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Summary

This thesis focuses on the analysis, circuit modeling, and applications of
transmission lines loaded with electrically small resonators (e.g. split ring
resonators −SRRs− or stepped impedance resonators −SIRs−) subjected
to symmetry considerations. The results obtained in this thesis expand the
state-of-the-art in the frame of metamaterial-based and resonator-loaded
transmission lines. For this reason, we first review the fundamental theory
of metamaterials and electrically small resonators.

Next, we present some advances in the lumped-element equivalent circuit
models of transmission lines loaded with electrically small resonators: (a)
we model magnetoelectric coupling between the transmission line and the
resonators, since it must be considered depending on the relative line-to-
resonator orientation, particularly when the structure is symmetric at the
midplane; (b) by applying the theory of infinite periodic structures using
four-port transmission matrices, we show that inter-resonator coupling in
resonator-loaded transmission lines enhances the stopband bandwidth due
to the appearance of complex modes; and (c) we infer the limits on the range
of implementable values of inductance and capacitance of shunt-connected
series resonators by means of stepped-impedance shunt-stubs.

Afterwards, we analyze and model the behavior of resonator-loaded
transmission lines on the basis of symmetry properties. We show that
stopband characteristics (frequency, bandwidth, and/or magnitude) can be
controlled in terms of symmetry at the midplane of the structures. The
results indicate that the orientation of the resonators with regard to the
line determines the line-to-resonator coupling strength and nature (electric
and/or magnetic), which in turn modulates the attenuation characteristics.
The most interesting orientation is the one where resonance condition is
inhibited, and accordingly the corresponding loaded-transmission line
exhibits an all-pass response.

Finally, we demonstrate the applicability of the theory derived from
symmetry considerations for filtering, sensing, and encoding purposes: (a)
we synthesize differential microstrip lines with common-mode rejection,
where wideband suppression is obtained for the common mode while the
differential mode is practically unaffected; (b) we propose spatial sensors
for alignment, displacement, position, and velocity measurements; (c) we
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viii Summary

also present a differential sensor and comparator for permittivity
measurements. The main advantage of the reported symmetry-based
sensors is their inherent robustness against variable environmental factors;
and (d) we propose an alternative encoding mechanism for the design of
spectral signature-based chipless radio-frequency identification (RFID)
tags, where the relative orientation of the resonators determines the binary
values of the code.

Proof-of-concept prototypes (in microstrip or coplanar waveguide
technologies) support the validity and potentiality of the proposed
symmetry-based approach. Throughout this thesis, the circuit simulations,
the electromagnetic simulations, and the experimental results are in good
agreement.



Chapter 1

Introduction

Wireless communications and sensing systems are increasingly demanding
for low-cost solutions, miniaturization, high performance, reconfigurability,
as well as new functionalities. In recent years, novel and potential ideas
have emerged in the microwave community inspired by metamaterial
concepts for the design of RF/microwave components, circuits, and
systems. Typically, metamaterial-based devices are composed of
transmission lines loaded with reactive elements (inductors, capacitors,
and/or both of them in the form of resonators). These structures have
been extensively shown to exhibit high controllability in their transmission
characteristics. Since the characteristic impedance and the electrical length
of these structures are controllable (obviously, to some extent), such a
design is referred to as dispersion and impedance engineering.

The aim of the present Ph.D thesis is to go beyond the state-of-the-art
in the analysis, circuit modeling, and applications of transmission lines
loaded with electrically small resonators (i.e. without individual inductors
and capacitors). In contrast to the dispersion and impedance engineering,
the controllability in this thesis is focused on stopband characteristics
provided by the resonant elements. Specifically, this thesis deals with these
planar structures subjected to symmetry considerations. We gain insight
into the behavior of resonator-loaded transmission lines in terms of
symmetry properties with an eye to designing innovative RF/microwave
devices. Particularly, the theory behind such symmetry properties has been
applied to common-mode suppressed differential lines, microwave sensors
for spatial variables, microwave sensors for differential permittivity
measurements, and chipless radio-frequency identification (RFID)
barcodes.

This Ph.D thesis has been written as a compendium of articles.
Therefore, most of the research on the concerning topic has been already
published in international journals and conference proceedings. The articles
included in this thesis can be found in Articles in the Ph.D Thesis. All
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2 Chapter 1. Introduction

the author’s publications and contributions to conferences are listed in
Publications by the Author. Some publications have been coauthored
with the Microwaves Group of the University of Seville by virtue of a
national collaboration. An international collaboration has also been carried
out; as a result of a stay at the Institute for Microwave Engineering and
Photonics in Darmstadt University of Technology, this thesis applies for
the International Mention. The outline of the thesis is as follows:

• Chapter 1 is the present introduction to the thesis which is aimed at
the motivations, the projects and grants funding this thesis, and the
organization.

• Chapter 2 is addressed to the fundamental theory of metamaterials
and electrically small resonators. The background necessary to
understand this thesis is reviewed.

• Chapter 3 presents advances in the lumped-element equivalent
circuit models of transmission lines loaded with electrically small
resonators. We model mixed magnetoelectric coupling effects in the
line-to-resonator coupling, we investigate the effects of
inter-resonator coupling applying the theory of infinite periodic
structures, and we infer the limits on the synthesis of quasi-lumped
shunt-connected series resonators.

• Chapter 4 analyzes and models the behavior of resonator-loaded
transmission lines on the basis of symmetry properties.
Controllability of the transmission attenuation (frequency,
bandwidth, and/or level) is achieved in terms of the
symmetry/asymmetry of the structures.

• Chapter 5 is devoted to the synthesis of common-mode suppressed
differential microstrip lines, where balanced (symmetric) structures are
required.

• Chapter 6 presents novel sensors based on symmetry properties where
the principle of operation is based on symmetry disruption. Most of
the proposed devices are spatial sensors involving the measurement of
a physical spatial variable, such as displacements and velocities. The
exception is a differential sensor for permittivity measurements.

• Chapter 7 proposes an alternative binary encoding mechanism
based on symmetric/asymmetric configurations for the design of
spectral signature-based chipless RFID tags. In comparison to the
standard encoding strategy, the proposed approach has a new degree
of freedom that brings more flexibility in the encoding.
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• Chapter 8 summarizes the most relevant results and contributions
reported in this thesis. Some future work is proposed by virtue of the
research lines that have been emerged from this thesis.

The work conducted during the realization of this thesis was carried
out within the group GEMMA (Grup d´Enginyeria de Microones,
Metamaterials i Antenes)/CIMITEC (Centre d´Investigació en
Metamaterials per a la Innovació en Tecnologies Electrònica i de
Comunicacions), which is part of the Electronics Engineering Department
of the Universitat Autònoma de Barcelona. GEMMA/CIMITEC has been
part of the European Network of Excellence NoE 500252-2
METAMORPHOSE (Metamaterials organized for radio, millimeter wave
and photonic super lattice engineering), the main objective of which was to
research, study and promote artificial electromagnetic materials and
metamaterials within the European Union. It has recently given rise to the
Virtual Institute for Artificial Electromagnetic Materials and
Metamaterials (METAMORPHOSE VI AISBL). Furthermore, CIMITEC
is one of the centers of the Technological Innovation Network of TECNIO
(ACC1Ó) of the Catalan Government, created with the objective of
promoting the transference of technology to industry in the field of
Information and Communication Technology and has been recognized as a
Consolidated Group by the Catalan Government (AGAUR).

Among the projects with the different institutions and companies that
have given support to the developed research activities or that have emerged
from them, we would like to highlight:

• Project RTC-2014-2550-7 RETOS DE COLABORACIÓN 2014 by
the Spanish Government granted to a consortium composed of Scytel
Secure Electronic Voting, Instituto de Microelectrónica de
Barcelona-CNM (CSIC), and UAB-CIMITEC. Title: Desarrollo
tecnológico de tags chipless RFID mediante tecnoloǵıas de impresión
sobre substratos de bajo coste para su integración en sistemas de
modernización electoral (Chipless RFID).

• Project TEC2013-40600-R by the Spanish Government. Title: Diseño
y śıntesis de componentes de RF/microondas basados en conceptos
avanzados y su aplicación a circuitos de comunicaciones, sensores y
RFID.

• Project A00016166 Innovation Triangle Initiative (ITI) by the
European Space Agency (ESA) granted to EMXYS Embedded
Instruments & Systems, UAB-CIMITEC, and Universitat Politècnica
de Valencia (UPV). Title: Coplanar Symmetry-based Contactless
Rotation sensor.
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• Project TEC2011-13615-E EXPLORA by the Spanish Government.
Title: Nuevos sensores y detectores basados en las propiedades de
simetŕıa de resonadores de anillos abiertos.

• Project TEC2010-17512 METATRANSFER by the Spanish
Government. Title: Nuevas estrategias de diseño y śıntesis de
componentes de microondas basados en conceptos de
METAmateriales con orientación a la TRANSFERrencia tecnológica.

• Project CSD2008-00066 CONSOLIDER INGENIO 2010 granted to a
consortium composed of eight research groups from different Spanish
Universities and funded by the Spanish Government. Title: Ingenieŕıa
de Metamateriales (EMET).

This Ph.D thesis has also been supported by a national predoctoral
fellowship (grant AP2010-0431) from the Training of University Staff
Program (FPU) of the Spanish Ministry of Education, Culture, and Sports
(MECD).



Chapter 2

Fundamentals of
Metamaterials and
Subwavelength Resonators

Electromagnetic metamaterials have been a subject of huge research
worldwide in the electromagnetic and microwave communities since the
first so-called left-handed structure was experimentally conceived in 2000.
These efforts have been primarily motivated by the exotic (unusual)
electromagnetic properties that these artificial media may feature, such as
backward wave propagation. Meanwhile, electrically small resonators based
on split rings, which are typical key building blocks to the synthesis of
metamaterials, have also attracted much attention. The research activity
on these resonant particles has not only been focused on the
implementation of metamaterials but also on the design of RF/microwave
circuits and components. Thus, novel ideas have emerged in the microwave
community to envisage devices inspired by metamaterial concepts with
high performance, small size and/or new functionalities. In this regard, in
the present thesis these metamaterial-based particles are not used to
construct metamaterial structures, but to design innovative RF/microwave
devices. Nonetheless, a brief introduction to metamaterials is due for a
historical standpoint and to make the Thesis complete, although reporting
the current state-of-the-art is beyond the scope of this chapter.

This chapter is devoted to metamaterials and electrically small
split-ring resonators, mainly from a circuit approach perspective. It is
worth mentioning that a significant part of the intensive work in such
topics has been published (or will be published shortly) in textbooks by
several pioneering research groups in the last decade [1–6]. Section 2.1
provides a brief description of the fundamental properties of metamaterials
as well as a historical overview. In Section 2.2, the different approaches of
transmission-line metamaterials are introduced, which are of particular
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6 Chapter 2. Fundamentals of Metamaterials and Resonators

interest to the microwave community. Specifically, the main focus is aimed
at the so-called resonant-type approach in planar technology where
subwavelength resonators are used for its synthesis. Inside this category,
structures with stopband characteristics will received the most attention.
Next, Section 2.3 describes the subwavelength resonators that are used
throughout this thesis, with special emphasis on the properties derived
from symmetry assumptions. Finally, Section 2.4 is addressed to waves
induced in chains of coupled resonators, namely electro-inductive and
magneto-inductive waves.

2.1 Electromagnetic Metamaterials

Electromagnetic metamaterials may be broadly defined as artificial
(man-made) effectively homogeneous structures (usually made up of an
arrangement of metals and dielectrics) with unusual properties not readily
available in nature [1].1 Certainly, the prefix meta means beyond or after
in Greek, suggesting that the medium possesses properties that transcend
those available in natural materials, this being the most relevant
characteristic of metamaterials2.

A medium is regarded to be effectively (on average) homogeneous
(uniform) if its unit-cell dimension is much smaller than the guided
wavelength. This homogenization (averaging) procedure plays a key role in
considering the structure electromagnetically homogeneous along the
direction of propagation. Consequently, a metamaterial behaves as a real
material in the sense that the macroscopic (in a piece of matter) response
to an electromagnetic field can be characterized by effective macroscopic
constitutive parameters, namely, the permittivity ε and the permeability
μ [1, 2]. Indeed, this approach is a direct translation of the characterization
of natural media, which are made by atoms and molecules with dimensions
many orders of magnitude smaller than the wavelength; the original
objective in defining a permittivity and a permeability was to present an
homogeneous view of the electromagnetic properties of a discrete natural
medium. Analogously, metamaterials are usually synthesized by embedding
a periodic3 array of artificial small inclusions (man-made atoms and
molecules) at a sufficiently electrically small mutual distance in a specified
host medium [2]. Therefore, the design parameters in the synthesis process

1 Since the international scientific community has not achieved a consensus in the
definition of electromagnetic metamaterials [6], other artificial inhomogeneous structures
with controllable electromagnetic properties (e.g., electromagnetic bandgaps which are
based on the Bragg regime) are also sometimes regarded as metamaterials [2].
2 The subject has been known for a long time as artificial dielectrics, composite materials,
or microstructured materials. The aim has always been to reproduce physical responses
of known materials or to obtain some desirable responses not readily available in nature.
3 Periodicity is not fundamental, but eases the design.
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of a metamaterial (such as the shape, arrangement or alignment of the
inclusions) provides a large collection of independent parameters (or
freedom degrees) in order to engineer an artificial material with a specific
controllable electromagnetic response different to that obtained by its
constitutive materials [2]. In summary, the macroscopic view of
metamaterials consists of replacing an artificial structurally inhomogeneous
structure by an effectively homogeneous medium characterized by effective
constitutive parameters.

2.1.1 Material Classification

Since the response of a medium to an electromagnetic field is determined
by its properties (ε and μ)4, this allows for the classification of a medium
depending on the sign of the constitutive parameters, as illustrated in
Figure 2.1 [1, 2]. Media with both permittivity and permeability greater
than zero are known as double-positive (DPS) media. A medium with
either permittivity or permeability less than zero is designated as
epsilon-negative (ENG) medium or mu-negative (MNG) medium,
respectively, or alternatively single-negative (SNG) medium in both
scenarios. More interestingly, media with negative permittivity and
permeability are called double-negative (DNG) media, following the
preceding nomenclature. However, several other terminologies have been
suggested, such as left-handed (LH), backward-wave (BW), and
negative-refractive index (NRI) media [1, 2].5 While natural DPS and SNG
media are known to exist (see Figure 2.1), a DNG medium has not yet
been found in nature to date [1, 2], and for this reason the most popular
metamaterials in the considered classification belong to this category [1].
As will be explained in Subsection 2.1.2, DNG media may be artificially
synthesized by pairs of elements, in which an array of one of the elements
produces a negative effective permittivity and an array of the other
element induces a negative effective permeability.

As is well known, the propagation of electromagnetic waves through a
medium at the macroscopic level is governed by Maxwell’s equations, and
such a propagation depends on the constitutive parameters as follows.
When either permittivity or permeability is negative, the medium supports
only non-propagating evanescent modes (the medium is opaque to signal
transmission). Consequently, there cannot be energy transfer through the
medium because the incident electromagnetic waves suffer reactive
attenuation (reflection, but not dissipation6) and decay exponentially in
amplitude away from the source [4, 7]. By contrast, when permittivity and

4 If losses are absent, as is assumed throughout this chapter, ε and μ are real numbers.
5 The term NRI describes the particularity that the index of refraction in these media is
negative, while the terminologies LH and BW will be addressed shortly.
6 Recall that losses are precluded in the whole chapter.
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FIGURE 2.1: Material type according to the sign of permittivity-permeability.

permeability are both either positive or negative, wave propagation is
possible into a medium (the medium is said to be transparent).

2.1.2 Left-Handed Media

Left-handedness expresses the fact that the propagation of plane waves is
described by the electric field E, the magnetic field H, and the propagation
constant k building a left-handed triplet, in contrast to conventional
materials (with positive constitutive parameters) where this triplet is
right-handed (see Figure 2.2). However, E, H, and the Poynting vector S
maintain a right-handed relationship. As a consequence, the phase velocity
(parallel to the direction of phase propagation or propagation constant)
given by7

vp =
ω

β
, (2.1)

and the group velocity (parallel to the direction of power flow or Poynting
vector) defined as

vg =
dω

dβ
, (2.2)

travel in opposite directions, a physical phenomenon that is called
backward-wave propagation. Therefore, LH media are characterized by the
propagation of waves exhibiting anti-parallel8 phase and group velocities,

7 In the literature the propagation constant is represented by k or β [8]. Hereafter the
symbol β will be used since it is the usual convention in microwave engineering.
8 Anti-parallel vectors are collinear vectors (lying in the same line) with opposite
directions.
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(a) (b)

FIGURE 2.2: Orientation of electric field E, magnetic field H, propagation
constant k, and Poynting vector S for a transverse electromagnetic (TEM) plane
wave in a orthogonal system of vectors, as prescribed by Maxwell’s equations. (a)
Right-handed medium. (b) Left-handed medium.

contrary to the case of wave propagation in conventional media that is
known to be forward9 [1–4]. As a result, it follows that, since energy
transfer is always outward from the source, the direction of propagation of
the wavefronts in a LH medium is inward to the source. In consequence,
the phase of a backward wave increases in the direction of group velocity
(phase advance), in contrast to conventional materials which incur a
negative phase (phase lag). It is also worth mentioning that
backward-wave propagation has implications in well known physical effects
related to electromagnetic wave propagation, such as the reversal of Snell’s
law, Doppler effect, and Cherenkov radiation [1, 3].

The history of metamaterials may be considered to start in 1967 with
the seminal work by Veselago [11], who examined the feasibility of media
characterized by simultaneously negative permittivity and permeability. He
concluded that such media are allowed by Maxwell’s equations,
establishing their fundamental properties and predicting some unusual
electromagnetic phenomena, such as backward-wave propagation and
left-handedness. Accordingly, he labeled conventional materials as RH
media, and media with negative constitutive parameters as LH media.

Although Veselago may be considered the father of left-handed media [1],
more than 3 decades elapsed until the first LH material was conceived and
experimentally demonstrated by Smith et al. in 2000 [12].

This metamaterial was a composite structure of conducting wires and
split-ring resonators (SRRs) [13], as shown in Figure 2.3(a). On one hand,

9 Backward-wave propagation has been known for decades. For instance, periodic
structures support an infinite number of positive (forward) and negative (backward)
space harmonics in addition to the fundamental space harmonic [7, 9]. The novelty of
LH materials is that they are effectively homogeneous structures operating in a backward-
wave fundamental space harmonic [1, 2]. Forward/backward waves should not be confused
with forward-/backward-traveling waves which are simply forward waves traveling in the
positive/negative direction of propagation [10].
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(a) (b)

FIGURE 2.3: First artificially synthesized LH structure. (a) Photograph of the
structure from [1]. (b) Transmitted power when only SRRs are considered (solid
line) and when wires and SRRs are present (dashed line) from [12]. The incident
electric field is parallel to the wires (z -axis orientation), while the incident magnetic
field is polarized along the axis of the rings (y-axis orientation).

the effective permeability of an array of SRRs becomes negative in a
narrow band above their resonance frequency, and a stopband response
arises in the vicinity of that frequency. On the other hand, an array of
parallel thin metallic wires produces an effectively negative permittivity
below a cutoff frequency10, exhibiting a high-pass behavior. Thereby, by
properly combining the SRRs with wires (i.e. achieving a frequency region
with simultaneously negative constitutive parameters), the stopband near
the resonance of the SRRs switches to a passband with a LH signature [see
Figure 2.3(b)]. Although this metamaterial is a bulk construction, since
left-handed behavior occurs for a specific polarization and direction of
propagation of the incident electromagnetic field, this structure can be
viewed as a one-dimensional metamaterial. It should be noted that a LH
medium made of a combination of natural media may also be possible.
Unfortunately, the negative value of the constitutive parameters occurs at
different frequency bands, preventing simultaneously negative permittivity
and permeability [3].

10This cutoff frequency is usually called plasma frequency in analogy to the permittivity
function of a plasma.
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2.2 Transmission-Line Metamaterials

Transmission-line metamaterials (or metamaterial transmission lines)11

are a kind of artificial transmission lines [6] that consist of a host
(conventional) transmission line12 loaded with reactive elements, the latter
providing higher design flexibility in comparison to conventional
lines [3, 4, 6]. Specifically, one-dimensional transmission-line metamaterials
are effectively homogeneous structures whose electromagnetic
characteristics can be controlled or engineered to some extent through a
specific direction of propagation.

2.2.1 Application of the Transmission-Line Theory to
Metamaterials

Soon after the first experimental demonstration of left-handedness, several
pioneering groups focused their research efforts on developing a
transmission-line approach (non-resonant) of metamaterials exhibiting
backward-wave propagation [14–16].

The reported approach originates from the fact that Maxwell’s
equations with plane-wave propagation in homogeneous and isotropic
media have an identical form as the equations describing TEM propagation
on a transmission line derived using circuit theory, known as the
telegrapher equations. Hence, such an analogy allows the series and shunt
elements of the well-known ladder circuit model of a transmission line to
be related to the constitutive parameters of a medium (exhibiting the same
propagation characteristics) by mapping the telegrapher equations to
Maxwell’s equations. The resulting relationships are [1–4]

Z ′
s = Zs/l = jωμ, (2.3a)

Y ′
p = Yp/l = jωε, (2.3b)

where Z ′
s and Y ′

p are the (distributed) per-unit-length series impedance
(Ω/m) and shunt admittance (S/m), respectively, Zs and Yp are the
per-unit-cell series impedance (Ω) and shunt admittance (S), respectively,
and l is the unit cell length (the period).

Accordingly, in conventional RH media, the mapping yields

μ = L′ = L/l, (2.4a)

ε = C ′ = C/l, (2.4b)

11In this thesis transmission-line metamaterials and metamaterial transmission lines are
synonyms because we are focused on one-dimensional structures (transmission lines).
When the same concept is extended to two and three dimensions, the structures are
referred to transmission-line metamaterials (i.e. metamaterial transmission lines only
apply to one-dimensional structures) [6].
12Note that host transmission lines are commonly implemented on a ordinary dielectric
substrate whose permittivity is different to the effective permittivity of the metamaterial.
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(a) (b)

FIGURE 2.4: Equivalent circuit model of a transmission line. (a) Conventional
RH transmission line. (b) Dual LH transmission line.

where L′ and C ′ are the per-unit-length series inductance (H/m) and shunt
capacitance (F/m), respectively, while L and C represents the per-unit-cell
series inductance (H) and shunt capacitance (F), respectively. The resulting
well-known equivalent circuit is shown schematically in Figure 2.4(a), whose
propagation is forward with a propagation constant and a characteristic
impedance given by

βR = ω
√
L′C ′, (2.5a)

ZcR =

√
L′

C ′ , (2.5b)

respectively. In the transmission line approach of metamaterials this well
established analogy has been extended to the other (exotic) combinations
of the constitutive parameters depending on their sign. Thus, for a LH
medium, the series inductance and the shunt capacitance should become
negative according to (2.4). Since from an impedance perspective a
negative inductance/capacitance may be interpreted as a positive
capacitance/inductance [2], a ladder network as the one depicted in
Figure 2.4(b) with alternately series-connected capacitors and
shunt-connected inductors supports the propagation of backward waves.
Such a network is called the dual13 of the equivalent circuit of a RH
transmission line. The mapping in this dual network is given by

μ = − 1

ω2C ′ = −
1

ω2Cl
, (2.6a)

ε = − 1

ω2L′ = −
1

ω2Ll
, (2.6b)

where C ′ and L′ are now the time-unit-length14 series capacitance (F·m)
and shunt inductance (H·m), respectively, while C and L stands for the per-

13Duality here is defined in terms of complementary response (e.g., the dual of a low-pass
filter is a high-pass filter) so that the series/shunt impedance of a network is proportional
to the series/shunt admittance of the other network.
14This ensures properly defined units in Z′

s (Ω/m) and Y ′
p (S/m).
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unit-cell series capacitance (F) and shunt inductance (H), respectively. The
corresponding propagation constant and characteristic impedance yield

βL = −1/ω
√
L′C ′, (2.7a)

ZcL =

√
L′

C ′ , (2.7b)

respectively. Note that a LH transmission line is intrinsically dispersive by
nature because its propagation constant is not a linear function of frequency,
in contrast to a dispersionless RH line. It should be also emphasized that the
mapping given in (2.3) is valid only in the long wavelength regime, where
the period is much smaller than the guided wavelength

λg =
2π

|β| , (2.8)

which is defined only in the passbands [1]. Only under this circumstance the
definition of effective constitutive parameters is fully feasible and a ladder
circuit describes properly either a RH or a LH transmission line, by (2.5) or
(2.7), respectively.

Figure 2.5 summarizes the generalization [2] of the aforementioned
transmission-line approach of metamaterials by means of unit-cell
equivalent T-circuit models. Besides the RH (or DPS) and LH (or DNG)
transmission lines, the equivalent circuits of SNG transmission lines are
also indicated. It should be noted that waves cannot propagate in neither
ENG nor MNG transmission lines because their models are exclusively
made of inductors or capacitors. To sum up, the transmission-line theory
in metamaterials links field to circuit quantities, offering an alternative
interesting physical interpretation leading to the same functional results.

2.2.2 Composite Right-/Left-Handed (CRLH) Transmission
Lines

From a practical point of view, a purely left-handed (PLH) transmission
line as that depicted in Figure 2.4(b) cannot be implemented. A necessary
host transmission line introduces inevitably parasitic elements, as
illustrated in Figure 2.6 [1–4]. Since these elements cannot be neglected in
general and induce wave propagation of forward nature, practical
realizations of left-handed transmission lines exhibit left- or right-handed
propagation, depending on the frequency interval. For this reason, such
lines are termed as composite right-/left-handed (CRLH) transmission
lines [17], and they constitute the most general transmission-line
metamaterial [1]. Indeed, as will be shown shortly, a CRLH line is able to
behave as a DPS, DNG, or ENG/MNG transmission line within a
particular frequency range.
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FIGURE 2.5: Unit-cell equivalent T-circuit models of transmission lines according
to the sign of the series reactance, Xs (Zs = jXs), and shunt susceptance, Bp,
(Yp = jBp). The validity of these models is restricted to the long wavelength regime.
Wavelength, however, cannot be defined if propagation is forbidden as occurs in
SNG transmission lines.

Rather than describing the transmission characteristics of CRLH lines
obtaining their effective constitutive parameters by (2.3), Figure 2.7 shows
the typical dispersion diagram15 of a CRLH line, which indicates (for a
unit cell) the variation of the propagation constant with frequency. Hence,
the dispersion diagram reveals the passbands/stopbands as well as the
nature (RH or LH) of the passbands since the phase and group velocities
can be easily inferred from (2.1) and (2.2)16, respectively. As can be seen,
if ω < min(ωs, ωp), vp < 0 and vg > 0 have opposite signs, meaning that
propagation is backward. Conversely, when ω > max(ωs, ωp), vp > 0 and
vg > 0 exhibit the same sign, indicating that wave propagation is of
forward nature.17 The frequency at the transition from a passband to a

15The calculation procedure of the dispersion relation of a periodic structure composed of
a cascade of two-port unit-cell circuits is well-known [10].
16The phase velocity is the slope of the line segment from the origin of the dispersion
curve ω(β) to a point in the curve, whereas the group velocity is the slope of the tangent
to the dispersion curve at a point.
17Alternatively, when |β| increases with frequency, vp and vg are parallel and the
propagation is forward. Otherwise the propagation is backward.
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FIGURE 2.6: Unit-cell equivalent T-circuit of a composite right-/left-handed
(CRLH) transmission line; the subscripts L and R stands for the corresponding LH
and RH elements, respectively.

stopband (βl = 0 or ±π) is often called cutoff frequency [10], being the
group velocity equal to zero. There are some stopbands (or bandgaps) in
the CRLH line, characterized by evanescent waves caused by reflections.
On one hand, when ω → 0 there is a stopband due to the highpass nature
of the LH elements, whereas when ω → ∞, a stopband arises because of
the lowpass behavior of the RH components. It is thus apparent that the
transmission characteristics of a CRLH line at low and high frequencies
tend to behave as purely LH and RH transmission lines, respectively (this
is due to periodicity, since a RH transmission line exhibits an all-pass
response at all frequencies). On the other hand, in the general case when
the series resonance, ωs = 1/

√
LRCL, does not coincide with the shunt

resonance, ωp = 1/
√
LLCR, a stopband appears between these frequencies,

and the line is known to be unbalanced. By contrast, in the case that
ωs = ωp = ω0, there is a continuous transition between the left- and
right-handed bands18, and the CRLH line is said to be balanced [1–3]19.

