imped-
ance values not easily achievable through conventional printed
lines.
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ABSTRACT: Optical plastics filled by nanosized magnetic particles
may have important applications in the optical field (e.g. magneto—op-
tics, etc.). Amorphous polystyrene filled by acicular magnetite particles
of nanosized dimension (ca. 10 nm X 50 nm) has been obtained by
thermal decomposition (at 200°C) of iron(Il) mercaptide dissolved in the
polymer. This nanocomposite material is quite transparent to visible
light and shows ferromagnetic characteristics at room temperature. In
particular, magnetic properties behaves anisotropically in the material
and are related to the magnetite content. © 2006 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 48: 2505-2508, 2006; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
22012

Key words: magnetite; polystyrene; nanocomposites; ferromagnetism;
mercaptides

1. INTRODUCTION

Optical plastics (e.g., polystyrene, polycarbonate, poly(methyl
methacrylate), etc.) embedding nanosized ferromagnetic phases
have unique physical properties. Owing to the small filler size (less
than 50 nm), these materials do not scatter visible light and
therefore they are quite transparent in the visible spectral region. In
addition, depending on the particle size (i.e., multi-domain or
single-domain magnetic particles), these nanocomposite materials
show ferromagnetic or super-paramagnetic behaviors. Optically
transparent magnetic plastics may have important technological
applications especially in the magneto—optical field [1-3]. In par-
ticular, the Verdet’s constant of a polymeric material is quite low
and it can be significantly increased by filling the polymer with
ferromagnetic nanoparticles. Consequently, when subject to a
magnetic field, such special nanocomposites can rotate the vibra-
tion plane of a plane-polarized light and therefore they can be used
to fabricate optical modulators, optical insulators, optical shutters,
etc. In addition, these nonmetallic magnets efficiently absorb mi-
crowaves and therefore they can be used as transparent electro-
magnetic interference and radiofrequency shields (EMI/RFI) and
microwave-processable plastics [4].

Recently, a very simple chemical method for the synthesis of
polymer-embedded noble metal and sulfide clusters have been
developed [5-7]. This method is based on the thermal decompo-
sition of homoleptic mercaptide molecules dissolved in polymers.
The thermolysis of mercaptide molecules takes place at tempera-
tures compatible with polymer thermal stability; in addition nor-
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Artificial Left-handed Transmission Lines for Small Size Microwave
Components: Application to Power Dividers
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Abstract — In this work, we demonstrate that artificial
transmission lines based on complementary split rings
resonators (CSRRs) are useful for the design of microwave
circuits with reduced size as compared to conventional
implementations. The structures consist on microstrip line
sections with CSRRs etched in the ground plane, underneath the
conductor strip, and series capacitive gaps. By these means, a
dispersive transmission medium supporting backward (or left
handed) wave propagation within a certain frequency band
around the CSRRs' resonance, is obtained. Key factors to
achieve size reduction in functional devices are the small
electrical size of the CSRRs and the possibility to control the
electrical length and the image impedance of the lines over wide
margins with a single cell. To illustrate the potentiality of the
approach two CSRR-based power dividers were designed and
fabricated. Reduced size by a factor of two is demonstrated,
whilst performance is good for narrow band applications.

Index Terms — Metamaterials, complementary split rings
resonators (CSRRs), left handed lines, power dividers.

I. INTRODUCTION

The miniaturization of planar microwave devices has been
a subject of interest for many years. For instance, in the field
of filters, the semi-lumped element approach has been
proposed as an alternative to the distributed (i.e. transmission
line based) approach, and high levels of compactness have
been demonstrated (see [1] and references therein). Other
well known techniques to make microwave devices smaller
are based on the reduction of the phase velocity of the
propagating signals. This can be achieved by using
microwave substrates with high dielectric constant, or by
structuring the devices to exhibit the so called slow wave
effect, among other possibilities. Indeed, through the last
approach, the dispersion diagrams of the guiding media are
tailored in order to decrease the phase velocities as much as
possible (within certain limits). This can be realized, for
example, by periodically loading transmission lines and/or
stubs with shunt connected planar capacitances (patch or edge
capacitors) [2],[3], or by etching periodic patterns in the
ground plane [4]. These artificial periodic structures inhibit
signal propagation at certain frequencies (Bragg condition)
and, for this reason, they have been termed as electromagnetic
bandgaps (EBGs) [5].

However, there is still another possibility to further reduce
(as compared to EBGs) the dimensions of planar microwave
circuits. The idea is to enhance dispersion in order to make

2-9600551-6-0 © 2006 EuMA
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signal wavelengths small at the desired frequencies, and this
can be achieved by means of left handed (or backward)
transmission lines. Two main approaches have been used for
the synthesis of such lines: (i) the dual transmission line
concept, where series capacitances and shunt inductances
loading the line are the key elements to achieve left-
handedness [6]-[8]; and (ii) the resonant-type approach,
where split rings resonators (SRRs) or complementary SRRs
(CSRRs) have been combined with shunt connected wire (or
via) inductances and series capacitances, respectively, to
implement one-dimensional left-handed structures [9],[10].
The second approach was introduced by some of the authors
of this work, and it was inspired in the first synthesized left
handed effective medium, which was implemented by Smith
and co-workers at the University of California San Diego
(UCSD) [11]. By combining SRRs with shunt connected
wires, a one-dimensional artificial medium with negative
effective permeability (due to the presence of the SRRs) and
permittivity (thanks to the inductance of the wires) was
implemented in coplanar waveguide (CPW) technology [9].
In microstrip technology, the required negative values of
permeability and permittivity to achieve a backward wave
structure were obtained by etching series gaps in the
conductor strip, and CSRRs in the ground plane, the latter
providing the negative effective permittivity [10].

These artificial transmission lines support backward waves
within a limited frequency band, they are highly dispersive
and their constitutive particles (SRRs or CSRRs) are
electrically small. Therefore, they are promising candidates
for the design of compact microwave devices in planar
technology [12]. In addition, as will be later shown, the image
(or Bloch) impedance of these artificial lines strongly varies
with frequency within the left handed allowed band, and it
can be controlled to some extent through the geometrical
parameters. This aspect, combined with the dispersion
characteristics, makes the SRR- or CSRR-based transmission
lines to be very interesting for the design of compact
microwave devices where both the phase and impedance of
transmission lines and stubs are target parameters.

In this contribution, artificial microstrip lines loaded with
CSRRs and series gaps are used for the design of small size
power dividers. Two illustrative examples with different
bandwidths will be provided and they will be compared to
conventional implementations. The application of these
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artificial lines to the design of other microwave devices is
under study.

II. THE CSRR TRANSMISSION LINE: EQUIVALENT CIRCUIT
MODEL AND ANALYSIS

The basic cell of the CSRR-based artificial microstrip line
and its lumped element equivalent T-circuit model are
depicted in Fig. 1 (losses and inter-resonators coupling have
been excluded in this model). This equivalent circuit has been
already reported [13], but it is reproduced here for coherence
and completeness. The model is valid under the assumption
that the electrical size of CSRRs is small. CSRRs (etched in
the ground plane) are described by parallel resonant tanks
(with inductance L. and capacitance C,.), while their coupling
to the host line is modelled by the capacitance C. The series
gaps, which are etched above the CSRRs to enhance line-to-
CSRRs coupling, are modelled by the capacitance C,. In [13],
the line inductance, L, was neglected, since the series
impedance was clearly dominated by C, in the region of
interest (i.e. the backward allowed band). This assumption is
also considered here in order to simplify the analysis of the
equivalent circuit and the synthesis of the devices.

@ ® Loag g L
:|: &
CC % ? LC

Fig. 1.  Basic cell of the CSRR-based transmission line (a) and
equivalent circuit model (b). The upper metallization is depicted in
black, whereas the slot regions of the ground plane are depicted in

grey.

To infer the transmission characteristics of the structure, it
is useful to obtain the Bloch (or image) impedance, Zp, and
the phase shift, ¢ of the elemental cell (dispersion relation).
These quantities are given by [14]:

Z,=\Z,(jo)Z,(jo)+2Z,(j)] M
cosg=1+ M 2
Z,(jo)

respectively. By substituting the series, Z,, and shunt, Z,
impedances of the T-circuit model in (1) and (2), we obtain:

1/2C,a 4)
— g
cosgp =1+ 1 LIC
Cw Lao———
C.w

From the analysis of equations (3) and (4), the limits of the
left handed transmission band can be obtained (i.e., signal
propagation is allowed in that region where Z, and ¢ are real

numbers). Therefore, these limits are given by the
frequencies:
s ! s)
R o
c c 1 4)
7+7
¢, C
1 (©)

Ju = 27yL,C,

where the sub-indexes simply make reference to the lower
and higher frequency of the interval. At these frequencies,
both the phase and Bloch impedance take extreme values, i.e.,
Z,— oo and ¢=0 at f;, whereas Z,=0Q and ¢=r at f,. Thus, we
can implement artificial transmission lines based on CSRRs
with controllable (positive) phase shift and impedance. As
long as these parameters are not too close to the limits, it is
potentially possible to synthesize artificial lines with the
required electrical characteristics by simply using a single
CSRR cell. This is relevant in terms of miniaturization and
prospective applications of this idea are pointed out in this
work. Specifically, it will be shown that we can design
compact (as compared to conventional implementations)
power dividers where the typical 90° transmission line
sections (impedance inverters) can be substituted by smaller
left handed transmission lines (composed of a single CSRR)
with identical (although positive) phase shift and
characteristic impedance (i.e. related to the port impedance by
a factor of \ 2).

III. SYNTHESIS OF POWER DIVIDERS BY MEANS OF CSRR-
BASED TRANSMISSION LINES

As has been indicated, the main aim of this work is to apply
the CSRR artificial transmission line concept to the design of
compact power dividers in planar technology. These devices
are usually implemented by means of transmission lines
sections with an electrical length fl=mn/2 [14]. The
fundamental topologies are depicted in Fig. 2. In order to
match the input port (1), the characteristic impedance of the
/2 lines must be set to Z=50V2Q=70.7Q for the layout
shown in Fig. 2(a), and to ZO=50/\/ 2Q=35.3Q for the topology

Z, = L./C, L _ 12 S 1 > (3) depicted in Fig. 2(b) [14]. We have implemented a smaller
b I wcga) 4C, 0" CC, power divider based on the structure shown in Fig. 2(a),
Cowo ° where we have replaced the pair of impedance inverters by
single cell CSSR-based left handed lines. The artificial lines
must be tailored in order to achieve the required electrical
1136
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length (+90°) and impedance (70.7Q2) at the operating
frequency. To this end equations (3) and (4) are used.
Obviously, this does not univocally determine the element
values of the equivalent circuit model (except C,).
Nevertheless, in order to enhance bandwidth, C should be as
high as possible. This widens the left handed band since f; is
driven towards lower values as C increases (see equations 5).
From expression (6), it is obvious that bandwidth is also
determined by the elements modeling the CSRRs. In practice,
C, C. and L. cannot take extreme values and this limits the
operative bandwidth of the device. However, as will be latter
shown acceptable results in terms of bandwidth will be
obtained by using narrow substrates.

(b)
)
Z,N2  o=m/2 z
Zn

Fig. 2. Fundamental topologies of distributed power dividers
implemented in microstrip technology.

We have designed a power divider operative at f,=1.5GHz
on a Rogers RO3010 substrate (dielectric constant £=10.2,
thickness #=1.27mm). We have set the Bloch impedance and
the phase to Zz=70.7Q and ¢=+90° at this frequency, and we
have given tentative values to f; and f; until the parameters
of the equivalent circuit model (obtained through inversion of
equations (3)-(6)) have resulted in a realizable layout. This
has been obtained after an optimization procedure carried out
by means of the Agilent Momentum Commercial software,
where the target parameters have been the impedance and
phase shift at the operating frequency of the device. The final
device layout is depicted in Fig. 3 and it is compared to the
layout of a conventional implementation on the same
substrate with identical operating frequency. The CSRR-
based divider is much smaller (approximately a 50%
reduction in area has been obtained).

The simulated (through Agilent Momentum) and measured
(by means of a Agilent 8720ET VNA) frequency response of
this device is depicted in Fig. 4 (for comparison, the
simulated frequency response of the conventional power
divider is also shown). As can be appreciated, both devices
exhibit comparable transmission between the input and the
output ports (i.e. in the vicinity of -3dB) and S;; indicates
that the input port is well matched. The slight deviation
between simulation and measurement is due to the presence
of the connectors and to some discrepancy between the actual

device dimensions and the nominal values (which is in tumn
due to fabrication related tolerances). Nevertheless, the
electrical characteristics of the fabricated CSRR-based device
are good and dimensions are small.

(a)

(b)

Fig. 3. Topology of the fabricated CSRR-based power divider
implemented on the Rogers RO3010 substrate with thickness
h=1.27mm (a) and implementation (b). The
photographs of the prototype (top and bottom faces) are depicted in
(c) and (d). For the CSRR-base device dimensions are as follows:
gap separation, /=0.16mm; width of the host and access lines

conventional

w,=1.23mm, w,=1.15mm, respectively; internal radius of the CSRRs
r=3.57mm, distance between concentric rings d=0.16mm; and width

of the inner and outer rings ¢=0.53mm and c,=0.48mm,
respectively.
o 20
©
~
= .40
w
N
w -60
Electromagnetic Simulation
Measurement
-80 -—-- CoTventional Devi?e (Simulation)

0,5 1,0 1,5
Frequency (GHz)
Fig. 4. Simulated and measured frequency responses of the
CSRR-based power divider depicted in Fig. 3. It is also included the
simulated frequency response of the conventional device.

2,0

In order to improve bandwidth, we have implemented
another version of the power divider, but this time on a
thinner substrate (4=0.127um) with identical dielectric
constant. By this means, C can be increased, with the result of
an enhanced bandwidth. Device layout of this prototype is
shown in Fig. 5, while the frequency response is represented
in Fig. 6.
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Fig. 5. Layout of the CSRR-based power divider implemented on
the Rogers RO3010 with h=0.127mm.
Dimensions are: gap separation, /=0.10mm; width of the host and
access lines w,=0.10mm, w,=0.10mm, respectively; internal radius
of the CSRRs r=4.48mm, distance between concentric rings
d=0.14mm; and width of the inner and outer rings ¢=0.29mm and
¢,=0.41mm, respectively.

substrate thickness

—_~

[al]

©

N

N

2!

U)F - - --1.270 mm Substrate Simulation
100} —— 0.127 mm Substrate Simulation

-------- 0.127 mm Substrate Measurement

-120 ‘ :

0 1 2
Frequency (GHz)

Fig. 6. Simulated and measured frequency response of the
prototype shown in Fig. 5, compared to that of the device of Fig. 3.

VII. CONCLUSION

In conclusion, it has been shown in this work that left
handed microstrip lines implemented by means of CSRRs and
series capacitive gaps can be useful for the design of planar
microwave devices with small dimensions. Specifically, we
have applied the approach to the synthesis of power dividers,
where the required impedance inverters have been
implemented by means of single cell CSRR-based lines. As
compared to conventional implementations, reduction in area
by a factor of two has been demonstrated, but further
reduction is possible by using advanced fabrication
techniques (or technologies) with lower resolution limits.
Measured insertion losses between the input and any of the
output ports (-3.2dB) have been found to be very close to the
ideal values. Bandwidth is smaller than in conventional
implementations but it can be enhanced by using narrow
substrates. It is believed that these artificial transmission lines
can be of interest for the miniaturization of microwave
components for moderate or narrow band applications.
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Broadband Resonant-Type Metamaterial
Transmission Lines
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Abstract—In this letter, it is shown that, contrary to previous
assumptions, the broadband characteristics of metamaterial
transmission lines are not exclusive of the so called CL loaded
composite right/left handed (CRLH) structures. In the balance
condition, the typical frequency gap between the left handed
(LH) and right handed (RH) transmission bands of these CRLH
lines collapses, the characteristic impedance varies smoothly in
the vicinity of the transition frequency, and broadband response
results. However, through an appropriate design, similar behavior
can be obtained in resonant type metamaterial transmission
lines, namely transmission lines loaded with complementary split
rings resonators. A detailed analysis of the structures, based
on the equivalent circuit model is provided, and implications of
balancing are pointed out. In this letter, it is clearly demonstrated
that broadband balanced CRLH lines can also be implemented by
means of the resonant type approach.

Index Terms—Complementary split rings resonators (CSRRs),
metamaterials, transmission lines.

I. INTRODUCTION

WO different approaches for the synthesis of left handed

(LH) transmission lines are known: the dual transmission
line concept [1]-[3], and the resonant type approach [4], [5]. The
former consists on periodic loading a host transmission line by
means of series capacitances and shunt inductances. In that re-
gion where these elements are dominant, left handed wave prop-
agation arises. However, at higher frequencies, line parasitics
make the structure to exhibit forward (or right handed-RH) wave
propagation. This justifies the terminology used to design such
structures, i.e., composite right/left handed (CRLH) lines [6]. It
has been demonstrated that CRLH lines can be tailored to ex-
hibit a continuous transition between the backward and forward
transmission bands. In this case (balanced CRLH line), the al-
lowed band can be very broad, and the characteristic impedance
smoothly varies with frequency in the vicinity of the transition
frequency.

With regard to resonant type metamaterial transmission lines,
these have been alternatively implemented by loading a host
transmission line with split rings resonators (SRRs) [4], or with
complementary split rings resonators (CSRRs) [5]. In the former

Manuscript received July 6, 2006; revised October 18, 2006. This work was
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\

Fig. 1. Topology of the basic cell of the (a) CSRR-based CRLH transmission
line and (b) equivalent circuit model. Ground plane metal is depicted in gray
whereas upper metal level is depicted in black.

case, SRRs provide the negative effective permeability to the
line, whereas the required negative permittivity is achieved by
the presence of shunt wires [4] or vias [7]. In the latter case, it
has been demonstrated from duality that the CSRRs are respon-
sible for the negative effective permittivity, whereas the negative
effective permeability can be obtained by etching series gaps
in the conductor strip. Until now, only the left handed band of
these resonant type metamaterial structures has been exploited
[8]. However, forward wave propagation is also present at higher
frequencies due to line parasitics. The main aim of this letter
is to demonstrate that resonant type metamaterial transmission
lines also exhibit a composite behavior, and that they can also
be designed to be balanced, with the result of broadband charac-
teristics. Hence, we can designate such lines as CRLH resonant
lines. Specifically, we will consider CSRR based lines in this
study. From their lumped element equivalent circuit model, the
dispersion relation and the characteristic impedance will be de-
rived. A balanced broadband prototype CSRR line will also be
provided to illustrate what is claimed in this work.

II. TorPOLOGY, CIRCUIT MODEL AND ANALYSIS OF
CRLH CSRR-BASED TRANSMISSION LINES

The layout corresponding to the basic cell of the CRLH reso-
nant line, as well as its lumped element equivalent circuit model
are depicted in Fig. 1 (losses have been excluded). The struc-
ture consists on a microstrip line with a series gap etched in the
conductor strip and a CSRR printed in the ground plane. The
structure is described by means of the circuit model shown in
Fig. 1(b), where the CSRRs are modeled by the resonant tank
formed by the capacitance C. and the inductance L., whereas
the gaps are described through the capacitance Cj. L is the in-
ductance of the line, whereas C' accounts for the line capacitance
and the fringing capacitance of the gaps, and it models the elec-
tric coupling between the line and the CSRRs. In previous anal-
ysis, where we were only interested in the LH band, which was

1531-1309/$25.00 © 2007 IEEE
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in turn substantially separated from the RH band, the inductance
L was ignored [8]. However, this is relevant to explain the RH
band, and it is necessary to account for it to properly describe
device behavior at high frequencies, or to accurately predict the
frequency response in balance or near-balance conditions.

The analysis of the structure can be driven through Bloch
theory. The phase shift per cell, ¢, and the characteristic
impedance, Zp, which are the key parameters for microwave
circuit design, are given by [9]

cosp =1+ 5383 (L
Zp = \) Z.(j0)| Za(jw) + 27, (jw)] @)

where Z; and Z,, are the series and shunt impedances, respec-
tively, for the circuit of Fig. 1(b). Propagation is allowed in that
regions where both ¢ and Zp are real numbers.