The guided wavelength20, given by (2.8), can also be readily derived
from the dispersion curve. As mentioned in Section 2.1, an effectively
homogeneous structure is defined as that whose unit cell size l is much
smaller than λg. The effective-homogeneity condition is usually
l < λg/4 [1], which in terms of the electrical length becomes |βl| < π/2.
Since in the unbalanced configuration the structure is effectively
homogeneous at the edges of the bandgap that ranges from ωs to ωp, in
terms of the constitutive parameters, this stopband is due to either ε < 0
(if ωs < ωp) or μ < 0 (ωs > ωp) [1]. By contrast, the stopbands at low and
high frequencies are not within the long wavelength regime. Therefore, at
these frequencies, effective constitutive parameters cannot be rigorously
defined and the circuit model of Figure 2.6 is no longer valid to represent
an effectively homogeneous CRLH transmission-line metamaterial. In order
to model correctly RH/LH (or CRLH) transmission lines at higher/lower

18Wave propagation is allowed at ω0 with infinite vp but (non-zero) finite vg.
19The term balanced does not mean differential in this context.
20The guided wavelength is different to that guided in the host line since β �= βR.
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FIGURE 2.7: Typical dispersion diagram for a unbalanced/balanced CRLH
transmission line from [2]. The period is indicated as p = l, while the series and
shunt resonances are indicated as ωse = ωs and ωsh = ωp, respectively. The case
with ωs < ωp is illustrated, although ωs > ωp is also possible. The curves for a purely
RH (PRH) line (LL = CL → ∞) and for a purely LH (PLH) line (LR = CR = 0)
described by (2.5a) and (2.7a), respectively, are also shown.

frequencies, we need to reduce the period, and accordingly to
reduce/increase the per-section inductance and capacitance as given in
(2.4) and (2.6), so that operation in the long wavelength regime holds. In
other words, the circuit models of RH/LH/CRLH transmission lines
mimics transmission lines only in their passbands where homogeneity is
satisfied. Note that the circuit model of a CRLH transmission line is the
same as that of a bandpass filter, and the circuits of RH and LH lines are
lowpass and highpass filters, respectively. Classical filters, however, are
characterized at all frequencies (from ω = 0 to ω → ∞). Therefore, as a
fundamental property, filters exhibit both passband and stopband
characteristics according to the filter type.

2.2.3 CL-loaded and Resonant-type Approaches

Because CRLH transmission lines are not readily available in nature, these
structures have to be implemented by means of a host transmission line
loaded with reactive elements (inductors, capacitors, and/or both of them
in the form of resonators). Experimental CRLH lines were reported for the
first time by Caloz et al. in microstrip technology [16], and by the Group of
Eleftheriades in coplanar waveguide implementation [18]. The reactive
elements responsible for backward propagation in both configurations were
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synthesized by semi-lumped21 components, such as series capacitive gaps
and shunt metallic inductive strips (discrete commercial chip components
can also be used instead [1]). This direct implementation is referred to as
LC network implementation [1] or CL-loaded approach [3, 6].
Alternatively, transmission-line metamaterials featuring a CRLH behavior
can also be built up by the so-called resonant-type approach [3, 6]. This
realization consists of loading a host transmission line with subwavelength
resonators22 in combination with other reactive elements (inductors or
capacitors), the typical resonant particles being split-ring resonators
(SRRs) or other related topologies as those described in Section 2.3.23 The
first reported structure concerning this approach was proposed by
Mart́ın et al. [20], and it was conceptually based on and equivalent to the
preceding Smith’s LH structure shown in Figure 2.3. Specifically, a
coplanar waveguide (CPW) was periodically loaded with pairs of SRRs
and signal-to-ground inductive strips (see Figure 2.8). The SRRs were
etched on the back side of the substrate, and underneath the slots of the
CPW in order to enhance line-to-resonator magnetic coupling (this is the
main coupling mechanism of SRRs as will be reviewed in
Subsection 2.3.1 [21]). Another possibility to implement a CRLH response
based on the resonant-type approach is by means of series capacitive gaps,
and the complementary version (see Subsection 2.3.5) of the SRR, that is,
the so-called (complementary split-ring resonator) (CSRR). A chain of
complementary split-ring resonators (CSRR) provides a negative effective
ε, while a negative effective μ is achieved through the gaps. Such a kind of
line is illustrated in Figure 2.9, where the CSRRs are etched in the ground
plane of a microstrip line, beneath the signal strip, as strong
line-to-resonator electric coupling (the dominant excitation field of
CSRRs [21]) is achieved.

Since the resonant-type approach employs subwavelength resonators,
the individual unit cells can be modeled by lumped-element equivalent
circuit models. However, the frequency response of a CRLH transmission
line obtained by the resonant-type approach does not obey exactly the

21Semi-lumped components are planar elements whose physical dimensions are usually
restricted to be smaller than a quarter of wavelength. The components may also be termed
as lumped elements when the dimensions are smaller than one-eighth wavelength. These
terminologies are in contrast to distributed (transmission line) elements in which the
physical size is comparable to or larger than the wavelength [10, 19]. The advantage of
electrically small planar (i.e. semi-lumped or lumped) elements is that their behavior may
be approximate by ideal (sizeless) lumped components using circuit theory.
22Subwavelength resonators are those whose physical size is a small portion of the
wavelength, and accordingly they may be referred to as semi-lumped or lumped resonators
when composed of semi-lumped or lumped inductors and capacitors, respectively [19].
23Note that CRLH lines based on the CL-loaded approach are also resonant by nature
despite self-resonant elements are not used.
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(a) (b)

FIGURE 2.8: CRLH transmission line based on SRRs and shunt inductive
strips in coplanar waveguide technology. (a) Layout. (b) Simulated (thin line) and
measured (thick line) frequency response. The passband is LH, since the CRLH is
not balanced and the RH passband is beyond the shown frequency range. Figures
extracted from [20].

(a) (b)

FIGURE 2.9: CRLH transmission line based on CSRRs and series capacitive gaps
in microstrip technology. (a) Layout from [21]. (b) Measured frequency response
from [3]. The RH passband is outside the measured frequency range.

same behavior as the canonical24 circuit of Figure 2.6. Nevertheless, the
corresponding models are qualitatively quite similar to the canonical one.
The meaningful difference is the presence of a transmission zero on the
left-hand side of the backward wave band [3], which naturally is very
useful in filtering applications. The first equivalent circuit models of SRR-
and CSRR-based CRLH transmission lines were reported by
Mart́ın et al. [20] and Baena et al. [21], respectively, and these models were
later revised and improved by Aznar et al. [22] and Bonache et al. [23],
respectively. The main improvement is relative to the fact that by adding
shunt strips (in SRR-loaded CPWs) and series gaps (in CSRR-loaded
microstrip lines), the transmission zero is displaced, and this fact was not
predicted by the initial models. These circuits models are not shown here,

24Canonical refers to the simplest or standard form.
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but they are very similar to those of SNG transmission lines that will be
presented in Subsection 2.2.4.

2.2.4 Resonant-type Single-Negative Transmission Lines

A CRLH structure is intended to be used as a transmission line in the
sense that only the passband is directly useful, the stopbands being usually
parasitic effects [1]. Instead, structures exhibiting equivalent single
negative (SNG) constitutive parameters are preferred to implement
stopband responses. In fact, SNG-based structures are of paramount
importance in this thesis because it is focused on them. One-dimensional
resonant-type μ-negative (MNG) and ε-negative (ENG) structures can be
artificially synthesized by merely loading a host line with SRRs and
CSRRs, respectively. Signal propagation in these structures is inhibited in
a narrow band in the vicinity of the resonance frequency of the resonators,
whereas wave propagation is forward outside the forbidden band. Such a
narrowband response is of course due to the self-resonant behavior of the
loading particles and, consequently, these structures behave qualitatively
as the canonical circuit models describing SNG transmission lines depicted
in Figures 2.5 only within a certain frequency range.

This section is focused on SRR-loaded CPWs and CSRR-loaded
microstrip lines. In these configurations, a significant component of the
dominant excitation field (namely, magnetic field in SRRs and electric field
in CSRRs) results parallel to the resonator axis25. However, it is important
to highlight that the corresponding circuit models and parameter
extraction procedures are general. This means the models may be valid
regardless of the resonator topology (Section 2.3) and the host line
technology (e.g., CPW or microstrip) as long as the resonator is
electrically small and coupled either magnetically (as the SRR) or
electrically (as the CSRR) to the line. With regard to the extraction
methodology, in spite of the fact that it requires the electromagnetic
simulation of the structure, it is versatile in the sense that there is no
restriction in the internal structures involved, in contrast to what usually
occurs in analytical models. Therefore, the transmission and reflection
characteristics of SRR- and CSRR-loaded lines are indeed somewhat
general and may be extrapolated to other related structures.

2.2.4.1 SRR-loaded μ-Negative Coplanar Waveguides

Figure 2.10(a) shows the first proposed SRR-based μ-negative transmission
line. It is the same structure as the CRLH line in Figure 2.8(a) with the
exception that the metallic strips are not introduced. Clearly the most
relevant feature is that, by removing such strips, the backward passband in

25The field distribution of CPWs and microstrip lines will be analyzed in Chapter 3.
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(a) (b)

FIGURE 2.10: MNG transmission line based on SRRs in coplanar waveguide
implementation. (a) Layout. (b) Simulated (thin line) and measured (thick line)
frequency response. Figures extracted from [24].

(a) (b)

FIGURE 2.11: Typical behavior of a unit-cell SRR-loaded transmission line.
(a) Series reactance, Xs, and shunt susceptance, Bp, of an equivalent π-network
extracted from electromagnetic simulation. (b) Dispersion diagram assuming an
infinite periodic structure; the dispersion of the unloaded transmission line section
is also shown. The stopband is highlighted in gray.

the vicinity of the SRR resonance frequency switches to a stopband
response, as shown in Figure 2.10(b) [20, 24].

In order to gain more insight into the transmission and reflection
properties of SRR-loaded lines, the equivalent series reactance and shunt
susceptance of a typical unit cell are depicted in Figure 2.11(a). The
dispersion relation corresponding to an infinite structure obtained by
cascading identical unit cells is shown in Figure 2.11(b). As can be
observed, there is a stopband in the vicinity of the resonance frequency, f0,
which occurs when the length of the unloaded line is a small fraction of the
guided wavelength (the dispersion for the considered transmission line
section without the SRR is also shown). An analysis in terms of the
impedances is as follows. Beyond f0, the series impedance is capacitive in a
narrow band, and signal propagation is inhibited because the shunt
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(a) (b)

FIGURE 2.12: Unit-cell equivalent circuit model of an SRR-loaded CPW. (a)
Model corresponding to a half structure since a magnetic wall (or an open circuit)
has been applied along the midplane by virtue of the symmetrical topology and
excitation mode (an even mode). (b) Equivalent transformed model using (2.9).

impedance is also capacitive. However, the stopband region extends also
below f0, in spite of the fact that the series and shunt impedances behave
inductively and capacitively, respectively; the reason lies in the fact that
the series impedance attains highly inductive values.26 In relation to the
constitutive parameters, the stopband has been associated to a negative μ
in a narrow region above f0. Within this frequency band the structure
behaves as the canonical MNG transmission line shown in Figure 2.5, since
the structure is effectively homogeneous near this frequency band (βl = 0
at the lower edge of the second propagating band). It is on occasions said
that this stopband is also due to an extremely high positive μ in a narrow
frequency range below f0. However, this statement is somewhat misleading
in a strict sense, since as the series impedance becomes more and more
inductive the operation regime goes away from the homogeneity condition
(βl→ π).

Due to the small electrical dimensions of the SRRs at resonance, the
behavior of SRR-loaded lines can be explained by the unit-cell equivalent
circuit model depicted in Figure 2.12(a). This circuit model was initially
proposed by Mart́ın et al. [20, 24], and later revised by Aznar et al. [22].
The per-section inductance and capacitance of the line are modeled by L
and C, respectively, and the SRR is described by the resonant tank Ls−Cs

(see Subsection 2.3.1) that is magnetically coupled to the line through the

26Simultaneously positive or negative values of ε and μ is a necessary and sufficient
condition for wave propagation, as was illustrated in Figure 2.1 (operation in the long
wavelength regime is of course implicitly fulfilled). By contrast, the same sign of Xs and
Bp (or different sign of Xs and Xp = −1/Bp) cannot guarantee wave propagation, unless
the operation band is explicitly restricted to the long wavelength regime, as indicated in
Figure 2.5. Although it may be impedance mismatching with feeding sources at the port
terminals in practical situations resulting in reflections, such a reflection phenomenon is
not considered in the aforementioned assertions.



22 Chapter 2. Fundamentals of Metamaterials and Resonators

mutual inductance M . This circuit can be simplified to the equivalent one
depicted in Figure 2.12(b), provided that [3, 22]

L′ = 2L− L′
s, (2.9a)

L′
s = ω2

0M
2Cs, (2.9b)

C ′
s =

Ls

ω2
0M

2
, (2.9c)

where

ω0 =
1√
LsCs

=
1√
L′
sC

′
s

= 2πf0, (2.10)

is the angular resonance frequency of the SRR. Note that a zero in the
transmission coefficient (S21 = 0) arises at this frequency, since the series
branch is open-circuited. Therefore, the transformed circuit model clearly
explains that the excitation of the SRR is responsible for returning the
injected power to the source. Moreover, the lumped-element values of this
transformed circuit can be easily extracted systematically [25] (this
procedure is used throughout this thesis ). Finally, it should be noted that
the circuit model converges to that of MNG transmission lines within a
narrow bandwidth above resonance. Conversely, in the light of
Figure 2.11(a), the proposed circuit model is able to mimic the behavior of
SRR-loaded lines up to beyond f0 (the region of interest), that is, not
limited to the long wavelength region.27

2.2.4.2 CSRR-loaded ε-Negative Microstrip Lines

The first reported CSRR-loaded microstrip line is shown in Figure 2.13(a),
which is the same as the one shown in Figure 2.9(a) but with a uniform
conductor strip (i.e. without the gaps). As can be seen in Figure 2.13(b),
by removing the series gaps, signal propagation is inhibited in a narrow
frequency band in the vicinity of the CSRR resonance frequency.

In order to inquire about the propagation characteristics of
CSRR-based transmission lines, the typical series reactance, shunt
susceptance, and dispersion relation are plotted in Figure 2.14. As can be
observed, the stopband in the vicinity of the transmission zero frequency,
fz, is due to a shunt susceptance with negative (f > fz) and extremely
positive (f < fz) values. Regarding the constitutive parameters, a
CSRR-loaded line has been interpreted to behave (in the long wavelength
regime) as a one-dimensional ε-negative metamaterial (where the structure
may be viewed as the canonical ENG transmission line schematically
depicted in Figure 2.5).

27The range of validity of circuit models are carried out throughout the thesis
by comparing circuit simulations with full-wave electromagnetic simulations and
measurements.
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(a) (b)

FIGURE 2.13: ENG transmission line based on a CSRR-loaded microstrip line.
(a) Layout and (b) measured frequency response from [26].

(a) (b)

FIGURE 2.14: Typical behavior of a unit-cell CSRR-loaded transmission line.
(a) Series reactance, Xs, and shunt susceptance, Bp, of an equivalent T-network
extracted from electromagnetic simulation. (b) Dispersion diagram for an infinite
periodic structure; the dispersion of the unloaded transmission line section is also
shown. The stopband is highlighted in gray.

As long as the CSRRs are electrically small at their fundamental
resonance, CSRR-loaded lines can be modeled by the unit-cell
lumped-element circuit shown in Figure 2.15 [21]. The CSRR is
represented by the resonant tank Lc − Cc (Subsection 2.3.5), and the
per-section line inductance and capacitance are modeled by L and C,
respectively. More specifically, C in reality accounts for the
line-to-resonator electric coupling as this coupling can be modeled by
connecting in series the line capacitance to the CSRR. The extraction of
the values of the circuit parameters for a particular CSRR-loaded line is
straightforward [27]. Inspection of this circuit model reveals that there is a
transmission zero at a frequency

ωz =
1√

Lc(C + Cc)
= 2πfz, (2.11)
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FIGURE 2.15: Unit-cell equivalent circuit of a CSRR-loaded microstrip line.

at which the shunt branch is short-circuited. Interestingly, the resonance
frequency of the CSRR, given by

ω0 =
1√
LcCc

= 2πf0, (2.12)

occurs at a higher frequency than the transmission zero (i.e. f0 > fz).
To end this section, it is interesting to realize that the circuit models of

SRR- and CSRR-loaded lines (Figures 2.12 and 2.15) are formally dual
circuits, that is, the series/shunt impedance of one of these models is
proportional to the shunt/series admittance of the other circuit28 [see
Figures 2.11(a) and 2.14(a)]. Hence, although SRR- and CSRR-loaded
lines are not structurally complementary29, their corresponding behavior
manifests the duality property because the complementary resonators are
illuminated by dual fields (this means that the equivalent circuits are
independent of the technology of the host transmission line). Thus, the
dispersion relation of SRR- and CSRR-loaded lines is the same (at least
qualitatively), a property derived from dual circuits [Figures 2.11(b)
and 2.14(b)]. When formally dual circuits are also numerically exact dual,
their dispersion relation is exactly the same.

2.2.5 Discussion about Homogeneity and Periodicity

Homogenization in metamaterials means that the homogeneity condition is
achieved in the vicinity of the operating frequency. As has been shown, the
transmission-line approach of metamaterials characterizes the
electromagnetic properties of homogeneous transmission-line
metamaterials by either effective constitutive parameters or immittances30.
However, this description is limited to the long wavelength regime, and

28Two networks are said to be (formally and numerically) dual if Zii = Yii and Zij =
−Yij(i �= j), where Zij are the impedance matrix parameters of one network and Yij are
the admittance matrix parameters of its dual one [19].
29Besides the fact that complementary structures are defined in terms of a single plane,
coplanar strips (CPS) are the complementary counterpart of a CPW.
30Immittances are either impedances or admittances [19].
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cannot be extended to frequencies where the wavelength becomes
comparable to the period. Obviously, such a restriction may mask and
forbid useful functionalities, since some interesting phenomena occur
outside the long wavelength regime. Contrarily, the propagation constant
as well as the characteristic impedance of periodic structures (including
transmission-line metamaterials) can be defined rigorously at all
frequencies by using the powerful classical theory of periodic structures
established by Brillouin about half a century ago [28], without invoking the
theory of effective-medium approximation. Therefore, from an engineering
standpoint, periodic metamaterial structures are usually characterized by
their propagation constant and characteristic impedance rather than by
their effective permittivity and permeability [1, 3, 4].

In general, the synthesis of LH (or CRLH) devices is usually referred to
as dispersion and impedance engineering [3, 4, 6] since the relevant
parameters are the electrical length and the characteristic impedance.
Indeed, for the design of circuits and components, homogeneity is
irrelevant to tailor the electrical length and the impedance. Furthermore,
these devices are commonly composed of a single unit cell31 towards
miniaturization, leading to indisputably inhomogeneous structures. With
respect to stopband structures, by sacrificing homogeneity, significant
signal rejection may be achieved within a determined forbidden band by a
few periods, making unnecessary a large structure made of many cells. To
sum up, the design of devices in the RF/microwave community are not
usually focused on the implementation of effectively homogeneous
transmission lines, but take advantage of their high controllability in the
response, and/or their small electrical size. When the effective-homogeneity
condition is not satisfied and there are not many cells, these devices cannot
be strictly considered as metamaterials. However, as suggested by
Martn et al. [6] and Aznar et. al [29] and in contrast to the definition given
at the beginning of Section 2.2, the definition of metamaterial transmission
lines is not usually restricted to those exhibiting homogeneity and
periodicity (or quasi-periodicity). Consequently, terms as transmission-line
metamaterials, metamaterial transmission lines, metamaterial-inspired
lines, or even metalines, are often used in a broad sense to describe
artificial transmission lines based on metamaterial concepts, ignoring
whether effective homogeneity and periodicity are accomplished or not.

31The propagation constant and the characteristic impedance obtained from the theory
of periodic structures is still valid for a single unit cell.
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2.3 Metamaterial-based Resonators

This section analyzes several resonator topologies in the form of split
rings32 employed for the synthesis of metamaterials, transmission-line
metamaterials, or RF/microwave devices inspired by metamaterials. These
resonators are often known as metamaterial-based resonators or simply
metamaterial resonators. Indeed, negative permeability/permittivity
structures may be implemented by topologies different to that of the
original split-ring resonator (SRR33/CSRR). The considered elements are
strip (made of an arrangement of metals) as well as slot (engineered
apertures in a metallic plane) resonators. Many electrically small planar
resonators have been reported in the literature [3, 5, 6], and they can be
classified according to several criteria. The list here is limited to those split
ring type resonators that are used throughout this thesis34. All of them
have in common the following features: (a) subwavelength, and accordingly
they may be referred to as semi-lumped or lumped resonators; (b) closed,
in the sense that external electromagnetic fields induce resonant
currents35; (c) planar, being fully compatible with planar technology; (d)
and symmetric, so that when the topology is bisected, one-half is the
mirror image of the other half (a plane of symmetry acts as a mirror).
Additionally, in the presence of two symmetry planes, the resonators are
said to be also bisymmetric.

However, all the topologies exhibit different peculiarities that make them
useful or more appropriate in some circumstances. The main purpose of
this section is to gain insight into the electromagnetic characteristics of the
resonators derived from symmetry properties and on the equivalent circuit
models as well, rather than to discuss different alternatives to synthesizing
metamaterial structures. With a view to doing so, the SRR topology still
holds special attention because of its relevance.

The most basic assumption in effective media theory (Section 2.1) is
that homogenization (averaging) makes sense only if the variation of the
average field is small at the scale of the period of the structure [3, 13].
The validity of homogenization is usually expressed in terms of the size of
the elements forming the discrete medium, so that they must be small as
compared with the wavelength. Therefore, it is assumed here that the size
of the resonators is on a scale much shorter than the wavelength, such that
an average value for the fields may be sensibly defined. Thus, the resonators
are supposed to be illuminated by external uniform (i.e. spatially constant

32Split rings are also sometimes called open rings.
33SRR is here exclusively used to designate the original split-ring resonator topology [13].
34Exceptionally, stepped-impedance shunt-stubs (SISSs) will also be utilized in this thesis.
35On the contrary, open split-ring resonators have well defined port terminals, e.g., the
open split-ring resonator (OSRR) [30] or the open complementary split-ring resonator
(OCSRR) [31].
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in magnitude and phase) time-varying electric or magnetic fields with the
customary sinusoidal, or harmonic, time dependence ejωt.

2.3.1 Split-Ring Resonator (SRR)

The split-ring resonator (SRR) consists of two metallic concentric and
coupled split rings with slits on opposite sides, as depicted in
Figure 2.16(a). Although there are some precedents in the scientific
literature related to split-ring resonators [5, 32], this specific topology was
proposed by Pendry et al. [13] to build up for the first time a negative
permeability medium [12]. When the rings are excited by an external
time-varying magnetic field directed along the axial direction (z -oriented),
an electromotive force around the rings is generated that in turn induces
currents in the rings. The slit (or gap) in each ring prevent current from
flowing around the individual rings, so that the slits force the electric
current to flow from one ring to the other through the inter-ring slot,
taking the form of a displacement current [see Figure 2.16(b)].

As is apparent from Figures 2.16(b) and 2.17, the symmetry plane
(xz -oriented) behaves as a virtual electric wall. The current loops induce a
magnetic dipole moment along the resonator axis (z -orientation).36

Additionally, an electric dipole moment is also generated in the plane of
the particle, orthogonally oriented to the plane of symmetry
(y-direction).37 For symmetry, the charges in the upper half of the SRR
are the images of the charges in its lower half, and two parallel electric
dipoles are generated on each half. This means that a time-varying electric
field is also able to excite the SRR, inducing a charge density in the form
of an electric dipole that causes currents to flow. When there is present
an/a electric/magnetic dipole in a metamaterial resonator, the particle is
said to be electrically/magnetically polarized.38 Since both an electric
dipole and a magnetic dipole are induced, the SRR suffers
cross-polarization effects, so that it may become electrically polarized as a
response to an applied magnetic field, and vice versa [5, 34]. This property
may also be derived from the fact that the SRR is not invariant by
inversion, since any resonator without inversion symmetry with regard to

36The SRR may induce strong magnetic dipole moments with negative values (i.e. with
opposite direction to the field that induce them). This is the key to attaining a negative
effective permeability in arrays of SRRs, since a strong overall magnetic response may be
achieved.
37The radiation of split-ring resonators can be quantified by the induced dipole moments
through an equivalent radiation resistance. However, since the dimensions of the dipoles
are small relative to the wavelength, in general radiation may be neglected [5, 33].
38Polarization is referred to the generation of local (microscopic) dipole moments in the
presence of external fields (like medium electric and magnetic polarizations accounted for
by ε and μ, respectively, at the macroscopic level), and not to wave polarization.
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its center must exhibit some degree of cross-polarizability [3].39 However,
although the SRR shows simultaneously magnetoelectric response at
resonance, the magnetic field has been found to be the dominant excitation
mechanism [21, 35, 36].

As long as the perimeter of the SRR is electrically small with regard to
a half-wavelength40, a quasistatic analysis is plausible which eases the
analysis of the resonator. Under the quasistatic approximation, the
behavior of the SRR can be modeled as a self-resonant closed LC circuit as
that shown in Figure 2.18 that may couple to external electromagnetic
fields [34]. The inductance L represents the self-inductance of the SRR and
the capacitance C stands for the distributed capacitance between the
rings. Analytical expressions for L and C have been reported in the
literature [3, 34]. In this quasistatic model, the capacitance associated to
the slits of the rings is neglected, since most of the electrostatic energy is
located between the rings [13]. It is worth mentioning that a more detailed
circuit model with distributed elements and taking into account the gap
capacitance was later reported [37, 38]. The two gap capacitances,
produced by the accumulation of electric charges, can be regarded as being
added in parallel to the inter-ring capacitance. It was shown that such a
distributed model converges to the quasistatic model when the gap
capacitances are neglected and the electrical length of the SRR is small.

Figures 2.19 shows the quasistatic distribution of voltage and current.
On each ring, currents vanish at the slits because the gap capacitance is
disregarded, whereas currents attain maximum values at the center of the
rings (namely, φ = 0 for the outer ring and φ = π for the inner ring). Given
that the SRR is electrically small, currents on each ring are supposed to vary
linearly midway between these extreme values (this results in a triangular
current distribution). However, the total current on the SRR taken as the
sum of the individual currents is uniform around its perimeter. Hence, the
whole SRR behaves as a small closed loop of uniform current whose self-
inductance can be calculated as the average inductance of the two rings,
i.e. as the inductance of a single closed loop with identical width to that
of the individual rings (c) and identical mean radius (r0) [34]. With respect
to the voltage distribution, it also exhibits a linear variation in each ring.
However, the voltage difference across the slots is constant in each half of
the SRR, and the slot between the rings may be modeled by two series
capacitances (associated to each half) that stores the same amount of charge
(but of opposite sign) at both sides of the slot. As expected, the voltage
distribution is anti-symmetric with regard to the symmetry axis (φ = 0

39A bidimensional object possesses inversion symmetry when is invariant by rotating 180°
taking its center as the rotation axis.
40The overall size of the SRR is about one-tenth of the wavelength [3].
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(a) (b)

FIGURE 2.16: Symmetric split-ring resonator (SRR). (a) Circular-shaped
topology. (b) Fundamental resonance: orientation of the polarization fields, sketch
of the charge distribution and currents, and boundary condition at the symmetry
plane.

(a) (b)

FIGURE 2.17: Sketch of the electric (a) and magnetic (b) field distributions in
the SRR at the fundamental resonance frequency. Field distributions from [21].

FIGURE 2.18: Equivalent circuit model of a split-ring resonator (SRR). The total
capacitance across the slot between the rings is C, which is divided into two series
components corresponding to the two identical halves of the resonator (C = 2πr0C

′,
where C ′ is the per-unit-length capacitance along the slot and r0 = rext − c− d/2
is the mean radius). The SRR behaves as an externally driven LC resonator.
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(a) (b)

FIGURE 2.19: Angular dependence of the quasistatic current and voltage in the
SRR; the inner ring is cut at φ = 0. (a) Normalized current distribution in the inner
ring (subscript i), in the outer ring (subscript o), and in both rings as a summation.
(b) Normalized voltage distribution. The total current in both rings and the voltage
across the two rings in each half are constant.

and π). Therefore, the voltage is zero at the symmetry plane since a virtual
short circuit (an electric wall) appears along this plane.

It is also interesting to analyze the SRR fundamental resonance from
the theory of coupled resonators [19]. When the mean circumference of a
closed ring resonator is equal to an integral multiple of the wavelength,
resonance is established. By cutting the ring by a split, the resulting
resonator is essentially a distributed open-circuited half-wavelength
resonator with a (weak) loading capacitance at the open end. Since the
inner and outer rings in the SRR are not identical, their self-resonances are
different to each other. By coupling these half-wavelength rings, the lower
resonance frequency (associated to the outer ring) shifts downwards, giving
rise to quasistatic conditions as a first-order approximation (see
Figure 2.20). The first, or lowest, resonance frequency (ω0 = 1/

√
LC) is

referred to as the fundamental or the quasistatic resonance frequency due
to the above-mentioned reasons. Obviously, SRRs (and all the other
considered resonators) exhibit higher-order resonances that can be excited
at higher frequencies (Figure 2.20). These higher-order resonant modes
(out of the scope) are referred to as dynamic resonances, since non-uniform
total currents are induced and the particle is thus no longer electrically
small [3, 39].

2.3.2 Double-Slit Split-Ring Resonator (DS-SRR)

The double-slit split-ring resonator (DS-SRR) is derived from the original
topology of the SRR by introducing an additional cut in each ring and by



2.3. Metamaterial-based Resonators 31

FIGURE 2.20: Quasistatic (identified as A1) and dynamic resonance frequencies
of an SRR from [39]. The resonances corresponds to transmission zeros in the
transmission coefficient of an SRR-loaded microstrip line.

rotating one of the rings 90°, as shown in Figure 2.21(a) [40]. This particle
is bisymmetric, which means that it possesses two orthogonal symmetry
planes, resulting invariant by inversion. As Figure 2.21(b) depicts, the two
symmetry axis behave as electric walls at resonance and, because of their
orthogonality, the appearance of a net electric dipole is prevented. As a
result, the fundamental resonance of the DS-SRR cannot be electrically
excited. Contrarily, an axial (z -direction) time-harmonic magnetic field can
establish resonance inducing a magnetic dipole moment. Therefore, this
particle does not exhibit cross polarization.

In comparison to the original SRR, by applying a quasistatic analysis,
the DS-SRR has almost the same inductance but four times smaller
capacitance (provided that the overall dimensions of the resonators are the
same). The reduction in the total capacitance arises from the series
connection of the four capacitances, each of them corresponding to each
quadrant (see Figure 2.22). As a consequence, the resonance frequency of
the DS-SRR is twice that of the SRR, and the electrical size as well (in
fact this is likely to be expected because the length of the individual split
rings has been decreased by a factor of two). Accordingly, despite the
equivalent circuit model of the DS-SRR is effectively the same as that of
the SRR, the description of the electrical behavior of the particle is less
accurate in the DS-SRR.

2.3.3 Folded Stepped-Impedance Resonator (SIR)

Stepped-impedance resonators (SIRs) are common planar building blocks
in microwave engineering [41]. SIRs are essentially open-ended resonators
where the width of the strip is varied abruptly. It is well known that a
tri-section SIR can be made electrically small (as compared to a uniform
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(a) (b)

FIGURE 2.21: Bisymmetric double-slit split-ring resonator (DS-SRR). (a)
Circular-shaped topology. (b) Fundamental resonance: orientation of the
polarization fields, sketch of the charge distribution and currents, and boundary
conditions at the symmetry planes.

FIGURE 2.22: Equivalent circuit model of a double-slit split-ring resonator (DS-
SRR). The total capacitance, C = 2πr0C

′, is divided into the four quadrants.

half-wavelength resonator) by narrowing the central section and widening
the external ones. Further miniaturization can be achieved by folding the
SIR, as depicted in Figure 2.23(a). The fundamental resonance frequency
of the folded SIR can be excited by time-harmonic electric (y-direction)
and/or magnetic (z -orientation) fields. Hence, cross-polarization effects are
present, and both an electric dipole and a magnetic dipole are induced. At
the plane of symmetry, an electric wall boundary condition is established.
Figure 2.23(b) illustrates all the above-cited properties at resonance.

In terms of electric circuit parameters, basically, the inductive component
of the particle is directly related to the inductance of the narrow strip (w2),
while its capacitance is provided by the wide sections (w1) and the gap
(s). Thus, a folded SIR may be regarded as a planar implementation of a
capacitively-loaded loop. As a consequence, the equivalent circuit model of
a folded SIR (see Figure 2.24) is qualitatively the same as that of an SRR.

2.3.4 Electric Inductive-Capacitive (ELC) Resonator

The so-called electric inductive-capacitive (ELC) resonator (or
electric-coupled LC resonator) was proposed by Schurig et al. [42] as an
alternative to metallic wires for the implementation of negative
permittivity (ENG) media. As illustrated in Figure 2.25(a), the ELC
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(a) (b)

FIGURE 2.23: Symmetric stepped-impedance resonator (SIR). (a) Square-shaped
topology. (b) Orientation of the polarization fields, sketch of the charge distribution
and currents, and boundary condition at the symmetry plane at the fundamental
resonance.

FIGURE 2.24: Equivalent circuit model of a folded stepped-impedance resonator
(SIR).

resonator is a bisymmetric planar structure consisting of a pair of
capacitively-loaded metallic loops in contact. Clearly, this particle can be
viewed as two combined (merged) folded SIRs.

As indicated in Figure 2.25(b), besides an electric wall, the ELC
resonator exhibits a magnetic wall in an orthogonal plane at the
fundamental resonance. At this resonance, the current flows through the
central branch so that the (instantaneous) current is clockwise in one loop
and counterclockwise in the other one, giving rise to a net displacement
current in the gap. In consequence, the opposite magnetic moments
originated by the two current loops cancel out and prevent the presence of
a net axial magnetic dipole moment (z -direction). For such reason this
resonator cannot be driven by means of a uniform axial time-varying
magnetic field.41 However, an electric dipole moment is still present in the
plane of the particle directed along the gap (y-oriented), which means that
this resonator can be excited through a uniform time-harmonic electric
field applied to that direction. As a result, cross-polarization does not
affect the ELC resonator, a property that can also be inferred because of
its inversion symmetry inherent to its bisymmetry.

41Nevertheless, the particle can be magnetically excited if the applied magnetic field in
the individual loops is uniform but in opposite directions to each other.
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(a) (b)

FIGURE 2.25: Bisymmetric electric inductive-capacitive (ELC) resonator.
(a) Rectangular-shaped topology. (b) Polarization fields, sketch of the charge
distribution and currents, and boundary conditions at the two orthogonal symmetry
planes at the fundamental resonance.

FIGURE 2.26: Equivalent circuit model of an electric inductive-capacitive (ELC)
resonator. Mesh currents must flow in the same direction through the capacitor for
establishing resonance.

The equivalent circuit model of an electrically small ELC resonator is
schematically depicted in Figure 2.26 [42]. As in the folded SIR, the narrow
section of each loop (w2 and w3) is associated to an inductance, while the
wide section (w1) and the gap (s) is modeled by a capacitance. Therefore,
the ELC resonator is in essence an electrically-coupled LC resonator under
uniform fields, as its terminology suggests.

2.3.5 Complementary Resonators

The complementary counterparts of the resonators analyzed in the
preceding subsections are presented here. As is well known, two
complementary structures are defined as those where one is obtained from
the other by exchanging the apertures (slots) for the solid (metallic) parts
of a plane [43]. Therefore, when complementary structures are combined,
they form a single infinite solid screen with no overlaps. As suggested in
the literature [44], to avoid ambiguity, we refer to a resonator made of
electrically conducting strips as a strip resonator, whereas a resonator
obtained by cutting slots in a metallic surface as a slot resonator.

With a view to analyzing the behavior of resonators in the form of
slots, the concepts of duality and complementarity are invoked as
often [43, 44]. Electromagnetic duality (often referred to as Babinet’s
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(a) (b)

FIGURE 2.27: Complementary resonators. (a) SRR and (b) CSRR.

Principle) means that Maxwell’s equations possess duality in electric and
magnetic quantities; the mathematical solution for an electromagnetic field
is identical to that for its dual one obtained by a suitable interchange of
electric and magnetic quantities. The dual of a strip resonator can be
mathematically obtained by the definition of fictitious magnetic
conductors. In practice, a physical dual is implemented by a slot resonator.
Thus, strip and slot resonators are the physical implementation of dual
problems. It follows that, except for a constant, the electromagnetic fields
of complementary structures are identical with the exception that the
electric and magnetic fields are interchanged. Therefore, the
electric/magnetic field distribution of a planar slot structure is the same as
the magnetic/electric field distribution of a planar strip structure (the sign
of the dual field, however, must change on each side of the slot structure in
order to satisfy the boundary conditions in the plane of the particle). It is
well known that the impedance and the admittance of complementary
structures are also proportional, and accordingly their resonance
frequencies are identical. Another interesting property derived from duality
is that complementary periodic structures have exactly the same dispersion
curve [9]. A case study on this matter will be addressed in Section 2.4.

It should be pointed out that duality in complementary structures
strictly apply to infinite, planar, zero thickness, and perfectly conducting
electric screens [43]. Although in practice such ideal conditions cannot be
fulfilled, for very thin good conductors and metallic planes substantially
larger than the wavelength and the slot region, Babinet’s Principle predicts
the actual behavior to a high degree [33]. One of the most relevant
discrepancies due to deviation from ideal conditions is a shift in the
resonance frequency.

Let us consider as an illustration the complementary screen of the
SRR, i.e. the complementary split-ring resonator (CSRR) [26], as shown in
Figure 2.27.42 The electromagnetic field distribution at the fundamental

42Despite the nomenclature, the SRR is the complementary of the CSRR as well.
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(a) (b)

FIGURE 2.28: Sketch of the magnetic (a) and electric (b) field distributions in
the CSRR at the fundamental resonance frequency. The field distributions of the
CSRR and the SRR are dual, c being the velocity of light. Field distributions from
[21].

(a) (b)

FIGURE 2.29: Induced electric (p) and magnetic (m) dipoles in the (a) SRR and
(b) CSRR from [45]. The resonators are in the plane z = 0. No net dipoles are
induced in the CSRR seen from both sides.

resonance of the CSRR is sketched in Figure 2.28. It is apparent that the
electric and magnetic fields in the vicinity of the CSRR are the dual fields
to those of the SRR (see Figure 2.17), since the roles of the electric and
magnetic fields are interchanged. Thus, at the symmetry axis of the CSRR,
a magnetic wall arises. The induced electric and magnetic dipoles are also
dual, as illustrated in Figure 2.29 [45]. While the SRR behaves as an axial
magnetic dipole and an electric dipole in the plane of the rings, the CSRR
(when is seen from one side) exhibits an axial electric dipole and a
magnetic dipole in its plane. Note that the sign of the dipoles points in
opposite directions on the two sides (z < 0 and z > 0) of the CSRR.
Therefore, the net electric and magnetic dipoles in the CSRR become zero.
This ensures that both the total magnetic polarization parallel to the
screen (y-axis) and the total electric polarization perpendicular to the
screen (z -axis) vanish, as it must be for a metallic plane (electric currents
confined in a plane can produce only net tangential electric moments and
normal magnetic moments) [3]. As a consequence, when referring to slot
resonators, uniform and temporally varying fields are applied only on one
side. The CSRR can thus be excited by an axial electric field and/or a
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(a) SRR and CSRR.

(b) DS-SRR and DS-CSRR.

(c) Folded SIR and folded dumbbell DGS.

(d) ELC and MLC resonators.

FIGURE 2.30: Polarization fields and boundary conditions at the symmetry
planes at the fundamental resonance in complementary split-ring resonators by
applying duality.
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magnetic field polarized in the direction orthogonal to the symmetry plane,
as depicted in Figure 2.30(a). Hence, cross-polarization effects are also
present in the CSRR, the electric field being the main driving
mechanism [21].

Figure 2.30 shows the results after applying duality to all of our
considered resonators. The complementary of the DS-SRR is called
double-slit complementary split-ring resonator (DS-CSRR) [40]. Like the
SIR, its complementary counterpart [46] has been extensively used in the
last decade in the microwave community, and here is referred to
dumbbell-shaped defected ground structure (DGS)43, as is often called in
the literature. Neither the unfolded nor the folded dumbbell DGS is used
in the present thesis, but it is included here for completeness. The physical
dual of the ELC resonator has been called magnetic-LC (MLC) resonator
for coherence, since uniform fields are able to excite its fundamental
resonance only if the magnetic field is properly polarized.

Finally, it may be shown that electromagnetic duality implies circuit
theory duality. Consequently, any planar structure and its complementary
screen are dual in circuit theory as well [47]. Thus, the equivalent circuit
models of slot resonators may be inferred by the dual circuits of the
models corresponding to the strip resonators. By applying circuit duality,
inductances are replaced by capacitances, and series-connected elements
become parallel-connected circuit elements. The equivalent circuit models
for the CSRR and the DS-CSRR are represented in Figure 2.31 [21]. The
capacitance of the CSRR may be calculated as the capacitance of a disk of
radius r0 − c/2 (r0 = rext − c − d/2) surrounded by a metal plane at a
distance c of its edge (analytical expressions have been derived [21]). The
CSRR inductance is given by the parallel combination of the two
inductances connecting the inner disk to the outer metallic region of the
CSRR. Such inductances may be calculated as the inductance of a CPWs
with a strip width d and slot width c. A circuit model of the MLC
resonator is developed in article IJAP13, while the circuit of the
dumbbell-shaped DGS can be readily derived from it.

2.4 Magneto- and Electro-Inductive Waves

This section is devoted to propagating structures based on inter-resonator
coupling. Indeed, metamaterial resonators not only may be excited, for
instance, by a transmission line, but also by coupling them. Without loss
of generality, imagine the periodic chains shown in Figure 2.32 made of
either split-ring resonators (SRRs) or complementary split-ring resonators
(CSRRs). Since these two arrays complement each other to form a solid

43In fact, slot resonators are sometimes referred to as defected ground structures (DGS)
or patterned ground structures (PGS).
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(a) (b)

FIGURE 2.31: Equivalent circuit model of a (a) CSRR and a (b) DS-CSRR. The
total inductance, L = 2πr0L

′, is divided into equal parallel contributions, where L′

is the per-unit-length inductance.

(a)

(b)

FIGURE 2.32: Periodic array of coupled (a) SRRs and (b) CSRRs through which
dual magneto- and electro-inductive waves may arise, respectively.

screen, both structures exhibit exactly numerically the same dispersion
relation, as mentioned in Subsection 2.3.5. However, it is apparent from
duality that the nature of the propagation in the two arrays must somehow
interchange dual variables. As will be argued, planar arrays of SRRs and
CSRRs are able to guide backward magneto-inductive waves and
electro-inductive waves, respectively.

2.4.1 Magneto-Inductive Waves in Arrays of Magnetically-
Coupled Resonators

Magneto-inductive waves (MIWs) were first reported and studied in the
frame of metamaterial science by Shamonina et al. [48, 49], and many
subsequent works have been published by the same research group [5].
MIWs are a form of guided waves that propagate through an array of
magnetically-coupled resonators that acts as a waveguide. A
lumped-element circuit representation of a periodic magneto-inductive
waveguide is illustrated in Figure 2.33(a). Each resonator is modeled by an



40 Chapter 2. Fundamentals of Metamaterials and Resonators

(a)

(b) (c)

FIGURE 2.33: Equivalent circuit of a periodic magneto-inductive waveguide
assuming magnetic interaction only between adjacent resonators. (a) Circuit with
mutual inductance. Unit-cell transformed circuit [19] assuming (b) positive and (c)
negative mutual inductance supporting forward and backward waves, respectively.

inductance L and a capacitance C, and is coupled to its nearest neighbor44

by a mutual inductance Lm. Thus, the term magneto-inductive wave
originates from the fact that such waves arise due to voltages induced by
magnetic coupling between the resonant elements [50]. The propagation of
MIWs occurs within a narrow passband around the resonance frequency of
the isolated elements, i.e. ω0 = 1/

√
LC, and the associated bandwidth is

dependent on how strongly the resonators are coupled to each other. The
stronger the interaction between the elements, the wider the passband of
the MIWs [50]. Both forward and backward MIWs may exist, depending
on the sign of the mutual inductance between resonators [see
Figures 2.33(b) and (c)]. While mutual inductance is positive in an axial
configuration, it is negative when the resonators are arranged in a coplanar
configuration since the magnetic field originating in one resonator crosses
another one in the opposite direction [49].

MIWs are expected to be present in whatever chain of resonant
elements that can be described by LC resonant tanks as long as the
coupling between them is magnetic [49, 51], or dominantly magnetic in the
presence of negligible cross-polarization effects [3]. The first
magneto-inductive waveguide was in the form of a theoretical periodic
array of magnetically-coupled capacitively-loaded loops, as can be seen in
Figure 2.34(a) for coplanar arrangement [49]. The corresponding dispersion

44The first neighbor approximation assumes that the field strength declines so rapidly
away from a resonator that it is too small beyond the nearest neighbor. The accuracy of
this first-order coupling is dependent on the resonant elements [3, 5].



2.4. Magneto- and Electro-Inductive Waves 41

(a) (b)

FIGURE 2.34: Backward magneto-inductive waves in an array of coplanar
capacitively-loaded loops. (a) Theoretical layout from [52]. (b) Dispersion relation
with nearest neighbor coupling from [49].

(a) (b)

FIGURE 2.35: Backward magneto-inductive waves in an array of split-
ring resonators in planar configuration in microstrip technology. (a) Layout;
input/output SSRRs are coupled to input/output microstrip lines. (b) Measured
transmission coefficient from [51].

diagram assuming that coupling is restricted to nearest neighbors is shown
in Figure 2.34(b), where the backward wave nature is clearly visible. Soon
after, MIWs were also excited in a periodic arrangement of split squared
ring resonators (SSRRs), as shown in Figure 2.35 [51] (this type of
split-ring resonator, which is not symmetric and was not described in
Section 2.3, does not suffer cross-polarization effects).

It is also worth mentioning that MIWs belong to the category of slow
waves, since its phase velocity may be orders of magnitude smaller than the
velocity of an electromagnetic wave propagating in the same medium [3, 6]45.
Since slow-wave structures are of interest in device miniaturization, and

45Slow-wave effect is usually accounted for by the resulting phase velocity reduction factor
(or slow-wave factor).
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(a)

(b)

FIGURE 2.36: Equivalent circuit of a periodic electro-inductive waveguide with
electric interaction only between adjacent resonators. (a) Circuit with mutual
capacitance. (b) Unit-cell transformed circuit model [19] where wave propagation
is backward.

bandpass characteristics are useful in signal filtering, MIWs have found many
diverse applications. Some examples are power dividers [49], delay lines [51],
passive chipless tags for radiofrequency identification (RFID) [53], and phase
shifters [54].

2.4.2 Electro-Inductive Waves in Arrays of
Electrically-Coupled Resonators

Electro-inductive waves (EIWs) can be considered as the dual counterpart
of magneto-inductive waves [55].46 Therefore, EIWs propagate through a
waveguide whose guiding mechanism is based on electric interaction
between neighboring resonant elements, in parallelism (or duality) to
MIWs. The lumped-element equivalent circuit modeling a periodic
electro-inductive waveguide in the first neighbor approximation is depicted
in Figure 2.36(a), where the mutual capacitance Cm accounts for the
inter-resonator electric coupling. The resulting equivalent circuit model for
a planar arrangement of electrically-coupled resonators is also included. As
can be seen, the circuits of electro-inductive waveguides are dual to the
circuits modeling magneto-inductive waveguides (Figure 2.33). In fact, this
is not surprising since as was asserted in Subsection 2.3.5, electromagnetic
duality involves circuit duality. Therefore, the dispersion relation inferred
from the equivalent circuit models of magneto- and electro-inductive
waveguides exhibit exactly the same dispersion relation if they are exactly

46However, propagation through electrically-coupled metallic rods have been known for a
long time [56].
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(a) (b)

FIGURE 2.37: Electro-inductive waves in an array of complementary split-ring
resonators in planar configuration in microstrip implementation. (a) Layout and
(b) simulated and measured transmission coefficient from [55].

numerically dual. The meaningful difference lie in the nature (MIW- or
EIW-related) of the propagating band.

Electro-inductive waveguides have been implemented, e.g., in
microstrip technology using the complementary split squared ring
resonator (CSSRR), that is, the complementary version of the SSRR [55].
Figure 2.37 shows the layout of the structure as well as the transmission
coefficient. As expected, this waveguide behaves in a similar way as
compared with its dual counterpart47 [51] (Figure 2.35).
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Chapter 3

Advances in Equivalent
Circuit Models of
Resonator-loaded
Transmission Lines

The present chapter focuses on advances relative to equivalent circuit
models of transmission lines loaded with electrically small resonators. An
accurate circuit model should include all the elements (a transmission line
and an array of resonators in our case) as well as all the inter-element
couplings involved. Note that neither mixed magnetoelectric coupling nor
inter-resonator coupling was considered in the previous chapter
(Subsection 2.2.4). The mixed coupling between the line and the
resonators is usually neglected because only the dominant coupling is the
one modeled, but it may become important under some resonator
orientations. Regarding the coupling between resonators, it may be ignored
when the resonators are not closely spaced. By contrast, if the resonators
are close to each other, inter-resonator interaction must be taken into
account since it influences the frequency response to a considerably extent.
In this chapter we analyze mixed coupling in the line-to-resonator coupling
as well as inter-resonator coupling, providing unit-cell equivalent circuit
models. Additionally, we also investigate the limits on the synthesis of
stepped-impedance shunt-stubs (SISSs). While the analysis is aimed at
getting useful electromagnetic information about a particular structure,
the inverse process is called synthesis. The latter is of paramount
importance for design and optimization purposes.

This chapter is divided into three sections. Section 3.1 deals with mixed
coupling between the transmission line and the resonators. In Section 3.2
we analyze resonator-to-resonator coupling effects on the frequency
response as well as on the dispersion relation. Finally, Section 3.3 reports a
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methodology for obtaining the physically implementable values of
inductance and capacitance using electrically small SISSs.

3.1 Line-to-Resonator Magnetoelectric Coupling

As was explained in Subsection 2.3.1, resonators that do not possess
inversion symmetry may suffer from cross-polarization effects [1]. This
means the resonators may become electrically polarized as a response to an
applied magnetic field, and vice versa [2, 3], and that they may be
magnetically and/or electrically excited if the resonators are properly
oriented [4, 5]. In general, mixed coupling is usually ignored because the
dominant coupling is the only modeled coupling mechanism [6]. However,
under some resonator orientations, mixed coupling effects may become
relevant. The important aspect for us is to model the line-to-resonator
coupling, rather than the polarizabilities. Therefore, depending on the
resonator orientation in regard to the transmission line, mixed
magnetoelectric coupling arise.

In this section, we characterize the relative orientation of
metamaterial-inspired resonators when they are loading elements in
transmission lines, where the illuminating fields to the resonators are not
uniform. As will be shown in Chapters 4−7, the resonator orientation plays
a key role in the presented symmetry-based devices. The focus in the
present section is on modeling only classical coplanar waveguides (CPWs)
loaded with split-ring resonators (SRRs) and complementary split-ring
resonators (CSRRs) loading microstrip lines loaded (article AWPL13)
since this suffices to illustrate the modeling of magnetoelectric coupling.
However, mixed-coupling effects are also modeled in CPWs loaded with
CSRRs or per-unit-cell single SRRs (Subsection 4.2.3, article APA12),
and in ELC- and MLC-loaded differential microstrip lines
(Subsection 4.2.2, article APA13).

3.1.1 SRR-loaded Coplanar Waveguides and CSRR-loaded
Microstrip Lines

As seen in Subsection 2.2.4, equivalent circuit models of SRR-loaded
CPWs and CSRR-loaded microstrip lines were proposed by
Mart́ın et al. [7, 8] and Baena et al. [6], respectively (the former was
revised by Aznar et al. [9]). In these models, mixed coupling is not
considered. Since these circuit models are symmetric with regard to the
ports, the SRR- and CSRR-loaded lines should also be symmetric when
looking into the ports. Certainly, in the literature the slits of the
SRRs/CSRRs are usually (but not always!) oriented orthogonally to the
line axis. Under these circumstances, these resonator-loaded lines are
symmetric with regard to ports. Indeed, it has been demonstrated through



3.1. Line-to-Resonator Magnetoelectric Coupling 51

circuit parameter extraction that these models describe the frequency
response of the corresponding structures to a very good
approximation [10, 11]. However, as indicated in article AWPL13, if the
symmetry of the loaded lines (in regard to the ports) is disrupted by
rotating the SRRs/CSRRs, the models as well as the parameter extraction
procedures may fail. For the particular case where the slits are oriented in
parallel to the line axis (where the structures are symmetric with regard to
their midplane, but not to the ports), the asymmetry leads to substantially
different phases of the two reflection coefficients. As will be seen in
Chapters 4−7, symmetry at the midplane is important in the applications
considered in this thesis.

Article AWPL13 investigates the effects of rotating SRRs and
CSRRs in the frequency response of SRR-loaded CPWs and CSRR-loaded
microstrip lines. If the SRRs/CSRRs slits are aligned orthogonally to the
line axis, the SRR/CSRR cannot be excited through electric/magnetic
coupling. However, if the particles are rotated, a nonnegligible component
of the electric/magnetic field orthogonal to the symmetry plane of the
SRRs/CSRRs appears, and both magnetic and electric coupling must be
considered. Obviously, the optimum case to favor mixed coupling is the one
where the slits are oriented in parallel to the line axis. Hence, the
dependence of the frequency response of SRR- and CSRR-loaded lines on
particle orientation is attributed to mixed coupling effects. To support this
hypothesis, we also perform the rotation analysis considering a
non-bianisotropic SRR (NB-SRR) [12] and a non-bianisotropic CSRR
(NB-CSRR). These particles do not exhibit cross-polarization since they
have inversion symmetry with regard to their center. The results show that
the frequency response does not change appreciably by rotating the
NB-SRR/NB-CSRR. Therefore, unless the resonator slits are aligned along
the orthogonal direction to the line axis, mixed magnetoelectric coupling
between the host line and the resonators must be considered to accurately
describe the lines with arbitrarily oriented SRRs or CSRRs. To this end,
we update the equivalent circuit models of SRR-loaded CPWs
[Figure 2.12(a)] and CSRR-loaded microstrip lines (Figure 2.15) including
mixed coupling effects. We introduce a capacitance and a mutual
inductance in the SRR- and CSRR-based circuits to model the
line-to-resonator capacitive (electric) and inductive (magnetic) coupling,
respectively. Like the models without mixed coupling, the resulting
equivalent circuit models satisfy the duality property (Subsection 2.2.4). It
is also observed that the magnetic coupling provides the necessary
asymmetry in the circuit models to explain the lack of symmetry with
regard to the ports. We validate the proposed equivalent circuits by
comparing circuit simulations with electromagnetic simulations and
measurements, where good agreement is obtained.
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Finally, it should be highlighted that the proposed equivalent circuits
are considerably complex, and essentially such circuits allow for the
modeling of the phase response of the reflection coefficients. Therefore,
rather than being useful for design purposes (unless accurate phase
response modeling is required), the presented circuits (a) allow for the
understanding of the associated line-to-resonator coupling phenomenology,
(b) point out the relevance of particle orientation on its excitation, and (c)
indicate that the parameter extraction procedures may fail when the
symmetry plane of the resonators is not orthogonally aligned with the line.