Let us now analyze in detail the dispersion diagram and the
dependence on frequency of the characteristic impedance. Two
different conditions will be considered: 1) the unbalanced case,
where the series impedance and shunt admittance are null at dif-
ferent frequencies and 2) the balanced case, where the series and
shunt resonance frequencies are identical. In the former case, the
frequency gap between the LH and RH bands is delimited by the
following frequencies:

w1 = min(ws, wp) 3)

wa2 = max(ws, wp) “4)

where w, and wj, are the series and shunt resonance frequencies,
respectively, and the structure is left/right handed below/above
that gap (as for the structures reported in [6]). For the balanced
case, these frequencies are identical, namely ws = w, = w,,
and the transition between the left and right handed bands is
continuous (i.e., it takes place at the transition frequency, w,).
The general expression providing the phase shift per cell and the
characteristic impedance are given by

cos ¢
_ 2w (wQ—wg) —|—2w3w§L(,C'+ (wQ—wg) (wg—wz) LC

= 5
2 (wQ —wg) —|—2w2w§LPC )

2

L (1=3%) L2 2\? [, 2
Zp= (.)—-‘“(1—“@> +<1—“@> ©6)
w

C. (1_%;;3) 4 w2 C

and these expressions are simplified to

2w (w2 - wg) + 2w3w?L.C — (w2 — wg)z LC

cos¢ = 2 (w? — w2) + 2w?w2L.C
@)
L Lw? w2\? L w2
Zp=y|= - (1-%) ¢+ Z(1-%
B C. 4 ( w2> + C < w2>
®)

for the balanced case. Contrary to the nonresonant CRLH lines,
where for the balanced case the characteristic impedance is a
maximum at f, [10], for those structures described by the cir-
cuit of Fig 1(b) the impedance is maximum above the transition

100
50|
Nm RH band
N
Nm ................
-50 —ZB
T 4
' P
--=Z
-100 ) | | | %
0,0 0,5 1,0 1,5 20 2,5 3,0 3,5 4,0

Frequency (GHz)

Fig. 2. Representation of the series, Z,, shunt, Z, and characteristic
impedance, Z g, for a CRLH transmission line corresponding to the model of a
balanced CSRR-based structure. Electrical parameters are: L = 45 nH, C, =
0.48 pF, C' = 10 pF, C. = 3 pF, L. = 3 pF. The depicted values of Z, and Z,
are actually the reactances. The transmission frequency has been set to f, =
1.5 GHz.

frequency. In Fig. 2, the variation of Z,, Z,, and Zp with fre-
quency for a transmission line model [Fig. 1(b)] in the balanced
case is depicted. Model parameters are indicated in the caption.
At f,, both the series and shunt impedances change sign and the
LH behavior switches to RH wave propagation.

III. DISCUSSION

Inspection of Fig. 1(b) reveals that the equivalent circuit
model of the CSRR-based CRLH transmission line is identical
to that circuit describing the C'L-based CRLH [9], except for
the presence of the coupling capacitance C'. Indeed, for large
values of such capacitance both circuits become indistinguish-
able. Thus, the narrow band that has been previously attributed
to CSRR-based left handed lines is not something intrinsic, but
rather due to the difficulty of tailoring the geometry of the lines
(CSRR and gap dimensions) to the required values to achieve
wide left handed bands. This occurs also in the dual transmis-
sion line approach. To obtain wide left handed bands, lumped
elements may be used, but to actually synthesize huge bands,
the balance condition is forced. However, the balance condition
can also be imposed in CSRR-based CRLH transmission lines,
as has been demonstrated in Section II. Hence, it is potentially
possible to achieve broadband characteristics by using CSRR
loaded lines.

IV. ILLUSTRATIVE RESULTS

In order to demonstrate the achievable broadband character-
istics of CSRR-loaded CRLH transmission lines, a one-cell bal-
anced structure has been designed and fabricated. The transition
frequency has been set to f, = 1 GHz. To determine CSRR di-
mensions, the formulas given in [11] have been used. Gap and
line dimensions have been estimated from standard formulas
[12]. Optimization has been required since the expressions given
in [11] are valid under restrictive conditions, not strictly of ap-
plication in the structures under study. Thus, CSRR dimensions
have been scaled until the impedance seen from the ports has
been found to be located in the unit resistance circle of the Smith
Chart at f,,. This is indicative of a null admittance for the par-
allel branch at f,, as required. On the other hand, to set the series
resonant frequency to f,, line length and gap dimensions have
been tailored until the reflection coefficient has been found to
be S11 = 0 (center of the Smith Chart). The fabricated device is
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Fig. 3. Layout and photograph (top face) of the fabricated device. Dimensions
are: line width W = 0.8 mm, external radius of the outer ring r = 7.3 mm, rings
width ¢ = 0.4 mm and rings separation d = 0.2 mm; the interdigital capacitor,
formed by 28 fingers separated 0.16 mm, has been used to achieve the required
capacitance value.
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Fig. 4. Dispersion diagram of the fabricated structure.

depicted in Fig. 3 (geometrical parameters are indicated in the
caption). The commercial Rogers RO3010 substrate with dielec-
tric constant €, = 10.2 and thickness A = 1.27 mm has been
used. The dispersion relation has been obtained from measure-
ment and electromagnetic simulation (Fig. 4). To this end, we
have obtained the phase of the transmission coefficient, o1, and
from it we have obtained ¢ by means of

cOs ¢a1

_— . 9
|521| ( )

cos ¢ =
The CRLH structure is roughly balanced. The phase shift has
been compared to the phase response obtained from the elec-
trical circuit model with extracted parameters (Fig. 4). These
parameters have been inferred following a procedure similar to
that described in [13]. However, instead of using the impedance
of the series branch to univocally determine the five parame-
ters as described in [13], we have used the series resonance fre-
quency, which can be identified from the intercept of S1; with
the unit conductance circle in the Smith chart. In addition, we
have forced the Bloch impedance inferred from electrical and
electromagnetic simulation to be 50 2 at the same frequency
in the RH band. The simulated and measured insertion and re-
turn losses are depicted in Fig. 5. As in Fig. 4, good agreement
between all the curves has been obtained up to 2 GHz. Above
this frequency, the lumped element circuit model depicted in
Fig. 1(b) is no longer valid since the basic cell is not electri-
cally small. This explains the disagreement at high frequencies.
Nevertheless a broadband frequency response clearly results in
the fabricated device. The application to high pass filters by
cascading several cells to control rejection in the stop band is
foreseen.

S,, (dB)

------ Electrical Simulation
----EMSimulaton 1 -60
| — Measurement

0 1 2 3 4
Frequency (GHz)

Fig.5. Measurement (solid line), electromagnetic simulation (dashed line), and
electrical simulation (dotted line) of the frequency response corresponding to
the fabricated prototype device.

V. CONCLUSION

In conclusion, it has been demonstrated that resonant type
metamaterial transmission lines based on CSRRs exhibit a
CRLH behavior. By designing the structures under the balance
condition a broad transmission band results. This has been
corroborated experimentally and supported by theory.
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Abstract—In this paper, we discuss in detail the transmission
characteristics of composite right/left-handed transmission lines
based on complementary split-rings resonators. Specifically, the
necessary conditions to obtain a continuous transition between the
left- and right-handed bands (balanced case) are pointed out. It is
found that very wide bands can be obtained by balancing the line.
The application of this technique to the design of very wideband
and compact filters is illustrated by means of two examples. One
of them is based on the hybrid approach, where a microstrip line
is loaded with complementary split-rings resonators, series gaps,
and grounded stubs; the other one is a bandpass filter, also based
on a balanced line, but in this case, by using only complementary
split-rings resonators and series gaps (purely resonant-type ap-
proach). As will be seen, very small dimensions and good perfor-
mance are obtained. The proposed filters are useful for ultra-wide-
band systems.

Index Terms—Complementary split-rings resonators, metama-
terials, microwave filters, transmission lines.

1. INTRODUCTION

OMPLEMENTARY split-rings resonators were intro-

duced by Falcone ef al. in 2004 as new resonant particles
for the synthesis of metamaterials with negative effective
permittivity [1]. It was first demonstrated that by etching these
elements in the ground plane of a microstrip line, the structure
was able to inhibit signal propagation in the vicinity of their
resonance frequency. Later, the first left-handed line based
on complementary split-rings resonators was implemented by
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etching series capacitive gaps in the conductor strip, above the
positions occupied by the complementary split-rings resonators
[2]. The series gaps were then responsible for the negative ef-
fective permeability of the structure. Thus, by combining these
elements (gaps and complementary split-rings resonators), a
narrow band with simultaneously negative permittivity and per-
meability appeared in the vicinity of the resonance frequency of
the resonators and, hence, a left-handed behavior in that band.
In the design of such structures, the main attention was directed
to achieve a left-handed behavior in the desired band. However,
these structures also exhibit a forward wave (right-handed)
behavior at higher frequencies due to the parasitic elements of
the host line. Similar behavior was previously demonstrated by
Sanada et al. [3] by simply loading a host transmission line with
series gaps and shunt inductors. This nonresonant structure was
called a composite right/left-handed line to clearly point out its
composite (left- and right-handed) nature.

The main goal of this paper is to study the left- and
right-handed transmission in complementary split-rings
resonators loaded metamaterial transmission lines, and to
obtain practical implications for the design of wideband and
ultra-wideband (UWB) pass filters based on them. Two types
of metamaterial transmission lines will be considered, which
are: 1) those lines where complementary split-rings resonators
are simply combined with series gaps (purely a resonant-type
approach [2]) and 2) lines including complementary split-rings
resonators, series gaps, and grounded stubs in the unit cell (hy-
brid approach [4]). As will be shown in Section II, the purely
resonant metamaterial transmission line can be modeled by
means of a lumped element circuit model, which is very similar
to that circuit that describes the composite right/left-handed
transmission line implemented by series capacitors and shunt
inductors [3]. With regard to the hybrid approach, it provides
a further degree of flexibility due to the presence of additional
elements (i.e., grounded stubs acting as shunt connected induc-
tors). It will be shown that by balancing the lines, a continuous
transition between the left- and right-handed band results, and
wide or ultrawide passbands appear. For the hybrid approach,
it will be shown that these wide bands can be allocated either
below or above the typical transmission zero, intrinsic to the
presence of complementary split-rings resonators.

In section III, two prototype device examples are given. One
is a three-stage purely resonant balanced structure, which ex-

0018-9480/$25.00 © 2007 IEEE

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 22, 2009 at 13:53 from IEEE Xplore. Restrictions apply.



GIL et al.: COMPOSITE RIGHT/LEFT-HANDED METAMATERIAL TRANSMISSION LINES BASED ON COMPLEMENTARY SPLIT-RINGS RESONATORS

r%

L 5¢ ZC
G, ]

=C

Ceom Le

(© (@)

Fig. 1.

1297

_ Cy

S A R B2

11
1
o
o
o

3

Topologies of the: (a) resonant-type and (b) hybrid left-handed cells and equivalent circuits (c) and (d). Ground plane metal is depicted in gray, whereas

the upper metal level is depicted in black. In the topology of (b), two series gaps are included and shunt stubs are grounded through metallic vias.

hibits a wide transmission band. This structure is very useful
as a high-pass structure (though transmission is limited at high
frequencies). The second one is a bandpass filter, which was pre-
sented in [5], and is based on the hybrid approach. Details on the
design procedures are given here for the first time. As will be
seen, to describe the behavior of such a structure, it is necessary
to include in the lumped element circuit model the necessary el-
ements to account for the second resonance of complementary
split-rings resonators. It is the first time that the first and second
resonance of a complementary split-rings resonator are used in
a circuit.

The main conclusions of this study are highlighted in
Section IV. It is clear that composite right/left-handed trans-
mission lines based on complementary split-rings resonators
are of actual interest for the synthesis of microwave filters
with wide bands or UWBs. The small dimensions of the unit
cells make this approach very attractive for the fabrication
of low-cost and miniature modules where such filters are
necessary.

II. TorPOLOGY, CIRCUIT MODEL, AND ANALYSIS OF
COMPOSITE RIGHT/LEFT-HANDED COMPLEMENTARY
SPLIT-RINGS RESONATOR-BASED TRANSMISSION LINES

The layouts of the purely resonant and hybrid left-handed cells,
as well as their corresponding lumped-element equivalent-circuit
models are depicted in Fig. 1. The purely resonant unit cell
consists of a microstrip line with a series gap etched in the strip

and a complementary split-rings resonator printed in the ground
plane. The structure is described by the circuit model shown
in Fig. 1(c), where the complementary split-rings resonators
are modeled by means of the resonant tank formed by the
capacitance C. and the inductance L., whereas the gaps are
described by means of the capacitance Cj. L is the inductance
of the line, whereas C' models the electric coupling between the
line and complementary split-rings resonators. The topology
corresponding to the hybrid line [see Fig. 1(b)] is analogous to
that of Fig. 1(a), but with the addition of two shunt stubs. These
elements are described through a shunt connected inductance
L4, as can be appreciated in the model of Fig. 1(d). These
circuit models are indeed simplified versions of the more general
circuit model reported in [6]. In the model reported in [6],
inter-resonator’s coupling and the effects of the line capacitance
corresponding to that portion of the host line outside the influence
of the rings are also considered. However, as was discussed in
[6], coupling between neighboring complementary split-rings
resonators can be neglected if circular geometries are used
(as is the case in this study), and the effects of the line
capacitance can also be neglected, unless the complementary
split-rings resonators are substantially separated. According
to these comments, the circuit models depicted in Fig. 1 are
justified (these models and the layouts have been previously
reported [4], but they are reproduced here for completeness
of this paper).

An inspection of these circuit models reveals that there are
regions where the series reactance and shunt susceptance are
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both negative (left-handed regions), zones where they are both
positive (right-handed bands), and intervals where they have op-
posite signs (forbidden bands). These topologies and the corre-
sponding circuit models have been previously used by the au-
thors [2], [4], [7], but not for the synthesis of bandpass filters
with wide bands based on the composite behavior of the lines
and balanced designs.

Let us now analyze in detail the transmission characteristics
of these composite right/left-handed transmission lines on the
basis of their equivalent-circuit models. This analysis can be
carried out through the Bloch theory. The phase shift per cell
¢ = [l and the characteristic impedance Zpg, which are the key
parameters for microwave circuit design, are given by [8]

Cosﬂlzl—l—% (1)
75 =/ Zu(jw) [Za(w) + 22, (jw)] 2)

where Z, and Z,, are the series and shunt impedances, respec-
tively, for the circuits of Fig. 1. Propagation is allowed in that
regions where both ¢ and Zp are real numbers. The cells can
be designed to be either unbalanced or balanced [9]. In the first
case, the series impedance and shunt admittance are null at dif-
ferent frequencies. Conversely, the series and shunt resonance
frequencies are identical for balanced designs. Thus, for unbal-
anced structures, a frequency gap appears between the following
frequencies:

w1 = min(ws, wp) 3)

wg2 = max(ws, wp) “4)

where w, and w), are the series and shunt resonance frequencies,
respectively, and the structure is left/right-handed below/above
that gap. For the balanced case, these frequencies are identical,
namely, wy = w, = w,, and the transition between the left-
and right-handed band is continuous (i.e., it takes place at the
transition frequency w,).

For the purely resonant complementary split-rings resonator-
loaded line, the general expression providing the phase shift per
cell and the characteristic impedance are given by
2 (w2—w§) +2w2w12,LcC—|— (w2—w2)(w§—w2)LC

S

2 (w2 —w%) +2w2w12)LcC

cos ¢ =

and these expressions are simplified to

2 (w? — w?) 4+ 2ww?L.C — (w? — u)g)2 LC
2 (w? — w2) + 2w2w2L.C

2

4

L L?w? w2\> L w?
ZBMCC— (-%) +2(-%) ®

)

cos ¢ =

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 55, NO. 6, JUNE 2007

for the balanced case, where w, = (LC,)~'/2. Thus, for the
balanced design, signal transmission changes from left- to right-
handed at w,,, whereas the lower limit of the left-handed region
and the upper limit of the right-handed band are obtained by
forcing (8) to be zero (the calculation is tedious and, hence, it is
not reproduced here).

As occurs in balanced lines implemented through nonreso-
nant elements, the group velocity is finite at w, (although the
phase constant 3 is null at that frequency). The characteristic
impedance is null at the extremes of the propagation band and
it varies smoothly in the vicinity of the transition frequency.
However, for the cells described by the circuit of Fig. 1(c), Zp
is maximized above w,. This does not represent any limita-
tion of these complementary split-rings resonator based lines,
as compared to those implemented through nonresonant ele-
ments. Diagrams corresponding to the dispersion relation and
Bloch impedance for the balanced case in purely resonant com-
posite right/left-handed transmission lines are thus similar to
those of composite right/left-handed lines based on nonreso-
nant elements [9]. However, a transmission zero located near
the lower edge of the transmission band and given by

1
e 9
/ 2m\/(C'+ C.)L. ©)

is present in purely resonant metamaterial transmission lines
(this transmission zero is at the origin for nonresonant com-
posite right/left-handed lines).

Let us now consider the hybrid cell, described by the circuit
model of Fig 1(d). In this case, the analysis is more complicated
due to the presence of the inductance L,. Specifically, there
are three relevant frequencies relative to the shunt impedance:
namely, two frequencies that null the corresponding admit-
tance, and a transmission zero frequency in between [also given
by (9)]. Let us now consider the balanced case, which is of
particular interest to achieve broadband structures. Since there
are two shunt resonances, there are actually two alternatives
to achieve the balanced condition: that where the series res-
onance is identical to the lower resonance frequency (wpr)
of the shunt impedance, and that case where the higher reso-
nance of the shunt impedance (w, ) coincides with the series
resonance. Rather than obtaining the analytical expressions
for the dispersion relation and characteristic impedance, it is
more useful to illustrate the two balance solutions mentioned
by means of a representation of the characteristic impedance
and dispersion diagram (see Fig. 2). For both alternatives, the
characteristic impedance and phase constant in the vicinity of
the transition frequency exhibit similar behavior to that of the
purely resonant-type approach. However, there is an additional
allowed band. In the former case (ws = wpr), it appears
above the transition frequency, and this band exhibits forward
wave propagation. Conversely, for ws = wpg, this additional
allowed band is left-handed and it is located below the tran-
sition frequency. Nevertheless, these bands are typically very
narrow and they are not useful in practical applications. The
transmission zeros are more valuable since they can be used to
suppress undesired harmonics that may appear as consequence
of parasitic resonances [7], or to enhance frequency selectivity
at the lower edge of the transmission band.
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Fig. 2. Representation of the series, shunt, and characteristic impedance for the hybrid composite right/left-handed line model for the two situations described in
the text. (a) Balanced case with the series resonance identical to the lower resonance frequency of the shunt impedance; electrical parameters are: L = 20 nH,
Cy =128 pF,C =2pF,C. =10 pF, L. = 0.6 nH, and L, = 12 nH. (b) Balanced case with the series resonance identical to the higher resonance frequency
of the shunt impedance electrical parameters are: L = 20 nH, C, = 0.28 pF, C' = 2 pF, C. = 10 pF, L. = 0.6 nH, and L, = 12 nH. (c) and (d) depict the
dispersion diagrams corresponding to the cases considered in (a) and (b), respectively. In (a) and (b), only the real part of Z g is depicted. For Z, and Z,,, only the

absolute value has been represented (these impedances are purely reactive).

In Section III, these structures are applied to the design of
wideband microwave filters. Actually, the presented models [see
Figs. 1(c) and (d)] are able to explain device behavior up to a
limited frequency. At the upper limit of the composite right/left-
handed transmission band, either the lumped-element approxi-
mation fails, or it is necessary to include additional elements
to the models in order to account for the second resonance fre-
quency of the complementary split-rings resonators. This latter
aspect will be discussed in Section III since it is fundamental to
explain the characteristics of one of the presented filters.

III. DESIGN EXAMPLES

To illustrate the potentiality of balanced composite right/left-
handed lines loaded with complementary split-rings resonators
to the design of wideband filters, two prototype device examples
are provided. The first one is a three-stage bandpass filter based
on the purely resonant-type approach. The layout of the filter
is depicted in Fig. 3. The structure is roughly balanced (con-
trary to previous bandpass filters based on similar topologies
[4]), as revealed by the dispersion diagram depicted in Fig. 4,
which has been inferred from the simulated (through Agilent
Momentum) and measured S-parameters of a single cell. This
figure points out a wide band for signal transmission. To achieve
the quasi-balance condition, optimization has been required;
namely, the interdigital capacitors are tuned until the series res-
onance (given by L and Cy) coincides with the shunt resonance
(L. — C. tank) to a good approximation. Under perfect bal-
ance, the input port is matched and, hence, S11 is located in the

Fig. 3. Layout of the filter formed by three balanced purely resonant cells. The
metallic parts are depicted in black in the top layer, and in gray in the bottom
layer. The rings are etched on the bottom layer. Dimensions are: total length I =
55 mm, linewidth W = 0.8 mm, external radius of the outer rings r = 7.3 mm,
ring width ¢ = 0.4 mm and ring separation d = 0.2 mm; the interdigital
capacitors are formed by 28 fingers separated 0.16 mm.

center of the Smith chart. In practice, perfect balance (or per-
fect matching) is not actually achieved and we adopt that solu-
tion where Sp; reaches the closest position to the center of the
Smith chart at w, (possible reasons for this imperfect balance
will be discussed later in reference to the next example).

The design of the filter to satisfy any given specifications
can be done with the help of the electrical circuit model of
the unit cell and the parameter-extraction method published in
[10]. Nevertheless, this has not been the case and we simply
have designed a balanced line to demonstrate the possibilities
of the approach. We have simulated the frequency response of
two-, three-, and four-stage structures, and we have fabricated
the device with three complementary split-rings resonators (the
Rogers RO3010 substrate has been used with thickness i =
1.27 mm and dielectric constant €, = 10.2) in order to ob-
tain measured data for one case. These results are depicted in
Fig. 5. The structure exhibits high-frequency selectivity at the
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Fig. 5. Simulated: (a) insertion and (b) return losses of the three filters com-
posed of two-, three-, and four-stages identical to those of Fig. 3. The measured
frequency response of the fabricated prototype (Fig. 3) is also depicted.

lower band edge and controllable rejection below the cutoff fre-
quency. The lower limit of the passband can be accurately con-
trolled since the electrical model perfectly describes the fre-
quency response up to regions well beyond the transition fre-
quency. However, in general, the model does not properly fit
the measured or simulated (full-wave electromagnetic) device
responses in the vicinity of the upper band edge, as has been
previously discussed relative to unbalanced structures [11] (the
limitation is related to the fact that the lumped-element model
is valid only in a limited frequency interval). Thus, though the
device is by nature a bandpass structure, it must be actually con-
sidered as a high-pass filter, useful to eliminate interfering sig-
nals present below the lower limit of the band (conventional mi-
crowave high-pass filters do also exhibit rejection at high fre-
quencies).

The second example is a bandpass filter, which was presented
in [5], and subjected to the following specifications: active area
below 1 cm?, bandwidth covering the 4-6-GHz range or wider,
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Fig. 6. (a) Simulated reflection and transmission coefficient of a single bal-
anced cell corresponding to the filter shown in Fig. 10. (b) Phase of S5, . Back-
ward wave propagation corresponds to positive values of phase in (b). Hence,
the left-handed band is extended from 3.3 up to 5.5 GHz.

at least 80-dB rejection at 2 GHz, in-band ripple lower than 1 dB,
and group-delay variation smaller than 1 ns. This device has
been designed by means of the hybrid approach [see Fig. 1(b)],
which has been demonstrated to offer small size solutions in
moderate or narrow bandpass filters [4], [7]. In this case, the
substrate is the Rogers RO3010 (¢, = 10.2) with thickness
h = 0.127 mm to achieve the required rejection at 2 GHz (as is
explained in [5]). For the design of the unit cell, we have chosen
the hybrid complementary split-rings resonator loaded line with
the series resonance frequency as close as possible to the higher
resonance of the shunt impedance (ws = wpp). This gives a
transmission zero below the passband of interest, which is useful
to obtain high rejection, as required, in the vicinity of 2 GHz.
Although below that transmission zero there is a left-handed
passband present (see Fig. 2), it is very narrow for the designed
structures and its effects are irrelevant (as will be seen).

To achieve the required specifications, the purpose is to
design a balanced unit cell exhibiting a flat response covering
the required bandwidth. From simulation, the required number
of stages to achieve 80-dB rejection level at 2 GHz can be
determined. With the help of the equivalent-circuit model of
Fig. 1(d), we have designed a balanced unit cell satisfying the
previous requirement. The simulated frequency response of
this unit cell is depicted in Fig. 6. From the phase response, it
is clearly seen that backward wave transmission is switched
to forward wave transmission within the band. Above the
passband of interest, which extends approximately from 3 to
10 GHz, there is an additional transmission zero (between
12 GHz-13 Hz), which is not explained by means of the
equivalent-circuit model [see Fig. 1(d)] for the situation that we
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Fig.7. Equivalent-circuit model of the unit cell of the considered filter (Fig. 10)
that includes the effects of the second resonance frequency of the complemen-
tary split-rings resonators. For coherence, we have added a sub-index that indi-
cates the resonance order that each shunt branch models.

$11,S21 (dB)

-100 ‘ .
0 5 10 15

Frequency (GHz)

Fig. 8. Electrical simulation of the circuit of Fig. 7. Parameters are: L =
26nH,Cy, = 0.2 pF, Ly = 54 nH, C; = 305 pF, Ccqy = 0.65 pF,
Lecy =0.55nH, Cy = 0.21 pF, Coe = 0.32 pF, and Lo = 0.27 nH.

are considering (ws = wpp). In addition, a transmission peak
is also present at 13.7 GHz. This behavior can be explained
by considering the effects of the second resonance frequency
of the complementary split-rings resonators. Namely, these
particles exhibit several resonance frequencies [12], [13]. The
first one, the quasi-static resonance, is the resonance of interest
for most of the applications of complementary split-rings-res-
onator-based circuits. However, at higher frequencies, there
are additional resonance frequencies (dynamic), which may
play a role under certain circumstances. This is the case in the
current design. Namely, if we add to the circuit of Fig. 1(d), an
additional parallel branch to account for the second resonance
of the complementary split-rings resonator, the transmission
zero, as well as the transmission peak above it, are perfectly
explained. The equivalent circuit that includes the effects of
the second resonance is depicted in Fig. 7. The parameters of
the new parallel branch have been adjusted to obtain the be-
havior observed in Fig. 6. From the electrical simulation of this
circuit model (obtained by means of Agilent ADS), we obtain
a frequency response (see Fig. 8), which is qualitatively very
similar to that depicted in Fig. 6. It is interesting to mention
that the coupling capacitance of this new branch, i.e., Co, is
very small. This is consistent with the fact that electric cou-
pling is very weak at the second resonance of complementary
split-rings resonators [12], [13]. We would like to clarify that
optimization of the filter unit cell has been done directly from
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layout due to the difficulty of handling with such a large number
of parameters. Rather than obtaining an accurate description of
the frequency response of the filter unit cell through the circuit
model, our intention has been to justify the presence of the
second resonance of the complementary split-rings resonators,
which plays a fundamental role in order to obtain a sharp
cutoff above the passband of interest, and this is clear from the
qualitative comparison of Figs. 6 and 8. The position of the two
transmission zeros can be controlled with the dimensions of the
complementary split-rings resonators and gaps. From the circuit
model of Fig. 7, both transmission zeros are given by (9) by
replacing C, L., and C. by the corresponding reactive elements
(C4, Lecq, and C,; for the lower transmission zero and Cs,
Lo, and C., for the upper transmission zero). Obviously, the
small frequency value of the first transmission zero can be only
explained by a large coupling capacitance C7, which has been
estimated to be in the vicinity of 300 pF (see caption of Fig. 7).
This capacitance is much larger than the coupling capacitance
corresponding to the second resonance, as expected since the
electric excitation of the second resonance is very weak. How-
ever, the large value of C is not intuitive and we have verified
it from the analysis of the gap pair alone (i.e., by excluding the
complementary split-rings resonator and removing the vias).
From the simulated S-parameters of this structure, we have
inferred the capacitance values of the well-known m-model
of the gap, and through 7-T transformation, the capacitances
of the T-model have been inferred. These capacitances are in
qualitative agreement with the capacitor values of Cy and (1,
given in the caption of Fig. 8 (perfect agreement is not expected
due to the effects of the complementary split-rings resonators
and vias). Hence, the element values of the circuit model given
in the caption of Fig. 8 are reasonable, including the large value
of the capacitance C'.

The return loss of the structure (Fig. 6) exhibits two reflection
zeros. To explain the origin of such reflection zeros, the charac-
teristic impedance of the structure (inferred from the simulated
S-parameters according to standard formulas [8]) has been ob-
tained (Fig. 9). According to this illustration, the reflection zero
located at 7.5 GHz is due to impedance matching (the charac-
teristic impedance is 50 (2 at that frequency). Two additional re-
flection zeros would be expected: one of them at that frequency
where the impedance again takes the value of 50 §2; the other
one at the transition frequency (phase matching). Since these
frequencies do almost coincide, the two reflection zeros merge.
Actually this second reflection zero is obscured by the fact that
the device is not exactly balanced, as Fig. 9 reveals. Neverthe-
less, the effect of this imperfect balance is not appreciable in
the frequency response of the structure, which is flat in the re-
gion of interest. We would like to clarify that the imperfect bal-
ance is not related to an improper design. The balance condi-
tion is achieved when the series resonance coincides with the
shunt resonance identified as w,, 7. This resonance roughly co-
incides with the first (quasi-static) resonance of the complemen-
tary split-rings resonator (given by the tank L.; — C.1). How-
ever, this quasi-static resonance can also be excited magneti-
cally, as was discussed in [12], through the component of the
magnetic field contained in the plane of the particle. This mag-
netic coupling is weak, but it may suffice to prevent “perfect”
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Fig. 9. Characteristic impedance inferred from electromagnetic simulation of
the unit cell of the filter depicted in Fig. 10.

28 S

Fig. 10. Layout of the fabricated filter, formed by cascading four balanced hy-
brid cells. The metallic parts are depicted in black in the top layer, and in gray in
the bottom layer. The rings are etched on the bottom layer. The dashed rectangle
has an area of 1 cm?. Dimensions are: linewidth W/ = 0.126 mm, external ra-
dius of the outer rings » = 1.68 mm, rings width ¢ = 0.32 mm and rings
separation d = 0.19 mm; inductor width is 0.10 mm and the distance between
the metals forming the gap is 0.4 mm. From [5].

balance since its effect is to open the series branch just at the
transition frequency [14]. This may explain the behavior of the
characteristic impedance in the vicinity of 5.5 GHz. The fact that
perfect balance has not been achieved in spite of the fine tuning
of the series elements support this argument. Nevertheless, this
aspect requires further study, which is out of the scope of this
paper.

The fabricated filter is depicted in Fig. 10. Four stages have
been enough to achieve the required rejection at 2 GHz. Fig. 11
illustrates the simulated (through Agilent Momentum) and mea-
sured (by means of the Agilent 8720ET Vector network ana-
lyzer) frequency response of the filter. Finally, Fig. 12 depicts
the simulated and measured group delay. Reasonable agreement
between simulation and experiment has been achieved. The size
(A = 0.7 cm?), as well as the measured results indicate that
specifications are satisfied, with the exception of ripple, which
is slightly higher than 1 dB. This excess of ripple is attributed to
fabrication related tolerances. Nevertheless, the combination of
size and performance for this periodic filter is a relevant aspect
to highlight. A very wide measured bandwidth (3.5-10 GHz)
has been achieved with high selectivity at both band edges, and
the first spurious located at 17 GHz (measurement). This has
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Fig. 11. Simulated (dashed line) and measured (solid line) frequency response
of the fabricated filter depicted in Fig. 10. Measured in-band losses are better
than 3 dB in the transmission band. From [5].
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Fig. 12. Simulated (dashed line) and measured (solid line) group delay of the
filter of Fig. 10.

been achieved by means of a planar implementation with an area
clearly below 1 cm?. Group-delay variation is also very small
in the allowed band (<1 ns). A similar filter has been reported
in [15] by loading a composite right/left-handed line with ca-
pacitively coupled resonators. The equivalent circuit of the unit
cell is similar to the circuit of Fig. 7. The main difference is
the presence of the inductive element L4, which is absent in the
structure of [15] and the two coupling capacitances, C; and Cs,
responsible for the presence of two transmission zeros (only one
coupling capacitance is present in the structure reported in [15]).
The performance of the filters is similar, though dimensions are
clearly smaller in our design.

The effect of the complementary split-rings resonator in
the filter of Fig. 10 can be easily evaluated by means of full
wave electromagnetic simulations (not shown in this paper).
If the complimentary split-rings resonators are removed from
the structure, the frequency response dramatically changes
(both the passband and transmission zeroes disappear). This
fact demonstrates that the shunt susceptance of the unit cells
is strongly affected by the presence of the complimentary
split-rings resonators. In other words, though the series gaps
and shunt stubs do produce a composite right/left-handed
behavior by themselves, complimentary split-rings resonators
are clearly needed to achieve the required performance.

In the opinion of the authors, these UWB metamaterial fil-
ters based on balanced cells, including both the purely resonant
and hybrid models, are of interest in practical applications since
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they seem to be competitive in terms of dimensions and per-
formance. Other UWB pass filters based on other approaches,
recently proposed, can be found in [16]-[19].

IV. CONCLUSION

In conclusion, it has been demonstrated that resonant type
metamaterial transmission lines based on complementary
split-rings resonators exhibit a composite right/left-handed
behavior that is useful for the synthesis of compact size and
high-performance planar filters in terms of bandwidth. Two
models have been analyzed, which are 1) the purely resonant
approach, where complementary split-rings resonators are
simply combined with series gaps and 2) the hybrid model,
where grounded stubs are added to the previous model. The key
point to achieve wideband or UWB is the design of balanced
cells, where the transition between the left- and the right-handed
band is continuous.

Two prototype device examples have been reported in order
to illustrate the design procedure and the achievable results by
means of the two mentioned models. It has been found that re-
jection and cutoff at the lower edge of the band are perfectly con-
trollable for the purely resonant metamaterial filters, whereas at
high frequencies, the cutoff is not easily controllable due to the
limitations of the electric model to properly describe device be-
havior at high frequencies. Nevertheless, a fractional bandwidth
higher than 100% has been measured in the fabricated proto-
type. These filters are useful to eliminate interfering signals
present below the frequency region of interest. For the meta-
material filter based on the hybrid approach, we have roughly
obtained the required specifications and size. In this case, de-
vice behavior has been explained also including the frequency
response above the passband of interest. To this end, it has been
necessary to include in the electric model of the unit cell the ef-
fects of the second resonance frequency of the complementary
split-rings resonators. This is the first time that the second res-
onance of complementary split-rings resonators is used in the
design of a filter (a symmetric frequency response for the final
filter has been obtained). To our knowledge, the combination
of dimensions and performance for the filter based on the hy-
brid cell is unique. These results demonstrate the potentiality of
metamaterial based filters in applications requiring wide band
and UWBs.
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ation in the NDR region of the RTD we have chosen transmission
lines with a (I-V) characteristic stabilized by the voltage source.
The agreement between the numerical simulations and measure-
ments is reasonably good. Harmonics are also presented, which are
generated additionally to the fundamental mode. Figure 3 demon-
strates, as an example, the measured spectra of a distributed
RTD-NLTL oscillator consisting of 10 elements. The dominant
frequencies are 9.65 and 19.3 GHz, the frequencies 38.7 and 46.7
GHz are additionally excited higher harmonics. The FWHM of the
fundamental wave is 5 MHz and the output power is —10 dBm.

5. CONCLUSION

In this letter RTD-NLTL oscillators, capable to generate millime-
tre wave power are presented. The NLTLs are compact, easily
fabricated using standard InP technology, suitable for monolithic
integration and provide high output power compare to the output
power —35 dBm of the single RTD [9]. We therefore conclude that
the travelling wave concept can provide a solution for efficient
power mm-wave signal sources. Simulations show (Fig. 4) that
oscillations up to a frequency of 200 GHz could be achieved in the
AlGaAs/AlAs system and indicate the potential for fundamental
oscillations up to about 600 GHz.
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ABSTRACT: In this work, a composite right/left handed (CRLH) trans-
mission line implemented by means of complementary split rings resona-
tors (CSRRS) and interdigital capacitors is designed to provide a trans-
mission band useful for ultra wide band (UWB) applications, i.e., in the
interval 3.1-10.6 GHz. This huge bandwidth is obtained by balancing
the line, namely by merging the left handed (LH) and right handed (RH)
bands typical of these structures. The result is a single and broad trans-
mission band, which exhibits a sharp cut-off at the lower edge due to
the presence of a transmission zero. In these UWB band pass filters,
an attenuation pole within the band may be of interest for the elimi-
nation of possible interfering signals. It is demonstrated that such
attenuation poles can be introduced by adding properly designed
spiral resonators (SRs) at both sides of the host line on the top layer
of the design. The fabricated device is small (area A = 0.66 cm?)
and exhibits reasonable performance. This work contributes to dem-
onstrate the potentiality of transmission line metamaterials for the
design of microwave components in planar technology. © 2007
Wiley Periodicals, Inc. Microwave Opt Technol Lett 49: 2909-2913,
2007; Published online in Wiley InterScience (www.interscience.wiley.
com). DOI 10.1002/mop.22901

Key words: metamaterials; complementary split rings resonators (CS-
RRs); composite right/left handed (CRLH) lines; microwave filters; ultra
wide band (UWB)

1. INTRODUCTION

Complementary split rings resonators (CSRRs, see Fig. 1) were
introduced by Falcone et al. [1] as new particles for the synthesis
of effective media with negative permittivity. It was also demon-
strated that by loading a microstrip line with CSRRs (etched in the
ground plane) and series capacitive gaps, the structure exhibits a
transmission band with backward (or left handed -LH) wave
propagation [2]. These artificial lines belong to the so-called res-
onant type approach of metamaterial transmission lines, which was
first proposed by Martin et al. in 2003 [3], on the basis of the
former resonant particles that were used for the implementation of
LH or negative permeability metamaterials, namely the SRRs [4]
(see also Fig. 1). CSRR-based LH lines have been successfully
applied to the design of compact band pass filters [5, 6], diplexers
[7], and other microwave devices [8]. However, chronologically
there was an earlier approach for the synthesis of metamaterial
transmission lines, i.e., the dual transmission line approach [9—11].
It consists on periodic loading a transmission line with series
capacitors and shunt inductors. These reactive elements are re-
sponsible for the LH band, which appears in a certain frequency
interval. However, due to line parasitics (inductance and capaci-
tance of the line), these structures do also exhibit a forward (or
right handed -RH) transmission band at higher frequencies, typi-
cally separated from the LH band by a stop band (frequency gap).
Because of the composite (right and left handed) behavior of L-C
loaded lines, these structures were called composite right/left
handed (CRLH) transmission lines [12]. The lumped element
equivalent circuit model of the unit cell of CRLH lines is depicted
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Figure 1 Topology of the CSRR (a) and SRR (b) and their relevant
dimensions. Metallic parts are depicted in grey

in Figure 2 [13]. Analysis of this model [13] reveals that the
frequency gap between the LH and RH band collapses if the series
resonance, fj, is identical to the resonance frequency of the parallel
resonant tank, f,, (balance condition, or f; = f;, = f,). Moreover, the
characteristic impedance of the structure varies smoothly in the
vicinity of the transition frequency, f,, and the group velocity is
finite at f, (where the phase constant is null). These characteristics
are also potentially achievable through the resonant type approach,
on account of the equivalent circuit model of the unit cell of
CSRR/gap loaded lines (also depicted in Fig. 2) [14]. It has been
recently demonstrated that balanced CRLH lines can be imple-
mented by means of CSRR-loaded microstrip lines [15]. Since
broad bandwidths are achievable in CRLH balanced lines by
properly designing the device, the application of CSRR-loaded
lines to ultra wide band (UWB) pass filter design can be envisaged.
In this work, these balanced structures have been applied to the

2910 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 49, No. 12, December 2007

synthesis of a planar filter covering a transmission band that
roughly coincides with the UWB mask supplied by the Federal
Communication Commission (FCC) in February 2002 (this mask
extends from 3.1 GHz up to 10.6 GHz). Since UWB systems cover
a very wide spectrum, interference with existing regulated com-
munication services may occur. To eliminate such critical frequen-
cies, the introduction of attenuation poles within the UWB filter
band is of interest [16, 17]. For this reason, several UWB band
pass filters have been designed in this work as illustrative exam-
ples, exhibiting attenuation poles at different frequencies, which
have been located within the CRLH pass band at 5.5 and 4.5 GHz.
This has been achieved by simply adding spiral resonators (SRs)
on the top layer, at both sides of the host line.

2. TOPOLOGY OF THE BALANCED CSRR-BASED CRLH
TRANSMISSION LINE AND DESIGN

As has been indicated, very wide bands can be obtained by
balancing CRLH metamaterial transmission lines. In CSRR-based
lines, this is achieved by designing the structure to have identical
resonance frequencies for the series branch and the tank formed by
L, and C,, namely [15]:

1 1

= = 1
fo 2w\LC, 2mL.C, M

The filter will consist on cascading several unit cells of the type
given in Fig. 2(d). Relevant parameters for filter design are the
upper and lower limits of the transmission band, frequency selec-
tivity (usually specified by a certain rejection level at given fre-
quencies), and in-band behavior (insertion and return losses and
group delay). In UWB communications, bandwidth requirements
for filters depend on the particular application. In this work we will
consider the design of band pass filters roughly covering the whole
allowed UWB band (3.1-10.6 GHz). This represents a huge frac-
tional bandwidth of FBW ~110%.