3.2 Inter-Resonator Coupling

The previous section was devoted to the line-to-resonator coupling.
However, in an array of resonator-loaded transmission lines, the
inter-resonator coupling can also be meaningful. Likewise, the coupling
between two resonant elements depends on their relative orientation, and
may be electric, magnetic, or mixed [13–15]. The aim of this section is to
consider inter-resonator coupling between resonators of adjacent unit
cells.1 As in Section 2.4, we assume the coupling to be restricted to the
first-neighbor2 and to the dominant coupling mechanism (i.e.
mixed-coupling is not considered). As will be shown, inter-resonator
coupling enhances the stopband bandwidth, and this is useful for the
design of bandstop filters. In Subsection 5.3.1 (article TMTT12),
inter-resonator coupling helps to broaden the stopband of the common
mode in CSRR-loaded differential lines.

3.2.1 SRR-loaded Coplanar Waveguides and CSRR-loaded
Microstrip Lines

Transmission lines periodically loaded with SRRs or CSRRs inhibit wave
propagation in the vicinity of the resonator fundamental resonance, and
support forward waves outside this forbidden band (Subsection 2.2.4). It is
also known that chains of coupled SRRs (and other magnetic resonators)
or CSRRs (and other electric resonators) arranged in the same plane
support backward waves, and such waves have been called
magneto-inductive (MIWs) and electro-inductive waves (EIWs),
respectively (Section 2.4). Interestingly, coupling manifestations between

1 When the unit cell of periodic resonator-loaded transmission lines is composed of more
than one resonator, inter-resonator coupling within the unit cell may also exist (this will
be analyzed in Subsections 4.4.1 and 4.4.2).
2 Coupling between each resonator and a number of neighbors may be significant. The
decay of the coupling coefficient, that varies with inter-resonator separation, should
determine the number of couplings to take into account. However, if many couplings are
involved, it is difficult to model and design structures.
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MIWs/EIWs and electromagnetic waves (propagating through an array of
SRRs/CSRRs and a transmission line, respectively) may arise. First, the
dispersion characteristics of transmission lines loaded with SRRs
(considering coupled and decoupled SRRs) and metallic rods was analyzed
by Syms et al. [16]. It was shown that MIWs and electromagnetic waves
may interact leading to a stopband. Some years later, Syms and Solymar
carried out a theoretical analysis of SRR-loaded lines with coupled
resonators (i.e. without the rods), and they found that the stopband is due
to the presence of complex modes [17].3 Complex modes have been known
for a long time in the literature, and have been found in several
structures [18–22]. Despite the assumption of the absence of losses,
complex modes have conjugate complex propagation constants
(γ = α ± jβ, where α is the attenuation constant and β is the phase
constant) and appear as conjugate pairs in reciprocal structures. Since the
power contributions of the modes are in opposite direction to each other,
complex modes do not generally carry net power.4

In article JAP14 and article AWPL12 we study SRR- and
CSRR-loaded lines with coupled resonators, respectively. The topology of
the considered SRR-loaded lines (unit cell) consists of a CPW loaded with
pairs of SRRs etched on the back side of the substrate. The considered
CSRR-loaded line is a microstrip line loaded with an array of CSRRs
etched in the ground plane. To achieve significant inter-resonator coupling,
we assume nearby and rectangular-shaped resonators (the long side being
oriented along the transversal direction of propagation). It is important to
highlight that the symmetry plane of the resonators (along the slits) is
orthogonally oriented to the line axis. This orientation guarantees that the
line is capable of exciting the SRR/CSRR fundamental resonance through
only the magnetic/electric coupling. With different orientations, mixed
coupling is required for an accurate description of the structure, as
discussed in Subsection 3.1.1 (obviously, mixed coupling between the line
and the resonators makes the present analysis much more cumbersome).

In the equivalent circuit models of Figures 2.12(a) and 2.15, we include
inter-resonator coupling with the nearest-neighbor interaction
approximation.5 According to the orientation of the resonators, the
inter-resonator coupling is supposed to be dominantly magnetic and
electric in SRRs and CSRRs, respectively, and this is the only coupling
modeled (the magnetic coupling between SRRs of adjacent cells being
negative). Losses are neglected in the circuit models, and this is an

3 According to Syms and Solymar, in an SRR-loaded line with coupled resonators,
the region of complex modes leads to a complex effective permeability (under lossless
conditions).
4 Under some circumstances, the individual complex modes may be selectively excited [23].
5 Although inter-resonator coupling beyond the first neighbor may be significant using
rectangular-shaped resonators, this approximation suffices for our purpose.
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important assumption when we derive the dispersion relation as will be
shown shortly. The resulting lumped-element equivalent circuit models of
the corresponding unit cells are four-port circuits. Qualitatively, the
four-port unit cell circuit of SRR-loaded lines with coupled resonators is
composed of a conventional two-port transmission line-type circuit
magnetically coupled to a secondary propagating circuit that supports the
propagation of MIWs. Analogously, the unit cell of CSRR-loaded lines
when the resonators are coupled consists of a transmission-line circuit
electrically coupled to a circuit that is able to support EIWs. As
multiconductor theory predicts, both unit cells can support two
modes [24]. While a conventional transmission line supports the
propagation of forward waves (Subsection 2.2.1), an array of coupled
resonators in coplanar arrangement supports either MIWs or EIWs of
backward nature (Subsections 2.4.1 and 2.4.2, respectively). In
consequence, forward and backward waves are expected to coexist at some
frequency band.

With a view to validating the circuit models, we compare the
transmission and reflection coefficients corresponding to the circuit and
electromagnetic simulations. It is important to realize that, in a truncated
periodic structure, the resonators of the input/output cells are not
externally fed. Only the transmission line is driven by port terminals, and
MIWs/EIWs are excited from the electromagnetic waves generated by the
line that illuminate the resonators. Therefore, when the periodic structure
is truncated the ports modeling the inter-resonator coupling are
open-ended, and we compute the frequency response of two-port circuits.
For one-cell and two-cell (where there is nearest-neighbor interaction only)
structures, the accordance of the circuit responses with those inferred from
electromagnetic simulations is remarkable. For higher-order structures,
where the nearest-neighbor approximation plays an active role, the
accuracy of the circuit model drops to some extent. Nevertheless, the
first-neighbor approximation is still valid for the purpose of the study. It is
also important to point out that inter-resonator coupling splits the
fundamental resonance frequency, so that the number of transmission zeros
equals the number of resonators (without coupling there would be a single
resonance frequency). As is well known, the stronger the coupling, the
stronger the frequency splitting [13]. Accordingly, the stopband bandwidth
broadens with inter-resonator coupling, this enhancement being limited.

Next, the dispersion characteristics of these resonator-loaded lines are
obtained from Bloch mode theory applied to the four-port networks. The
currents and voltages at both sides of the networks are linked through an
order-4 transmission (ABCD) matrix, as is typically performed in two-port
networks [25]. To derive the dispersion relation, we assume a complex
propagation constant, γ = α + jβ. For reciprocal, lossless, and symmetric
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networks, the two6 modal solutions for the complex propagation constant
can be easily found [26]. The results show that in the first allowed band,
there is a region with bi-valued propagation constant (i.e. with multimode
propagation): one forward (where the propagation constant is purely
imaginary and positive) corresponding to transmission-line type
propagation and the other backward (the propagation constant being
purely imaginary and negative) related to MIWs (in SRR-based lines) or
EIWs (in CSRR-based lines). Then, a region with a pair of complex modes
appears (γ = α± jβ)7, followed by a region of evanescent waves (where the
propagation constants are purely real). Finally, a forward wave
transmission band emerges again. The results obtained from Bloch mode
theory are therefore in good agreement with those reported by Syms and
Solymar [17]. Since complex modes do not carry net power, the frequency
band supporting such modes is a rejection band. Therefore, complex modes
contribute to stopband broadening in SRR- and CSRR-loaded lines with
coupled resonators.8 It is apparent that the stopband characteristics in the
complex wave region can be interpreted as a result of the destructive
interference of antiparallel forward transmission line propagation and
backward MIWs or EIWs. Note that the behavior of SRR- and
CSRR-loaded lines with coupled resonators is very similar to each other.
The meaningful difference is the nature of the backward waves, which
belong to MIWs or EIWs in SRR- and CSRR-loaded lines, respectively.

We also obtain the modal solutions (only the phase constant) of an
infinite periodic structure composed of a cascade connection of the two
corresponding SRR- and CSRR-based unit cells by means of the full-wave
eigenmode solver of CST Microwave Studio. There is good agreement with
the theoretical analytical dispersion curves predicted by the circuit models.
For comparison purposes, we also consider a structure with higher
inter-resonator distance providing a much weaker coupling. The dispersion
diagram reveals that the resulting stopband bandwidth is significantly
narrower. It is thus noticed that most of the stopband in the considered
structures is related to the presence of complex, rather than evanescent,

6 There are actually four mathematical solutions corresponding to the complete set of
forward- and backward-traveling waves. For convention, we assume the solutions associated
to positive group velocity, which represent power flow in the reference direction.
7 The dispersion relation of a circuit that is formally the same as that corresponding to
CSRR-loaded lines is obtained from a four-port impedance matrix by Tsai and Wu [27],
but the appearance of complex modes is not reported.
8 Analogously, in article AWPL12 we also conclude that in composite right/left
handed (CRLH) structures based on transmission lines loaded with CSRRs and series
gaps (Subsection 2.2.3), the left-handed passband broadens as inter-resonator coupling
increases. The reason is a constructive interference between EIWs and the backward wave
propagation of the CRLH structure. Prior circuit modeling of these structures without
applying Bloch mode theory was presented by Gil et al. [28].
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modes. Therefore, as long as inter-resonator coupling is significant,
complex modes may be the dominant mechanism of signal rejection.

Finally, to experimentally confirm the effects of inter-resonator
coupling on bandwidth enhancement, we measure the frequency response
of two order-9 structures; one with nearby resonators (providing a strong
coupling), and another one with distant resonators (achieving a weak
coupling). For the SRR-loaded CPWs, the measured fractional stopband
bandwidth at −20 dB is 5.2% and 2.4% for close and distant resonators,
respectively. For the CSRR-loaded microstrip lines, these values are 9.4%
and 6.2%. The measured stopbands are also in accordance with those
obtained from the dispersion relation.

3.3 Limits on the Synthesis of Electrically Small
Resonators

In microwave engineering, the synthesis of resonators concerns the design
of a particular physical topology providing a certain inductance and
capacitance, usually prescribed by design specifications (e.g. to widen the
rejection bandwidth of a bandstop filter). Frequently, practical limitations
exist when synthesizing resonators, that is, for a particular resonance
frequency, it is not possible to achieve any arbitrary combination of
inductance and capacitance. Analytical models can be derived in order to
find the inductance and capacitance of a given resonator topology. For
example, analytical values of the inductance and capacitance of SRRs and
CSRRs have been reported in the literature [1, 2, 6]. However, these
analytical expressions do not give information about the electrical length
of the resonators, and this is indeed of paramount importance for modeling
the resonant elements as lumped LC circuits.

Particularly, this section analyzes the limits on the implementable
values of stepped-impedance shunt-stubs (SISSs). Since these resonators
are implemented through microstrip lines, and there are available
well-established expressions for microstrip technology, the electrical size of
the resonator may be determined. This analysis highlights the well-known
practical limitations when synthesizing resonators, and is useful for the
design of microwave components based on SISSs. For instance, the
reported results have been used for the automatic synthesis of SISSs
through aggressive space mapping (ASM) [29, 30] ([30] corresponds to
conference C5). In this thesis, SISS-loaded lines will be further analyzed
in Subsections 4.4.1 and 6.7.1 (conference article IMS14).
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3.3.1 Microstrip Lines loaded with shunt-connected SIRs
(SISSs)

There are many different topologies and feedings of stepped-impedance
resonators (SIRs), originally proposed by Makimoto and Yamashita [31].
In Subsection 2.3.3 we introduced the folded SIR which can be excited
electrically and/or magnetically. In this section, by contrast, the focus is
on shunt-connected SIRs. Such SIRs can be viewed as stubs exhibiting a
high-impedance section in contact with the host line, cascaded to an
open-ended low-impedance section (port terminals are utilized to excite
these SIRs). For this reason, these shunt-connected resonators are also
referred to as stepped-impedance shunt-stubs (SISS) [32, 33].

Article MAP11 studies the implementation of shunt-connected series
LC resonators by means of SISSs in microstrip technology. The aim of the
work is to propose a procedure to determine the implementable inductance
and capacitance values of a lumped LC resonator by means of an SISS, so
that the response of the SISS accurately describe the response of the ideal
LC resonator up to a given frequency (obviously beyond resonance). The
implementable values, which depend on the substrate characteristics and
technological constraints, are plotted in an LC plane for smart visualization.

An important parameter of an SISS is its impedance ratio (or
contrast), which defines the relation between the low and high
characteristic impedances of the resonator sections. From a distributed
(transmission line) model, we conclude that: the higher the impedance
contrast, the smaller the total electrical length of the SISS. The reduction
of the resonator size is important for miniaturization, and also to be able
to model it by means of a lumped element model (a series LC resonator).
Therefore, if the impedance contrast is high enough, the electrical lengths
of the resonator sections may attain small sizes at resonance. Accordingly,
the SISS may be referred to as a semi-lumped resonator.

The allowable LC values are dictated by the limits on the minimum
and maximum implementable characteristic impedances. Since it is
convenient to deal with extreme characteristic impedances, we need to
determine the maximum and minimum value of the characteristic
impedance that can be achieved with the considered substrate and
fabrication technology. The maximum achievable impedance is that
corresponding to the narrowest possible line, which is subjected to the
fabrication process. On the other hand, the lowest impedance limit is not
given by any technological constraint, but a maximum width must be
considered to avoid transverse resonances [34]. To guarantee that the SISS
can be described by a lumped resonator, we impose the electrical lengths
of the SISS sections to be smaller than π/49 up to a particular frequency

9 A line is typically considered to be electrically short if its electrical length is smaller
than π/4, but we can specify whatever arbitrary maximum permissible electrical length.
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beyond the resonance frequency. Provided that the two sections of the
SISS are electrically small, its distributed behavior may be approximated
to that of a shunt-connected series LC resonator to a high degree. We
provide accurate and simple closed-form expressions of the inductance and
capacitance. Furthermore, as is well known, as a first-order approximation
the inductance/capacitance of the SISS is mainly determined by the
inductance/capacitance of the high/low impedance section [13].

The implementable values are hence given as a function of the
frequency range of interest, the accuracy, the substrate parameters, and
the fabrication technology. The higher the frequency range and the higher
the accuracy, the smaller the implementable values. The study considers
several commercial microwave substrates (with different thicknesses and
dielectric constants) and determines the corresponding achievable lumped
values. For a set of particular specifications, as the resonance frequency
increases, the allowable interval of inductance and capacitance decreases
dramatically, and finally collapses (there is a fundamental limit on the
maximum resonance frequency, but structure scaling down is possible if
necessary). The width of the capacitive line section, which must decrease
to avoid the transverse resonance mode, is the responsible for this
frequency limitation. Finally, the procedure is validated by some fabricated
SISS-loaded microstrip lines with LC values lying inside and outside the
allowable range. The transmission and reflection coefficients (in amplitude
and phase) of these SISS-loaded microstrip lines are compared to those
obtained by the same line loaded with the corresponding lumped
resonators. As expected, highly accurate modeling is obtained when the
inductance and capacitance belong to the physically implementable values.
The transverse resonance mode in the SISS-based structures is clearly
visible beyond the frequency range of interest.

References

[1] R. Marqués, F. Mart́ın, and M. Sorolla, Metamaterials with Negative
Parameters: Theory, Design and Microwave Applications. John Wiley
& Sons, 2008.

[2] R. Marqués, F. Medina, and R. Rafii-El-Idrissi, “Role of bianisotropy
in negative permeability and left-handed metamaterials,” Phys. Rev. B,
vol. 65, no. 144440, Apr. 2002.

[3] L. Solymar and E. Shamonina, Waves in Metamaterials. Oxford
University Press, 2009.

[4] P. Gay-Balmaz and O. J. F. Martin, “Electromagnetic resonances in
individual and coupled split-ring resonators,” J. App. Phys., vol. 92,
no. 5, pp. 2929–2936, Sep. 2002.



References 59

[5] N. Katsarakis, T. Koschny, M. Kafesaki, E. Economou, and
C. Soukoulis, “Electric coupling to the magnetic resonance of split ring
resonators,” App. Phys. Lett., vol. 84, no. 15, pp. 2943–2945, Apr. 2004.

[6] J. D. Baena, J. Bonache, F. Mart́ın, R. M. Sillero, F. Falcone,
T. Lopetegi, M. A. G. Laso, J. Garćıa-Garćıa, I. Gil, M. F. Portillo,
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Chapter 4

On the Symmetry Properties
of Resonator-loaded
Transmission Lines

This chapter is focused on the symmetry properties of transmission lines
loaded with electrically small resonators. The transmission characteristics of
these structures are derived from theoretical concepts in terms of symmetry.
By breaking symmetry, controllability in the signal transmission is obtained.
Two different approaches are considered which achieve different transmission
controllability, depending on whether the line is loaded with single or pairs
of resonators (per-unit-cell). In the former, symmetric transmission lines are
loaded with single symmetric resonators. Since no other reactive elements
(neither inductances nor capacitances) are loaded to the line, one should
expect to obtain stopband responses (Subsection 2.2.4). However, it may
be obtained not only stopband responses, but also all-pass responses. As
will be shown, this can be achieved by inhibiting resonance. In the latter,
symmetric transmission lines are loaded with pairs of identical resonators. In
these structures resonance always occurs, but controllability in the frequency
of the resonances is performed.

The organization of this chapter is as follows. Section 4.1 describes
some typical transmission lines used throughout this thesis, with special
emphasis on the symmetry properties of the fundamental propagation
modes. Specifically, microstrip lines, coupled microstrip lines, and coplanar
waveguides are considered. Electrically small resonators are beyond the
scope of this chapter because they were already introduced in Section 2.3.
Sections 4.2 and 4.3 are devoted to the particular case of alignment and
misalignment of symmetry planes in the former approach, respectively.
Finally, Section 4.4 generalizes the behavior of the two considered
approaches as a function of symmetry properties.

63
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4.1 On the Symmetry Properties of Transmission
Lines

Figure 4.1 shows the three symmetric transmission lines that are utilized
throughout this thesis: microstrip lines, pairs of coupled microstrip lines,
and coplanar waveguides (CPWs). Microstrip lines are two-conductor
transmission lines that support a single fundamental mode of propagation,
whereas coupled microstrip lines and CPWs are three-conductor
transmission lines allowing for the propagation of two fundamental modes,
namely, the even mode and the odd mode. Since part of the
electromagnetic fields extends into the air beyond the substrate, the
considered transmission lines are inhomogeneous propagating structures.
However, the propagation modes supported by these lines are of
quasi-TEM (transverse electromagnetic) nature, and are characterized by
their characteristic impedance and propagation constant. Therefore, the
electric and magnetic fields are transverse to the direction of propagation
(to a considerably extent), the distribution of fields being sketched in
Figure 4.1. As can be seen, in a microstrip line, there is a virtual magnetic
wall at its symmetry plane. In coupled microstrip lines and CPWs, the
symmetry plane behaves as a virtual electric or magnetic wall for the odd-
and even-mode, respectively (in an/a electric/magnetic wall, the
electric/magnetic field lines are normal to the corresponding plane since
the tangential components vanish [1]).

When a network is symmetric, it is convenient to bisect it into two
identical halves with respect to its symmetry plane, because the analysis of
N -port networks is reduced to that of N /2-port networks using the
even/odd-mode analysis [1–3]. Even and odd excitations apply in-phase
and anti-phase signals, respectively. When an odd excitation is applied to a
network, the symmetry plane is short-circuited, and the two halves become
the same two-port network, namely, the odd-mode network. In a similar
fashion, under an even excitation, the symmetry plane is open-circuited
and the two halves become the two-port even-mode network. Therefore, in
symmetric structures based on coupled microstrip lines and CPWs, we can
restrict the analysis to a half of the structure. Thereby equivalent circuit
models for the even and odd-mode can be derived.

In CPWs, the even- and odd-mode are also referred to as the CPW
mode and the slot (or slotline) mode, respectively. Typically, the even
mode of the CPW is excited by feeding the central strip and grounding the
lateral planes, whereas the odd mode is a parasitic mode.1 In symmetric
CPWs, the propagation of the even- and odd-mode is independent (any
arbitrary excitation can be treated as a superposition of the even- and

1 Coupled microstrip lines, coplanar strips (CPS), or slotlines are preferred to be fed by
odd-mode sources [4, 5].
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(a) Microstrip line. The field distribution is extracted from [1].

(b) Coupled microstrip lines. The field distributions of the odd- (top) and even-
mode (bottom) are extracted from [3].

(c) Coplanar waveguide. The even-mode field distribution is extracted from [4].
The field distribution of the parasitic odd-mode is not shown.

FIGURE 4.1: Geometry, and electric (solid lines) and magnetic (dashed lines)
field distributions in planar transmission lines. The boundary condition (electric or
magnetic wall) at the symmetry plane is indicated.

odd-mode [6]), and power conversion from one mode to another does not
arise. Therefore, an even-mode excitation cannot generate an odd-mode
signal along the structure (and vice versa). However, when a CPW-based
structure is asymmetric, the two fundamental modes are coupled to each
other, and energy is continuously exchanged between the coupled modes
(i.e. there is mode conversion) [4]. From an even-mode source applied to a
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CPW, the parasitic slot mode may be excited by coupling power from the
desired CPW mode. A common procedure to suppress the slot mode in
CPWs consists of introducing air bridges to short circuit the ground planes
in a transversal plane [7]. In printed circuit board (PCB) technology,
via-holes in the substrate and strips etched on the back substrate side are
usually used to connect the ground planes. Analogously, in a symmetric
pair of coupled microstrip lines, the even- and odd-mode are also
independent to each other. Conversely, when the pair of coupled lines is
asymmetric, the mode conversion phenomenon may occur. Coupled
microstrip lines are useful for the design of differential microstrip lines. In
contrast to CPWs, in differential circuits based on coupled microstrip lines,
the undesired mode is the even mode. In this context, the odd- and
even-mode are often referred to as the differential - and common-mode
(Chapter 5).

Finally, it is also worth discussing about the main advantages of the
considered transmission lines [4, 7, 8]. The advantage of microstrip
technology over CPWs is the presence of the ground plane in the back side
of the substrate, which effectively isolates the structure preventing from
possible interferences.2 An advantage of single microstrip lines is that
conversion between fundamental modes is not possible. With regard to the
advantages of CPWs against microstrip lines, CPWs need only a single
metallic layer and their characteristic impedance does not univocally
determine the transverse dimensions (W and G) providing design
flexibility.

4.2 On the Alignment of Symmetry Planes

Let us consider a symmetric transmission line loaded with a single
symmetric resonator. Typically, when a transmission line is loaded with a
resonator coupled to it, the transmission coefficient exhibits a stopband (a
transmission zero or notch) at the fundamental resonance frequency.
Suppression of the signal transmission occurs because the injected power is
reflected back to the source. However, it is possible to prevent resonance
and the appearance of the associated notch in the transmission coefficient.
The principle of operation behind the absence or presence of resonance3 is
based on the alignment of the symmetry planes of the line and the
resonator as follows. Assume that the symmetry plane of the resonator
(Section 2.3) is perfectly aligned with the symmetry plane of the

2 CPWs with backside metalization are known as conductor-backed CPWs (CB-CPWs),
but the inclusion of the metalization may give rise to parasitic modes [4].
3 Although the fundamental resonance as well as higher-order resonances may be
prevented, this thesis is focused on the fundamental resonance only.
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transmission line (Section 4.1), so that the structure is perfectly symmetric
with regard to its midplane.

(a) If the two symmetry planes are of the same sort (both exhibiting
electric or magnetic walls), the resonator is excited as often. The
structure is resonant and signal transmission is suppressed in the
vicinity of the resonance frequency, resulting in a stopband response
(S21 ≈ 0). The resonator may be electrically, magnetically, or
magnetoelectrically coupled to the line.

(b) If the two symmetry planes are of different sort (one being a
magnetic wall and the other one an electric wall), the resonator
cannot be excited. Because of perfect symmetry, the net electric and
magnetic field components illuminating the resonator exactly cancel
(the electric and magnetic fluxes in the resonator area are zero).
Therefore, the resonance condition is inhibited because it cannot be
established by neither electric nor magnetic coupling. Accordingly, the
whole structure behaves like a transmission line exhibiting an all-pass
response (S21 ≈ 1).4

It should be pointed out that the above-mentioned behavior holds regardless
of the physical topologies of the transmission line and the resonator, and the
line-to-resonator coupling mechanism (electric and/or magnetic). To clarify
the previous assertions related to the resonance prevention, consider as an
illustrative example a microstrip line (see Figure 4.2). Such a transmission
line exhibits a propagation mode with a magnetic wall at the symmetry
plane. If we align with such a line a resonator that exhibits a magnetic wall
at resonance, the resonator will be excited. On the contrary, in the case
where there is an electric wall at the symmetry plane of the resonator, it
will not resonate.

Now assume bimodal symmetric transmission lines such as differential
microstrip lines and coplanar waveguides. These lines support the
propagation of the even- and odd-mode which exhibit walls of different
nature (magnetic and electric walls, respectively). In the presence of a
resonator symmetrically loaded to these lines, the electric and magnetic
walls at the symmetry plane of the transmission lines are preserved for
their corresponding modes. It follows that we can selectively suppress
either the even- or odd-mode while preserving the other mode unaltered (or
almost unaltered) by aligning a resonator with a magnetic wall or an

4 Obviously, the resonator may change the electrical parameters (i.e. the characteristic
impedance and the phase constant) of the resulting propagative transmission line-type
structure. In other words, the resonator may actually influence the transmission line
parameters due to line-to-resonator coupling. However, since the resonance is effectively
prevented, line-to-resonator coupling is sometimes said to be canceled throughout this
thesis.
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FIGURE 4.2: Illustration of how resonance can be prevented. A microstrip line
loaded with a magnetic inductive-capacitive (MLC) resonator in the ground plane
is considered.

electric wall, respectively. This selective mode suppression is illustrated in
Figure 4.3. To the author’s knowledge, the alignment of the symmetry
plane of a resonator to that of a transmission line was applied for the first
time in the frame of differential lines with common mode suppression [9].
Indeed, in this thesis the alignment of symmetry planes is mainly exploited
to designing common-mode suppressed differential microstrip lines
(Chapter 5). However, we have also validated the selective mode
suppression in coplanar waveguides. Next subsections are devoted to the
considered implementations for achieving a selective mode suppression.
Interestingly, since the structures are symmetric, the even/odd-mode
analysis can be applied, and equivalent circuit models for even- and
odd-mode excitations can be obtained.

4.2.1 SRR- and CSRR-loaded Differential Microstrip Lines

Either the odd- or even-mode in differential microstrip lines can be
selectively rejected using split-ring resonators (SRRs) or complementary
split-ring resonators (CSRRs), respectively. The resonators are
symmetrically loaded by etching the SRRs between the pair of microstrip
lines and the CSRRs in the ground plane. The possibility of rejecting the
common mode while preserving the differential mode is of general interest
in differential lines and circuits. The selective mode suppression in
CSRR-loaded differential microstrip lines is analyzed for the first time in
conference article IMS11. Subsequently, a comprehensive analysis was
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FIGURE 4.3: Illustration of a selective mode suppression. A differential microstrip
line loaded with a complementary split-ring resonator (CSRR) in the ground plane
is considered.

carried out in an extended work presented in article TMTT12.5 Therein,
the double-slit complementary split-ring resonator (DS-CSRR) particle is
also considered as an alternative to the CSRR to enhance the rejection
bandwidth. An equivalent circuit model for the whole structure is
proposed, and the circuits derived from even- and odd-mode excitations
are also obtained. The resulting circuit for the odd mode is that of a
conventional transmission line (with an all-pass response), while the circuit
for the even mode is equivalent to that of a CSRR-loaded microstrip line
(with a stopband response). In spite of the fact that for the considered
symmetric CSRR-loaded differential lines there is line-to-resonator
magnetoelectric coupling, mixed coupling is neglected (the DS-CSRR does
not suffer from cross-polarization effects). This simplification eases the
design of common-mode suppressed differential lines (Chapter 5).