The design of the filter can be carried out from the equivalent
circuit model of the unit cell [Fig. 2(b)] and the following expres-

Figure 2 Lumped element equivalent circuit of the unit cell of a CRLH
line based on the dual transmission line (a) and resonant-type CSRR-based
model (b). In (c) and (d) are depicted the unit cells for each model. In (b),
C. and L. model de CSRR, and its electric coupling to the host line is
described by the capacitance C. L and C, correspond to the line inductance
and series capacitance, respectively. Losses have been excluded in these
models. On (d) the bottom side, metal (ground plane) is depicted in grey
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Figure 3 Unit cell of the balanced CSRR-based CRLH transmission line
used for the design of the UWB band pass filter. The considered substrate
is the Rogers RO3010 with thickness & = 635 um and dielectric constant
e, = 10.2. Dimensions are as follows (in reference to Fig. 1): r.,, = 2.10
mm, d = 0.11 mm, ¢ = 0.22 mm, and ¢ = 0.16 mm for the external and
internal ring, respectively; the width of the host line is W = 0.80 mm and
the capacitor is formed by five face-to-face fingers separated a distance of
0.16 mm (finger length and width are 0.84 and 0.14 mm, respectively)

sions providing the dispersion diagram and characteristic imped-
ance of the structure, respectively:

o Z(jw)
cosp =1+ Z(jw) 2)

where Z; and Z, are the series and shunt impedance of the equiv-
alent circuit model [see Fig. 2(b)], respectively, and ¢ = Bl is the
phase shift per cell (8 and / being the phase constant and period of
the structure, respectively). According to expressions (2) and (3),
signal transmission is possible in those regions where both the
phase shift, ¢, and characteristic impedance, Zj, are real numbers.
In balanced lines this occurs in a frequency interval delimited by
the two frequencies (f; and f;;) that satisfy the following equation:

Z(jw) = —2Zjo) “

In general, this frequency interval does not necessarily coincide
with the 3-dB filter bandwidth. However, if the characteristic
impedance of the structure varies smoothly in the vicinity of 50€),
impedance matching is roughly preserved in the whole transmis-
sion band, and filter bandwidth can be considered to be delimited
by those frequencies satisfying (4). Below the lower frequency
limit, f; , there is a transmission zero given by:

1

fi= 27 \L(C + C))

(&)

This transmission zero is typically very close to f; in balanced
structures [15], and it provides a very sharp cut-off at the lower
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edge of the band. Thus, for filters having the fractional bandwidth
necessary for UWB applications, it is reasonable to consider that
the onset of signal transmission is roughly given by f,. With regard
to the upper band limit, it has been previously found that it is
underestimated by the model. In other words, the transmission
band actually extends above f;;. This discrepancy is due to the
inability of the model to describe device behavior at high frequen-
cies [18]. Namely, the lumped element model is valid in a limited
frequency interval that does not cover the transmission band that
typical balanced structures exhibit. Indeed, the periodic filters
implemented by means of the unit cells depicted in Figure 2 do not
have a controllable upper cut-off frequency. Thus, they actually
exhibit high pass characteristics, and it is necessary to add a low
pass or a stop band section to effectively achieve a band pass
behavior.

The balanced CRLH unit cell of the filter designed in this work
is depicted in Figure 3. Interdigital capacitors have been used since
relatively large values of the gap capacitance, C,, are required to
balance the line. The structure has been designed to exhibit a
transmission zero at f, = 2.4 GHz and a characteristic impedance
varying in the vicinity of 50€) (the formulas given in [15] have
been used). This provides a very wide band that extends from 3
GHz up to more than 10 GHz, as is revealed by the simulated
frequency response (obtained through Agilent Momentum) de-
picted in Figure 4.

3. UWB BAND PASS FILTER WITH ATTENUATION POLES

To design the UWB filter based on the unit cell depicted in Figure
3, we need to determine its order, and we have to add additional
elements to obtain the notch as well as to control the upper cut-off
frequency. The order is determined by the required rejection level
at the lower stop band. We have carried out electromagnetic
simulations of the structure shown in Figure 3, by considering
different number of stages. In the order-three structure, significant
stop band rejection has been obtained. Thus, this structure has been
used as the basis for the fabrication of the final prototype device.

To obtain the upper stop band, we have introduced additional
rectangular shaped SRRs tuned at the required cut-off frequency.
These SRRs have been located next to the host line at the begin-
ning and the end of the filter on the top layer of the substrate. In
this manner there is no area increase. Four of these SRRs have
been added, as Figure 5 illustrates.

E

0 2 4 6 8 10 12 14
Frequency (GHz)

Figure 4 Simulated insertion and return losses of the unit cell depicted
in Figure 3
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Finally, in order to obtain the desired notch inside the pass band
of the filter, two SRs have been located on the top layer in a similar
way than in the case of the SRRs, but this time they lay on the
central part of the filter. Such topologies (SRs) have been chosen
to minimize filter area, since the electrical size of SRs is roughly
half the electrical size of CSRRs with identical dimensions [19].
The attenuation pole is due to the presence of the SRs, which have
been tuned to provide a transmission zero at a particular frequency.
Two filters with different notch frequencies (4.5 and 5.5 GHz)
have been designed to illustrate the possibilities of locating this
transmission zero at any specific frequency in order to eliminate
undesired interfering signals. The topology (layout) of one of the
designed filters is depicted in Figure 5. The simulated (through
Agilent Momentum) and measured (by means of the Agilent
8720ES vector network analyzer) frequency responses of the struc-
tures (only the one with the notch at 5.5 GHz has been fabricated)
are depicted in Figure 6. Measured 3-dB filter bandwidth extends
from 3.08 GHz up to 11.09 GHz, namely it is very close to the
UWB mask. Insertion losses are better than —2.5 to —1.3 dB
above/below the notch and the rejection level at the lower stop
band is higher than 45 dB. As desired, a notch is visible in the
vicinity of 5.5 GHz, due to the presence of the SRs. The frequency
shift between simulation and measurement at the upper transition
band is attributed to the fabrication process, since certain dimen-
sions are very close to the limits of resolution.

As compared with previous implementations of UWB band
pass filters with attenuation poles in the pass band, the proposed
structure exhibits a very sharp cut-off at the lower band edge (due
to the presence of a transmission zero), and rejection below that
frequency can be easily controlled. This can be of interest in
certain applications, since there are many allocated radio fre-
quency bands in that region, which may cause interference. Finally
we would like to highlight the compact dimensions of the filter
(Area = 0.66 cm?), consequence of the small electrical size of the
constitutive elements (CSRRs, SRRs, and SRs). This is the first
time that a UWB band pass filter is designed using a CRLH
resonant type structure where SRs and SRRs are added to set the
upper limit of the band and an attenuation pole at specific frequen-
cies of interest.

4. CONCLUSIONS

In conclusion, it has been demonstrated that CSRR-based CRLH
metamaterial transmission lines are useful for the design of UWB
band pass filters. The fabricated device, which includes an atten-
uation pole within the pass band for the rejection of specific
interfering signals, is small and it exhibits reasonable performance
in terms of in-band behavior and stop band rejection. In opinion of

Figure 5 Layout of the fabricated UWB band pass filter. Dimensions of
the SRRs are ¢ = 0.14 mm, d = 0.165 mm [, = 2.1 mm and i, = 1.2
mm (/,,, and h,,, are the length and the width of the SRRs). SRs provide
a transmission zero at 5.5 GHz (¢ = 0.14 mm, d = 0.166 mm /., = 2.03

mm, and A, = 1.46 mm). The area of the device (dashed rectangle) is A =
1.57 cm X 0.42 cm = 0.66 cm®. CSRRs are etched on the ground plane (in

grey)
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Figure 6 Simulated (solid line) and measured (dashed line) insertion and
return losses for the designed filters. The small graph shows the simulated
response of the filter with the notch at 4.5 GHz

the authors, the proposed structure can be of interest in UWB
systems subjected to interfering environments.
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ABSTRACT: In this article, an inverted planar monopole antenna with
two shorting plates is proposed. This inverted planar monopole antenna
provides a 3.55:1 impedance bandwidth (for VSWR < 2). Owing to its
compact size and wide impedance bandwidth, this antenna is suitable
for CDMA, GSM, DCS, PCS, and wireless LAN (IEEE 802.11b) appli-
cations. © 2007 Wiley Periodicals, Inc. Microwave Opt Technol Lett
49: 2913-2914, 2007; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.22900

Key words: wideband antenna; inverted monopole; planar monopole

1. INTRODUCTION

For future wireless communication systems, antennas must be
either multiband or wideband to cover desired bands such as
CDMA (824-894 MHz), GSM (880-960 MHz), DCS (1710-
1880 MHz), PCS (1850-1990 MHz), Wireless LAN (IEEE
802.11b), and so on. But it is not easy to achieve either the
above all or some frequency bandwidths using multiband an-
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2" Radiation element

Figure 1 Geometry of inverted planar monopole antenna and feed net-
work (a) radiation element and (b) feed network

tennas and may cause higher manufacturing cost per terminal.
Planar monopole antennas with wide impedance bandwidth and
omnidirectional radiation have been investigated [1], but the
height of the existing planar monopole antennas included
CDMA, GSM, DCS, PCS, and Wireless LAN bands is so high
to implement in a portable handset. Several techniques have
been proposed for reducing the size of a planar monopole
antenna, such as the use of an inverted structure [2] and a
shorting pin [3, 4]. In this article, a compact wideband double-
fed inverted planar monopole antenna with double shorting
plates is proposed to achieve size reduction with keeping good
radiation at the desired frequency range.

2. ANTENNA DESIGN

In this design, inverted structure, double shorting plates, bev-
eling angle, and T-divider are used for the size reduction and
achieving desired impedance bandwidth (0.8-2.5 GHz). Bev-
eling technique [5] is utilized to increase the bandwidth with
good control of the upper edge frequency. The geometry and
dimensions of the inverted double shorted planar monopole are
shown in Figure 1. The proposed antenna consists of an inverted
planar monopole with double shorting plates located at the end
of the radiation element and a feed network based on T-divider
under a ground plane for avoiding mutual coupling between the
feed line and the radiation element. Since the input impedance
of the radiation element is about 120 (), the feed line with high
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New Left Handed Microstrip Lines with Complementary Split Rings
Resonators (CSRRs) Etched in the Signal Strip
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BELLATERRA (Barcelona), Spain. E-mail: Ferran.Martin@uab.es

Abstract — In this work, left handed (LH) microstrip lines
with complementary split rings resonators (CSRRs) and series
capacitive gaps, both etched in the upper metal level (signal
strip), are presented for the first time. Contrarily to previous
implementations of CSRR-based LH or negative permittivity
microstrip lines, where the CSRRs were etched in the ground
plane, the bottom metal is not printed in the proposed structures.
This is of interest in many practical applications, where the
substrate lies in a metallic holder. Moreover, no vias are required
in these implementations since the shunt positive reactance
needed to generate the LH band is provided by the CSRRs. It will
be shown in the paper that to accurately describe the proposed
structures in the region of interest, additional elements in the
lumped element circuit (as compared to previous models) must
be introduced. Advantages and drawbacks of this new
implementation of the resonant-type approach of metamaterial
transmission lines (as compared to previous ones) are pointed
out, and an illustrative example is given.

Index Terms — Metamaterials, complementary split rings
resonators (CSRRs), left handed (LH) lines, microstrip
technology.

1. INTRODUCTION

There are two main approaches for the synthesis of
metamaterial transmission lines: (i) that based on the dual
transmission line concept, and (ii) the resonant-type approach.
The former approach, that was almost simultaneously
proposed by Iyer [1], Oliner [2] and Caloz [3], simply consists
on periodic loading a host transmission line with series
capacitors and shunt connected inductors. As long as these
reactive elements dominate over the per-section capacitance
and inductance of the line in a certain frequency band, the
effective permeability and permittivity of the medium (in that
interval) are both negative, and left handed (LH) wave
propagation (i.e. with contra directional phase and group
velocities) arises.

Concerning the resonant-type approach, this was initially
proposed by Martin et al. [4] by etching split rings resonators
(SRRs —see Fig. 1) [5] in the back substrate side of a coplanar
waveguide (CPW) transmission line periodic loaded with
shunt connected metallic wires. SRRs, which are electrically
small resonators, provided the negative value of the effective
permeability, whereas the required negative permittivity was
achieved thanks to the presence of the inductive wires.
Alternatively, left handedness in planar transmission media

1-4244-0688-9/07/$20.00 ©2007 IEEE

can be obtained by using the dual counterparts of SRRs,
namely the complementary SRRs (CSRRs —see Fig. 1) [6]. By
etching these resonators in the ground plane of a microstrip
transmission line, it has been demonstrated that signal
propagation is inhibited in a narrow band in the vicinity of
resonance, and this has been interpreted as consequence of the
negative effective permittivity of the medium, due to the
presence of the CSRRs [6]. By adding series capacitive gaps
to the structure (which provide the required negative
permeability), the previous stop band behavior switches to a
band pass with LH wave propagation, as was shown in [7]. It
has also been demonstrated that by properly designing the
structure, the typical frequency gap present between the LH
band and the forward wave transmission band can be
eliminated [8], with the result of a balanced composite
right/left handed (CRLH) line (a concept previously
introduced by others [9]) implemented by means of CSRRs.

(b) =

(a)

Fig. 1. Topology of the SRR (a) and CSRR (b), and relevant
dimensions. Metal is depicted in grey.

CSRR-based LH lines have been applied to the design of
filters [10], diplexers [11] and other microwave components
[12], where miniaturization and/or the possibility to obtain
device characteristics not easily achievable through
conventional implementations [13] has been demonstrated.
However, in these microstrip implementations, CSRRs are
printed in the ground plane, and this may constitute a severe
limitation in certain applications, where the substrate must be
placed on top of a metallic holder. The main reason to etch the
CSRRs in the ground plane was the relatively narrow strip
widths of the host microstrip lines required to obtain the
typical 50Q2 characteristic impedance. However, there is not a
reason that justifies such impedance value for the host line.
Namely, the characteristic impedance of the structure (host
line loaded with CSRRs and series gaps) in the region of
interest (LH band) depends not only on the dimensions of the
host line, but also on the gaps and CSRRs geometry [14].
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Thus, the characteristic impedance can be set to the required
value without the need to implement CSRR-based structures
with narrow widths for the signal strip. This is fundamental
since by widening the strip of the host line, CSRR can be
etched on it (as is demonstrated in this work), and the ground
plane is thus absent of any defect. By doing this, the structure
can no longer be described by the lumped element equivalent
circuit model of CSRR-based LH lines that was proposed
before [15]. Additional elements must be introduced. The
accuracy of the new model, as well as the advantages and
limitations of these new LH structures, as compared to
previous ones, are discussed in the paper.

II. THE NEW CSRR-BASED LH MICROSTRIP LINES

The basic cell of the new CSRR-based LH microstrip line
and its lumped element equivalent circuit model are depicted
in Fig. 2 (losses have been excluded in this model). As in the
model reported in [15,16], the CSRRs and their coupling to
the host line are described by the C.-L. resonant tank and by
the capacitance C, respectively. L models the inductance of
the line and C, accounts for the capacitance of the series gap.
Actually, these series gaps do also introduce a fringing
capacitance, C; which must be taken into account to
accurately describe the structures (i.e., the series gaps are
modelled by a m-circuit formed by C; and Cp. In the model
reported in [15,16], the fringing capacitance, C; was indeed
included in C. In other words, the fringing capacitance
contributed to the coupling capacitance between the CSRRs
and the host line, and this contribution was found to be
significant [16]. The reason is that in the LH structures
described by the model reported in [15,16], the series gaps are
etched above the positions of the CSRRs. However, this is not
the case in the structure of Fig. 2, and hence C; must be
explicitly included in the model.

(a)

Port 1 Port 2

(®) 2C; L2 L2
Cj CJ_ J—C Gl G
L L L L
L, c,

Fig. 2. Basic cell of the new CSRR-based LH microstrip lines with
CSRRs etched in the signal strip (a) and equivalent circuit model (b).

III. SIMULATIONS AND PARAMETER EXTRACTION

The structure shown in Fig. 2 has been simulated by means of
the commercial electromagnetic software Agilent Momentum.
The parameters of the Rogers RO3010 substrate have been
used, namely thickness A=1.27mm, dielectric constant
&=10.2. The dimensions of the structure are indicated in the
caption of Fig. 3, where the insertion and return losses are
depicted. The structure exhibits a LH pass band centered at
2.35GHz. This is corroborated from the phase response,
shown in Fig. 3(b). The LH pass band is relatively narrow
since the coupling capacitance, C, is small, but transmission
characteristics similar to those that ground plane etched
CSRR-based structures exhibit, are obtained. Specifically, a
transmission zero is visible to the left of the LH band. This
provides a sharp transition band at the lower band edge, with
significant stop band rejection. Typical of these structures,
attenuation above the LH band is softer.

Electrical Simul.
Electromagnetic Simul.
h L

10 15 20 25 30 35
Frequency (GHz)

(b)

120+ A
Phase(S,,)

o

IA 1
N &
© o

Phase(S, ), ¢ (deg)

180 . - s
15 2,0 25 3,0 35

Frequency (GHz)

Fig. 3. Insertion and return losses (a) and phase response (b) for
the microstrip LH unit cell depicted in Fig. 2(a). Dispersion
characteristics (¢ @) in the region of interest are also included in (b)
and indicate LH wave propagation. The width of the host line is
W=5.0mm and gap separation is s=0.17mm. CSRR dimensions are:
¢=0.46mm, d=0.26mm and the area occupied by the CSRRs is
6.62mmx4.58mm. The distance between gap centers is 7.19mm.

The electrical parameters of the equivalent circuit model
have been extracted from electromagnetic simulations by
following a procedure similar to that reported in [16].
However, due to the presence of the fringing capacitances. Cy,
the method given in [16] can not be directly applied.
Specifically, at the intrinsic resonance frequency of the
CSRRs the shunt branch formed by C and the C,-L, resonator
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opens, but there is still a shunt connection to ground through
Cr. Hence, neither the intrinsic resonance frequency of the
CSRRs can be obtained from the intersect of S;; with the
normalized unity resistance circle (as was done in [16]), nor
the reactance of the series branch can be inferred. To
determine the electrical parameters we have considered the
structure without the series gaps (negative permittivity
transmission line) and we have applied the method given in
[16]. From this, L, C, C. and L. have been obtained. Since the
gap and the CSRRs are not coupled in the present structures,
gap parameters (Cy and Cy) can be independently embedded
from the electromagnetic simulation of the isolated gap
structure. The following equations link the normalised
admittances, related to Cr and C, respectively, with the S-

Parameters: _
Sil +Su Y = Sll(Yjvr +1)
f g
1+SI1 +Sz1 1+‘Sl _SZI
The electrical simulation of the circuit model with the
extracted parameters (given in table I) is also represented in
Fig. 3. The good agreement between the electrical and
electromagnetic simulations (both in magnitude and phase)
validates the proposed model and points out the need to
account for the fringing capacitances of the gap.

M

TABLE I
EXTRACTED ELEMENT PARAMETERS FOR THE STRUCTURE
SHOWN IN FIG.2.
C.pPF) L@l | CepP | C. P | L. mW) | C;(pF)
0.47 3.23 1.93 3.97 0.97 0.12

The main advantage of the proposed LH lines over previous
implementations based on CSRRs is the fact that the ground
plane is left unaltered. This simplifies fabrication and opens
the application of these structures to those systems where the
ground plane is in contact to a metallic holder. The main
drawback is the limited electric coupling between the line and
the CSRRs, which restricts the application of these structures
to narrow band systems. Nevertheless, miniaturization as well
as the potentiality of these LH lines for the design of
microwave devices based on new functionalities can also be
exploited.

IV. FABRICATED STRUCTURE AND CHARACTERIZATION

A three-stage LH line based on the unit cell depicted in Fig.
2 has been fabricated (Fig. 4). A drilling machine LPKF
HF100 has been used for this purpose. 50£2 access lines have
been cascaded to the input and output ports of the device for
connectors soldering. The frequency response of the device
has been measured by means of the Agilent 8720ES' vector
network analyzer. The results are depicted in Fig. 5, together
with the simulated data that has been inferred from full wave
electromagnetic simulation of the structure of Fig. 4. As
compared to electromagnetic simulation, measured in-band
insertion losses are slightly degraded and the overall

frequency response is shifted 0.27GHz. This is attributed to
some differences between final device geometry and nominal
values. Frequency selectivity is good with attenuation better
than 55dB/40dB at the lower/upper stop bands, respectively.

Fig. 4. Photograph of the fabricated 3-stage CSRR-based LH line
with unaltered ground plane.

-10

S,, Measurement
—— S, EM Simulation
S,, Measurement
S,, EM Simulation

4 5 6
Frequency (GHz)

Fig. 5. Simulated and measured insertion and return losses for the
structure of Fig. 4.

To further corroborate the LH nature of signal propagation
in the allowed band, we have simulated a 10-stage structure
with unit cells identical to that depicted in Fig. 2, and utilized
for the fabricated device (Fig. 4). As frequency increases
within the LH band, guided wavelength, A, also increases, as
revealed by the current diagrams of Fig. 6. Thus, the phase
constant decreases with frequency, a necessary and sufficient
condition for LH wave propagation.

e ) | i i i ) |
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= IIH-I'Ilwllllnllllﬁ‘:Ih»- JENESET
/1@/2
e ) ] e | r]--;W!'-;‘QI
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/2 ”
Fig. 6.  Current diagrams at 2.375GHz, 2.404GHz, 2.428GHz and
2.439GHz (from top to bottom) provided by the Agilent Momentum
simulator for a structure identical to that depicted in Fig. 4 (or Fig. 2)
with 10 stages.
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V. CONCLUSIONS

In conclusion, left handed microstrip lines based on CSRRs
and mmplemented by etching the CSRRs in the signal strip,
have been presented for the first time. As compared to
previous CSRR-based left handed lines, the ground planed 1s
absent of any defect in these new structures. Thus, one of the
drawbacks of CSRR-based metamaterial transmission lines
(ground plane etching) has been solved, and this may expand
the applicability of CSRR-based structures. It has been
demonstrated that the presented structures can be no longer
described by the equivalent circuit model of existing CSRR-
based left handed lines. The fringing capacitance related to the
presence of the gaps must be included in the model due to the
decoupling between the series gaps and the CSRRs. Tt has
been found that by including such capacitors, the structures
are adequately described by the lumped element model. A
three-stage left handed line based on this new approach has
been fabricated and characterized. As expected, the device
exhibits a LH pass band. Though the topology imposes more
severe limitations to bandwidth control and in-band losses (as
compared to previous CSRR-based implementations),
extension of the ideas presented in this work to the hybrid
approach (where CSRRs are combined with series gaps and
grounded stubs for bandwidth improvement and flexibility
enhancement) is in progress.
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Abstract: A new type of left handed microstrip lines implemented by means of complementary split-ring
resonators (CSRRs) is proposed. The CSRRs are etched on the signal strip alternating with series gaps.
Additionally, shunt connected stubs are introduced for the first time to the previous structure. The
combination of these three elements, that is, the series gaps, the CSRR and the shunt inductance, enhances
design flexibility. By this means, the ground plane is left unaltered and narrow band artificial transmission
lines with good performance and compact dimensions can be synthesised. The lumped element equivalent
circuit model of the structure is proposed and validated. To demonstrate the applicability of these new left
handed transmission lines, two compact microwave components have been designed and fabricated: (i) a
narrow band power divider and (ii) a band pass filter. The resulting power divider is 75% smaller than the
conventional implementation and 50% smaller than previous power dividers implemented by means of CSRRs.
The band pass filter performance is comparable to that of previous CSRR-based filters with ground plane
etching, whereas its size is smaller. This work represents a significant progress on the design of microwave
components based on CSRRs, that is, the approach is opened to those systems where the ground plane
cannot be etched.

particles are the dual counterparts of the split-ring resonators
and can be combined with capacitive gaps to periodically load

1 Introduction

Since the synthesis of the first left handed medium by Smith
et al. [1] in 2000, different approaches have been developed to
design artificial propagating structures supporting backward
waves. In vparticular, in planar technology, Iyer and
Eleftheriades [2], Oliner [3] and Caloz and Itoh [4] proposed
almost simultaneously in 2002 the dual transmission line-
based approach, where a host transmission line is periodically
loaded with series capacitances and shunt inductances. Soon
after the emersion of the previous approach, Martin ez a/. [5]
succeeded in trying to apply Pendry’s split-ring resonators to
synthesise a one-dimensional left handed medium by loading
a coplanar waveguide (CPW) transmission line with
split-ring resonators and shunt metallic strips. In a similar
way, lefthanded propagation is also achievable using
complementary split-ring resonators (CSRRs) [6]. These

a microstrip line and, thus, create a left-handed transmission
line [7]. To guarantee CSRR excitation through an axial
electric field (as is required), these elements have been
previously etched on the ground plane, beneath the conductor
strip of the host line [6, 7].

A new approach based on CSRRs has been recently
proposed: the hybrid approach [8]. In these new structures,
these resonators are combined with series capacitive gaps
and shunt connected inductances to implement left-handed
lines. The particularity of this approach is the presence of a
transmission zero above the main left-handed transmission
band [9]. The presence of this additional element (shunt
inductance) and the transmission zero has led us to the
implementation of compact filters with a good out-of-band
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performance. Indeed, the hybrid approach can be considered
an extension of the resonant-type approach, in which the
design flexibility is enhanced because of the presence of the
additional element.

During the last years, the resonant-type approach (as well
as the hybrid approach) has revealed to be a good strategy to
synthesise left handed transmission lines and microwave
components with competitive performance and small
dimensions [10, 11]. The study of the possibilities offered
by this kind of left handed lines shows that, as in the case
of the dual transmission line approach, resonant- type
metamaterial transmission lines do also exhibit a composite
right—left handed behaviour. Thus, broadband responses
can be obtained when the balance condition is satisfied
[12]. Using these artificial left handed transmission lines, it
is also possible to control both the phase and the line
impedance at any specific frequency and, thus, synthesise
artificial lines with small dimensions, as well as extreme
impedance values (sometimes not achievable through
conventional lines [13]).

Although these structures have proved to be a good
solution in many microwave applications, they can become
unsuitable for those applications in which the bottom side
of the substrate lies on the top of a metallic surface
(holder), as in this case the resonators etched or printed on
the bottom layer are disabled. As a solution to this
problem, we have recently proposed a new type of left-
handed lines based on CSRRs and implemented in
microstrip technology [14]. In such artificial lines, all the
constituent elements are etched on the top metal layer, so
that the ground plane is left unaltered. The layout of a
typical structure, which has been published in [14], is
reproduced here for completeness (Fig. 1). The CSRRs are
etched on the signal strip, alternating with the series gaps.
The left-handed nature of the first transmission band has
been demonstrated in [14]. However, line performance and
bandwidth are limited mainly because of the moderate/

a
2G, L2 L2 2G

I A N I

G
= T T ST BN
L‘C CI:
b

Figure 1 Basic cell of the complementary split-ring
resonator-based left handed microstrip lines proposed in
[14] (a), and its lumped element equivalent circuit model (b)
L. and C. model the complementary split-ring resonator and C its
electrical coupling to the line. L represents the line inductance.
The fringing capacitances C; must be included to model the
capacitive gaps together with C,
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small resonator to line coupling (which is in turn because
of the decoupling between the series gaps and the CSRRs).
To solve these limitations and gain flexibility, new left
handed microstrip structures that combine CSRRs, series
gaps and shunt stubs, all of them etched on the top metal
level, are proposed in this work. The combination of all
these elements facilitates the achievement of the required
values of the different elements to obtain the desired
response characteristics. To illustrate the possibilities of this
new approach, two prototype devices have been designed
and fabricated: a compact power divider and a band pass
filter. In both designs, the ground plane is not etched.
With these new left handed lines, many other applications
can be envisaged. This new approach may open the door to
new applications in which the limitative aspects of previous
left handed microstrip lines based on CSRRs precluded

their use.

2 New proposed left handed
structures

As a first step to develop left handed CSRR-based structures
with the absence of ground plane etching, the authors
recently proposed a purely resonant left handed structure
where CSRRs, etched on the signal strip, were combined
with capacitive gaps (Fig. 1a) [14]. The frequency response
of this structure is similar to those obtained in purely
resonant left-handed structures with CSRRs etched on the
ground plane [15]. However, the equivalent circuit model
of the structure of Fig. 1/ must include new elements to
properly describe its behaviour. Specifically, since the series
gaps and the CSRRs are decoupled, the fringing
capacitances of the gaps, Cr, must be added to the model,
as Fig. 1/ illustrates [14]. In the model reported in [15] to
describe microstrip lines with CSRRs etched on the ground
plane, this fringing capacitance contributes to the coupling
capacitance between the line and the resonator, and hence
it is included in C. The most fundamental limitation of the
left-handed lines based on the unit cell of Fig. 1 is
bandwidth and, hence, losses. The presence of the series
gaps alternating with the CSRRs decreases the electric
coupling between the line and rings, and bandwidth is
severely degraded.

In this work, losses and bandwidth are improved,
modifying the previous structure. The new unit cell is
based on the previous one, but includes a shunt inductive
stub (Fig. 2) in order to enhance design flexibility and,
thus, achieve the required characteristics (line impedance
and phase) with broader bandwidths. The resulting
structure is a hybrid cell, equivalent to that described in
previous works [9], but with the advantage of presenting all
its constituent elements on the top metallic layer of the
substrate and, thus, avoiding ground plane etching. As
expected for a hybrid structure, a transmission zero, because
of the presence of the CSRRs, is located above the main
left handed transmission band (Fig. 3), whereas such a
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Figure 2 Layout of the new left handed basic hybrid cell,
including a shunt inductance (a), and its lumped element
equivalent circuit model (b)

transmission zero is situated below the left-handed band in
the case of the purely resonant structure. To propetly
describe the structure of Fig. 2, we must also include the
fringing capacitances in the equivalent circuit model. Thus,
the circuit describing the hybrid left handed cell with
CSRRs etched on the signal strip is identical to that of
Fig. 14, but including the inductance L,, which accounts
for the presence of the grounded stub. In comparison with
the structure of Fig. 1, the hybrid cell can be designed to
exhibit a frequency response with a wider left handed
transmission band (Fig. 3) and lower in-band losses.

Moreover, the presence of a transmission zero above the
left handed band makes possible the synthesis of a
symmetric response. Although this is irrelevant, if these
structures are intended to be used as artificial transmission
lines, this aspect can be important for filter design, as will
be seen in Section 4.

3 Parameter extraction

From the electromagnetic simulation (using the commercial
electromagnetic software Agilent Momentum) of the
hybrid unit cell, the parameters of the equivalent circuit
model can be extracted. Through the later comparison of
the electromagnetic and electrical responses, the circuit
model of Fig. 24 can be validated. Because of the high
number of involved parameters, we cannot infer them
simultaneously from the simulation of the whole structure.
However, since the series gaps and the CSRRs/stubs
alternate, we will assume that they are decoupled and,
hence, we will consider the gaps and the rest of the
structure separately. Thus, from the simulation of the
isolated gaps, the values of C, and Cf will be obtained.
From the simulation of the structure formed by the rings
and the shunt stub, we can obtain the rest of the
parameters, in a similar way as it was done in [14]. The
following expressions provide the normalised admittances
corresponding to G, and Cf from the simulated S-
parameters of the series gap

7o SutSi-1 4 $u1(Y,+1)

0 = =7 1)
! T+81+8 & 14+8:,—38
- -10+
e i The five remaining parameters of the model can be extracted
‘_:-; from the electromagnetic simulation of the structure without
® -30 | gaps. To do that, some relevant frequencies must be
x= | S|, Hybrid Cell : : : B : .

N S Hybrid Cot identified from the electromagnetic 81mulat10.n, follpwmg a
-8, Purely resonant Cell method analogous to the one fully described in [16].
-50 wa e To5 i PADN EacRa G One of these frequencies is the transmission-zero

10 15 20 25 3.0 35 40 45

Frequency (GHz)

Figure 3 Comparison between the responses of a hybrid
and a purely resonant cell

In both cases all the elements have been etched on the top
metallic layer of the substrate. The addition of the shunt
inductance provides a wider and more symmetric response, as
well as lower losses. For the purely resonant cell, the width of

frequency, f,, which can be easily identified from
the representation of §p;, and is related to the electrical
parameters of the circuit model through the expression

1

wy; =27f, = 7#(0 o)

On the other hand, the series and shunt impedances of this

)

the host line is W=50mm and gap separation is structure are

s = 0.17 mm. Complementary split-ring resonator dimensions I

are: width of the rings ¢ = 0.46 mm, distance between inner Z. =jo= (3)
and outer rings d = 0.26 mm and the area occupied by the 2

complementary split-ring resonator is 6.62 mm x 4.58 mm. The 1 27 (C+C

distance between gap centers is 7.19 mm. For the hybrid cell, Z, =joL — o' L(C+C) 4)
W = 3.80 mm and s = 0.23 mm, whereas gaps total length, that ? 1-*(L.C+LC+L,C)+ w*L,CL,C

is, the length in the orthogonal direction to the line is
| = 4.97 mm. The complementary split-ring resonators have
c=0.16 mm, d=0.15mm, and a total area
A =3.36 mm x 3.41 mm. Shunt stub length is [y = 1.45 mm,
and the via hole diameter is v = 0.3 mm. The distance between
gap centers is 4.00 mm. The considered substrate in these
simulations is the Rogers R03010 with thickness h = 1.27 mm
and dielectric constant g, = 10.2

Regarding previous structures, the parameter extraction
method of this cell had to include some variations that its
transmission characteristics require. In fact, the shunt
branch formed by L,, C, C, and L, exhibits not one, but
two resonance frequencies, which can be inferred from the
representation of the §;; parameter in the Smith Chart.
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Analytically, these two frequencies can be obtained by forcing =
the denominator of Z, in (4) to be zero. The solutions are 7 ?V(
given by o - \‘/

) Y

20+ 1,0a2) 50,

= $,, EM Simulation {

+ \/w;‘(l + L,Ca’(2+ L,;Ca?)) — 4L,Cw} w? 0 _gol-S,, Electrical Simulation |

Wy = 5 | — S, EM Simulation |

h ZdewZ o i— S, Electrical Simulation . i

(5) 80.5 1.0 1.5 2.0 25 3.0
Frequency (GHz)

In (5), w, represents the transmission-zero angular frequency
and o, is the resonance frequency of the CSRR, which is
given by

(6)

When the shunt path to ground is opened, that is at wp, and
wo—, the reactive part of the input impedance seen from the
ports is only because of the line inductance L, whereas the
resistive part has the value of the opposite port impedance,
50 Q. This results in an intersection between the curve of
the S;; and the unit normalised resistance circle in the
Smith Chart. This allows us to calculate the value of the
inductance L from the reactive part of the input impedance
at fo, which can be obtained from the simulation. On the
other hand, if we represent the phase shift B/, we can find
the frequency at which 8/= 90° where, according to

Z(jw)

Figure 4 Electromagnetic simulation of the structure
depicted in Fig. 2 compared with the electrical response of
the circuit model using the parameter values obtained
through the extraction method described above (see TABLE I)
For this structure, the dimensions are W = 4.41 mm and
s = 0.16 mm, whereas the length in the perpendicular direction
to the line is /=7.02 mm. The complementary split-ring
resonators have ¢ = 0.16 mm, d = 0.15 mm, and a total area
A =4.01 mm x 4.16 mm. Shunt stub length is Iy = 2.99 mm,
and the via hole diameter is v = 0.22 mm. The distance
between gap centers is 4.75 mm. The Rogers R03010 substrate,
with thickness h = 1.27 mm and dielectric constant ¢, = 10.2,
has been considered

agreement between the electrical and the electromagnetic

simulations and, thus, the model properly describes this
hybrid left handed structure and is validated with these results.

4 Design and applications of the

s Br=1t 7 G ™ new artificial left handed
transmission lines
the following condition is satisfied
To demonstrate the possibility of applying this new kind of
Z(jogy) = _ZP< Jwyg) (8) artificial transmission lines to the design of microwave

Thus, we have five conditions (given by expressions 2, 3, 5
and 8) and five parameters, so that circuit parameters are
univocally determined. With this aim, the previous
expressions have been inverted by using the commercial
Maple 10 software. As a result of the application of this
parameter extraction method to the structure of Fig. 24, the
values reported in Table 1 have been obtained

The seven extracted parameters provide the electrical
response represented in Fig. 4, which also includes the
electromagnetic simulation of the whole structure. Only C has
been slightly tuned to adjust the electrical and electromagnetic
responses. This can be understood taking into account that
this capacitance can be faintly influenced by the presence of
series gaps. As can be seen in Fig. 4, there is very good

Table 1 Extracted element parameters for the structure
shown in Fig. 2a

devices, a band pass filter and a power divider have been
designed and fabricated. The power divider has been
implemented by means of two identical left handed
transmission lines with characteristic impedance Z;=
70.71Q and electrical length B/= —90° (impedance
inverters) at the desired operating frequency. The inverters
have been designed to exhibit such electrical characteristics at
1.5 GHz. Fig. 5a shows the simulated insertion and return
losses of the designed inverter that have been obtained
through Agilent Momentum by using 70.71 () ports. It can
be seen that impedance matching is obtained at 1.5 GHz,
showing that the line exhibits the desired characteristic
impedance at the operating frequency. The dispersion
characteristics, depicted in Fig. 54, indicate that the required
phase is achieved at the design frequency (actually, the
magnitude of the B/ has been depicted in this figure).

This artificial line has been used for the design of a narrow
band 1:2 power divider at 1.5 GHz. The device consists of two
left-handed lines exhibiting the indicated characteristics and

Ce) PF| G, pF | C, pF | G, PF | L, nH | Ly, nH | L, nH three 50 () access lines. A high miniaturisation level is
0.31 023 | 247 [ 1345 | 024 | 286 | 1.28 achieved by implementing the 70.71 €} impedance inverters
: i i i : : i with left-handed lines. This can be appreciated in Fig. 64,
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Figure 5 Electromagnetic simulation of the frequency
response (a) and phase shift (b) of the transmission line
designed to be applied in a two-output power divider

At 1.5 GHz it exhibits a phase of 90° (b) and an impedance value

of Z, = 70.71 Q) as can be seen in (a), where the S,; and S;4,
parameters have been simulated using 70.71 () ports

where the layouts of the ‘metadivider’ and conventional
divider are compared. The ‘metadivider’ exhibits an area,
which is approximately four times smaller than the area of
the conventional device. This size reduction is significantly
higher than that achieved by implementing the power
divider through left handed lines with CSRRs etched on the
ground plane [10], where 50% size reduction was obtained
(when compared with the conventional device).

The ‘metadivider’ of Fig. 6 has been fabricated on the Rogers
RO3010 substrate with thickness 4 = 1.27 mm and dielectric
constant &, = 10.2. The measured (by means of the Agilent
8720ET vector network analyser) frequency response of this
device is depicted in Fig. 64 together with the
electromagnetic simulations of the conventional and designed
left-handed power divider. A very good agreement between
the experimental and simulated curves for the ‘metadivider’
can be observed, except around the transmission zero, where
the deviation is attributed to the fabrication process. This is
because of the small dimensions of some of the geometrical
parameters, which are close to the resolution limits. The
designed device exhibits good performance around its
operating frequency (1.5 GHz). Measured power splitting is
in the vicinity of —3 dB (the slight degradation in §; is also
attributed to fabrication related tolerances) and return losses
are better than —20 dB. This power divider is, thus, suitable
for narrow band applications. The main advantage of the
device when compared with conventional implementations is
the size demonstrated to be better than in other proposals

based on left handed lines with CSRRs etched on the ground

0
—_—
[ai]
T 20t
o
2]
mt‘\l_40
L ~—=§ 8,8, Meas. Metadivider
U'J'- -- 8,,.8,,.5,, EM Simul. Conv. Div
#/—8,,,8,,,8,, EM Simul. Metadivider
-60 Hs - L . . L
05 10 15 20 25 30

Frequency (GHz)
b

Figure 6 Layouts of the designed metadivider and a
conventional power divider (a) and their electromagnetic
simulation (b)

In (b), the experimental response of the fabricated prototype is
also shown. The dimensions of the unit cell used as inverter are
the ones specified in Fig. 4, but the extremes of the gaps have
been bent to increase size reduction. The total length of the
inverters is 9.3 mm. The area of the metadivider, excluding
access lines is A= 8.0 mm x 13.6 mm

plane. Moreover, the ground plane has not been altered with
the proposed implementation. Obviously, the bandwidth is
limited, and hence this type of power dividers are of interest
for narrow band applications where size reduction is the main
concern. There are quite recent works on the field based on
composite right—left handed transmission lines based on
series capacitances and shunt inductances [18, 19] which have
achieved an important miniaturisation level and wide
bandwidths. The results in this work are not presented as an
improvement with respect to the previously mentioned works,
but as a demonstration of the application possibilities of these
structures based on CSRR where the ground plane is left
unaltered and there is no need of using lumped elements.

To further demonstrate the application possibilities of these
hybrid left handed structures, a narrow band pass filter has also
been designed and fabricated. In this case, the presence of the
transmission zero above the transmission band becomes
important to improve (when compared with the purely
resonant approach) the upper out-of-band filter performance
and to obtain a symmetric response. The fabricated device is a
periodic structure formed by three identical left handed cells
constituted by two series gaps, a shunt connected stub and a
complementary spiral resonator (instead of a CSRR, see
Fig. 7). In this design, the spiral resonator has been used in
order to move the transmission zero further away from the
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pass band of interest and to reduce unit cell dimensions [17].
This improves the out-of-band filter performance. The
design methodology of this filter is that reported in [9], where
a periodic band pass filter with CSRRs etched on the ground
plane was designed and fabricated. As was done in [9], the
part of the metallic film lying within the spirals has been
removed to control the electric coupling (modelled by C). For
the ease of comparison, the present band pass filter has been
designed to exhibit an identical central frequency to that of
the filter reported in [9], namely £, = 1 GHz, although the
fractional bandwidth is smaller (4.5%). Following [9], each
filter section has been designed to exhibit a phase shift of
B/= —90° and a characteristic impedance of Z,= 50 () at
the central filter frequency, and the topology of each cell has
been optimised to achieve the required 3 dB bandwidth (i.e.
that providing the nominal fractional bandwidth 4.5%).
Fig. 7a shows the layout of the designed filter, whose
dimensions are 12 x 54 mm? (dashed rectangle). These
dimensions are significantly smaller than those of the periodic
filter reported in [9] (22 x 45 mm?). The simulated (by
excluding losses) and measured frequency responses of the
filter are depicted in Fig. 74. The slight discrepancies between
full wave electromagnetic simulation and the experiment are
because of fabrication related tolerances (i.e. several filter

S11‘Sz1 (dB)

1.0 1.5

05
Frequency (GHz)
b

-80
0.0 2.0

Figure 7 Layout of the designed band pass filter (a) and its
simulated (dashed line) and measured (solid line)
broadband response (b)

The electromagnetic simulation of the device has been carried out
without taking losses into account. The filter has been fabricated
on identical substrate as the power divider. For the unit cell,
W = 7.43 mm and s = 0.16 mm. The length of the lateral stubs
forming the gaps is / = 13.6 mm, including the bent extremes.
The complementary spiral resonators have cj,ner = 050 mm,
Couter0.62 mm, d=0.5mm, and a total area
A =477 mm x 6.7 mm. Shunt stub length is /i = 3.97 mm, and
the via hole diameter is v =0.22 mm. The distance between
gap centers is 5.93 mm. The dimensions of the rectangle etched
in the centre of the CSRs are S=1.1mm x 2.9 mm. The
considered substrate in these simulations is the Rogers R03010
with thickness h = 1.27 mm and dielectric constant g, = 10.2.
The dimensions of the dashed rectangle in (a) are 12 x 54 mm

www.ietdl.org

dimensions are too close to the limits of tolerance of the
available drilling machine LPKF HF100) and to the fact that
losses have been ignored in the simulation to verify that the
filter has been properly designed. The measured fractional
bandwidth of the fabricated filter is 5%. This narrow band
explains the measured level of in-band losses, which is in the
vicinity of 5 dB. The unloaded Q-factor of the resonators has
been estimated to be Q , = 77 from the standard expression

given below [20]
)

In (9) IL represents the insertion losses, g; are the prototype
element values and BW/f is the equal ripple frequency
bandwidth. Return losses are better than —15dB in the
interval 0.997-1.020 GHz and the measured out-of-band
rejection is better than 60 dB up to 1.71 GHz. Finally, the
filter exhibits a very symmetric frequency response. We would
like to emphasise that the losses of the designed filter are
because of the considered narrow band and the number of
unit cells, rather than being related to an improper filter design.