4.2.2 ELC- and MLC-loaded Differential Microstrip Lines

The selective mode suppression in differential lines has also been validated
by means of ELC (electric inductive-capacitive) and MLC (magnetic
inductive-capacitive) resonators, the results being reported in

5 In conference C14, the selective mode suppression using CSRRs as well as SRRs is
demonstrated.
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article APA13. As in SRR- and CSRR-loaded differential lines, the ELC
and MLC resonators are symmetrically placed between the microstrip lines
and in the ground plane, respectively. These resonators are bisymmetric
and exhibit orthogonally oriented magnetic and electric walls. Therefore,
the odd- and even-mode can be selectively suppressed by loading the lines
with either ELC or MLC resonators (four different topological
combinations are possible, two with even-mode suppression and the other
two with odd-mode rejection). It is shown that by rotating the resonators
90◦ we can selectively choose the suppressed mode in the vicinity of the
fundamental resonance frequency. The circuit models of ELC- and
MLC-loaded differential lines with even- and odd-mode suppression are
formally the same as SRR-loaded coplanar waveguides and CSRR-loaded
microstrip lines without mixed coupling (Subsection 2.2.4), respectively.
Note that the considered particles are designated as electric- or
magnetic-coupled LC resonators, in reference to the fact that they can be
excited only by either electric or magnetic fields when the fields are
uniform (Section 2.3). However, in the considered structures, the ELC and
MLC resonators are excited by non-uniform magnetic and electric fields,
respectively. By contrast, MLC- and ELC-loaded differential lines for even-
and odd-mode suppression suffer from magnetoelectric coupling, which is
taken into account in the equivalent circuits. It should be highlighted that
due to the bisymmetry of the resonators, all the four configurations and
their corresponding circuits are also symmetric with regard to the ports
(i.e. the reflection coefficients are identical) .6 Theory is experimentally
validated by means of a balanced bandstop filter composed of three
cascaded MLCs (as mentioned before, the reported equivalent circuit
model of an MLC-loaded differential microstrip line for the odd mode is
formally equivalent to that of a CSRR-loaded microstrip line).

4.2.3 SRR- and CSRR-loaded Coplanar Waveguides

Coplanar waveguides symmetrically loaded with SRRs or CSRRs are
analyzed in article APA12. The SRRs are loaded on the back side of the
substrate, whereas the CSRRs are etched in the CPW central strip.
Symmetric loading is merely achieved by aligning the cuts of the rings with
the line axis. It is demonstrated that CPWs loaded with single
(per-unit-cell) symmetrically loaded SRRs are transparent to signal
propagation for the even mode, whereas they inhibit the odd mode in the
vicinity of resonance (equivalently to classical CPWs loaded with pairs of

6 Symmetry with regard to both the midplane and the ports cannot be satisfied with
resonators with a single symmetry plane.
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SRRs).7 By contrast, CSRR-loaded CPWs are transparent for the slot
mode, and opaque for the CPW mode in the vicinity of CSRR resonance
(similar to CSRR-loaded microstrip lines). Due to the line-to-resonator
orientation, mixed magnetoelectric coupling is present for the modes that
are able to excite the resonators. We provide and validate equivalent
circuit models with magnetoelectric coupling of SRR- and CSRR-loaded
CPWs, including the resulting equivalent circuits for even- and odd-mode
excitations. The selective suppression of either the CPW (even) or the slot
(odd) mode in CPWs using CSRRs and SRRs, respectively, is also
supported by experimental results.

It is worth mentioning that a potential application of the selective
mode suppression in CPWs might be the rejection of the parasitic slot
mode that appears in certain applications (namely, where a CPW-based
structure is non-symmetric). In this thesis the potentiality of the slot-mode
suppression by means of symmetric resonators has not been deeply
investigated. However, it seems difficult to improve the performance of air
bridges, the standard solution to cancel the slot mode. Air bridges are very
efficient structures for broadband slot-mode suppression, the CPW mode
being practically unaltered. For this reason, air bridges are used
throughout this thesis to cancel the slot mode where asymmetric
CPW-based structures are designed.

4.3 On the Misalignment of Symmetry Planes

This section extends the analysis of the resonator excitation explained in
Section 4.2 to any resonator orientation. Therefore, it is also considered
that the resonator can be misaligned with the line. Assume that a symmetric
transmission line is loaded with a symmetric resonator (see Figure 4.4).

(a) If the two symmetry planes are aligned, there are two complementary
situations (as explained in Section 4.2):

(i) if the symmetry planes are of the same nature, resonance is
established, and there is signal suppression in the vicinity of the
resonance frequency (S21 ≈ 0).

(ii) if the symmetry planes are of distinct nature, resonance is
inhibited, and there is not signal suppression (S21 ≈ 1).

(b) If the symmetry planes are not aligned, resonance occurs regardless
of the nature of the symmetry planes, and signal transmission

7 Typical CPWs loaded with pairs of SRRs inhibit the CPW (even) mode in the vicinity
of the resonance frequency of the SRRs (Subsection 2.2.4). Unlike such typical SRR-loaded
CPWs where the SRRs are etched below the slots, the considered SRR-loaded CPWs are
loaded with single SRRs below the CPW central strip.
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FIGURE 4.4: Illustration of the suppression modulation by
alignment/misalignment of the symmetry planes. A CPW loaded with an
ELC resonator and excited by an even mode is considered. The stopband
characteristics may be modulated by rotating the resonator. For misaligned
loadings, the magnetic wall at the symmetry plane of the line is altered.

suppression in the form of a notch arises. The reason is that there
cannot be a perfect cancellation of the electromagnetic field
components illuminating the resonator, which can be excited
electrically and/or magnetically. Interestingly, the stopband
characteristics (frequency, bandwidth, and/or magnitude) are
modulated by the line-to-resonator coupling strength, which in turn is
determined by the degree of misalignment (0 < S21 < 1).

Therefore, the transmission characteristics of transmission lines loaded with
symmetric resonators can be controlled by the orientation of the resonator
with regard to the line. In order to model different orientations, equivalent
circuit models with variable parameters depending on the resonator position
are required. Consequently, any change in the resonator position should be
modeled by adjusting the appropriate circuit parameters. Obviously, when
the symmetry planes are misaligned there is neither an electric wall nor a
magnetic wall at the line axis, and the even/odd-mode analysis cannot be
applied. It is also important to mention that to model the notch magnitude,
lossy equivalent circuit models are necessary. Otherwise, S21 = 0 in the
absence of losses. In this thesis, losses in an equivalent circuit model are
evaluated in article TMTT13.

Any misalignment can be straightforwardly accounted for by relative
linear (through a straight line) and/or angular (rotation) displacements
between the line and the resonator. The misalignment of symmetry planes
was proposed as a novel sensing mechanism (of alignment and
displacements) for the first time in article S11. In this thesis, the
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misalignment of symmetry planes has not only been used as a sensing
mechanism, but also as an encoding mechanism. The design of microwave
sensors and radio-frequency (RF) barcodes by that means is addressed in
Chapters 6 and 7, respectively. Next subsections present the results for the
considered resonator-loaded transmission lines where the resonator is both
aligned and misaligned with the line. As will be shown, the modulation
(controllability) of the suppression in terms of alignment/misalignment is
validated by variable electric or magnetic line-to-resonator coupling.

4.3.1 SRR- and Folded SIR-loaded Coplanar Waveguides

Article S11 reports for the first time the validation of the suppression
modulation by means of misalignments. An SRR is etched on the back side
of the substrate in a CPW and different resonator orientations are
considered by laterally displacing or rotating the resonator from the
aligned configuration. As expected, the more displacement, the stronger
the notch (obviously, up to a certain displacement). Because of the
resonator orientation, magnetoelectric line-to-resonator coupling is present.
In this seminal work, however, an equivalent circuit model is not
presented. It is important to highlight that thin substrates are considered
to enhance line-to-resonator coupling. Thereby smaller misalignments can
be detected. As a result, the coupling between the two split rings forming
the SRR is seen to be limited at the expense of an increase in the coupling
between the rings and the CPW (the substrate thickness is smaller than
the inter-ring separation). In consequence, the SRR fundamental resonance
frequency is identical to the one obtained with the larger ring in the
absence of the smaller one. Therefore, the SRR structure does not behave
as a pair of coupled ring resonators (Subsection 2.3.1), and we cannot take
advantage of its supposedly electrically small size. For such a reason, we
can indistinguishably use single split-ring resonators, as demonstrated in
article S12.

As an alternative proposal to the SRR and the single split-ring resonator,
conference article IMS12 investigates in depth CPWs loaded with folded
stepped-impedance resonators (SIRs) in terms of alignment/misalignment.
Like in SRR-based CPWs, there are mixed coupling effects. However, since
the considered substrate is thin, by designing the open-ended sections of
the SIRs with a wide width, high line-to-resonator electric coupling may be
obtained. An equivalent circuit model neglecting the magnetic coupling is
presented. As is demonstrated, this simplified model suffices to accurately
describe the transmission coefficient magnitude (with the exception of the
notch depth, since the circuit model is assumed to be lossless). In such
an equivalent circuit, the electric coupling is modeled by capacitances that
depend on the relative position of the resonator. The results agree with the
theory behind the alignment/misalignment of symmetry planes.
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It is worth pointing out that in conference article IMS12 we also
compare CPWs loaded with either SRRs or SIRs (with the same area).
The results indicate that lower notch frequencies are obtained using SIRs.
As mentioned before, the inter-ring coupling in SRRs is limited to a
considerably extent, preventing from their quasi-static resonance. By
contrast, very low resonance frequencies may be obtained utilizing SIRs
due to the high achievable electric coupling. Accordingly, for thin
substrates, SIR-loaded CPWs are electrically smaller than those based on
SRRs. Moreover, using SIRs not only smaller notch frequencies are
obtained, but also wider notches. This is also attributed to the strong
electric coupling in SIR-based CPWs.

4.3.2 ELC-loaded Coplanar Waveguides

In conference article IMS13 a CPW is loaded with an ELC resonator
whose axis is aligned with the line axis, and a dynamic loading with
resonator rotation is considered. It is shown that the transmission
coefficient of the structure depends on the angular orientation of the
resonator. Since an ELC resonator exhibits two symmetry planes, one
being an electric wall and the other one a magnetic wall, the resonator can
symmetrically load a CPW by aligning the line axis with either its electric
or magnetic wall. For the fundamental CPW mode, an ELC resonator
cannot be excited if its electric wall is aligned with the line axis, and the
loaded line is transparent. Conversely, the resonator is driven if its
magnetic wall is aligned with that axis, and a transmission zero in the
transmission coefficient appears. For intermediate (asymmetric)
orientations, the resonator is also excited and the attenuation strength
(notch bandwidth and depth) is dependent on the resonator orientation.
Obviously, owing to the orthogonal electric and magnetic walls of the
resonator, the angular orientation range is limited to 90◦. The optimum
orientation for the strongest attenuation is the one corresponding to
perfect alignment between the ELC magnetic wall and the symmetry plane
of the line. Therefore, by spatially rotating the resonator the frequency
response switches from an all-pass to a stopband behavior, the latter being
dependent on the angular orientation.

Article TMTT13 is an expanded work of the conference
article IMS13. An equivalent circuit model valid for any arbitrary
loading angle and very useful for design purposes is proposed. Note that
despite the nomenclature to designate the resonator, in these ELC-loaded
CPWs the resonator is excited by the non-uniform fields generated by the
transmission line. Interestingly, the resulting line-to-resonator coupling is
not electric, but magnetic. The magnetic field lines penetrating the
individual loops of the resonator are in opposite directions to each other,
and this makes the resonance establishment possible. The circuit model
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indicates that the line-to-resonator magnetic coupling depends on the
resonator angular orientation. The effect of losses on the notch that
appears in the transmission coefficient is evaluated through the circuit
model including losses (it is assumed that power loss is dominated by the
resonator losses). While the notch magnitude of a lossless notch filter is
infinite, in real circuits losses always prevent the attenuation from going to
infinity. As reported, the proposed lossy equivalent circuit model explains
that the notch magnitude depends not only on losses, but also on the
line-to-resonator magnetic coupling that in turn depends on the rotation
angle of the resonator (the notch bandwidth broadens with the magnetic
coupling strength, enhancing the notch depth). Experimental data show
good agreement with the theoretical concepts.

4.3.3 MLC-loaded Microstrip Lines

As compared to other slot resonators, apart from a magnetic wall, the MLC
resonator exhibits an electric wall (Subsection 2.3.5). In article IJAP13 a
microstrip line is loaded with an MLC resonator etched in the ground plane.
An equivalent circuit model for an isolated MLC resonator is presented. It is
shown that if the electric wall of the MLC is aligned with the symmetry plane
of the microstrip line, there is an all-pass response. By contrast, when the
MLC is laterally displaced, a notch arises. The higher the displacement, the
stronger the notch. An equivalent circuit model that explains such behavior
is proposed and validated, where the MLC is electrically coupled to the line
as a function of its position. The measurements are also consistent with such
a theory.

4.3.4 SIR-loaded Microstrip Lines

Article IJAP14 analyses a microstrip line loaded with a SIR. Note that it
is not possible to somehow symmetrically load a conventional microstrip line
with a strip resonator, since three metal layers are required. It is assumed
that the SIR is etched in an additional layer located above the microstrip
line. The unfolded configuration of the SIR is used to avoid mixed coupling8,
although folded topologies can also be used instead. As a result, the SIR is
seen to be electrically coupled to the microstrip line. Since the symmetry
plane of the SIR behaves like an electric wall9, if the SIR is aligned with
the line, the structure is transparent to signal propagation. On the contrary,
by rupturing symmetry through a displacement of the resonator (along the
transversal direction), a notch appears. The higher the displacement, the
wider and deeper the notch, and the lower the resonance frequency. The

8 An unfolded SIR is bisymmetric and does not suffer cross-polarization effects.
9 Although the unfolded SIR is bisymmetric, we consider only the symmetry plane with
an electric wall that bisects the resonator like in the folded configuration.
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reported equivalent circuit model accounts for the displacement through a
variable capacitance modeling the coupling between the signal strip and
the resonator, and the resonator-to-ground coupling as well. Experimental
results are provided supporting the principle of operation.

4.4 On the Generalization of Symmetry Rupture

In this section we generalize the symmetry properties in transmission lines
loaded with resonators, regardless of the number of (per-unit-cell)
resonators and the symmetry disruption mechanism. In the previous
section, we ruptured the symmetry of a transmission line loaded with a
resonator by misaligning the symmetry planes of the two elements.
Accordingly, the structure is symmetric or asymmetric depending on
whether the resonator is aligned or not with the line, respectively.
However, the lack of symmetry can be caused by other mechanisms
different to the relative orientation between the line and the resonator. For
instance: (a) the resonator symmetry may be topologically destroyed; (b)
other elements can be included (e.g. dielectric loads); or (c) the
surrounding medium can be subjected to inhomogeneities. In those cases
where the symmetry rupture is not based on geometrical misalignments,
the propagative characteristics of the structure should be defined in a
general sense in terms of symmetry/asymmetry rather than on
alignment/misalignment. Provided that a transmission line is loaded with a
resonator, and that the line may also be loaded with other inclusions (see
Figure 4.5):

(a) if the whole structure is symmetric (for which the line and the
resonator are necessarily symmetric), if the symmetry planes of the
line and the resonator are of:

(i) distinct nature, resonance is inhibited (S21 ≈ 1).

(ii) the same nature, resonance is established (S21 ≈ 0).

(b) if the whole structure is asymmetric, resonance is allowed, the stopband
characteristics being dependent on the asymmetry (0 < S21 < 1).

Therefore, the stopband characteristics may be modulated by symmetry
properties as a whole. The previous statements are valid regardless of the
symmetry disruption mechanism.

Thus far, we have analyzed the symmetry properties of transmission
lines loaded with a single (per-unit-cell) resonator. However, symmetry
properties in transmission lines loaded with any number of resonators (in
the same transversal plane to the line) can also be derived. In this thesis
we consider the particular case with pairs of resonators. The generalization
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FIGURE 4.5: Illustration of symmetry rupture by square-shaped inclusions in the
approach based on a single resonator. A CPW is loaded with an SRR on the back
side of the substrate. For asymmetric loadings, the magnetic wall at the symmetry
plane of the line is altered.

on the symmetry rupture for pairs of resonators is subjected to using
identical resonators (symmetric resonators are not necessary) in order to
exhibit a plane of symmetry (at the midway between the resonators).10

Thereby the loaded line can be symmetric by aligning the plane of
symmetry of the two resonators with the line. However, there is a
fundamental difference as compared to using a single resonator: the two
resonators cannot be simultaneously aligned with the line (we can align
only one resonator). Therefore, resonance frequency cannot be inhibited in
transmission lines loaded with pairs of resonators (and in the general case
with more than a single resonator). In terms of absolute symmetry,
provided that a transmission line is loaded with a pair of resonators, and
that the line may also be loaded with other inclusions:

(a) if the whole structure is symmetric (where the line must be
symmetric and the pair of resonators must be identical and equally
oriented to the line axis) there is only one transmission zero because
the resonance frequencies of the two resonators degenerate to the
same (S21 ≈ 0 @ f0).

(b) if the whole structure is asymmetric, there are in general11 two
transmission zeros because two different resonances arises
(S21 ≈ 0 @ f1, f2).

10Note that this is the case for classical CPWs loaded with pairs of SRRs.
11An asymmetric structure based on pairs of resonators may exhibit a single transmission
zero (e.g. when two resonators with the same resonance frequency are different and not
coupled to each other), but this case is expected to be less convenient for practical
applications.
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FIGURE 4.6: Illustration of symmetry rupture by square-shaped inclusions in the
approach based on pairs of resonators. A CPW is loaded with a pair of SRRs on
the back side of the substrate. Note that if symmetric SRRs are considered, their
symmetry planes are not required to be aligned along the longitudinal x-direction.
For asymmetric loadings, the magnetic wall at the symmetry plane of the line is
not preserved.

Consequently, in this approach based on pairs of resonators, a high
controllability in regard to the number and frequency of resonances as a
function of symmetry may be achieved (the bandwidth and the depth of
the notches, however, may also depend on symmetry). Figure 4.6 illustrates
the above-mentioned assertions where symmetry is disrupted by inclusions.
As can be seen, an interesting aspect of this approach is that, if the
resonators are symmetric, they are not needed to be longitudinally aligned
(this is interesting to cancel mixed coupling effects in certain topologies).

Symmetry rupture by adding inclusions to the structure may be useful
for the implementation of differential sensors and comparators. With single
resonators, we have only broken symmetry by misalignments (Section 4.3).
Using pairs of resonators, we have explored symmetry disruption by
changing the topology of the resonators or by introducing external
inclusions. The corresponding results for the considered implementations
are summed up in the next subsections. To the author’s best knowledge,
the first reported structure disrupting symmetry by means of different
dimensions of a pair of resonators was used as a sensing device for
displacements by Horestani et al. [10] (journal J1). On the other hand,
the first transmission line loaded with pairs of resonators whose symmetry
was broken by means of inclusions was proposed as a differential sensor
and comparator for dielectric measurements in conference
article IMS14 (Chapter 6). In both sensors, sensing is based on the shift
of resonance frequencies.
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4.4.1 Transmission Lines loaded with Pairs of SISSs

In conference article IMS14 we investigate the behavior of a microstrip
line loaded with a pair of stepped-impedance shunt-stubs (SISSs). As
compared to SIRs, SISSs can be loaded to a conventional microstrip line
and are excited by port terminals (directly connected to the line) rather
than by electromagnetic coupling12. Because the two SISSs are loaded at
the same junction, the resonators are close to each other, and they are seen
to be magnetically coupled. Since the resonators are loaded on opposite
sides to the microstrip line, the magnetic coupling is negative.

In this conference paper, firstly, symmetry is broken by changing the
dimensions of the resonators. When the structure is symmetric (identical
resonators), there is a single transmission zero. On the contrary, when
symmetry is disrupted (different resonators), two transmission zeros
appear. Interestingly, due to the inter-resonator coupling, the well-known
resonance frequency shifting occurs [2]. As a result, the two resonance
frequencies in the asymmetric case depend on the dimensions of the
resonators as well as on the resonator-to-resonator coupling. An equivalent
circuit model is proposed and validated. Measurements are also consistent
with the previous theory. Secondly, a proof-of-concept demonstrator based
on a symmetric pair of SISSs on conductor-backed coplanar waveguide
(CB-CPW) technology is fabricated (the technology is dictated by the
available experimental set-up). In this structure, symmetry is disrupted by
loading a dielectric sample (a piece of glass) in one of the resonators,
giving rise to the appearance of two transmission notches.

4.4.2 Coplanar Waveguides loaded with Pairs of SRRs

Conference C3 (not attached to this thesis) analyses CPWs loaded with
pairs of SRRs assuming both equal and different resonators. In order to
avoid mixed coupling in the line-to-resonator interaction, the slits of the
SRRs are oriented along the transversal direction. Furthermore, the slits of
the larger ring forming the SRRs are located on opposite sides to ensure
that the dominant inter-resonator coupling is magnetic (obviously as the
distance between the SRRs decreases, the inter-resonator magnetic coupling
strengthens). Indeed, inter-resonator coupling is expected in CPWs loaded
with pairs of SRRs, in spite of the fact that it is not usually modeled in the
literature. An equivalent circuit model is presented, whose transmission zero
frequencies are given by the same expressions as those obtained in microstrip
lines loaded with pairs of SISSs (previous subsection). In these two quite
different structures, the phenomenology associated to the effects of inter-
resonator coupling is almost exactly the same. One exception is the sign of

12Consequently, the resonance frequency cannot be prevented in transmission lines loaded
with single SISSs.



80 Chapter 4. Symmetry Properties of Resonator-loaded TLs

the magnetic coupling (negative in microstrip lines loaded with pairs of SISSs
and positive in CPW loaded with pairs of SRRs). Another difference is the
case of distinct resonators but exhibiting the same resonance frequency. In
both cases, two resonance frequencies appear. However, for SRR-loaded lines
there is an exceptional balance condition that nulls one of these frequencies,
this being not possible in SISS-loaded lines.
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Chapter 5

Application to
Common-Mode Suppressed
Differential Transmission
Lines

The selective mode suppression inspired by the alignment of symmetry
planes described in Section 4.2 can be useful for the design of microwave
differential circuits and components. Specifically, differential structures
with common-mode suppression can be implemented. In the present
chapter, we focus on common-mode suppressed differential lines in
microstrip technology. As is typically required, the proposed structures
efficiently suppress the common-mode propagation, whereas the
differential-mode signals are nearly unaffected by the presence of the
resonators. The key aspect to suppressing the common mode whilst
keeping the differential mode almost unaltered is the perfect alignment
between the line and the resonator.

Section 5.1 introduces the state-of-the-art of common-mode suppressed
filters. Section 5.1 briefly explains the principle of selective even/odd mode
filtering. To end this chapter, in Section 5.3 we report an approach and
corresponding prototypes of common-mode suppressed differential
microstrip lines.

5.1 Introduction

Differential or balanced1 circuits have been important in communication
systems for more than 50 years. They have historically been used in low
frequency applications, rather than in radio frequency (RF) and microwave

1 Balanced line is the microwave term for differential [1].
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systems. However, in last years, the demand for differential RF/microwave
circuits has increased at a huge rate. The reason for such a trend is that
differential-mode signals offer high noise immunity and low electromagnetic
interference (EMI), excellent benefits for modern high-speed digital circuits
and communication transceivers. Nevertheless, balanced systems commonly
face the presence of the well-known common-mode noise, which can degrade
the differential signal quality and produce unwanted radiated emissions as
well.

For the characterization of differential circuits, the definition of the
differential- and common-mode is more convenient than that of the odd-
and even-mode (Section 4.1). For this reason, in microwave engineering,
differential structures are usually characterized by mixed-mode scattering
(S ) parameters, rather than on standard S -parameters (there is a simple
linear relationship between the mixed-mode and the standard single-ended
S -parameters [2]). Thereby, the transmission and reflection coefficients for
the differential and common modes can be obtained.

The common-mode choke is one of the most typical methods to
suppress the common mode. Unfortunately, the choke works properly only
at the MHz frequency range, and it does not fit today’s small area
requirement [3]. In this context, the design of differential lines in the GHz
range able to suppress the common-mode noise while keeping the integrity
of the differential signals is of great importance. The filters have the
advantages of wideband suppression and low cost. For such filters, there
are several specifications, typically high rejection level and broadband
suppression for the common-mode noise, and low insertion loss and phase
distortion for differential signals [4]. For GHz differential signals,
common-mode filters based on negative permittivity structures [3] or
multilayer LTCC (low temperature co-fired ceramic) [5] have been
reported. These structures are compact and provide efficient
common-mode rejection over wide frequency bands, but are technologically
complex. There have been also presented several approaches for the design
of differential lines with common-mode suppression based on defected
ground structures (DGSs). Dumbbell-shaped periodic patterns etched
symmetrically in the ground plane, underneath the differential lines, have
been used to suppress the common mode [6]. Using U-shaped and
H-shaped coupled resonators symmetrically etched in the ground plane
have been also used to achieve a wide stop band for the common mode [7].
Recently, a comprehensive review of strategies for common-mode
suppression has been published [10]. Apart from common-mode suppressed
differential lines, balanced bandpass filters with common-mode rejection
have also attracted much attention [4, 11–14] ([13] and [14] correspond to
journal J10 and conference C9, respectively).
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5.2 Symmetry-based Selective Mode Suppression
Mechanism

Bimodal symmetric transmission lines support even- and odd-mode
propagation (Section 4.1). As explained in Section 4.2, we can selectively
suppress either the even- or odd-mode while keeping the other mode
almost unaltered by symmetrically loading these lines with a resonator
that exhibits a magnetic wall or an electric wall, respectively. The rejection
of the parasitic slot mode while remaining the coplanar waveguide (CPW)
mode unaltered is of interest in CPW-based structures with asymmetric
topologies. As was mentioned in Section 4.1, slot-mode rejection is usually
and effectively achieved using air bridges to short-circuit this mode [15].
Unlike slot-mode (or odd-mode) suppression in CPWs, common-mode (or
even-mode) suppression in differential microstrip lines is not so
straightforward. This is the reason why this chapter is focused on the
latter. For the purpose of suppressing the even mode while keeping the
integrity of the odd mode, the transmission line must be aligned with a
resonator that exhibits a magnetic wall at its symmetry plane. Next
sections are devoted to the considered resonators for achieving
common-mode suppression, while maintaining the differential mode
unaffected. It is interesting to mention that the selective mode suppression
by aligning resonant elements was first proposed by Liu et al. [6] also for
common-mode suppression in differential microstrip lines

5.3 Common-mode Suppressed Differential
Microstrip Lines

5.3.1 CSRR- and DS-CSRR-loaded Differential Microstrip
Lines

A differential microstrip transmission line with common-mode suppression
based on CSRRs is proposed and experimentally validated in conference
article IMS11. The structure consists of a pair of parallel microstrip lines
with an array of periodically etched complementary split-ring resonators
(CSRRs) in the ground plane. The symmetry plane of the CSRRs, which
behaves like a magnetic wall (Subsection 2.3.5), is aligned with the
symmetry plane of the differential line that exhibits either a magnetic or
an electric wall for the even and odd mode, respectively (Section 4.1). The
behavior of the structure can be explained in terms of symmetry
considerations as follows (Section 4.2). Since for the common mode there is
a strong density of electric field lines in the same direction below the
microstrip lines, a net axial electric field excites the CSRR producing a
stopband. For the differential mode, the direction of the electric field lines
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is opposite in the strips of the differential line. Since the structure is
symmetric, the opposite electric field vectors in both lines exactly cancel,
there is not a net axial electric field illuminating the CSRR, and resonance
is prevented. Analogously, a net magnetic field results along the orthogonal
direction to the CSRR symmetry plane for the common mode, but there is
not a net magnetic field in that direction for the differential mode.
Therefore, the CSRR cannot be excited by electric nor magnetic coupling
in the differential mode, whereas there is mixed magnetoelectric effects in
the line-to-resonator coupling for the common mode. Note that we cannot
avoid mixed coupling due to the CSRR orientation for symmetry
requirements, which is fundamental to the selective mode suppression.
However, the line-to-resonator magnetic coupling is neglected for the sake
of simplicity, and hence we consider only the dominant electric coupling.2

We present an equivalent circuit model which explains that differential
signals are insensitive to the presence of the CSRRs, while these resonators
prevent the transmission of the common-mode in the vicinity of CSRR
resonance frequency. For the odd mode, the resonator is short-circuited to
ground, and the resulting model is the one of a conventional transmission
line (all-pass response). For the even mode, we obtain formally the same
circuit as that of a CSRR-loaded microstrip line (stopband response).

There are three main strategies to enhance the common-mode rejection
bandwidth in CSRR-based structures: (a) to tune the resonance frequency
of several resonators in order to cover a wide band; (b) to couple the
resonators as much as possible; and (c) to enhance the bandwidth of the
individual resonators (and, obviously, a combination of the previous
approaches). Since the multiple tuned resonators approach is efficient but
many particles are needed if narrowband resonators are used, we focus on
the other two approaches (i.e. considering identical and closely spaced
wideband resonators). According to the equivalent circuit model, to widen
the rejection bandwidth of an individual CSRR, it is necessary to increase
the line-to-resonator coupling capacitance, and to reduce the CSRR
inductance and capacitance. In order to achieve a strong electric coupling
between the pair of lines and the resonator, the lines must be fitted
face-to-face with the CSRR inner region, and must be as wide as possible.
Accordingly, weakly coupled lines are considered, since the width of the
lines necessary to achieve a 50-Ω odd-mode impedance is wider. To reduce
the inductance and capacitance of the CSRR, it is necessary to increase
the witdh and the separation of the rings. Obviously, this results in an
electrically larger CSRR (for a given transmission zero frequency) and the
equivalent circuit model is no longer valid within a wide band, but the
achievable rejection bandwidth is wider. As a final step, to enhance
inter-resonator coupling, square-shaped CSRRs are designed. A fabricated

2 Mixed coupling can be ignored because it is not significant for attenuation purposes.
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prototype device is presented that exhibits a bandwidth for the common
mode of 37% with more than 20-dB rejection. The dimensions of the
slotted region of the structure are 0.43λe x 0.14λe (where λe is the guided
wavelength at the central frequency for the even mode).

Further analysis and experimental results are reported in
article TMTT12 as an expanded work. In this article, the circuit model
of the unit cell includes the electric coupling between adjacent resonators,
resulting in a six-port network (such a coupling was neglected in the model
presented previously in the conference article). For the even mode, we
obtain the circuit of a conventional CSRR-loaded microstrip line with
inter-resonator coupling. Hence, a four-port network (the same as in
Subsection 3.2.1) is obtained. We analyze the dispersion relation to gain
insight into the rejection bandwidth for the common mode. As was
discussed in Subsection 3.2.1, the inter-resonator electric coupling widens
the stopband due to the presence of complex modes. Therefore,
inter-resonator coupling helps to broaden the stopband of the common
mode in CSRR-loaded differential lines, but bandwidth enhancement based
on CSRR-to-CSRR coupling is limited. This makes apparent the
convenience of implementing common-mode rejection filters with
broadband resonators, and for this reason the double-slit complementary
split-ring resonator (DS-CSRR) is utilized. The DS-CSRR is bisymmetric,
do not suffer from cross-polarization, and exhibits two orthogonal magnetic
walls at the fundamental resonance (Subsection 2.3.5) which makes it
appropriate for the selective mode suppression. We particularly align the
slits of the inner rings of the DS-CSRR to the line axis. Thereby, the
inter-resonator coupling is expected to be dominated by the electric field.
As a result, the equivalent circuit model of differential lines loaded with
DS-CSRR is the same as that using CSRRs. Since the DS-CSRR is larger
than the CSRR (for a given transmission zero), the line-to-resonator
coupling capacitance can also be larger and, by virtue of a smaller
inductance (Subsections 2.3.2 and 2.3.5), a wider bandwidth can be
obtained. An evaluation of the rejection bandwidth and size to compare
the usefulness of CSRRs and DS-CSRRs is performed by electromagnetic
simulations. Despite the fact that a DS-CSRR is larger than a CSRR, if we
compare CSRR- and DS-CSRR-loaded lines with the same area, we
conclude that the rejection bandwidth is wider for the latter.

On the basis of the even-mode equivalent circuit model, we also provide
a design methodology to determine the common-mode filter dimensions for
a required central filter frequency. We also predict the maximum achievable
rejection bandwidth (obtained by an infinite number of cells) through the
dispersion relation inferred from the circuit model (as performed in
Section 3.1). It is shown that six resonators are sufficient to nearly achieve
the maximum rejection bandwidth. The estimation of the maximum
rejection bandwidth allows us to infer whether a specified rejection
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bandwidth and central frequency can be roughly fulfilled or not. If the
required bandwidth is wider, we are forced to consider electrically larger
resonators and/or multiple tuned resonators. In these cases, however, filter
design and maximum bandwidth estimation are not so straightforward.
The advantage of using DS-CSRRs is that the bandwidth can be enhanced
while preserving the description of the particle through an LC resonant
tank (this is important for the proposed systematic synthesis procedure).

In order to illustrate the design methodology and the prediction of the
maximum bandwidth, we consider a DS-CSRR with small ring width and
separation (obviously, DS-CSRRs with wide and distant rings can also be
considered to further enhance the common-mode rejection bandwidth, but
in this case the circuit model cannot be used for predicting the stopband).
A similar filter to that reported in the conference article is designed using
tightly coupled DS-CSRRs. The differential signal is almost unaltered
whilst the common mode is rejected more than 20 dB within a 41%
fractional bandwidth (i.e. comparable to that achieved using CSRRs with
wide and widely spaced rings). The DS-CSRR-based structure is a bit
larger (0.64λe x 0.14λe) than that utilizing CSRRs, but the design is
carried out following the reported systematic procedure. We also measure
the eye diagrams of the differential line with and without DS-CSRRs, from
which we draw that the DS-CSRRs do not significantly degrade the
differential mode. Additonally, we experimentally validate the approach
enhancing the common-mode suppressed band in a balanced passband
filter. Even though the filter by itself rejects the common mode due to its
symmetry, the common-mode rejection level in the region of interest (the
passband) depends on the passband filter specifications. By merely
cascading two identical DS-CSRRs to the proposed balanced filter, the
common-mode rejection is roughly increased from 20 dB to 50 dB in the
region of interest. The filter response (differential mode) is practically
unaffected by the presence of the DS-CSRRs.

Finally, our CSRR- and DS-CSRR-based differential lines with
common-mode suppression are compared with other structures reported in
the literature. The combination of size, rejection bandwidth, and rejection
level is competitive. The proposed common-mode suppression strategy is
technologically simple and low cost, and the systematic design procedure is
simple.

5.3.2 ELC- and MLC-loaded Differential Microstrip Lines

Subsection 4.2.2 was addressed to analyze the effect of electric and
magnetic inductive-capacitive (ELC and MLC) resonators when they load
symmetrically a differential microstrip line. The advantage of the ELC
(against the CSRR and the MLC) to suppress the common mode is that
the ground plane is kept unaltered (frequently, this is a requirement in
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some applications). However, in the corresponding publication,
article APA13, the results show that the even mode is not suppressed in
a wide band using neither ELC nor MLC resonators. Since the rejection is
not as efficiently as by means of CSRRs we have not designed any
common-mode suppressed differential line employing neither ELC nor
MLC resonators.
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[14] P. Vélez, J. Naqui, A. Fernández-Prieto, M. Durán-Sindreu, J. Bonache,
J. Martel, F. Medina, and F. Mart́ın, “Differential bandpass filters with
common-mode suppression based on stepped impedance resonators
(SIRs),” in IEEE MTT-S Int. Microw. Symp., Seattle, WA, USA, Jun.
2013, pp. 1–4.

[15] R. N. Simons, Coplanar Waveguide Circuits, Components, and Systems.
John Wiley & Sons, 2001.



Chapter 6

Application to Microwave
Sensors

The present chapter is devoted to the application of the symmetry properties
in resonator-loaded transmission lines described in Chapter 4 to microwave
sensors. Specifically, symmetry rupture in transmission lines loaded with
either single or pairs of resonators is exploited as a sensing mechanism.
The novel proposed sensors may be classified into two categories in terms
of the nature of the measurable physical quantity. Most of the presented
sensors (all except one) are spatial sensors that involve the measurement of
spatial variables (e.g. displacement or velocity). The other sensor that we
propose is a permittivity (an electromagnetic variable) sensor for differential
measurements of the dielectric constant of materials. The former sensors
are implemented using a transmission line loaded with a single resonator,
whereas the latter sensor uses a transmission line loaded with a pair of
resonators.

Section 6.1 introduces microwave sensors (mainly resonator-based
microwave sensors), and some fundamental sensor parameters. In
Section 6.2, the two reported sensing mechanisms are described depending
on whether the line is loaded with either a single or a pair of resonators.
Next sections are organized according to the measurand. Spatial sensors
are addressed in Sections 6.3−6.6, while the permittivity sensor is
presented in Section 6.7.

6.1 Introduction

A sensor is a device that measures a physical quantity (called measurand)
and converts it into a signal that can be read by an observer or an

89
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instrument.1 Microwave sensors (and particularly metamaterial-inspired
microwave sensors [2]) are attracting growing interest because they feature
properties (e.g. miniaturization or cost) that cannot be provided by sensors
working at lower frequencies or by other sensing principles. Microwave
sensors are based on electromagnetic sensing principles, namely, a physical
variable is measured from the variations of the characteristics of an
RF/microwave signal.

Resonator-based microwave sensors are common devices where sensing
is typically achieved through the variations experienced by the resonance
frequency, phase, and/or quality factor of the resonant structures. In
particular, split-ring resonators (SRRs) and other related particles have
been exhaustively used for sensing purposes due to their small electrical
size and high-Q factor at the fundamental resonance. Different
resonator-based sensors have been proposed in the literature, such as
displacement sensors [3–7], sensors for organic tissue analysis [8–10], or
sensors for microfluidic dielectric characterization [11–14].

A full description of sensor parameters may be found in many text
books [1, 15], so that in this section we briefly summarize the relevant
parameters of the presented sensors in this thesis: (a) the relationship
between an input physical variable and an output electrical variable is
given by the so-called transfer function; (b) the input dynamic range is the
range of values of the measurand that can be measured; (c) the output
dynamic range corresponds to the values of the electrical variable; (d) the
resolution is the smallest increment of the input variable which can be
sensed; (e) the sensitivity is the slope of the transfer function and should
be, in general, as high as and as constant as possible (ideal sensors are
designed to be sensitive to the measurand, linearly or linearly to some
simple mathematical function, e.g. logarithmic or exponential); the (f )
cross-sensitivity defines the sensitivity to other physical variables, as
generally occurs, degrading the sensor performance; (g) the linearity
indicates the deviation of the transfer function from an ideal straight line
(a linear transfer function is characterized by a constant sensitivity); (h)
the precision of the measurement defines the error (sometimes referred to
as noise) produced by random error sources (systematic errors are assumed
to be removed from the measurement to define the precision).

Particularly, cross-sensitivity to environmental conditions (e.g.
temperature, moisture, or pressure) are very common. Accordingly,
environmental factors may and usually do affect the performance of
sensors. In the case of microwave sensors based on the frequency shift of
resonant elements, their transfer function can be altered by drifts caused

1 The term sensor should be distinguished from transducer. The latter is a converter of
one type of energy into another, whereas the former converts any type of energy into
electrical [1].
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by environmental changes. For example, environmental factors may
degrade the performance of displacement and alignment sensors based on
lines loaded with split-ring resonators where the operation principle is
based on the shift of the resonance frequency [3]. Since the resonance
frequency in resonator-based sensors changes as the permittivity of the
host medium changes in response to variations in environmental
parameters, sensing of environmental conditions is even possible [16].
Stability against variations of these conditions is often a very important
requirement [1]. As will be shown in the next section, the proposed sensors
in this thesis intend to face with cross-sensitivity due to environmental
conditions.

To end this section, we briefly discuss on the measurement system.
Typically, in resonator-based sensors, the sensing structure is merely a
passive loaded transmission line whose cost is really insignificant. However,
the physical variable is sensed by monitoring the transmission or reflection
coefficient. Prototypes are usually characterized by measurements carried
out by a vector network analyzer (VNA), which is a multifunctional, but
heavy and expensive equipment. In a practical sensor, however, the
measurement circuitry attached to the passive sensing structure should be
implemented by low-cost electronic circuits and components. Otherwise,
the proposed sensing solutions cannot be regarded as low-cost sensor
systems at all.

6.2 Symmetry-based Sensing Mechanisms

In this thesis we have introduced two novel microwave sensor concepts
inspired by symmetry properties of transmission lines loaded with resonant
elements. The sensing proposals uses single or pairs of resonators. The
former sensing strategy is exploited for the design of spatial sensors,
whereas the latter for the implementation of permittivity sensors.2 Most of
the contributions of this thesis to microwave sensors is based on the
former.

6.2.1 Transmission Lines loaded with Single Resonators

One of the sensing proposals is based on transmission lines loaded with a
single resonator. Employing these structures, this thesis deals with the
measurement of spatial variables (e.g. alignment, displacement, or
velocity). In these spatial sensors, the resonator must be attached to a
substrate (or object) different to that of the transmission line in order to

2 Permittivity sensors based on a single resonator are also possible. Spatial sensors based
on pairs of resonators can also be designed and, in fact, have been already reported in the
literature [17] (journal J1). These kind of sensors, however, are not considered in this
thesis.
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allow for a relative motion between the resonator and the line3. The theory
behind these sensors relies on the misalignment properties described in
Section 4.3. If the resonator is properly aligned with the transmission line,
line-to-resonator coupling is prevented, and the structure exhibits total
transmission. By contrast, by breaking symmetry through the effects of a
spatial variable, a transmission zero emerges, and the spatial variable can
be inferred. The notched response is modulated by the degree of
line-to-resonator coupling, which in turn is sensitive to the position of the
resonator. Hence, the relative position between the two elements is
measured through the transmission coefficient.

Most of the presented spatial sensors are characterized only by the
notch depth, in logarithmic scale as usual to quantify attenuation. The key
advantage of the proposed sensing solution is its robustness against
variable environmental conditions because:

(a) the principle of operation relies on geometrical
alignment/misalignment which cannot be altered by environmental
factors. The proposed approach is therefore especially suitable for
alignment purposes.

(b) the measurand is sensed by amplitude levels which have been seen to
exhibit better cross-sensitivity than other variables (e.g. frequency) to
variations on the substrate that may be produced by changing ambient
factors.4

However, the disadvantage of sensing the amplitude is its susceptibility to
electromagnetic interference or noise that may seriously affect the
performance of the sensors. Nevertheless, in the case that interfering
signals are present, the frequency of operation can be easily shifted (e.g. by
tailoring the resonator dimensions). Another way of reducing unwanted
interference may consider the appropriate shielding of the sensor.

The afore-mentioned sensing mechanism was proposed for the first time
in article S11 (Section 6.3) applying displacements to the resonator. Soon
after, other sensor designs were reported in the literature [18–20] ([20]
corresponds to journal J3).5 Sections 6.3−6.6 are devoted to the reported
spatial sensors for different spatial variables. Due to the available in-house

3 Note that the resonator must be coupled to the line, but not connected to it like the
stepped-impedance shunt-stub (SISS).
4 The notch depth has also been observed to exhibit less cross-sensitivity to fabrication
tolerances in the substrate as well as in the nominal values of the dimensions. By contrast,
the resonance frequency of resonators is usually very sensitive to fabrication tolerances.
5 In these designs, the main motivation is to obtain a frequency-independent notch that
enables the proposed sensors to operate at a single fixed frequency. Otherwise, a frequency
sweeping is necessary (for notch frequency tracking) when the transmission zero frequency
is sensitive to the displacement, which increases the complexity of the measurement
system.
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facilities to fabricate (a drilling machine and a photo mask/etching process
with a minimum strip and slot width of 200 μm) and measure the devices,
the proposed spatial sensors are designed within the range 1−4 GHz (i.e.
in the low regime of microwaves). However, frequency scaling is possible if
necessary using an appropriate fabrication technology.

6.2.2 Transmission Lines loaded with Pairs of Resonators

The other proposed sensing concept relies on transmission lines loaded
with pairs of resonators whose principle of operation was described in
Section 4.4. As mentioned therein, dielectric loading may be a strategy to
rupture symmetry. One possibility is to add a material or substance in a
specific test region in the vicinity of the resonators. As long as the
inclusion exhibits a symmetric distribution of the permittivity, there is a
single transmission zero. However, if the dielectric loading is not
symmetric, this can be detected by the appearance of two notches in the
transmission coefficient. Another interesting possibility, which is the one
considered, is to load each resonator with a dielectric load. In this case, no
difference exists between the two dielectric samples if a single transmission
zero is monitored. By contrast, the appearance of two transmission zeros in
the frequency response indicates that different dielectric loads are
introduced. By that means we can design differential sensors and
comparators to perform real-time differential permittivity measurements.
A differential sensor should deliver the difference between two permittivity
values. Conversely, a comparator (differential by definition) simply
compares two permittivities indicating whether these values are the same
or not. A differential permittivity sensor may be useful for the analysis or
characterization of the permittivity of materials and substances. A
permittivity comparator may be interesting for the detection of defects or
alterations in material samples by comparison to a well-known reference.
Therefore, the proposed approach can be an alternative to sensors for
analysis of organic tissues and dielectric monitoring of microfluidic
channels that have been recently proposed [8–14].

It should be highlighted that even though the measurand is sensed by
inspection of resonance frequencies, the proposed sensing approach
performs a differential measurement. The advantage of differential
measurements is their ability to reject the random errors introduced in the
measurement due to frequency shifts caused by changing ambient factors.
In differential measurements, the cross-sensitivities to ambient factors
exhibit some degree of immunity. In fact, differential techniques are widely
used to improve the performance of sensors [1]. Section 6.7 presents the
proposed differential sensor and comparator for permittivity
measurements. To the best knowledge of the author, this is the first
structure consisting of transmission lines loaded with pairs of resonators



94 Chapter 6. Application to Microwave Sensors

whose symmetry is broken by means of inclusions. The first reported
transmission line loaded with pairs of resonators, whose symmetry was
disrupted for sensing purposes, was used as a displacement sensor by
Horestani et al. [17] (journal J1).

6.3 Linear Alignment and Displacement

In this section we show how one-dimensional (1D) linear (along a straight
line) alignment and displacement sensors can be designed on the basis of
the symmetry properties described in Section 4.3. The displacement is
sensed only in terms of magnitude (the sensing of the direction for linear
displacements is addressed in Section 6.4).

6.3.1 SRR- and Folded SIR-loaded Coplanar Waveguides

In Subsection 4.3.1 we analyzed the response of a coplanar waveguide (CPW)
loaded with a split-ring resonator (SRR), a folded using folded stepped-
impedance resonator (SIR), or a single split-ring resonator (article S11,
conference article IMS12, and article S12, respectively). As concluded,
if these resonators are symmetrically etched on the back side of the line,
both the magnetic and electric field components inside the resonators exactly
cancel, and the particles are not driven at the fundamental resonance. This
situation does not hold if the symmetry is broken, and therefore, a possible
lack of alignment and a relative linear displacement between the line and the
resonator can be detected and measured, respectively, from the transmission
coefficient.

Article S11 presents the first proof-of-concept sensor based on the
above-mentioned symmetry properties. The sensing is produced by
inspection of the notch magnitude of the transmission coefficient.
Therefore, the sensitivity is defined as the variation of the notch
magnitude with the displacement. Obviously, it is important to obtain a
high sensitivity of the notch magnitude with the variable that destroys the
symmetry of the structure, in this case a linear lateral (along the
transversal direction) displacement. The key point in this article is to
validate the proof-of-concept for this novel sensing principle. Thus, an SRR
is etched on the back side of the substrate rather than considering a
sensing device with a movable SRR, which is technologically more
complex. As a result, the sensitivity is dependent on the line and the
resonator geometries, but also on the substrate thickness. In order to
achieve a high sensitivity, it is necessary to use very thin substrates to
enhance the line-to-resonator coupling (in a practical sensor this means
that the resonator and the line should be as close as possible). Thereby
stronger notches are obtained for a particular displacement. A commercial
substrate of 127-μm thickness is used. With regard to the geometry, the
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transversal dimension of the resonators should not excessively extend
beyond the slot regions of the CPW. Thus, a rectangular-shaped SRR is
etched just below the central strip of the CPW (the resonance frequency
may be adjusted with the longitudinal length).

Several fixed SRR-loaded CPWs with different lateral displacements
are fabricated. The input dynamic range is limited to the distance between
the two slots of the CPW. Concerning our specific structure, the resulting
dynamic range is about 0.6 mm (±0.6 mm if the two possible directions
are considered), the longest transversal dimension of the sensor (taken as
the distance between the CPW ground planes) being 1.87 mm. Within the
dynamic range, the larger the lateral shift, the deeper the notch in the
transmission coefficient, and the resulting linearity is reasonable. For a
displacement of 0.3 mm, the measured notch magnitude is −21.1 dB.

It is important to stress that by decreasing the overall dimensions of
the SRR-loaded CPW by a particular factor, the sensitivity enhances
almost proportionally to the scaling factor. If we scale down the structure,
the frequency response experiences a shift upwards roughly maintaining
the same notch magnitude (as the scaling factor increases, the notch depth
is degraded by losses). Nevertheless, the limits on the scaling are dictated
by the available fabrication technology.

As an alternative, in conference article IMS12 a proof-of-concept
demonstrator based on a CPW loaded with a folded SIR is presented. The
same substrate and dimensions as in the previous SRR-based sensor are
considered for comparison purposes. Again, a symmetric structure and
additional structures with the SIR laterally displaced are characterized.
For a displacement of 0.3 mm, the measured notch magnitude is −15.3 dB.
Better linearity within the dynamic range is obtained as compared to the
SRR-based sensor.

6.3.2 SIR-loaded Microstrip Lines

Subsection 4.3.4 reported the behavior of a microstrip line loaded with a
SIR in an additional third layer (article IJAP14). According to the
proposed equivalent circuit model, the electric coupling between the line
and the resonator plays a key role to strengthen the notch (depth and
bandwidth) and to tune the notch frequency as well. Article IJAP14
presents a displacement sensor based on SIR-loaded microstrip lines.

With a view to designing alignment and displacement sensors by
inspection of the notch depth and frequency, the line-to-resonator electric
coupling should be as high as possible. In order to boost this coupling it is
important to enhance the patch capacitance of the SIR to the line (as well
as to the ground). For this reason the microstrip line width is widened.
Since this reduces the line characteristic impedance, in order to match the
line to 50-Ω ports, a slot window in the ground plane below the signal strip
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is etched. This enhances the line inductance and drops the line capacitance
simultaneously, compensating the reduction of the characteristic
impedance by widening the strip. We have designed the slot so that good
impedance matching is obtained in the symmetrically loaded structure.

A sensor prototype is designed consisting of a microstrip line structure
stacked on bottom of another substrate where the SIR is etched on the top
face (it is assumed that there is not an in-between air layer to enhance
the line-to-resonator electric coupling, but the lack of air prevents relative
motion of the SIR in regard to the line). This prototype is characterized by
several lateral displacements. The results show that both the notch depth
and the notch frequency are very sensitive to the displacements, which is
indicative of a significant increase in the line-to-SIR-to-ground capacitive
coupling with the displacement. The input dynamic range is 2 mm (the
longest transversal dimension of the sensor is that of the SIR which is 6
mm). The output dynamic range is 38.2 dB in amplitude and about 860
MHz in frequency (from 2.10 GHz to 2.97 GHz). The resulting sensitivity
is particularly very high in notch magnitude for small displacements, and
this makes the sensor very suitable for alignment purposes. Specifically, the
average sensitivity in notch frequency is 43 MHz/100 μm in the full dynamic
range. The average sensitivity in notch magnitude is 5.4 dB/100 μm in the
range up to 400 μm.

The previous proof-of-concept demonstrator was fabricated and
measured in an experimental setup that enables three-dimensional (3D)
calibrations through manual positioners (for each relative displacement,
the top substrate is separated from the bottom substrate, it is displaced,
and it is stacked again onto the bottom substrate). It should be
highlighted that it was not possible to perfectly align the SIR with the line
due to the fact that the sensor features a very high sensitivity for small
shifts, and this points out its remarkable resolution for alignment
capabilities. Another observed deviation in the experimental data is that a
considerable upward frequency shift is obtained, and it is attributed to a
very thin but not negligible air layer between the substrates. Nevertheless,
the sensing concept is experimentally validated.

6.4 Linear Position

The sensors to detect the lack of linear alignment and to measure linear
displacements presented in Section 6.3 apply to a one-dimensional (1D)
space. Furthermore, those sensors are capable of sensing only the
displacement magnitude, but not the direction of motion. In this section
we show that the sensing capability can be easily extended to a
two-dimensional (2D) space, and the direction of displacement is also
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measurable. Therefore, a 2D alignment and position sensor for linear
displacements is presented.

6.4.1 Coplanar Waveguides loaded with Folded Split Rings

Article S12 may be regarded as an expanded work of article S11, where
we extend the sensing capability to a 2D space and the direction of
displacement is also detected. With a view to extending the sensing
capability to a 2D space, a folded CPW (with a right angle bend) loaded
with two SRRs (one in each orthogonal direction) are used. These SRRs
must be tuned at different frequencies to discriminate the two spatial
dimensions in the frequency response. In order to provide the direction of
motion, two additional resonators (also resonating at different frequencies)
are used, one for each spatial dimension. However, for the aligned
configuration, these resonators are etched beneath one of the CPW ground
planes, near a CPW slot. Thereby, if the displacement direction drives such
additional resonators towards the slot of the CPW, this is detected by a
notch at the resonance frequency of these resonators. Conversely, by
shifting the SRRs to the opposite direction such notches do not appear.
This is the principle for sensing the direction of linear displacements.

The substrate and the CPW (strip and slot widths) parameters are the
same as in article S11. However, in this 2D sensor, split-ring resonators
composed of only one ring are considered. This is due to two reasons; (a)
because for thin substrates (as is considered) the coupling between the
inner and the outer ring of the SRRs is negligible (Subsection 4.3.1); and
(b) because the second resonance frequency of a single split ring is located
beyond the one of SRRs with two rings. The latter feature is important to
avoid (or reduce) interference between the four transmission notches
corresponding to the four different resonators.

The proposed sensing structure is validated by considering several
proof-of-concept prototypes with different displacements, where the
resonators are etched on the back side of the substrate (vias and backside
strips are used to prevent the parasitic slot mode). Obviously, in a real
sensor, the SRRs must be etched on a different substrate in order to
achieve relative motion between the sensing SRRs and the bended CPW,
but this complicates the measurement from a mechanical viewpoint.
Nevertheless, the prototype device suffices to illustrate the potential of the
approach. The input dynamic range is ±0.3 mm. The dependence of the
notch magnitude is similar and roughly linear in the two orthogonal
directions, with a measured value of approximately −19 dB for a
displacement of ±0.3 mm. It is worth mentioning that inter-notch
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interference limits the performance (e.g. the input dynamic range) of the
proof-of-concept sensor.6

6.5 Angular Alignment and Displacement

This section presents sensors to detect the lack of angular alignment and
to measure the angular displacement (e.g. rotation) between two objects.
To this end, the resonator axis is perpendicular to the line axis intersecting
it, and different angular orientations of the resonator are considered. The
proposed sensors are able to measure the displacement magnitude, but not
the direction.

6.5.1 SRR- and Folded SIR-loaded Coplanar Waveguides

As demonstrated in Subsection 6.3.1, SRR- or folded SIR-loaded CPWs
can be useful for the implementation of linear alignment and displacement
sensors. Additionally, these structures can also be designed to operate as
angular alignment and displacement sensors. In article S11 and
conference article IMS12, the same SRR- and folded SIR-loaded CPWs
that are characterized with linear displacements, are also evaluated by
applying small rotations (up to 6◦). Several SRR- and folded SIR-loaded
CPWs with different angular displacements are fabricated to validate the
approach (the resonators are etched on the back side of the substrate).
Since the dynamic range of angular displacements is very small (about 6◦),
the proposed sensors may be especially suitable for angular alignments. For
a rotation of 6◦, the measured notch magnitude is −12.7 dB (SRR-based
sensor) and −9.6 dB (SIR-based sensor).