5 Conclusion

In this work, a new type of one-dimensional left-handed
structures based on CSRRs has been presented. All the
elements of the structure lie on the top metal layer of the
substrate, thus avoiding ground plane etching. In addition,
shunt stubs have been introduced, in combination with the
rest of the elements in the structure, to enhance design
flexibility. This represents a clear advantage over previous
CSRR-based left handed structures since small dimensions,
good performance at the design frequency and device
versatility (because of the fact that the structures can rest on
a metallic holder) are simultaneously achieved. We would
like to emphasise the fact that the structures presented in
this work solve the problem of the left handed structures
presented in [14], that is, the limited performance in terms
of in-band losses. This limitation was attributed to the
limited coupling between the line and the CSRRs.
Introducing the shunt connected stubs, such a coupling is
not relevant anymore and bandwidth and losses are improved.

An equivalent circuit model for these new left handed
structures has been proposed and validated through a
parameter extraction method. The new transmission lines
are suitable for the design of compact narrow band
microwave devices, as has been demonstrated through the
design and fabrication of a power divider and a narrow

band pass filter.
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ABSTRACT: In this article, the effects of varying the geometry of
complementary split ring resonators (CSRRs) in microstrip lines
loaded with such resonant elements is analyzed. Specifically, from a
parameter extraction technique previously proposed by some of the
authors, the electrical parameters of CSRR-loaded lines (namely, the
line inductance, the inductance and capacitance of the CSRR, and
the coupling capacitance between the line and the CSRRs), are in-
ferred. This analysis is of interest because, in spite of the existence
of analytical models that predict the electrical parameters of these
CSRR-loaded lines, the validity of these models is limited, and the
parameter extraction method is necessary to accurately determine the
electrical parameters from geometry. From the analysis carried out
in this work, interesting conclusions for the design of CSRR-loaded
lines are obtained. © 2008 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 50: 2093-2096, 2008; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.23571

Key words: complementary split ring resonators (CSRRs); metamateri-
als; microstrip technology

1. INTRODUCTION

Complementary split ring resonators (CSRRs), first proposed by
Falcone et al. [1], are useful particles for the synthesis of resonant-
type metamaterial transmission lines. By periodically loading a
host (microstrip) line with CSRRs (etched in the ground plane), a
one-dimensional effective medium with negative permittivity in a
narrow band below the resonance frequency of CSRRs is created
[1]. By adding series capacitive gaps above the positions of the
CSRRs, a negative effective permittivity and permeability simul-
taneously arise, and the structure exhibits left handed wave prop-
agation [2]. The small size of the unit cell of such artificial lines
and the possibility to tailor their dispersion diagram and charac-
teristic impedance has lead to many microwave applications of
CSRR-loaded lines, where device miniaturization [3] and/or per-
formance improvement [4] have been key aspects. The field of
filters deserves special attention, since it has been found that
CSRRs are also appropriate resonators either for the synthesis of
novel compact planar filters [5—8] or to improve the performance
(through spurious pass band suppression) of existing ones [9].

A typical unit cell of a microstrip line loaded with CSRRs and
its lumped element equivalent T-circuit model are both depicted in
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Figure 1 Typical unit cell of a microstrip line loaded with CSRRs (a)
and lumped element equivalent circuit model (b). The ground plane, where
the CSRR is etched, is depicted in gray

Figure 1. In this model, which has been reported before [10], L is
the line inductance, C is the coupling capacitance between the line
and the CSRRs, and C_ and L_ model the reactive elements of the
CSRRs, which are described by parallel resonant tanks. It has been
demonstrated that this circuit model accurately describes the be-
havior of the unit cell structure and also the behavior of multiple
cell structures, where the coupling between adjacent CSRRs is
negligible [11, 12]. This has been confirmed from a parameter
extraction method reported in Ref. 11. In this work, this method is
applied to extract the parameters of a single-cell CSRR loaded line
where the geometrical parameters of the CSRRs are varied. This
includes the CSRR radius, as well as the width and separation of
the slots (see Fig. 1 for details). From this parametric analysis,
design guidelines for the CSRR-loaded lines will be obtained. This
is useful since, in spite of the fact that there are analytical models
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that link the geometrical and electrical parameters of CSRRs [10],
these models are valid under restrictive conditions, and they can
only be used to provide an initial seed for the CSRR geometry,
which needs optimization.

2. PARAMETRIC ANALYSIS

For the study, the parameters of the Rogers RO3010 substrate with
dielectric thickness 4 = 1.27 mm are considered (the dielectric
constant is &, = 10.2). Losses are excluded in the simulations,
hence metal thickness and tan 6 are irrelevant for us. This “loss-
less” substrate is considered since the presence of losses may cause
certain “noise” in the determination of the electrical parameters of
the CSRRs. Nevertheless, the parameter extraction method per-
fectly works under lossy conditions since it has been applied to
determine the electrical parameters of fabricated structures and
these parameters have been inferred from the measured reflection
and transmission coefficients (see Ref. 11 for details). With regard
to the host line, it has a characteristic impedance of Z, = 50 (),
which corresponds to a line width of W = 1.16 mm in such
substrate.

In the first analysis, we set ¢ = d = 0.2 mm and we obtain the
electrical parameters of the unit cell model as a function of the
average radius r, of the CSRR. The capacitance of the CSRR, C,,
is the edge capacitance of a metallic disk of radius r, — ¢/2,
surrounded by a metal (ground plane) at a distance ¢ of its edge.
The CSRR inductance, L, is given by the parallel connection of
the two inductances connecting the inner disk to the ground. Each
inductance is given by Ly/2, where L, = 27ryL,,,, and L, is the
per unit length inductance of the CPWs connecting the inner disk
to the ground [10]. According to this, one expects a linear depen-
dence of C, and L. with r,, or, in other words, we expect no
dependence of these parameters with r, when they are divided by
the average perimeter of the CSRR, namely, 27r,. Such per unit
length parameters, Cp, and L, have been inferred from the
parameter extraction method for different values of the average
radius, ranging in the interval 0.7 mm < r, < 8 mm. The results
are depicted in Figure 2. The parameters that result when dividing
L and C by the average CSRR perimeter (L, and C,,), even
though they do not have a physical meaning, have also been
depicted in Figure 2. L, and C,,, are constant (except for small
values of r,, where this values become unrealistic), this being an
expected result. However, C,,, and L, exhibit a certain varia-
tion with r, for small r, values, and then they saturate. This

variation of C,, and L, not accounted for by the analytical
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radius, ry, of the CSRRs

2094

MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 50, No. 8, August 2008

o T
o =
-3 —Con =
Q - 8
c u c
L] Co o & - —
5 5+ “s o \)r".("oorcjcu o .\_JU«""‘L'CD.Q_J 6 %
g = = '3
1] = .l-- c
[&] LN

4 oL . a

= C_ LT LAY |
3 T T T T 2
0,0 0,2 04 0,6 0,8
¢=d (mm)

Figure 3 Variation of L. and C, with ¢ = d

model [10], is attributed to the presence of the strip line at the other
side of the substrate, the influence being more significant in small
CSRRs.

The second analysis that has been carried out is the effect of
varying ¢ and d, for a fixed value of the average radius. This has
been set to r, = 8 mm, that is, in the region of saturation of the
precedent analysis. Specifically, we have considered ¢ = d in this
analysis. Obviously, this is not necessary, but by making this
assumption, we reduce the number of variables. The effects of
varying ¢ and d on L and C, are depicted in Figure 3. L_ is weakly
dependent on ¢ and d, whereas C, varies significantly. The ratio
between these parameters is depicted in Figure 4. In the considered
range (0.05 mm < ¢ = d < 0.75 mm), the ratio L./C, changes
roughly between 900H/F and 1600H/F. Thus, this result can be
obtained for design purposes. Namely, from the required values of
L. and C, (determined from circuit specifications), the ratio L./C,
can be obtained and from the curve of Figure 4, ¢ and d can be
determined. Once determined ¢ and d, the average radius can be
modified to obtain the required value of either element. Obviously,
the achievable values are limited since the CSRR can be neither
large nor small.

It is worth mentioning that this study reveals that by using
CSRREs, the ratio between the reactive elements (L /C,) is limited
to the resulting interval (see Fig. 4). If different values are neces-
sary, other resonators such as the complementary spiral resonator
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Figure 4 Dependence of the ratio L/C, with ¢ = d
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Figure 5 Improved model (a) and previous model (b) of the unit cell of
a microstrip line loaded with CSRRs and series gaps on top of it

(CSR) can be used (the circuit model of CSRs and its relationship
with the circuit model of CSRRs has been reported before [10]).

3. THE PRESENCE OF A SERIES GAP IN THE
STRUCTURE: DISCUSSION

In the preceding analysis, the presence of a series gap in the
structure has been ignored. Indeed, the parameter extraction tech-
nique has also been applied to microstrip lines loaded with both
CSRRs and series capacitive gaps etched above the position of the
CSRRs [11]. With the presence of the series gaps, the structure
exhibits a pass band behavior with left handed wave propagation in
the first allowed band, as has been exhaustively reported [2, 10]. It
has been previously found that the extracted parameters of CSRRs
(L. and C,) do not vary with and without the presence of the series
capacitive gaps [11]. However, it has been found that the coupling
capacitance C is significantly enhanced when the series gap is
present. The series capacitive gap introduces an extra capacitance
to ground (fringing capacitance), but this can not actually explain
such enhancement.

Actually, the series gap must be modeled by means of a
w-circuit composed of three capacitors in either branch (Cj for the
series branch and C; for the fringing/parallel capacitance). Accord-
ing to this, the circuit model of the unit cell structure with the
presence of the series gaps, should be modeled as Figure 5(a)
illustrates, where C; is the contribution of the line capacitance.
Obviously, from 7T transformation, the circuit model of Figure
5(b), which is the reported model of microstrip lines loaded with
CSRRs and series gaps, is obtained, but the values of C, and C do
not actually have a physical interpretation. Indeed, C,, and C can be
expressed in terms of C and C,,, = C; + C according to:

C,=2C, + Cyu 1
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Thus, if C, is small, the coupling capacitance can be very large,
and this may occur in many practical situations. The main conclu-
sion of this section is that the model of CSRR and gap-loaded lines
reported previously is correct. It provides a good description of the
structures, but it actually results from a transformation of another
circuit model [Fig. 5(a)] where all the parameters have a physical
interpretation.

4. CONCLUSIONS

In conclusion, from a previously reported parameter extraction
method, we have extracted the parameters of the circuit model of
a CSRR-loaded line with different CSRR geometries. The results
obtained can be of interest to aid the design of planar microwave
components based on CSRRs, since the analytical models of
CSRR are valid under restrictive conditions. We have also dis-
cussed the effects of a gap capacitance etched in the line, and we
have modified the equivalent circuit model to account for the
enhanced coupling between the line and the CSRRs when the gap
is present. Actually, the model can be transformed to the previous
reported model with modified parameters. From this, the enhance-
ment of the coupling capacitance when the gap is present can be
perfectly explained.
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ABSTRACT: This article presents a MEMS-based bandpass filter with
a reconfigurable frequency response. The proposed device consists of a
stub-loaded Branch-Line Coupler in artificial transmission line technol-
ogy, resulting in a very compact structure. Furthermore, by using a mi-
cro electro mechanical system resistive switch, a reconfigurable fre-
quency response has been obtained. © 2008 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 50: 2096-2099, 2008; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
23570

Key words: micro electro mechanical system; artificial transmission
lines; reconfigurability; branch-line coupler; bandpass filter

1. INTRODUCTION

High performance bandpass filters are essential components in
communication systems, and in the last years several design tech-
niques have been developed to achieve both low insertion loss and
high selectivity filtering responses [1-4]. Among these, particu-
larly attractive is the solution proposed in [4], where a branch-line
directional coupler (BLC) has been employed to achieve a high-
selectivity filter based on signal-interference.

Furthermore, in many modern wireless communication systems
there has been considerable interest in developing miniaturized
devices with a reconfigurable frequency response [5-9]. Radio
frequency (RF) microelectromechanical systems (MEMS) are one
of the most promising technologies to meet these requirements
providing low insertion loss, low-power consumption, and excel-
lent linearity [7-10].

The bandpass filter proposed in this letter is based on the
approach suggested in [4]; specifically, the stub-loaded BLC has
been designed in artificial transmission lines (ATLs) technology
leading to a very compact device; furthermore, to obtain a variable
length loading stub, a micro electro mechanical system (MEMS)
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series resistive switch has been employed. This way, the filter
selectivity and its stopband rejection can be customized acting on
the switch state (ON/OFF).

The article is structured as follows: in Section 2 the fundamen-
tals of the ATLs technology are given, later on, Section 3 illus-
trates the proposed reconfigurable bandpass filter. Finally results
are given in Section 4 and some conclusions drawn in Section 5.

2. ARTIFICIAL TRANSMISSION LINES

The artificial transmission line concept is based on the possibility
to model any dielectric with a distributed L-C network in low/
high-pass topology. Relating the per-unit-length capacitance (C,)
and inductance (L) to the electric permittivity (¢ ) and magnetic
permeability (u) of the medium as follows:

o] = ="——=L|g| =~ Co (1

Z joL, Y joCy
jo  jo jo  jo

The transmission line (TL) propagation constant and its character-
istic impedance become:

zZ L
Bo=\~2Y = 0 \[E[lal.Z, = ﬁ‘ \Ef \/E @

Consequently, the TL phase velocity is given by:

Vo = \/TT 3)

Now, let us consider the periodic structure reported in Figure 1
with a unit cell made of a TL loaded with a shunt capacitance;
from the effective medium theory, one can derive that at frequen-
cies corresponding to wavelengths much larger than the TL-length
(d), this artificial transmission line (ATL) behaves as an “effec-
tively homogeneous ” TL, whose effective characteristic imped-
ance and phase velocity are:

P L, B 1 _ Ndo,
0ATL = (Co + Cp/d)9v])ATL = \/ C,,) bar = Vour

et

C 1/2
= Ndwo[L()( Co+ Eﬂ “4)

Being C,, the loading element, whilst N is the number of unit cells.

From (3) and (4), it is evident that the ATL is characterized by
a lower effective characteristic impedance and phase velocity.
Consequently, the same electrical length can be achieved with a

| = h

Figure 1  Unit cell of an artificial TL obtained by periodically loading a
conventional TL with a shunt capacitance and corresponding realization in
microstrip technology
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Abstract — 1In this work, it is shown that complementary
spiral resonators (CSRs) etched in the ground plane of a
microstrip line are useful for the implementation of band pass
filters with very small dimensions and wide stop bands. By
combining the CSRs with two series capacitive gaps and
inductive vias, two transmission zeros arise. By properly
allocating such transmission zeros at both sides of the pass band
of interest, the out-of band rejection and frequency selectivity of
the filters can be controlled. A prototype device example is
reported to illustrate the performance and size of these CSR-
based filters. This is an order-three Chebyshev band pass filter
centered at f,=1.1GHz with 10% fractional bandwidth. Measured
in-band losses (optimum value) are /L=-4.42dB, in-band return
losses are better than 9dB, and stop band rejection is better than
55dB up to 2.57GHz. Filter area is as small as 23.2 mm X 8.9 mm,
that is 0.224 x 0.084, where A is the wavelength (at the central
filter frequency) of a 50Q microstrip line in the considered
substrate. The key novel and advantageous aspect of the reported
filters is their small size, which is related to the small electrical
size of CSRs. Another advantage is frequency selectivity, which is
due to the presence of a transmission zero at both edges of the
pass band. The limitative aspect is their relatively small un-
loaded quality factor (Q,), this being attributed to the small
dimensions of the considered resonators. These CSR-based
devices can be of interest in those applications where size and
frequency selectivity are the most severe requirements.

Index Terms — Microwave filters, complementary spiral
resonators (CSRs), complementary split-ring resonators (CSRRs)
split-ring resonators (SRRs).

I. INTRODUCTION

High performance and ultra compact planar filters are
required in many microwave applications. To achieve small
dimensions in planar technology, the semi-lumped approach is
necessary. Within this approach, the reactive elements of the
filters, that is, inductors, capacitors and/or resonators, are
implemented by means of small size patterns printed in the
substrate. A good description of semi-lumped element filters
and related references is given in [1] and [2]. Among the
different strategies to obtain filter miniaturization, split ring
resonators (SRRs) have appeared in the scene (see their
topology in Fig. 1). Originally proposed by Pendry [3], and
subsequently employed for the synthesis of one- and two-
dimensional left handed metamaterials by the group of D.R.
Smith [4,5], SRRs have also been used as small resonant
particles in the design of planar filters in coplanar waveguide
(CPW) [6-9] and microstrip technologies [9,10]. In microstrip

978-1-4244-1780-3/08/$25.00 © 2008 |[EEE

technology, compact band pass filters [11,13] and diplexers
[14] have also been designed and fabricated by etching the
complementary particles of the SRRs, namely the
complementary split ring resonators (CSRRs) [15], in the
ground plane.

Fig. 1. Topologies of the SRR (a) and 2-SR (b), and their
equivalent circuit models. C, is the edge capacitance between the
concentric rings and L is the inductance of a single closed ring with
radius 7, and width ¢ (see [17] for more details).

The electric coupling between the individual open rings
forming the SRR is the cause of the small electrical size
achievable with this particle [16] (from duality arguments, the
electrical size of CSRRs and SRRs of identical dimensions is
roughly the same [17]). However, due to technological
constraints, it is difficult in practice to obtain diameters
significantly smaller than A/10 (A being the signal wavelength
at resonance) in SRRs and CSRRs. To further reduce
dimensions, SRRs have been implemented by using two metal
levels separated by narrow substrates [18]. This enhances
coupling (due to the broadside capacitance), but this strategy
cannot be applied to CSRRs. Another possibility is a change
in the topology of the particle, that is, to use two-turn or multi-
turn spirals [19,20]. As compared to the SRR, the two-turn
spiral resonator (2-SR, see Fig. 1) exhibits its first resonance
at half the resonance frequency of the SRR (provided
dimensions are identical) [17]. Thus, spiral resonators are a
good solution to enhance miniaturization in microstrip filters
based on complementary resonant particles etched in the
ground plane.
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The purpose of this work is to demonstrate the
miniaturization capability of complementary spiral resonators
(CSRs) for the design of microstrip band pass filters with two
transmission zeros and dual plane configuration. Such
transmission zeros are useful to attenuate the stop band level
and to sharpen the pass band response. The reported device
example, an order-three band pass filter centered at
f=1.1GHz, is very small (0.224 x 0.0844), it exhibits
reasonable in-band behavior, and the first spurious band
appears close to 3f.

II. FILTER UNIT CELL AND ANALY SIS

The topology of the unit cell of the new filters is depicted in
Fig. 2. It consists on a microstrip line configuration with a
CSR etched in the ground plane, two series gaps and a
metallic via (eventually, such via can be located at the
extreme of a shunt stub to gain further design flexibility).

Fig. 2. Typical topology of the unit cell of the CSR-based
structures applied in the design of the new filters. Metallic parts on
the top layer are depicted in black. The CSR, which has been etched
on the ground plane, has been depicted in gray for a proper view.

This kind of structure exhibits a left handed pass band
response with two transmission zeros (one at each edge of the
pass band), regardless of whether the structure is loaded with
CSRs or CSRRs. The lower transmission zero frequency, f,,
is mainly controlled by partially removing the metal inside
the resonator, whereas the upper transmission zero frequency,
f.»» has been found to be very dependent on the diameter of
the metallic via and/or stub length. Specifically, increasing
the etched area inside the resonators, uppers f,, whereas
increasing the length of the stub or reducing the diameter of
the via, lowers f,. This behavior is illustrated in Fig. 3, where
the simulated frequency response (obtained through the
Agilent Momentum commercial software) of three different
topologies is depicted (the parameters of the Rogers RO3010
substrate with dielectric constant £=10.2 and thickness
h=1.27mm have been used).

In this paper, it is the first time that the two transmission
zeros present in the structure are used to shape the frequency
response. In previous works [11], where a similar topology to
that of Fig. 2 was considered (but using only CSRRs), the
first transmission zero was ignored. Actually, such
transmission zero was found to be present at very small
frequencies from electromagnetic simulation, but it was
obscured by the floor noise in measurement. This is,
therefore, the first time that this additional transmission zero
located below the main transmission band is exploited.

978-1-4244-1780-3/08/$25.00 © 2008 |[EEE

Fig. 4.
insertion and return losses for the fabricated resonator. The area of the
rings is a=14.23 mm X 6.71 mm, their width is ¢=0.27 mm, separation
between them ¢=0.17 mm, central etched area @,= 12.24 mm x 4.82
mm. Regarding the top layer: line width and length w= 1.15 mm and,
I~ 2.5 mm, width and length of the central stub w=0.28 mm and
[=14.8 mm, via radius »,=0.1 mm, separation of the gap g=0.26 mm,
total length of the gap, /;= 12.28 mm, width of the lateral stubs
forming the gap w,=0.7 mm. (b) Layout of the structure.

1
Original cell (a)
Etched ground plane cell (b) -----
Long-stup cell (c) -

00 05 10 15 20 25
Frequency (GHz)
Fig. 3.  Layouts and simulated insertion losses (S,;) corresponding
to the indicated unit cells to appreciate the effects of varying the
stub length and removing part of the metal inside the CSRRs.

Fig. 4(a) depicts the simulated and measured (through the
Agilent 8720ET vector network analyzer) frequency response
of the unit cell of Fig. 4(b). As can be appreciated, the
transmission zeros are very close to the pass band of interest,
thus providing high frequency selectivity to the resonator.
This resonator, centered at 1.2GHz, has been designed to
exhibit a 5% 3dB bandwidth.

0

8608 10 12 14 16 1.
Frequency (GHz)

(a) Measured (solid line) and simulated (dashed line)
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III. FILTER DESIGN AND RESULTS

Based on one of the previous unit cells we have designed a
band pass filter subjected to a standard Chebyshev response.
In this case, CSRs have been used in order to obtain a more
compact device. The initial specifications of the filter were:
FBW= 10%, central frequency, f; =1.1GHz, 0.3 dB ripple, and
30dB rejection at 1.3GHz. The resulting filter is a 3-stage
filter whose design coefficients are g,=g;=1.371, g,=1.138,
g~go=1. The methodology followed to obtain the different
stages forming the filter was similar to that described in [11].
The different unit cells can be designed to set the position of
the transmission zeros at the desired frequencies. In this case,
the rejection band above the main transmission band has been
widened by means of locating the upper transmission zero of
each of the unit cells at different frequencies.

Fig. 5. Layout of the 3rd-order CSR-based Chebyshev filter. The
black parts represent the metallic sections on the top layer whereas
the CSRs etched on the ground plane are depicted in gray. The
substrate employed is Rogers RO3010 with h=0.635 mm and £=10.2

The resulting device (Fig. 5) has very compact dimensions
(0.22 x 0.08%) and it exhibits reasonable performance (see
Figs. 6, 7). Its frequency response has been compared with
that of a 3-stage standard parallel coupled line band pass filter
with similar performance, but with a larger ripple (0.5 dB). As
can be seen in Fig. 7(a), the responses of the two filters are
very similar in the vicinity of the pass band. The CSR-based
filter, in addition to its compact dimensions (nearly 5 times
shorter than the coupled line filter, as Fig. 6 illustrates),
presents its first spurious band at a higher frequency than the
conventional does. We have also compared the dimensions of
the new filter with those of a filter reported in [11], both
exhibiting similar characteristics and implemented in
substrates with identical dielectric constant. The area occupied
by the new filter is significantly smaller, although in-band
losses are also higher.

"
A S

Fig. 6.  Layout of the new CSR-based filter (a) compared with two
similar filters: (b) The CSRR-based filter reported in [11] and (c) an
order-3 filter based on parallel coupled lines.

978-1-4244-1780-3/08/$25.00 © 2008 |[EEE

The designed filter was fabricated and measured in order to
corroborate the simulation results. The experimental results
are shown in Fig. 7(b). As can be seen, the measured insertion
and return losses are in good agreement with the simulation
(which has been obtained by excluding ohmic and dielectric
losses). Measured insertion losses are /L=-4.42 dB, and return
losses are better than 9dB within the pass band of interest. The
moderate values of the un-loaded quality factor (Q, ~ 47)
associated to the compact resonators used in the design of the
filter is the main cause of in-band losses. Out-band rejection is
better than 55dB up to 0.87 GHz and between 1.9 GHz and
2.6GHz.

R
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iaatl
!

-100 | M 0e A0 a1 azas.

0.0 05 1.0 15 20 2.
Fig.7(a) Frequency (GHz)

{
3.0 3.5

)

0 u s 1 s 1 s 1 s 1 s 1 s
00 05 10 15 20 25 3.0 35

-10

Fig.7(b) Frequency (GHz)
Fig.7. (a) Simulated insertion and return losses for the designed
CSR-based filter (solid line) and the coupled line filter (dashed
line) designed for comparison. (b) Measured (solid line) and
simulated (dashed line) insertion and return losses for the designed
CSR-based filter.

IV. CONCLUSIONS

In conclusion, a new and compact type of filters based on
CSRs has been presented in this paper. The presence of two
transmission zeros has been exploited for the first time in
CSR/CSRR-based cells loaded with capacitive gaps and shunt
inductances. The possibility of controlling the position of
these two transmission zeros allows to obtain sharp pass
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bands. These cells can be applied to design standard filters
that combine a very compact size and a reasonable
performance. It has been demonstrated that the proposed
filters can be designed to be five times shorter than
conventional parallel coupled line band pass filters and two
times shorter (but with a reduction of 500% in area) than other
band pass filters previously designed by the authors and based
on CSRRs. The stop band behavior is good, with the first
spurious being allocated close to 3f,. The small size limits the
quality factor and hence in-band losses. Obviously this aspect
could be improved by using high temperature superconductors
(HTS).
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Abstract

In this paper, a review on metamaterial filters is presented. Several filters based on resonant-type composite right/left-handed
metamaterial transmission lines are revised. The different results presented show the application possibilities of such structures in
the design of filters with different bandwidths and performances. Some results based on other approaches are also shown.
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1. Introduction

The main aim of this work is to review the work
developed in this research group during the last years
in the implementation of metamaterial filters based on
resonant-type metamaterial transmission lines, which
combine sub-wavelength resonators to, together with
other elements like series capacitances or shunt induc-
tances, load a host transmission line and obtain a
propagating medium with controllable characteristics.
These lines offer the possibility of tailoring their phase
and impedance, what makes them suitable for, not only
filter, but, in general, microwave device design. Power
dividers, rat-race hybrid couplers, phase shifters, are
some examples of the application possibilities of these
resonant-type metamaterial transmission lines [1-3],
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which even offer the possibility of bandwidth enhance-
ment [4] or dual-band operation [5].

One of the firstissues to be discussed may be, perhaps,
the use of the term “metamaterial” to name these devices
based on such kind of lines. The authors do not apply the
label metamaterial intending to main that such structures
compose periodic, homogeneous and isotropic media
with negative effective ¢ and p parameters. Actually,
most of our devices are based on only one unit cell and
talking about effective parameters has no sense. What the
authors try to point out calling these devices as “metade-
vices” is the fact that they are based on sub-wavelength
resonators, like the SRRs [6], whose sub-wavelength
characteristics opened the door to the synthesis of the
first left-handed medium [7], and the fact that, indeed,
most of these transmission lines exhibit backward propa-
gation. In fact, the nature of the propagation is irrelevant
in most of the devices based on resonant-type transmis-
sion lines. It is, on the contrary, the controllability of
their electrical characteristics (beyond what is achiev-
able in conventional lines) and the possibility that
they offer to design compact devices what is exploited
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from these metamaterial resonator-based transmission
lines.

As was mentioned above, in this article we will make
a review on the different kinds of metamaterial filters
based on resonant-type metamaterial transmission lines
since their appearance in 2003 [8]. Their frequency
response immediately suggested their application pos-
sibilities as filtering structures and, since that moment,
an important amount of works has been devoted to the
implementation and improvement of this kind of filters.
One of the first strategies applying such metamaterial
resonators consisted in their inclusion as additional ele-
ments in conventional filters for out-of-band rejection
improvement [9,10]. Without entailing a considerable
areaincrement, SRRs can be printed close to the coupled-
line sections in a conventional coupled-line bandpass
filter and, when properly tuned, they can eliminate spu-
rious bands and thus improve out-of-band rejection. In
such filters, however, SRRs are merely added to a con-
ventional distributed filter as signal rejecting elements,
but they do not contribute as basic elements to gener-
ate a controllable transmission band. In the following
sections, we will focus on filters in which metamate-
rial resonators are essential elements in the transmission
lines forming the different stages of the filter. Diverse
strategies and kinds of unit cells applied to design a
big variety of filters with different performances are
shown. Finally, several filters based on other approaches
are also shown as examples of the application possibil-
ities that metamaterial transmission lines offer in filter
design.

2. Resonant-type metamaterial transmission
lines

As has been previously mentioned, the resonant-type
metamaterial transmission lines use different kinds of
sub-wavelength resonators like, for example, split-ring
resonators (SRRs) [6] or complementary split-ring res-
onators (CSRRs) [11] to load a host transmission line
and, in combination with other elements, obtain a prop-
agating media with controllable characteristics. These
properties are mainly the phase shift and the character-
istic impedance of the line [12,13]. Due to the small
dimensions of these resonators, the resulting transmis-
sion lines can be very compact and, once the line has been
designed to exhibit certain characteristics to be applied
in the design of a specific device, its size can be reduced
in an important factor [3,1].

The resonant-type approach is not the only one ded-
icated to the synthesis of composite right/left-handed
transmission lines (CRLH TLs). The first transmission

lines with composite characteristics appeared in 2002
[14,15] and consisted on a conventional transmission line
loaded with shunt inductances and series capacitances
(which can be implemented, for instance, as capacitive
gaps). These loading elements provide a series capacitive
impedance and a shunt inductive impedance in a certain
frequency range, what is necessary to exhibit left-handed
propagation [14]. Furthermore, the effect of the parasitic
elements of the host line provides right-handed propaga-
tion at higher frequencies, where the series impedance is
inductive and the shunt impedance is capacitive, giving
rise to a composite right/left-handed behaviour. These
CL-loaded CRLH TLs can also be applied in the design
of microwave devices giving rise to very competitive
components applying different design strategies [16,17].

The first resonant-type composite right/left-handed
metamaterial transmission line was implemented in
2003 [8]. It consisted on a coplanar waveguide loaded
with SRRs etched on the bottom layer of the substrate
and signal-to-ground strips. The combination of the
resonators, which were excited by the magnetic field gen-
erated by the line, and the metallic wires, provided the
shunt and series impedance values required to exhibit
the left-handed propagation (see Fig. 1), whereas right-
handed wave propagation appeared at higher frequencies
(not shown in Fig. 1).

The equivalent circuit model for this structure can be
seen in Fig. 1(c). In the model, C represents the line
capacitance, Ly, the metallic connections between line
and ground, L corresponds to the line inductance, and
the resonators are modelled by the resonant tanks formed
by C; and Lg, which are magnetically coupled to the line
through the mutual inductance M. This circuit can be
transformed into the one depicted in Fig. 1(d) by means
of the following transformations [18]:

5 (1+ L/4Ly)?

L, =2M*Cyw3 —— 2 1

s SO Y M2 2L, Ly M
2

o Ls 1+ M?/2L, L, 2
P 2M20\ 14 L/4AL,
/! L L /

L'=(2+ TLP 5 - Ls (3)
, L

Ly=|2Lp+ 3 4)

The model shown in Fig. 1(c) is a recently improved
version of the previous one and has been proved to be
physically more accurate than the existing one. As can be
seen in Fig. 1(d), the loading elements, that is, the SRRs
and the shunt inductances contribute to obtain a capaci-
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Fig. 1. (a) Layout of a SRR-based CPW left-handed transmission line.
The CPW line is loaded with shunt inductances and SRRs lying on the
opposite side of the substrate. Metallic parts are depicted in grey for the
top layer and in black for the bottom layer. The length of the unit cell
is /=5 mm while the centre conductor and slot widths are W=4 mm
and G=0.3 mm, respectively. The rings have an internal radius of
r=1.3 mm, widths of ¢ =0.2 mm and a separation of d=0.2 mm. Arlon
250-LX-0193-43-11 substrate with dielectric constant &, =2.43 and
thickness #2=0.49 mm was used. (b) Measured frequency response of
the device shown in (a). (c) Equivalent circuit model for the structure
shown in (a). (d) Modified circuit (equivalent to that in c).

tive series impedance and an inductive shunt impedance
in a certain frequency range, where left-handed propa-
gation will be allowed.

SRR-based transmission lines were the first to appear
and to be applied in the design of filters. However, since
the appearance of the CSRR as the complementary coun-
terpart of the SRR, several unit cells have been developed
based on these particles [19,11,20] and CSRRs have
become the most frequently applied resonators. The
simplest and most commonly used unit cell combines
CSRRs with capacitive gaps etched on a microstrip line.
The resonators are etched on the ground plane, below the
capacitive gaps (see Fig. 2(a)), and they are excited by
the electric field going from the line towards the ground
plane. The equivalent circuit model of these structures,
as in the case of the SRR-based lines, has been recently
improved and a physically more accurate model has been
obtained [21]. In the new circuit model (Fig. 2(c)) the
inductance of the line is represented by L and the res-
onant tank formed by L. and C, takes into account the
presence of the CSRR. Additionally, the model includes
three different capacitances to model the capacitive gap
(Cs, Cy) and the electrical coupling between the line and
the CSRR (CL). By this means, the gap is modelled by a
[T-circuit in which Cs represents the series capacitance
and C; is the fringing capacitance. The effect of the gap
and the coupling between the line and the resonator are
taken into account separately. This improved model can
be transformed into the former one (Fig. 2(d)) by means
of the following transformations:

_ Cpar(zcs + Cpar)

c c. (&)
Cy = 2Cs + Cpar ©)
with:

Cpar = Cr + CL N

This transformed T-circuit model differs from the
LC-loaded transmission line one on the presence of the
capacitance C, which is responsible for the existence of
a transmission zero below the left-handed transmission
band.

If a shunt inductance is added to the previous struc-
ture, a new unit cell with a different behaviour is
obtained: the hybrid cell (see Fig. 2(b)). The additional
element contributes to obtain backward propagation at
lower frequencies and represents an extra degree of free-
dom when designing the line. Furthermore, it modifies
the characteristics of the line. In this case, at the fre-
quency in which the shunt impedance (see Fig. 2(e))
nulls, the response presents a transmission zero which,
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(a) (b)

Fig. 2. (a) Layout of a purely resonant CSRR-based unit cell. Metallic
parts are depicted in grey for the bottom layer and in black for the top
layer. (b) Layout of a hybrid cell based on CSRRs. Metallic parts are
depicted in grey for the bottom layer and in black for the top layer. Via
have been depicted in white. (c) Improved equivalent circuit model
for the purely resonant cell. (d) Modified equivalent circuit model for
the purely resonant cell. (e) Equivalent circuit model for the hybrid
cell.

contrary to the purely resonant case, is located above
the left-handed band. This transmission zero can be very
useful to obtain a good rejection level above the pass
band in filter applications.

Provided that both, the purely resonant and the hybrid
transmission line, just like the LC-loaded transmis-
sion line, have a composite behaviour [22], they can
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Fig. 3. (a) Dispersion diagram for a purely resonant CSRR-based bal-
anced transmission line. The frequency gap that usually separates the
left-handed and the right-handed bands, has been forced to disappear
in order to obtain a broad transmission band with composite charac-
teristics. (b) Layout of a high-pass filtering structure formed by three
balanced unit cells. Metallic parts are depicted in grey for the bot-
tom layer and in black for the top layer. Rogers RO3010 substrate has
been used, with thickness 2= 1.27 mm and dielectric constant &, = 10.2.
Dimensions are: total length /=55 mm, line width W=0.8 mm, exter-
nal radius of the outer rings r="7.3 mm, ring width ¢ = 0.4 mm and ring
separation d = 0.2 mm; the interdigital capacitors are formed by 28 fin-
gers separated 0.16 mm. (c) Responses of several structures formed by
different number of stages. Frequency selectivity is enhanced as the
number of stages increases. Figure (a) reprinted with permission from
[22]; © 2007 IEEE.

be designed to be balanced and exhibit broad-band
responses. The balance condition is satisfied when the
upper limit of the left-handed band coincides with the
lower limit of the right-handed band. If that is the case,
there is a continuous transition between both bands; the
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frequency gap that normally separates the bands disap-
pears and, as a result, a broad transmission band with
right-handed and left-handed characteristics is obtained
(see Fig. 3).

3. Metamaterial filters

The frequency selectivity of resonant-type metamate-
rial transmission lines suggests their application in filter
design. Furthermore, the possibility of obtaining such
broad responses by means of balanced lines opens the
door to the application of these structures in the design
of broad-band filters. As has been previously mentioned,
the characteristics of the lines can be tailored to some
extent in order to obtain the desired response. Addition-
ally, the position of the transmission zeros can be set to
eliminate spurious bands and to control the out-of-band
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rejection, which can also be improved increasing the
number of stages. These properties have been exploited
and applied to the design of several kinds of filters since
the first resonant metamaterial transmission lines arose.

3.1. Filters based on alternate right/left-handed
cells

One of the first strategies applied in the
design of filters based on these transmission lines
was the combination of different cells with right-handed
and left-handed behaviour to obtain a bandpass response
[23-25]. These two kinds of lines present a transmission
zero above and below the first transmission band, what
allows to obtain a bandpass behaviour with a sharp
cutoff at both sides of the band (see Fig. 4). The use
of only one kind of cell provides a poor rejection level
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Fig. 4. (a) Frequency response of a SRR-based CPW left-handed line. (b) Frequency response of a SRR-based CPW right-handed line. (c) Measured
frequency response of the filter combining one right-handed and two left-handed unit cells. (d) Layout of the filter combining one right-handed and
two left-handed unit cells. Metallic parts are depicted in black for the top layer and in grey for the bottom layer of the substrate. Substrate Arlon
250-LX-0193-43-11 with ¢, =2.43 and thickness 7 =0.49 mm was used. The smaller SRR radius is »=1.39 mm, width and distance between the
rings ¢ =d=0.2 mm are the same in all SRRs. The radius of the bigger SRRs is r=1.52 mm. Wire width is wy = 2.16 mm, gap length is [; =1.6 mm
and the total length of the filter is 1.5 cm [23]. Figures (c) and (d) reprinted with permission from [23]; © 2004 IEEE.
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at one of the edges of the band. This limitation can be
solved alternating the two types of cells as explained.
This strategy can be applied to design filters with
different bandwidths using either SRR-based coplanar
transmission lines [23,26], or CSRR-based microstrip
structures [24,25,27].

In coplanar technology, the right-handed lines consist
on the combination of SRRs etched on the bottom side
of the line and capacitive gaps etched on the coplanar
waveguide (see Fig. 4(b)). On the contrary, CSRR-based
microstrip right-handed structures combine shunt induc-
tances with CSRRs etched on the ground plane to obtain
the desired response. As can be seen in Fig. 4(c), the
designed filter, as well as being very compact (the length
of the active part is 1.5 cm), exhibits a very selective and
symmetric narrow-band response obtained thanks to the
combination of the two types of coplanar metamaterial
unit cells. If the device is compared with a conventional
coupled-line filter with similar characteristics (an order-
3 Chebysheyv filter), the total length of the metamaterial
filter is roughly three times shorter than the conventional
one.

3.2. Ultra-wide bandpass filters based on balanced
cells

As was mentioned in the previous section, the com-
posite right/left-handed behaviour that CSRR-based
transmission lines exhibit, allows to design balanced
lines with a wide transmission band, which can be
applied in the design of broad-band filters. Both, the
purely resonant and the hybrid cells can be designed
to be balanced. Some examples including both kinds of
transmission lines are given below. Fig. 3(c) shows the
response of several devices implemented in microstrip
technology based on the purely resonant model and
formed by 2—4 balanced unit cells. The graph shows
the variation of the rejection level with the number
of stages. As far as no control is exerted on the
upper limit of the band, purely resonant balanced lines
exhibit high-pass behaviour. However, we have the
possibility of controlling the upper edge of the band
adding some elements to our design. The signal can
be rejected around a certain frequency range if addi-
tional resonators tuned at the frequency of interest are
included in the device. Fig. 5 shows an ultra-wide band-
pass filter (UWBPF) designed following the described
strategy.

The filter was designed to cover the standard mask for
UWB communications going from 3.1 GHzto 10.6 GHz,
as shown in Fig. 5(b). The filter is formed by three bal-
anced unit cells whose high-pass response starts around
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Fig. 5. (a) Layout of a UWBPF filter based on balanced cells con-
taining additional CSRRs to control the upper limit of the band. The
considered substrate is the Rogers RO3010 with thickness 7 =635 pum
and dielectric constant &, = 10.2. Dimensions are as follows—for the
big SRRs: external ring radius rex; =2.10 mm, distance between rings
d=0.11 mm, coyter =0.22 mm and cjpper = 0.16 mm for the external and
internal ring, respectively. For the small SRRs: external ring radius
rext =0.89 mm, distance between rings d=0.11 mm, coyter =0.17 mm
and cipper =0.17 mm for the external and internal ring, respectively. The
width of the host line is W=0.80 mm and the capacitor is formed by
five face-to-face fingers separated a distance of 0.16 mm (finger length
and width are 0.84mm and 0.14 mm, respectively). (b) Simulated
frequency response of the filter shown in (a).