6.5.2 ELC-loaded Coplanar Waveguides

As explained in Subsection 4.3.2, the transmission coefficient of an
ELC-loaded CPW depends on the angular orientation of the resonator.
Specifically, due to the electric and magnetic walls of the ELC resonator,
CPWs loaded with this resonator exhibit total transmission or a notched
response by rotating the resonators 90◦. These transmission characteristics
are interesting to implement angular alignment and displacement sensors
by measuring the notch depth in the transmission coefficient. The sensing
principle is based on the fact that the line-to-resonator magnetic coupling
strength is sensitive to the angular displacement.

In conference article IMS13 an angular alignment and displacement
sensor based on ELC-loaded CPWs is presented. In the first place, the
sensing principle is validated with different resonator orientations by some

6 Better performance is expected using folded SIRs since further increase in the ratio
between the second and first resonances can be achieved.
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conventional fixed structures (where the resonator is etched on the back
side of the substrate). However, for sensing purposes, the resonator must
be attached to another substrate in order to allow for a relative motion
between the resonator and the CPW. Then, in the second place, a more
sophisticated prototype is developed where the CPW and the resonator are
etched on different substrates in parallel planes with an in-between air
layer. The resonator substrate is suspended by another substrate attached
to the top of the CPW substrate, and is manually moved. Finally, in the
third place, in article TMTT13, which is an expanded work of
conference article IMS13, the sensor is tested using a more realistic
experimental setup. Therein a prototype sensor is characterized with the
resonant element being attached to a cylinder that is rotated by a step
motor. Such a motor allows for an accurate control of the angular position.
A 3D spatial calibration between the CPW and the resonator by means of
manual positioners is carried out.

In the previous sensor prototypes a circular ELC resonator loading an
also circular-shaped CPW is designed to improve the linearity of the notch
magnitude with the rotation angle. In article TMTT13 we demonstrate
analytically and by circuit parameter extraction that the line-to-resonator
mutual inductance varies quasi-linearly with the rotation as a consequence
of the circular shape. As a result, good linearity in the notch magnitude
with the rotation angle is obtained, so that the sensitivity is approximately
constant. The resulting measured linearity and sensitivity are 5.1% and
0.26 dB/◦ in average, respectively. The input dynamic range of measurable
rotations is of course limited to 90◦, while the output dynamic range is
23.7 dB. It should also be pointed out that the resonance frequency as well
as the notch magnitude experiences an increase when an in-between air
layer is considered, as it must be in a real sensor system. Vias and backside
strips are used at both sides of the resonator to prevent the slot mode since
the CPW-based structure is asymmetric for most of the rotation angles.

6.5.3 ELC-loaded Microstrip Lines

In Subsection 4.2.2 (article APA13) the behavior of a pair of microstip
lines symmetrically loaded with an ELC resonator was analyzed. As
explained therein, when the line pair is fed by an even-mode signal, the
structure exhibit either total transmission or a transmission zero by means
of 90◦ particle rotation. Accordingly, rotations within a 90◦ dynamic range
can be measured from the common-mode transmission coefficient, being
the notched response related to the line-to-resonator magnetic coupling.
Indeed, the behavior of this structure is basically the same as that of the
ELC-loaded CPWs used in the previous subsection.

An angular displacement sensor inspired by an ELC-loaded parallel
microstrip line pair operating in common mode is designed in
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article JS13. However, rather than using a common-mode source, a
T-junction power divider cascaded to another one acting as a combiner are
used. By that means the structure is excited like a conventional microstrip
line: by feeding the structure with a single-ended signal, the divider acts as
a single-ended to common-mode signal transition. Conversely, the
combiner converts the common-mode signal into a single-ended signal.
Despite the fact that undesired common-to-differential mode conversion
may arise for asymmetric angular loadings, the differential mode is indeed
short circuited at the junctions of the dividers (i.e. at both sides of the
resonator). The resonator is the same circular one as in Subsection 6.5.2
(conference article IMS13 and article TMTT13), and the two
dividers are accordingly circular-shaped designed to improve linearity. The
measurement setup is also the same as in that subsection with the
exception that the resonator is closer to the line to boost their coupling.
The decrease in the line-to-resonator distance is due to the fact that the
notch depth in this microstrip implementation is seen to be poorer than in
the CPW implementation for a particular distance. The measured output
dynamic range is 23.3 dB, and the measured linearity and sensitivity are
9.7% and 0.26 dB/◦ (in average), respectively. As compared to angular
displacement sensors based on ELC-loaded CPWs, this microstrip
implementation does not require air bridges, and the ground plane
provides backside isolation.

6.6 Angular Velocity

The basic idea behind many velocity or acceleration sensors is a
measurement of the displacement of an object with respect to some
reference object. Therefore, displacement sensors are integral parts in
many of them [1]. In this section we show that the angular velocity of a
rotating object can be measured in a simple manner using the angular
displacement sensors based on measuring amplitude levels of Section 6.5 as
building blocks. A novel and high precision angular velocity sensor concept
based on symmetry properties is proposed.

6.6.1 ELC-loaded Coplanar Waveguides and Microstrip
Lines

Assume the angular displacements sensors of Section 6.5 where the
resonator is rotating at a particular velocity. The angular velocity is the
change of the angular position with time. Therefore, the angular position
varies with time, and the notch magnitude as well (the signal at the output
of the displacement sensor is amplitude modulated). Due to the
displacement sensor symmetry, the transfer function is periodic every 180%
varying between a maximum and a minimum. As a result, by feeding the
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line with a harmonic signal tuned in the vicinity of the fundamental
resonance frequency7, the time distance between consecutive transmission
peaks corresponds to half a period of rotation.

The proposed concept for angular velocity sensing is characterized and
validated for the first time in article TMTT13. To experimentally
measure the angular velocity in time domain we cascade a circulator (to
avoid unwanted reflections) and an envelope detector (to obtain the
envelope of the amplitude modulated signal) at the output port of the
angular displacement sensors of Section 6.5. The waveform of the envelope
is directly related to the transfer function (ideally they should be
identical). The step motor is configured with a uniform angular velocity of
ωr = 2πfr, where fr = 1 Hz and 50 Hz (60 and 3000 rpm, respectively, the
latter being the maximum angular velocity of the motor). At the detector
output, the envelope signal in the time domain is visualized by an
oscilloscope. The measured linear velocities are fr = 0.998 Hz and
49.751 Hz in coplanar waveguide implementation (article TMTT13), and
fr = 0.998 Hz and 50.251 Hz in microstrip technology (article SJ13). The
measured values are very close to the velocities specified in the step motor
(the error is 0.2% and 0.5% for 1 Hz and 50 Hz, respectively), validating
the sensing approach.

It is important to highlight certain features of the sensing proposal:

(a) The sensor is able to measure the speed (i.e. the magnitude) of the
angular motion, but not the direction.

(b) As long as the harmonic signal frequency is much higher than the
linear frequency of rotation (in practice this condition should be always
satisfied), the measurable range of velocities is theoretically unlimited.

(c) To enhance precision, the velocity measurement can be done between
very distant nonconsecutive peaks (or by averaging the time between
adjacent peaks), although in this case the velocity should be constant.

(d) The circulator, the detector, and the oscilloscope could be replaced
by a post-processing stage with low-cost electronic circuits and
components.

(e) Any structure capable of producing a periodically time-varying
transmission coefficient with angular motion may be used. However,
the advantage of our solution is that since we use an angular
displacement sensor as a building block, an all-in-one sensor able to
measure the displacement and the velocity may be possible through a
suitable calibration and post-processing stage.

7 Although the resonance frequency is sensitive to the displacement, a single fixed
frequency can also attain a reasonable transfer function of the notch magnitude with
the displacement for velocity sensing purposes.
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(f ) The resonator axis is required to be aligned with the axis of rotation
(the resonator must be etched in a plane parallel to the planar
transmission line, e.g. at the top or bottom face of a cylinder).

Finally, it is worth mentioning that the proposed experimental sensor system
resembles an amplitude modulation (AM) system, in which a carrier signal
is amplitude modulated by an information signal of lower frequency that is
subsequently recovered through the envelope of the modulated signal.

6.7 Differential Permittivity

This section proposes a differential sensor and comparator for permittivity
measurements whose principle of operation relies on the symmetry
properties of transmission lines loaded with pairs of resonators
(Section 4.4).

6.7.1 Transmission Lines loaded with Pairs of SISSs

The proposed symmetry-based differential permittivity sensor is reported
in conference article IMS14. It consists of a microstrip line loaded with
a pair of identical stepped-impedance shunt-stubs (SISSs) at the same
junction.8 The behavior of this structure was already explained in
Subsection 4.4.1, and in the present subsection we focus on its capabilities
for sensing differential permittivities.

An equivalent circuit model where each of the resonators is
capacitively-perturbed (e.g. by a dielectric load) is derived. For differential
sensing purposes, the differential input is the difference in the two
capacitances (or dielectric constants of the loads), while the differential
output is the difference between the two resonance frequencies (which may
degenerate to the same one). The differential sensitivity is defined as the
variation in the difference between the resonance frequencies due to the
variation in the difference between the capacitances. From the equivalent
circuit, we gain insight into the theoretical resonance frequencies and
sensitivity as a function of the input differential capacitance. As expected,
for balanced perturbations, the frequency response exhibits a single
transmission zero. By contrast, when the capacitive perturbations are
different to each other, two resonance frequencies arise, each of them being
dependent on both capacitive perturbations. This means that the two
resonance frequencies are not independent to each other (because of the
resonator-to-resonator coupling), and a wide bandwidth is required since
coupling separates the resonance frequencies. As the inter-resonator

8 Note that any dielectric perturbation loaded to a SISS may be sensed by monitoring the
change in the resonance frequency. However, real-time differential measurements of two
dielectric loads cannot be performed by loading a transmission line with a single SISS.
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coupling increases, the difference in the two resonance frequencies
strengthens degrading the sensitivity. Indeed, the maximum sensitivity
corresponds to the hypothetical case of uncoupled SISSs. It is important to
highlight that a significant drop in the sensitivity occurs for small
perturbations. Accordingly, the considered topology of parallel-connected
SISSs seem to be not much suitable to operate as a sensor due to the
inevitably presence of inter-resonator coupling. On the other hand, the
resonance frequency separation caused by coupling may be interesting to
designing a comparator. However, the smaller the difference in the
perturbations, the narrower the lower notch (the bandwidth of the lower
notch is narrow by nature). Therefore, the resolution for small differential
inputs, which is of special interest for designing comparators, is expected
to be degraded by losses. It is also worth mentioning that since the
transfer function is not linear, the sensitivity is not constant. Moreover,
the sensitivity is not a symmetric function in the sense that its magnitude
increases or decreases as the input capacitance is increasingly negative or
positive, respectively.

Although in the equivalent circuit model the perturbations are modeled
by generalized capacitances, in a permittivity sensor the perturbations
must be due to changes in the dielectric constant of dielectric loads
(samples of the materials under test). The optimum position of the
dielectric loads to enhance sensitivity is where the electric energy is
concentrated, namely, in the vicinity of the low impedance section of the
SISSs (Subsection 3.3.1). An on-wafer in-house proof-of-concept prototype
operating around 60 GHz is fabricated (in the facilities of Darmstadt
University of Technology) to experimentally validate the sensing principle.
Because of the available measurement set-up, the structure is based on a
symmetric pair of parallel SISSs implemented on conductor-backed
coplanar waveguide (CB-CPW) technology. Microwave CPW probes are
used to measure the structure (a) without external inclusions and (b) with
a piece of a dielectric glass on top of one of the SISSs. As expected, there is
a single transmission zero when the structure is not loaded (the structure
remains symmetric), whereas two transmission zeros arise when the
structure is broken by the dielectric sample.

Finally, it is worth mentioning that an alternative topology will be
proposed after this Ph.D dissertation in an extended work of conference
article IMS14. The topology is aimed at preventing inter-resonator
coupling, and is intended to face with the drawbacks that parallel SISSs
exhibit. Specifically, the structure consists of a cascade connection of two
identical SISSs, spaced by a transmission line section (the resonators are
sufficiently separated so that their coupling is negligible). Thereby, the two
resonators can be tuned independently because the coupling between the
resonance frequencies is prevented, even for asymmetric perturbations.
Preliminary results (not included in this thesis) show that a cascade
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connection of SISSs is a good solution to avoid coupling between them,
achieving in turn significant advantages: the resonances are independent to
each other, their bandwidth is not narrow by nature, and narrower
frequency bandwidth of operation is required since the resonance
frequencies are not separated by coupling. Work is in progress to
characterize the two topologies (parallel SISSs and cascaded SISSs) for the
design of differential permittivity sensors and comparators.
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Chapter 7

Application to Spectral
Signature Barcodes

The symmetry properties of transmission lines loaded with single
symmetric resonators described in Chapter 4 may be used not only as a
sensing mechanism (Chapter 6), but also as an encoding mechanism. In
this chapter, we show preliminary results applying such symmetry
properties for the implementation of chipless tags for radio-frequency
identification (RFID). In particular, symmetry-based structures may be
interesting for RF barcodes based on multiresonator structures that are
encoded in the frequency domain. A binary encoding is merely done by
switching from an all-pass response to a stopband response, depending on
whether resonance frequency is prevented or not, respectively. We discuss
some implementations, and their advantages and limitations are
highlighted.

Section 7.1 presents a brief overview of RFID and multiresonator-based
chipless tags. Section 7.2 is devoted to the encoding mechanism based on
symmetry properties, which is the main contribution of this thesis to
multiresonator-based chipless tags. Finally, Sections 7.3 and 7.4 are
addressed to the presented proof-of-concept (3-bit) barcodes in coplanar
waveguide and microstrip technologies, respectively, that validate the
proposed approach for encoding.

7.1 Introduction

Radio-frequency identification (RFID) is a wireless data capturing
technique that utilizes radio frequency (RF) waves for automatic
identification of objects. RFID systems consist of three major components:
a reader or interrogator, a tag or transponder, and middleware software.
The reader sends interrogation signals to the tag that is required to be
identified, and the software decodes the identification data. In recent years
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FIGURE 7.1: Classification of chipless RFID tags. In this thesis we have
developed some proof-of-concept multiresonator-based spectral signature tags based
on symmetry properties. Figure extracted from [1].

the tendency is to replace conventional optical barcodes with RFID tags.
This trend is due to the fact that RFID offers several advantages over
conventional barcodes, such as unique identification code for individual
items, longer reading ranges, reading in the presence of obstacles, and
automatic identification [1]. The only reason why RFID tags have not
replaced the traditional optical barcode is the price of the tag, which is
higher when compared to the price of the optical barcode. Passive tags are
those that do not have any on-board power supply. In addition, the tags
are regarded as chipless tags if the passive tags do not contain any
integrated circuit (IC) [1]. Chipless tags are aimed at reducing the tag
price as much as possible, obviously at the expense of performance (such
as a poorer data storage capability or a shorter reading range). Although
chipless RFID tags are relatively recent, a number of approaches have
already been developed as shown in Figure 7.1. A comprehensive review of
chipless RFID is out of the scope of this chapter, but it is available in the
literature by Preradovic and Karmakar [1].

In this thesis we are focused on multiresonator-based chipless RFID
tags. This sort of chipless tags was designed by Preradovic et al. at
Monash University [2], and it was patented in 2008 [3]. Soon after, a Ph.D
dissertation devoted to multiresonator-based chipless RFID systems was
presented by Preradovic in 2009 [4]. In fact, most of the contributions
about these chipless RFID systems have been published by the same
authors. In these RF barcodes the information is stored in the so-called
spectral signature of the tag (frequency-domain encoding). As is illustrated
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FIGURE 7.2: Block diagram of multiresonator-based chipless tags for spectral
signature encoding. Figure extracted from [1].

in Figure 7.2, the chipless tag is composed of a multiresonating structure,
and receiving and transmitting antennas. The spectral signature is
obtained by loading a transmission line with an array of resonators, each
one resonating at a different frequency. Thereby we can set a binary code,
where each resonator corresponds to a bit value (logic ‘1’ or ‘0’) that is
controlled by the presence or absence of the resonance frequency
corresponding to that bit. The encoding is typically in amplitude, which is
characterized by notches in the spectral signature, although phase
encoding is also possible. By interrogating the chipless tag by a
multi-frequency signal, it is possible to detect the variations in the
magnitude and phase of the received signal from the tag and decode the
identification [4, 5]. In the literature, tags implemented in microstrip
technology as well as in coplanar waveguide technology have been
reported [1, 4]. Figure 7.3 shows a barcode reported by Preradovic et al
that may be regarded as a reference one [6].

As compared to other chipless tags, the advantages of the
multiresonator-based approach are [1]: fully printable, low cost, and
robust. Therefore, these tags can be implemented in flexible substrates by
means of printed techniques for low-cost item tracking [7–9]. Conversely,
this approach requires a large spectrum, a wideband reader, and an
appropriate tag orientation (cross-polarized transmitting and receiving
antennas are used) [1, 10, 11]. A key aspect in RFID is that the most
appropriate technology depends on the application requirements. The
multiresonator-based chipless tags may be suitable for applications that do
not require to store too much information and do not need a high level of
security (e.g. for document identification or electoral processes with small
voting members). It is worth mentioning that there is an increasingly trend
to develop microwave wireless sensors integrated with RFID [12–15].
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(a)

(b) (c)

FIGURE 7.3: 35-bit chipless tag based on a microstrip line loaded with spiral
resonators. (a) Photograph. (b) Magnitude and (c) phase of the spectral signature.
Figures extracted from [1].

There are several considerations to bear in mind in the design of
multiresonator-based tags. The data storage capacity is related to the
spectral band efficiency. In order to accommodate the maximum number of
resonators (resonance frequencies) in a predefined frequency spectrum,
relatively narrow notches are required (typically weak line-to-resonator
coupling is required). Even though the resulting notch level (intimately
related to the bandwidth) is not very deep, this is not a critical drawback
in binary codes. Another requirement is that inter-resonator coupling must
be avoided at all costs to prevent resonance frequency shifting. Instead, the
resonances should be independent to each other (each resonance should be
tuned by its corresponding resonator).

7.2 Symmetry-based Encoding Mechanism

In the conventional approach [1, 2, 4], resonance is established (logic level
‘1’ in our convention) by loading a transmission line with a resonator. On
the contrary, the resonance is prevented (logic ‘0’) by removing or
short-circuiting the resonator (this shifts the resonance frequency upwards
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and outside the frequency band of interest). In this thesis we propose an
alternative to this standard approach, whose encoding mechanism is based
on exploiting the symmetry properties of transmission lines loaded with
symmetric resonators explained in Chapter 4. More specifically, it suffices
to align properly a resonator to a transmission line in order to prevent
resonance; the necessary and sufficient condition is that the symmetry
planes of the line and the resonator must be of different electromagnetic
nature (one a magnetic wall and the other one an electric wall).

Therefore, using symmetric resonators, the main advantage of the
proposed approach is that it is not necessary to remove or short-circuit the
resonators to set a logic ‘0’. The binary values can be simply modified to
‘1’ by displacing or rotating the resonators, or by any other means of
symmetry rupture of the bit cells (e.g. by adding adhesives with metallic
or dielectric loads). Interestingly, with this strategy, reconfigurable
(programmable) barcodes are potentially possible as long as the resonators
can be somehow shifted independently. The constraining challenge,
however, concerns to how mechanically reconfigure the resonators. On the
other hand, it can be readily observed that one limitation of the proposed
encoding mechanism is that a transmission line can be loaded just with
one (per-unit-cell) resonator. Accordingly, for a particular number of
resonators, the tag cannot be as compact as using, for example, pairs of
resonators (see the tag of Figure 7.3).1

In this thesis we have focused only on the multiresonator structure
which is characterized by its transmission coefficient (a full tag with
antennas has not been designed yet). Next sections are devoted to the
reported proof-of-concept multiresonating structures implemented with
different transmission lines and resonators. Each multiresonating structure
consists of a transmission line loaded with three resonators with different
dimensions to provide three different resonance frequencies, so that each
resonator stands for a 1-bit information. The 3-bit spectral signature is
encoded in the frequency range 2−3 GHz, and the inter-notch frequency
distance is about 100 MHz. The encoding has been achieved by the
alignment/misalignment of symmetric (or bisymmetric) resonators to a
transmission line, as explained in Section 4.3.

1 Note that since the notched response in the symmetry-based approach depends on the
level of asymmetry, it may be considered to provide more than 1-bit information per
resonator. In amplitude encoding, the higher the dynamic range in the notch depth, the
higher the number of logic levels. A tradeoff arises in the spectral band efficiency, however,
because the bandwidth of the notch increases with the notch depth. This approach (not
explored in this thesis) may be regarded as the digitalization of the sensors based on
symmetry rupture.
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7.3 Coplanar Waveguide Implementations

A drawback of devices implemented in coplanar waveguides (CPWs) is
that they may suffer problematic mode conversion (from the CPW to the
slot mode) if the structures are not symmetric. In these cases, air bridges
are required to suppress the slot mode, which increases the fabrication
complexity and cost as well.

7.3.1 SRR- and Folded SIR-loaded Coplanar Waveguides

Barcodes of 3-bit capacity consisting of a CPW loaded with split-ring
resonators (SRRs) or folded stepped-impedance resonators (SIRs) are
reported in article APA12 and conference article IMS12,
respectively. The behavior of these topologies was explained in
Subsection 4.3.1. The resonators are etched on the back side of the
substrate, and are aligned or laterally misaligned to set the corresponding
binary values. Adjacent resonators are laterally displaced in opposite
directions in order to get a negligible inter-resonator coupling. It is
apparent that the barcodes based on these topologies are in general
asymmetric structures (the only symmetric structure is that corresponding
to the code with all the resonators aligned with the line). For the purpose
of preventing the presence of the slot mode, via-holes in the substrate and
strips on the bottom side of the substrate (in the same layer as the
resonators) are used at the inter-resonator interfaces.

7.3.2 ELC-loaded Coplanar Waveguides

The electric inductive-capacitive (ELC) resonator is an interesting particle to
implement barcodes in CPW technology. The reason lies on its bisymmetry,
and to the application of a rotation instead of a linear displacement. As
explained in Subsection 4.3.2, the structure is transparent if the electric wall
of the resonator is aligned with the symmetry plane of the line (state ‘0’).
Then, by rotating the resonator 90◦, symmetry is preserved (and thus the
slot mode cannot emerge) while strong magnetic coupling between the line
and the resonator arises, and the transmission coefficient exhibits a notch
with maximum attenuation for this angle. It is apparent that the advantage
of exhibiting symmetry at the two binary values is at the expense of a larger
size as compared to SRR- or SIR-based CPW barcodes. A 3-bit proof-of-
concept barcode based on this topology is presented in conference C6 (not
attached to this thesis).
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7.4 Microstrip Line Implementations

An important advantage of microstrip barcodes is that no parasitic modes
are generated when the resonators are not aligned with the transmission
line. In contrast, as stressed earlier, air bridges are generally necessary in
CPW barcodes to suppress the parasitic slot mode. Another advantage of
microstrip implementation is that, as long as the ground plane is kept
unaltered, the ground provides backside isolation so that objects made up
of conductive materials can be labeled. To avoid ground plane etching,
however, three metal layers (ground, signal strip, and resonator) are
required.

7.4.1 Folded SIR-loaded Microstrip Lines

In article IJAP14 we deal with microtrip lines loaded with SIRs on the
basis of mechanical reconfigurability (Subsection 4.3.4). A 3-bit barcode
based on symmetry properties is implemented by loading folded SIRs in a
third metallic layer situated above the signal strip, where lateral
displacements are applied to the resonators. This implementation provides
backside isolation by means of the ground plane, but the resonator must
be etched in an additional metallic layers.

7.4.2 MLC-loaded Microstrip Lines

Article IJAP13 is devoted to the analysis of microstrip lines loaded with
magnetic inductive-capacitive (MLC) resonators (Subsection 4.3.3). As a
possible application, this article presents a 3-bit barcode with the electric
wall of the MLC aligned or misaligned with the line, depending on the bit
value to be implemented. Since the array of resonators are etched on the
same metallic plane, long inter-resonator distances are required to avoid
inter-resonator coupling. As compared to SIR-loaded microstrip lines, this
approach utilizes two metal layers but does not provide backside isolation
since the ground plane is etched.
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Chapter 8

Conclusions and Future
Work

Conclusions

In this thesis, we have analyzed, modeled, and synthesized transmission
lines loaded with electrically small resonators based on symmetry
considerations. It has been shown that signal stopband characteristics
(frequency, bandwidth, and/or amplitude) can be controlled as a function
of symmetry properties. We have exploited such symmetry properties for
the implementation of common-mode suppressed differential lines,
microwave sensors, and radio frequency (RF) barcodes. The structures
have been implemented in planar technology using either microstrip or
coplanar waveguide transmission lines, and some different topologies of
planar resonators have been considered (most of them may be regarded as
metamaterial resonators). The synthesis of the resonator-loaded structures
concerns the choice of the most appropriate transmission line and
resonator, and the optimization of the geometrical topology as well. The
following paragraphs are devoted to summarize the most relevant
conclusions.

Throughout the development of this thesis (Chapters 3−7),
lumped-element equivalent circuit models of all the considered
electromagnetic structures haven been proposed. For a given structure,
the extraction of circuit parameters have been performed using
available methodologies in the literature or proposing new
procedures. As is well known, there are numerous motivations to model
electromagnetic structures with reliable equivalent circuit models. For
instance, they provide an intuitive abstraction of the behavior of physical
structures, they facilitate design and optimization stages, and their
response can be obtained practically instantaneously using circuit
simulators. The circuit model validity is restricted up to beyond the
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fundamental resonance frequency of the resonators (i.e. the region of
interest). However, the accuracy of the models depends strongly on the
electrical size of the unit cells (the dimensions of the cells are needed to be
small relative to the wavelength). Therefore, verification is always required,
and to this end modern full-wave electromagnetic simulators are very
useful. Despite of being time consuming and computationally intensive,
these simulators are highly accurate and are excellent for verification
purposes. Thus, throughout this thesis, circuit simulations have been
validated by electromagnetic simulations as well as experimental
data. However, it is worth mentioning that good agreement in the
validations is always required, but it does not guarantee that the
equivalent circuit models are certainly valid.

Mixed magnetoelectric coupling in the line-to-resonator
interaction as a function of the relative orientation of the
resonant elements (Chapter 3) has been modeled. Traditionally, mixed
coupling is neglected, and only the dominant electric or magnetic coupling
is considered. However, depending on the arbitrary relative orientation
between the transmission line and the resonators, mixed coupling must be
considered to accurately model these structures. Particularly, mixed
coupling may be necessary when the structure is symmetric along the
midplane. The most relevant conclusion is that the circuit parameter
extraction procedures that have been used for many years may fail in the
presence of mixed coupling, since these methods are based on the mapping
of the scattering parameters obtained by electromagnetic simulation. In
the particular case where the resonators exhibit a single symmetry plane,
mixed coupling is shown to essentially change the phase of the reflection
coefficients.

It is well known that periodic transmission lines loaded with
(uncoupled) resonators exhibit a region of evanescent modes. With the
assumption that the resonators are closely spaced apart, inter-resonator
coupling in resonator-loaded transmission lines (Chapter 3) has
been modeled by a four-port circuit network. Two ports are those
corresponding to the transmission line ports, while the other two
additional ports account for the inter-resonator coupling. Considering an
infinite periodic structure, we have applied Bloch mode theory to the
four-port network using the transmission (ABCD) matrix
method. It has been shown that the considered structures may support
bimodal propagation. Evanescent, forward, backward, and complex modes
are found to exist. The appearance of complex modes enhances the
stopband bandwidth (at the lower edge of the region of evanescent modes),
and they are interpreted as the destructive interaction between forward
and backward waves. Since electro- or magneto-inductive backward waves
are supported by chains of electrically or magnetically coupled resonators,
respectively, inter-resonator coupling is absolutely mandatory for complex
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modes to emerge. The analytical modal solutions inferred from the
equivalent circuit models have been corroborated by obtaining the modal
solutions through a full-wave eigenmode solver of the corresponding
electromagnetic structures. Experimental evidence of rejection bandwidth
enhancement due to inter-resonator coupling is also provided.