3.1 GHz. Three additional CSRRs have been added and
located in the centre of the big resonators forming
the unit cell. Their task is the rejection of the signal
around 10.6 GHz. As a result, the filter exhibits a pass
band behaviour covering the desired frequency range
and, in addition to this, its dimensions are very small.
The inclusion of the small CSRRs does not entail any
increment in the total device area, which is around
1.5cm x 0.4 cm.

These additional resonators are useful, not only to
control the upper limit of the transmission band, but also
to include attenuation poles, suitable for the rejection of
interfering signals which may appear within the trans-
mission band, as can be seen in the examples given below
[28]. The resonators used to create the attenuation poles,
as well as the ones controlling the upper limit of the
band, can be either metallic, being added close to the
line on the top layer of the substrate, or complementary,
being etched on the ground plane under the transmission
lines or inside the bigger resonators like in the previ-
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Fig. 6. (a) Layout and photograph of a UWB filter including additional
complementary split-ring resonators (CSRRs) and complementary
spiral resonators (CSRs) to control the upper limit of the transmission
band and to add an attenuation pole at 4.8 GHz, respectively [28].
Dimensions are those indicated in Fig. 5. CSR dimensions are:
¢=0.17mm, d=0.11 mm and rex = 1.01 mm. The area of the dashed
rectangle is A=1.77 cm x 0.41 cm=0.73 cm?. (b) Frequency response
of the filter shown in (a). (c) Layout and photograph of a UWB
filter including additional split-ring resonators (SRRs) and spiral
resonators (SRs) to control the upper limit of the transmission band and

ous example. This can be observed in the two following
examples of UWBPF filters with attenuation poles cre-
ated using spiral resonators (SRs) and complementary
spiral resonators (CSRs).

The first of the examples is based on complementary
resonators, as can be seen in Fig. 6(a). All the additional
resonators are complementary and have been etched on
the ground plane. The small CSRRs have been added
to reject the signal above 10.6 GHz like in the previous
example. The attenuation pole is due to the effect of the
CSRs located under the access lines. They can be tuned
in order to place the notch at the desired frequency and,
thus, eliminate undesired signals. In this case, the CSRs
were designed to reject any signal around 4.8 GHz.

In the second filter (Fig. 6(c)) all the additional res-
onators are metallic and lay on the top layer of the
substrate. As can be seen, this filter contains several
square-shaped metallic resonators close to the host line.
Four SRRs can be found near the extremes of the filter
and they are, like the CSRRs in the previous example,
responsible for the control of the upper limit of the band.
The attenuation pole located at 5.6 GHz is in this case due
to the presence of the two SRs situated in the central part
of the filter. As can be seen, the addition of the extra res-
onators does not increase the size of the device. Indeed,
the total area of both devices is significantly smaller than
1 cm?.

UWBPFs can be implemented not only with purely
resonant metamaterial transmission lines, but also using
balanced hybrid cells [29]. Fig. 7 shows an example of
this kind of UWB filters. The filter was designed to sat-
isfy a set of strong specifications: device area A < 1 cm?2,
insertion losses IL < —80 dB at 2 GHz, bandwidth from
3.5GHz to 9 GHz.

The final device was formed by four hybrid unit cells
designed to be balanced and cover the desired frequency
range. All the mentioned specifications were satisfied
by both the designed and the fabricated prototype. The
frequency response shown in Fig. 7(b) shows the strong
out-of-band rejection achieved below the transmission
band; the condition IL < —80dB is satisfied at 2 GHz.
In-band insertion losses are low and return losses are
better than —10 dB in the most part of the band. In addi-
tion to this, no spurious bands are present up to 16 GHz.
All these characteristics are combined with very small

to add an attenuation pole at 5.6 GHz, respectively. CSR dimensions
are: ¢=0.14 mm, d =0.166 mm, lox; =2.03 mm and Aex; = 1.46 mm. The
area of the dashed rectangle is A=1.57 cm x 0.42 cm=0.66 cm?. (d)
Frequency response of the filter shown in (c). Figures reprinted with
permission of John Wiley & Sons Inc. from the article: [35] © 2004
John Wiley & Sons Inc.
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Fig. 7. (a) Layout of the hybrid cell-based UWB filter. The total area
of the device is <0.7 cm?. Substrate is Rogers RO3010 with thick-
ness 4 =127 pm and dielectric constant &; = 10.2. Dimensions are: line
width W=0.126 mm, external radius of the outer rings r=1.68 mm,
rings width ¢=0.32mm and rings separation d=0.19 mm; inductor
width is 0.10 mm and the distance between the metals forming the
gap is 0.4 mm. (b) Frequency response of the filter. The dashed line is
the simulated response, whereas the solid line represents the measured
response. Figures (a) and (b) reprinted with permission from [29]; ©
2007 IEEE.

dimensions. In fact, the area of the dashed rectangle in
Fig. 7(a) is A=1cm?.

3.3. Design methodology for bandpass filters

The design flexibility that hybrid cells provide per-
mits, not only the implementation of UWBPF filters
based on balanced lines, but also the design of standard
filters based on un-balanced lines. In 2006, a complete
methodology for the design of planar bandpass filters
based on CSRRs was presented for the first time [19].
Such filters can be modelled as is shown in Fig. 8(a),
which represents a cascade of admittance inverters with
normalized admittance J = 1, alternating with shunt
resonators tuned at the central frequency of the filter.
These resonators can be parallel LC resonant tanks, giv-
ing rise to the model shown in Fig. 8(b). As long as
the admittances of the resonant elements applied in the
design of the filters agree with those of the LC tanks
of the model, at least around the resonance, the tar-
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Fig. 8. (a) Bandpass filter model consisting on impedance inverters and
shunt resonators. (b) Bandpass filter model with LC resonant tanks as
shunt resonators.

geted approximation (Chebyshev and Butterworth) can
be applied in the design of filters with limited band-
width. The admittance inverters can be implemented by
means of 90° transmission lines, but we will proceed
in a different way, that is, by cascading the hybrid cells
of Fig. 2(d). This will reduce dimensions. The target
is, as in the circuit in Fig. 8, to achieve total trans-
mission and ¢=90° per unit cell at the central filter
frequency, fp.

The possibility that metamaterial transmission lines
offer, to control the phase shift and the characteristic
impedance of the lines simultaneously, allows the design
of the unit cells needed in the implementation of the filter.
As is explained in detail in [19], and mentioned above,
the unit cells forming the filter must fulfil two require-
ments at the central frequency of the filter, fy: the phase
shift must be ¢ =90° and |S71| =1, that is, at fy, the char-
acteristic impedance must be the reference impedance
of the ports (usually 50 2). In the case of Chebysheyv fil-
ters, the required rejection level and the ripple in the pass
band determine the element values of the low-pass fil-
ter prototype, g;. Furthermore, the fractional bandwidth
settles on the 3-dB bandwidth of each resonator (A;).
In addition to this, the central frequency fy, the frac-
tional bandwidth (FBW) of the filter and the position of
the transmission zero can be used to determine all the
values for the circuit elements of the model. To deter-
mine the element values for the circuit of Fig. 2(d), the
series and shunt impedances have to be set to Zs = —jZy
and Z, =jZy, respectively, at fy. This does not univocally
determine the element values for the shunt impedance
(the series inductance is neglected). These values are
also determined by the 3 dB bandwidth of the cells:
Ao 2T (8)

200)

where wo, w1 and w; are the central frequency and
3 dB frequencies, respectively, and by the transmission
zero, which occurs at that frequency where the shunt
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impedance reduces to zero, namely
_ 1
" 2nJL(Ce + C)

For a LC parallel resonant tank, with inductance and
capacitance Leq and Ceq, Tespectively, we have

Iz ©))

2 |L
A=—, = (10)
Zy Ceq
If we consider the filter structure of Fig. 8(b), where the
L and C values come from the low-pass filter prototype
by frequency and element transformation according to

Coqg=|——| g, Leqg = —— 11
e [FBWa)OZO] 8 e = g (an
we get the following expression for resonator band-
widths:

2FBW
Ai= (12)

8i

The transmission zero frequency, f;, can be tailored to
some extent and be used to eliminate spurious bands
which may appear close to the main band. The two 3 dB
frequencies can be chosen to be equidistant from the
central frequency, fy. These two frequencies are, under
the approximation that the series impedance is roughly
constant along the pass band, the frequencies at which the
shunt impedance is Zy/2 and infinity, while, as has been
previously indicated, Z,=jZy at wq. These conditions
can be expressed as:

LaLcw}(C + Ce) — Law _Z
Lew}(C + Co) — ColLg(LCew} — 1) =1 2
(13)
Lew3(C + Ce) — Ca3Ly(LoCews — 1) — 1 =0
(14)
Lcha)g(C + C¢) — Lgwo 7
Lewd(C + Ce) — CalLg(LeCe — 1) — 1
(15)

The previous approximation (which is valid for narrow
and moderate bandwidths) leads us to simple analytical
expressions (Egs. (13) and (14)). If this approximation
is not applied, then the conditions arising from the 3 dB
frequencies are not mathematically simple. Solution of
Egs. (13)—(15) and (9) leads us to the parameters of the
shunt reactance, while the series capacitance is given by
(assuming that L is negligible):

1
& 2Zowy

(16)

All these specifications and impositions can be used
to univocally know all the elements of the circuit model
of the structure (see Fig. 2(e)), except for the line induc-
tance, which can be neglected in the frequency range of
interest. The application of this methodology has given
rise to very competitive filters satisfying different specifi-
cations. Fig. 9a and b shows the layout and the frequency
response of one filter with 0.3 dB ripple, fp =2.5 GHz and
FBW =9%. Relevant dimensions of the layout are indi-
cated in Fig. 9(a), showing that the total length of the
filter, excluding access lines is around 0.4, being X the
signal wavelength at fy. The designed filter presents a
good performance, combined with very compact dimen-
sions. Size can still be reduced if CSRs are used instead
of CSRRs. Transmission lines based on these resonators
are equivalent to the ones based on CSRRs, but the
fact that the resonance frequency of a CSR is approx-
imately half the resonance frequency of a CSRR with
the same dimensions, makes that CSR-based transmis-
sion lines are considerably smaller. One example of these
CSR-based filters is shown in Fig. 9c and d. It is a
0.3-dB ripple filter with fp=1.1 GHz and FBW =10%.
The device occupies an area A=0.22A x 0.08A, which
is five times smaller than the area that a CSRR-based
filter with a similar performance takes up [30]. Size can
be reduced thanks to the small electrical size of CSRs,
although their worse quality factor causes higher inser-
tion losses.

As the results corroborate, this design method-
ology makes possible the synthesis of filters with
small dimensions, low-losses, high-frequency selec-
tivity and good out-of-band performance, which can
be of interest in such applications in which small
size and planar technology compatibility are essential
aspects.

As was mentioned above, filters modelled by the
scheme shown in Fig. 8(b) can be synthesized using
different topologies. In the previous example, we did
not use 90° transmission lines as admittance invert-
ers. In [31], a variation of the previous methodology
is reported, in which the same kind of resonators com-
bining CSRRs and shunt stubs are coupled by means
of A/4 lines. The same conditions and specifications as
in the previous filters can be imposed, giving rise to
the necessary design equations. Although some of these
equations differ from the former ones, as a consequence
of the modification of the unit cell, the methodology
is basically the same. The advantage that these new
unit cells offer is their bandwidth, which can be much
broader than in the case of the hybrid cells. Fig. 10
shows the equivalent circuit, together with the layout
and the frequency response of a periodic UWBPF fil-
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Fig. 9. (a) Layout of the CSRR-based Chebyshev filter. (b) Frequency
response of the filter shown in (a). The dashed line is the simulated
response, whereas the solid line represents the measured response. (c)
Layout of the CSR-based Chebyshev filter. (d) Frequency response
of the filter shown in (c). The dashed line is the simulated response,
whereas the solid line represents the measured response. Substrate is
Rogers RO3010 with thickness #=0.635 mm and dielectric constant
& =10.2 was used in both filters. Figures (c) and (d) reprinted with
permission from [30]; © 2008 IEEE.
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Fig. 10. (a) Equivalent circuit model of the unit cell. (b) Layout of the
CSRR-based bandpass filter. Metallic parts are depicted in grey for the
top layer and in black for the bottom layer. (c) Simulated frequency
response of the filter shown in (b). Substrate is Rogers RO3010 with
thickness 4 =0.635 mm and dielectric constant &, = 10.2 was used. Fig-
ures reprinted with permission of John Wiley & Sons Inc. from [31] ©
2004 John Wiley & Sons Inc.

ter implemented following the mentioned procedure.
The fractional bandwidth is FBW =90% and the cen-
tral frequency is fop=6.8 GHz, whereas the order of
the filter is N=3. The out-of-band rejection can be
improved adding at the filter output two CSRRs properly
tuned to eliminate the spurious band appearing around
17 GHz.

As can be seen, the use of these unit cells offers the
possibility of designing broad-band filters following a
complete design methodology and giving rise to compact
filters with an interesting performance.
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3.4. Other approaches

Different approaches, not based on SRR-type res-
onators, but applying different kinds of artificial
transmission lines have also given rise to very compet-
itive filters. Composite right/left-handed metamaterial
transmission lines based on LC-loaded transmission
lines have also been applied in filter design. As an
improved structure, tapered coupled-resonators-based
CRLH TLs can be used to design broad-band filters pre-
senting high frequency selectivity. In [32], such a filter
implemented in MIM configuration is presented, show-
ing a fractional bandwidth of 115% and a reasonable
performance. Such tapered coupled-resonator structures
are applied to exhibit transmission zeros at different fre-
quencies and provide a sharp cutoff at the upper edge of
the band, improving frequency selectivity.

Thanks to non-linearity and controllability of the
dispersion diagram of CRLH transmission lines, it is
possible to design dual-band components operating at
arbitrary frequencies. In [33], for example, bandpass
and bandstop filters based on quarter wave resonators
have been implemented by replacing the lines with LC-
loaded CRLH TLs. By doing this, the second operating
frequency, f>, where the phase is 37/2 does not have
to be an odd multiple of the first one, f1, but it can be
chosen freely. The results in [33] prove that this strat-
egy can be applied to the design of dual-band bandpass
and bandstop filters with different bandwidths and good
performances.

Metamaterial transmission lines can also be used
to implement stepped-impedance resonator bandpass
filters [34]. In such devices, right- and left-handed
transmission line sections with different characteristic
impedances alternate. If the length of the right-handed
line sections and values of the characteristic impedances
are properly chosen, dimensions can be drastically
reduced and, at the same time, the first spurious band
can be shifted to higher frequencies. As a result, compact
bandpass filters with an improved out-of-band rejection
can be implemented.

These are some of the examples showing the appli-
cation possibilities of metamaterial transmission lines
in filter design. Work is in progress in our Group and
different Groups worldwide to further miniaturize and
optimize microwave filters on the basis of metamaterial
technology.

4. Conclusions

A review on the work developed during the last years
in the field of filters using resonant-type metamaterial

transmission lines has been carried out. Part of the work
carried out by this research group has been exposed,
showing different kinds of filters applying diverse struc-
tures and design strategies. The presented work shows
the possibilities that this kind of metamaterial transmis-
sion lines offer in compact filter design. As the results
show, different bandwidths, performances and function-
alities can be obtained using resonant-type metamaterial
transmission lines and, at the same time, dimensions can
be considerably reduced without the need of including
lumped elements. Such metamaterial filters are, there-
fore, a good alternative when size and fully planar
implementation are key issues.

Other approaches have also been applied to the imple-
mentation of filters with excellent results, showing again
the possibilities that metamaterial transmission lines
offer in filter design.
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Abstract: It is the first time that split-ring resonators (SRRs) are implemented using ferroelectric
materials to modify their resonance frequency by means of a tuning voltage. SRRs have been used to
load a microstrip transmission line on a multi-layered substrate including a thick film of Barium-
Strontium-Titanate (BST) to obtain a tunable stop-band response. The characteristics of the BST layer
allow the application of 140V as tuning voltage to obtain frequency tunability values around 12.5%. The

applied technology is suitable for the fabrication of cost-effective and reliable planar microwave devices.

Introduction: Split-ring resonators (SRRs) have been used in very diverse applications, since their
appearance in 1999 [1]. Specifically, they have been widely used, together with other similar resonators,
for the implementation of resonant-type metamaterial transmission lines [2,3], this representing an
alternative to the CL-loaded approach, formerly proposed by Caloz et al [4], and lyer et al. [5].
Different strategies have been followed in order to achieve tunability in such resonators at microwave
frequencies, including the use of different kinds of capacitors [6,7,8,9], MEMS [10], or liquid crystals
[11]. On the other hand, Barium-Strontium-Titanate (BST) has been used for the implementation of
different kinds of ferroelectric varactors [12,13] as well as in the design of tunable SRRs [9]. In this
case, however, the resonance frequency was modified by varying the temperature. In the present work,

we take advantage of the dependence of the dielectric permittivity of ferroelectric materials with an



external electric field [14], in order to modify the resonance frequency of SRRs by means of an electric
voltage. The resonators have been used to load a microstrip transmission line in order to obtain a notch
around the resonance frequency of the SRRs. This strategy allows a cheap and easy fabrication process
for the implementation of artificial tunable lines based on SRRs, and better reliability than other
approaches. In addition, the measurements show very low insertion losses in the pass band, which are
lower than 0.4dB up to 4GHz.

Design and fabrication: The resonance frequency of the SRR can be varied if the capacitance between
the two rings forming the resonator is modified, in a similar way as it is done in BST interdigital
varactors [12]. Thanks to the use of BST and with a proper design of the SRRs, this capacitance can be
tailored and the desired tunability is achievable. The used BST thick-film with a thickness of 3.5um is
made by screen-printing a Fe-F co-doped BST paste on an alumina substrate and sintering at 1200°C
[15]. Based on this ceramic, the structured metallization for the strip of the transmission line and the
SRR are realized by a single lithography step and plating 2.5um thick Au electrode on a Cr/Au seed
layer which is afterwards removed by wet etching. A cross section scheme of the substrate is depicted in
Fig. 1(a).

The biasing requires the connection of DC feeding lines and pads to the rings forming the SRR as shown
in Fig. 1(b), where the relevant dimensions of the structure are also included.. Rogers RO3003 substrate
Is used as carrier substrate for the whole device including the biasing network. The carrier substrate is
placed on a copper plate which acts as microstrip ground and ensures mechanical stability. Due to the
topology of the SRRs, no dc-blocking elements are needed, whereas the RF signal is blocked by means
of 100KQ SMD-resistors. The fabricated device, a microstrip line loaded with a pair of tunable SRRs, is
depicted in Fig.2.

Results: The measured and simulated responses for the tuned (V=140V) and untuned (V=0V) states are
shown in Fig.3. Simulations have been carried out with the commercial software Agilent Momentum,

using different values of the effective relative permittivity of the BST layer for the tuned (& tuneds=255)



and untuned (& ununea=340) states, which are typical values for the considered inter-ring distance (d) and
tuning voltages for such BST thick-films. Due to the limitations of the simulation software, a
homogeneous permittivity must be assumed for the entire BST layer as an approximation. In general, the
permittivity of BST is dependent on the applied electric field strength, which is itself a function of the
structure geometry. Hence, permittivity is actually inhomogeneous. Nevertheless, the validity of the
homogeneity assumption for the simulation of the proposed structure has been in general verified by
simulations using a specialized software for the tuning of BST components [16]. There is a good
agreement between simulation and measurements concerning the tuning range, insertion and return
losses, although a small frequency shift can be observed. Mismatch can be attributed to some
discrepancies between the actual geometrical and physical parameters of the structure and those used in
the simulations (dimensions, dielectric permittivity, etc.), in addition to known problems with the
appropriate mesh generation for structures with high dielectric constants.

The measured resonance frequencies are founwned=2.49GHz and fowneg=2.80GHz; that is, the achieved
frequency tunability is 12.45%. The measurement shows very low insertion losses in the pass band
(better than 0.4dB at least up to 4GHz) and the rejection in the notch is close to —5dB. The rejection
level can be easily increased by cascading additional unit cells (n). This has been verified through
simulations, which indicate a rejection level of —15dB for n=3, and —30dB for n=6. Work is in progress
for experimental demonstration.

Conclusions: Electrically tunable SRRs using a BST thick-film layer suitable for planar microwave
device applications have been developed for the first time. One fabricated microstrip line loaded with a
pair of tunable SRRs has been characterized and it has been found to exhibit a notch with 12.5%
tunability and very low insertion losses in the pass-band. Work is in progress in order to design new

tunable structures based on BST thick-film technology.
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Fig.3 Simulated (gray) and measured (black) frequency responses for the fabricated
device for the tuned and untuned states.
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