In contrast to the analysis of electromagnetic structures obtaining the
circuit elements of equivalent circuit models, it has also been important to
synthesize physical topologies to optimize as much as possible the required
specifications dictated by the corresponding application. Particularly, the
limits on the synthesis of shunt-connected series resonators by
means of stepped-impedance shunt-stubs (Chapter 3) have been
analyzed comprehensively. We have provided the range of physically
implementable values of inductance and capacitance, which is clearly finite
in practice using semi-lumped resonators.

We have analyzed the fundamental resonance frequency of electrically
small resonators (Chapter 2) and the fundamental propagation modes of
transmission lines (Chapter 3) under symmetry considerations. We have
characterized them in terms of electric or magnetic wall boundary
conditions at their symmetry planes. By that means, regardless of the
line-to-resonator coupling mechanism (electric and/or magnetic), we have
established a necessary condition to prevent the excitation of the
resonance frequency. If the symmetry planes of the line and the
resonator are aligned and they are of distinct electromagnetic nature (one
being an electric wall and the other one a magnetic wall), then
electromagnetic coupling capable of exciting the resonator does not arise.
The structure may be viewed as a transmission line with an all-pass
response. By contrast, resonance is established if the symmetry planes of
the line and the resonator are misaligned, if they are aligned but are of the
same electromagnetic nature (either an electric or a magnetic wall), or if
deviation from ideal symmetry is produced (e.g. by loading asymmetrically
the structure with additional inclusions). Under these circumstances the
structure exhibits a variable stopband (or notched) response in the vicinity
of resonance that depends on the geometrical symmetry/asymmetry.
Therefore, it has been demonstrated that the transmission
characteristics (stopband or all-pass) of transmission lines loaded
with symmetric resonators depends strongly on the orientation
of the resonator with regard to the line, which in turn
determines the line-to-resonator coupling nature and strength. It
should be highlighted that when a transmission line is loaded with more
than one resonator (per-unit-cell), the prevention of resonance is not
possible becasue the two resonators cannot be aligned with the line
simultaneously. However, transmission lines loaded with pairs of resonators
have also been characterized in terms of symmetry, and have been shown
to be useful by monitoring the resonance frequencies of the structure. We
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have applied the properties derived from the previous analysis to filtering,
sensing, and encoding purposes.

In coplanar waveguides and pairs of microstrip lines (three-conductor
transmission lines), we have selectively suppressed (stopband) either
the even- or odd-mode while preserving (all-pass) the other
mode almost unaltered by properly aligning resonators with the
line (Chapter 3). The even/odd-mode analysis has been applied to
simplify the equivalent circuits, and the resulting even- and odd-mode
networks have supported the theory relative to the selective mode
suppression. As a practical application, we have proposed differential
microstrip lines with common-mode rejection (Chapter 5). We have
reported a simple and systematic design procedure. In order to enhance
the common-mode rejection bandwidth, two strategies have been
considered: (a) the design of unit cells exhibiting wideband common-mode
rejection; and (b) coupling resonators as much as possible, so that
squared-shaped resonators and very small inter-resonator distances have
been considered. It has been assumed periodic structures to allow for their
characterization using Bloch mode theory applied to the four-port
equivalent circuit for the even mode (or common mode). Thereby, the
limits on the maximum rejection bandwidth obtained by periodicity may
be easily inferred. Two prototypes have been characterized and compared
to other approaches. The reported solution is technologically simple, low
cost, compact, provide wide common-mode stopbands with high rejection,
and the differential-mode signal integrity is kept almost unaltered. If
necessary, further bandwidth enhancement is expected to be obtained
tuning the resonators at different frequencies.

We have introduced novel microwave sensor concepts based on
symmetry disruption (Chapter 6). Proof-of-concepts of spatial sensors
for alignment, displacement, position, and velocity measurements
have been reported. These sensors consist of a transmission line and a
resonator that must be etched on different substrates (or objects), and the
relative position between them is estimated from the transmission
coefficient (notch amplitude and/or frequency). The sensing principle has
been experimentally demonstrated by a step motor that allows for an
automatic relative spatial motion between the transmission line and the
resonator. On the other hand, an approach for the design of differential
sensors and comparators for permittivity measurements has also
been proposed. These devices are composed of a transmission line loaded
with pairs of identical resonators. A differential measurement is performed
by loading the two resonators with dielectric samples. The difference in the
dielectric constant of the two samples is expected to be found by
measuring the resonance frequencies of the structure. Preliminary
experimental results have supported the sensing principle. The proposed
spatial and permittivity sensors are simple (from the design viewpoint),
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compact in size, low cost (provided that the measurement system is
implemented by simple electronic circuits and components), highly
integrable, and robust against variable environmental conditions since they
are based on symmetry properties.

Proof-of-concept spectral signature barcodes for radio-frequency
identification (RFID) chipless tags inspired by symmetry properties
(Chapter 7) have also been presented. Spectral signature-based barcodes
have been known for a long time. A multiresonating structure is utilized to
encode in the frequency domain. Specifically, a host transmission line is
loaded with multiple resonators tuned at different frequencies, each one
contributing with one bit to the binary code; the presence or absence of a
certain resonance gives the logic binary value (logic ‘1’ or ‘0’). In the
conventional approach, the resonators are removed or short-circuited to
avoid their corresponding resonance frequency. By contrast, in the
reported strategy, the logic states are simply set by aligning or misaligning
the resonators with the line (other symmetry disruption mechanisms can
be alternatively used). We have discussed some implementations,
highlighting their advantages and limitations.

Future Work

Some further work may be carried out in the research lines emerged from
this thesis. Among them, we would like to highlight:

• Investigate the potentiality of designing a balanced filter with
common-mode suppression based on the resonant-type approach of
metamaterial transmission lines (i.e. employing a combination of
split-ring resonators and inductors/capacitors).

• Design of an angular velocity sensor suitable for space applications,
in particular for inertial wheels of satellites (Project A00016166
Innovation Triangle Initiative −ITI−).

• Integrate a simple measurement system to the proposed sensing
resonator-loaded transmission lines (Project A00016166 Innovation
Triangle Initiative −ITI−).

• Development of a full chipless RFID tag (with transmitting and
receiving antennas) based on symmetry-inspired multiresonator
structures with a competitive storage capacity (Project
RTC-2014-2550-7 RETOS DE COLABORACIÓN 2014).

• Design and characterization of differential permittivity sensors and
comparators based on pairs of stepped-impedance shunt-stubs.

• Development of microwave wireless sensors integrated with RFID.
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Abstract—Transmission-line metamaterials based on comple-
mentary split-ring resonators (CSRRs) are shown to support
forward, backward, electroinductive, and complex waves. Two
CSRR-based lines are considered: 1) stopband microstrip lines
simply loaded with CSRRs, and 2) passband microstrip lines
loaded with CSRRs and series gaps. The effects of interresonator
coupling on bandwidth enhancement are analyzed on the basis of
Bloch mode theory by considering the lumped-element equivalent
4-port circuit model of the unit cell. All the propagation modes
are captured by the proposed multiterminal Bloch mode theory,
from an eigenmode analysis. The results are validated through
a commercial eigenmode solver and supported by experimental
data.

Index Terms—Complementary split-ring resonators (CSRRs),
complex waves, electroinductive waves, metamaterials.

I. INTRODUCTION

I T IS well known that transmission-line metamaterials based
on complementary split-ring resonators (CSRRs) [1] can

support forward or backward waves [2]. It has been reported that
microstrip lines loaded with CSRRs etched in the ground plane
(underneath the conductor strip) behave as effective media with
negative permittivity in the vicinity of CSRR resonance. Wave
propagation is inhibited in this region, and the line supports for-
ward waves outside this forbidden band. By adding series ca-
pacitive gaps in the conductor strip, above the CSRRs, the stop-
band switches to a passband, with backward wave propagation,
as a consequence of the negative value of the effective perme-
ability introduced by the gaps [i.e., the structure is a double neg-
ative (DNG) medium in the vicinity of resonance] [2].

It has also been reported that chains of coupled CSRRs etched
in the same metallic layer can support backward waves, and
such waves have been called electroinductive waves (EIWs) [3]
(in parallel to the magnetoinductive waves that can be induced
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Fig. 1. Unit-cell topologies of the structures under study. (a) Microstrip line
with a CSRR etched in the ground plane. (b) Microstrip line with a CSRR etched
in the ground plane and with a series gap in the conductor strip. The ground
plane is depicted in light gray. Dimensions are the following: mm,

mm, mm, mm, mm, and mm.
The considered substrate is the Rogers RO3010 with thickness mm,
dielectric constant , and loss tangent .

in chains of split-ring resonators [4], [5]). However, neither the
forward and backward multimode propagation nor the presence
of complex waves in CSRR-based lines has been reported so
far. Complex waves are modes that may appear in lossless
structures that have complex propagation constants (in spite of
the absence of losses) [6]. These modes appear as conjugate
pairs in reciprocal lossless structures, and they carry power in
opposite directions so that if the two modes are excited with
the same amplitude, they do not carry net power [7]. Complex
waves have been found in several structures, such as dielectri-
cally loaded waveguides [8], nlines [9], shielded microstrip
structures [10], and, more recently, in shielded mushroom-type
Sievenpiper structures [11], among others. The main purpose of
this letter is to provide a whBloch mode theory formulation of
CSRR-loaded lines to catch the rich phenomenology of wave
propagation in these structures, where forward, backward,
electroinductive, and complex waves may be induced and
coexist. It is also our aim to analyze to what extent the complex
modes contribute to stopband broadening in CSRR-loaded
lines, useful as stopband lters.

II. CSRR-BASED TRANSMISSION-LINE METAMATERIALS:
TOPOLOGIES AND CIRCUIT MODELS

The unit cells of the CSRR-loaded microstrip lines under
consideration are shown in Fig. 1. The lumped-element circuit
models of these structures, including the capacitive coupling be-
tween adjacent resonators (ports R2 and L2), are depicted in

1536-1225/$31.00 © 2012 IEEE
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Fig. 2. Equivalent circuit models of the structures of Fig. 1, including interres-
onator coupling. (a) Generalized impedance model. (b) CSRR-loaded microstrip
line model. (c) CSRR- and gap-loaded microstrip line model.

Fig. 2 (the rst neighbor approximation for interresonator cou-
pling is considered, and losses are neglected).

The validity of the models is restricted to those frequencies
where the resonators are electrically small; this extends up to
frequencies beyond the CSRR resonance, the region of interest.
In the equivalent networks, models the inductance of the mi-
crostrip section, accounts for the electric coupling between
the line and the CSRR, modeled by and , is related
to the series gap [11], and describes the coupling between
adjacent resonators (any CSRR-loaded line is thus described by
simply cascading the 4-port networks of Fig. 2).

Fig. 3 shows the comparison between the transmission and re-
ection coef cients provided by the electromagnetic and circuit

simulations for the unit cells of Figs. 1(a) and 2(b), respectively.
CSRR dimensions are and , where
is the guided wavelength at the maximum re ection frequency
for the single CSRR-loaded structure (i.e., 1.84 GHz). The cir-
cuit parameters are those given in the caption and have been
extracted from the unit-cell structure according to the method
reported in [13] (obviously has been omitted). For the two-
order structure, the value of and the new value of (the
CSRR capacitance is reduced by the presence of neighboring
CSRRs) have been inferred by direct tting to the electromag-
netic simulation. Notice that the transmission and re ection co-
ef cients have been obtained by considering two-port struc-
tures, i.e., the external ports L2 ( rst cell) and R2 (last cell) of
the model have been left opened since the CSRRs of the input
and output cells are not externally fed.

III. DISPERSION RELATION

In order to analyze the dispersion characteristics of these
CSRR-loaded lines, we can apply the Bloch mode theory to
the circuits of Fig. 2. These circuits are multiport networks,
and thus we can appeal to multiconductor line theory [14] in
order to obtain the eigenmodes of the structure, and hence the
propagation constants. Let us denote , , , and as
the voltages and currents at the ports (1 and 2) of the left-hand
side (subscript ) of the unit cell, and , , , and

Fig. 3. Lossless transmission and re ection coef cients for a unit
cell and for two cascaded unit cells of the structure of Fig. 1(a) and of its circuit
of Fig. 2(b). The extracted circuit parameters for the unit-cell structure are the
following: nH, pF, nH, and pF;
for the two-cell structure, pF, and has been adjusted to account
for interresonator coupling, i.e., pF. Both the electromagnetic (solid
line) and circuit (dashed line) simulations have been obtained by means of the
Agilent ADS commercial software [which incorporates the full-wave electro-
magnetic (EM) simulator Momentum].

the variables at the right-hand-side ports. The variables at both
sides of the network are linked through a generalized order-4
transfer matrix, according to

(1)

where , , , and are column vectors composed of the
pair of port variables, and , , , and are order-2 matrices.
The dispersion relation is obtained from the eigenmodes of the
system (1), that is

(2)

where is the identity matrix, the propagation factor is the
eigenvalue, is the complex propagation constant,
and is the unit-cell length. For reciprocal, lossless, and sym-
metric networks, the eigenvalues can be simpli ed to the solu-
tions of [15], [16]

(3)

which gives

(4)
where the elements of the matrix [inferred from the network
of Fig. 2(a)] are

(5)

Since it is assumed a lossless network, the elements of
are real numbers. Hence, if the radicand of the square root in (4)
is positive, the propagation constant is either purely real ( ,

) or purely imaginary ( , ), corresponding to
evanescent or propagating modes, respectively. However, if the
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Fig. 4. Dispersion relation for the structure of Fig. 1(a) and for its equivalent
circuit model of Fig. 2(b). The circuit parameters are those indicated in the cap-
tion of Fig. 3, except pF (readjusted to account for two rst-neighbor
adjacent couplings). The dispersion relation for the structure of Fig. 1(a) with

mm is depicted in the inset. Notice that the eigenmode solver is not able
to provide neither the evanescent modes (light gray) nor the complex modes
(dark gray region).

Fig. 5. Dispersion relation for the structure of Fig. 1(b) and for its circuit model
of Fig. 2(c). The circuit parameters are the following: nH,

pF, nH, pF, pF, pF. The
dispersion relation for the structure of Fig. 1(b) with mm is depicted in
the inset.

radicand in (4) is negative, the two solutions are of the form
, corresponding to complex modes. In order to obtain the

frequency band that supports complex modes, we have forced
the radicand in (4) to be negative, i.e.,

(6)

According to (6) a necessary (although not suf cient) condition
to have complex modes is an opposite sign for the reactances
of and . The expression (4), which was obtained for
lossless structures, can also be used for lossy structures if low-
loss dielectric and good conductors are used.

Let us rst evaluate the dispersion relation of the CSRR-
loaded line of Fig. 1(a), for which the pair of modal propaga-
tion constants given by expression (4) is depicted in Fig. 4. In
the rst allowed band, there is a region with bivalued propaga-
tion constant: one (forward) corresponding to transmission-line

Fig. 6. Measurement (solid line), lossy electromagnetic simulation (dashed
line), and circuit simulation (dotted line) of the transmission and re ection co-
ef cients of the inset structures (only the bottom face is shown) relative to the
structure of Fig. 1(a). (a) mm, the circuit parameters being those indi-
cated in Fig. 4. (b) mm, the circuit parameters being those indicated in
Fig. 4, except pF and pF. To better t the measurement
in (b), a transmission-line section of length 1.8 mm has been cascaded between
consecutive in the circuit model.

type propagation, and the other (backward) related to electroin-
ductive waves. Then, a region with conjugate modes (complex
modes) appears, followed by a region with and for
both modes (evanescent waves). Finally, a forward-wave trans-
mission band emerges again. It is apparent that the stopband
characteristics in the complex wave region can be interpreted
as a result of the antiparallelism between the transmission line
type (forward) and the electroinductive (backward) modes. To
demonstrate the electroinductive nature of one of the modes in
the upper region of the rst allowed band, we have considered a
large value of series inductance ( , corresponding to an
extremely narrow line), and the corresponding dispersion rela-
tion has been inferred and depicted in Fig. 4. According to this
result, the backward-wave nature of the above-mentioned elec-
troinductive waves is clear (the frequency shift is simply due
to the fact that for the high- case, the electroinductive waves
propagate entirely through the interresonator capacitances).

The dispersion relation of a periodic structure composed of
the unit cell of Fig. 1(a) in cascade has also been obtained by
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Fig. 7. Measurement (solid line), lossy electromagnetic simulation (dashed
line), and circuit simulation (dotted line) of the transmission and re ection coef-

cients of an order-9 structure based on the topology of Fig. 1(b), whose bottom
face is as in Fig. 6. (a) mm, where the circuit parameters are those indi-
cated in Fig. 5. (b) mm, where the circuit parameters are those indicated
in Fig. 5, except pF and pF. In (b), a transmission line
of length 1.8 mm has been added between consecutive .

means of the eigenmode solver of CST Microwave Studio and
is also plotted in Fig. 4. Good agreement with the dispersion re-
lation inferred from the circuit model is obtained. We have also
used the eigenmode solver to obtain the dispersion relation that
results after increasing the unit-cell size to mm (which
corresponds to an increase in interresonator distance from 0.2 to
2 mm). For this interresonator distance (see the inset of Fig. 4),
the electroinductive and complex modes are not present, and the
fractional bandwidth of the stopband is reduced from 13.3% to
5.5%. These results indicate that, by reducing the distance be-
tween adjacent resonators, the forbidden band is enhanced due
to the presence of complex modes; the power contribution of
the individual modes cancel each other, and this expands the
stopband beyond the evanescent modes region (however, under
some circumstances, the individual complex modes may be se-
lectively excited [7]).

The dispersion diagram for the structure of Fig. 1(b) is de-
picted in Fig. 5. As expected, a backward-wave transmission
band is obtained. Bandwidth broadens as interresonator cou-
pling increases since electroinductive waves aid backward wave
propagation.

IV. EXPERIMENTAL RESULTS

To experimentally validate the effects of interresonator cou-
pling on bandwidth enhancement, four order-9 structures have
been fabricated: two of them with the unit cells of Fig. 1; the
other two by considering mm. The measured transmis-
sion and re ection coef cients are in good agreement with those
given by the electromagnetic and circuit simulation (Figs. 6 and
7). For the stopband structure, the measured fractional stopband
bandwidth (computed at 20 dB) is 9.4% and 6.2% for the
structure of Fig. 6(a) and (b), respectively. There is also good
agreement between the measured stopbands and passbands and
those inferred from the dispersion relation. Hence, the disper-
sion relation inferred from the multiterminal circuit model is a

powerful tool to gain insight into the passbands and stopbands
in CSRR-loaded lines.

V. CONCLUSION

It has been shown that transmission lines loaded with tightly
coupled CSRRs exhibit forward, backward (electroinductive-
related), and complex modes. If series gaps are etched in the
conductor strip, the lines exhibit backward wave propagation,
with a bandwidth enhanced by the presence of electroinductive
waves. The structures have been analyzed from multiport Bloch
mode theory applied to their equivalent circuit models, and the
dispersion characteristics have been validated by means of an
eigenmode solver. Finally, the effects of interresonator coupling
on bandwidth enhancement have been experimentally validated.
According to the present study, the destructive or constructive
interference of modes supported by the lines plays a signi cant
role in widening the stopband or the backward-wave passband
in CSRR-loaded lines.
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This paper investigates the effects of inter-resonator coupling in metamaterial transmission lines

loaded with split ring resonators (SRRs). The study is performed from Bloch mode theory applied

to the multiport equivalent circuit model of the unit cell of such artificial lines. From this analysis,

it follows that the stopband bandwidth, inherent to SRR-loaded lines, is enhanced as inter-resonator

coupling strengthens, and this enhancement is attributed to the presence of complex modes. The

theoretical results are corroborated through calculation of the dispersion relation using a full-wave

eigenmode solver, and also by measuring the frequency response of SRR-loaded lines with

different inter-resonator distance and, hence, coupling. VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4876444]

I. INTRODUCTION

Transmission lines periodically loaded with split ring res-

onators (SRRs)1 inhibit wave propagation in the vicinity of

the SRR fundamental resonance.2,3 As long as the SRRs and

their spacing are electrically small, these SRR-loaded lines

can be considered to be one-dimensional effective media

exhibiting a negative effective permeability in a narrow band

above SRR resonance (the effective permeability of these

structures is described by the Lorenz model4,5). Actually, the

stopband of these lines includes not only the region where the

effective permeability is negative but also a narrow band

below the resonance frequency of the SRRs where the effec-

tive permeability may be interpreted to be highly positive.

Additionally, according to Ref. 6, in the event that SRRs are

coupled to each other, the effective permeability becomes

complex (under lossless conditions) within a region that

emerges in the transition from positive to negative values of

its real part. Nevertheless, in the present work the interpreta-

tion of the stopband is based on the analysis of Bloch mode

theory, rather than on the effective permeability.

SRR-loaded lines have been applied to the implementa-

tion of stopband filters, where bandwidth has been controlled

by slightly varying the dimensions of the SRR array.7 The

resulting structures can be viewed as quasi-periodic trans-

mission lines where the effective permeability varies along

the line. With this strategy, it is clear that the resonance fre-

quency of the different SRRs can be slightly tuned along the

desired frequency range, with the result of a broadened stop-

band. Alternatively, bandwidth can be enhanced by using

tightly coupled SRRs. This approach was recently consid-

ered in transmission lines periodically loaded with comple-

mentary split ring resonators (CSRRs),8 formerly proposed

in Ref. 9. Subsequently, this approach was applied in Ref. 10

to widen the common mode suppressed band of differential

microstrip lines.

In order to achieve significant inter-resonator coupling,

the CSRRs in Ref. 8 were chosen to be rectangular-shaped

(the long side being oriented along the transversal direction

of propagation) and separated by very small distances. As

found therein, the relevant feature is that rejection bandwidth

enhancement in CSRR-loaded lines with tightly coupled res-

onators can be related to the presence of complex modes sup-

ported by the corresponding periodic infinite structure. These

modes, in spite of the absence of losses, have complex prop-

agation constants and appear as conjugate pairs in reciprocal

structures. Since the power contribution of the individual

modes is in opposite direction to each other, complex modes

do not generally carry net power.11–17 The existence of these

modes in CSRR-loaded lines was demonstrated through

Bloch mode theory, by analyzing the equivalent four-port

circuit model of the unit cell, and by obtaining the modal sol-

utions through a full-wave eigenmode solver.8 Analogously,

the theoretical analysis of SRR-loaded lines with coupled

resonators carried out in Ref. 6 also leads to a pair of com-

plex propagation constants in the region where a complex

effective permeability is exhibited.

In this paper, we study the effects of coupling in trans-

mission lines loaded with pairs of SRRs magnetically

coupled to the nearest neighboring pairs of resonators. The

magnetic coupling between resonators of adjacent cells is

thus accounted for in the model. Therefore, the resulting

lumped element equivalent circuit model of the unit cell is a

four-port circuit, in parallel to the four-port circuit that

describes the unit cell of a CSRR-loaded line with inter-

resonator coupling. The dispersion relation of SRR-loaded

lines, inferred from Bloch mode analysis applied to the cir-

cuit model, was already derived in a previous publication by

the authors.18 In this paper, further details on the derivation

of such relation are given. Moreover, the modal solutions

obtained theoretically are validated by obtaining the disper-

sion relation by means of a numerical eigenmode solver.

Finally, we report the characterization of two fabricated

structures with different level of coupling between SRRs, in

order to experimentally confirm the effects of coupling on

bandwidth enhancement.

0021-8979/2014/115(19)/194903/8/$30.00 VC 2014 AIP Publishing LLC115, 194903-1
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II. TOPOLOGYAND CIRCUIT MODEL
OF THE SRR-LOADED LINES

The topology of the considered SRR-loaded lines (unit

cell) is depicted in Fig. 1. It consists of a coplanar waveguide

(CPW) transmission line loaded with pairs of rectangular

SRRs etched on the back side of the substrate. It is important

to highlight that the symmetry plane of the SRRs (crossing

the gaps) is orthogonally oriented to the line axis. This orien-

tation is necessary to guarantee that the line is only capable

of exciting the SRR fundamental resonance through the mag-

netic coupling. With different orientations, mixed coupling

is required for an accurate description of the structure, as dis-

cussed and reported in Ref. 19. Obviously, mixed coupling

between the line and resonators makes the analysis of SRR-

loaded lines with inter-resonator coupling much more cum-

bersome, and, for this reason, we have considered such SRR

orientation in the present study. Thus, with this SRR orienta-

tion, the lumped-element equivalent circuit model of these

structures, including the magnetic coupling between SRRs of

neighboring cells, is depicted in Fig. 2(a) (the nearest-

neighbor interaction approximation is considered, and losses

are neglected).

The validity of the model is restricted to those frequen-

cies where the resonators are electrically small enough; this

extends up to frequencies beyond the SRR fundamental reso-

nance, the region of interest. In the model, L and C are the

per-section line inductance and capacitance, respectively;

the SRR is described by the capacitance Cs and the induct-

ance Ls; M is the mutual inductance between the line and the

SRRs; finally, inter-resonator coupling is accounted for

through the mutual inductance MR. Note that the magnetic

coupling between coplanar SRRs of adjacent cells is nega-

tive, and the proper modeling of the magnetic coupling sign

is mandatory, i.e., the sign cannot be disregarded. Otherwise,

the frequency response predicted by the circuit will not be

able to describe correctly the behavior of the SRR-loaded

lines. It is also important to highlight that when the SRRs of

the same unit cell are close together, there can be positive

magnetic coupling between them. However, this coupling is

neglected here because its only effect is to decrease the reso-

nance frequency.

In order to simplify the analysis of the circuit model, it

is convenient to combine the parallel connection of the SRRs

belonging to the same unit cell and to transform each pair of

inductances coupled by the mutual inductance MR to its

equivalent T-circuit.20 This leads us to the circuit of

Fig. 2(b), from which it is possible to identify the four-port

unit cell of Fig. 2(c). Qualitatively, this unit cell is composed

of a conventional transmission line-type circuit magnetically

coupled to a secondary propagating structure. This latter

structure supports a kind of backward waves that have been

studied in depth in Refs. 21–26 and have been called magne-

toinductive waves (MIWs). MIWs propagate within a narrow

frequency band in the vicinity of SRR resonance, and the

associated bandwidth is dependent on how strongly the reso-

nators are coupled to each other. The stronger is the

FIG. 1. Typical unit cell of a CPW transmission line loaded with a pair of

SRRs designed to enhance coupling between resonators of neighboring cells.

Dimensions are: W¼ 9.1mm, G¼ 1.7mm, l¼ 3mm, c¼ d¼ 0.15mm,

l1¼ 2.8mm, and l2¼ 9.8mm. The considered substrate is Rogers RO3010
with thickness h¼ 1.27mm and dielectric constant er¼ 11.2. The Bloch

wave propagates from port 1 to port 2.

FIG. 2. Lumped-element equivalent circuit model of a periodic structure composed of an array of unit cells as the ones shown in Fig. 1, including magnetic

coupling between resonators of adjacent cells; (a) model with mutual inductance between resonators, (b) transformed model, and (c) four-port unit cell model

indicating the port voltages and currents relative to the calculation of the transfer ABCD matrix. (a) and (b) are reprinted with permission from Naqui et al.,
International Conference on Electromagnetics Advanced Applications (ICEAA), Copyright 2013 by IEEE.18
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interaction between the resonant elements, the wider is the

passband of the MIWs.26 As multiconductor theory predicts

that the resulting unit cell can propagate two modes,27 for-

ward and backward waves are expected to coexist at some

frequency band.

III. BLOCH MODE ANALYSIS AND DISPERSION
RELATION

The dispersion characteristics of these SRR-loaded lines

can be obtained from Bloch mode theory applied to the four-

port network of Fig. 2(c). Let us denote VLi and ILi as the vol-
tages and currents at the ports (i¼ 1, 2) of the left hand-side of

the unit cell, and VRi and IRi as the variables at the right hand-
side ports. The variables at both sides of the network are linked

through a generalized order-4 transfer matrix, according to

VL

IL

� �
¼ A B

C D

� �
VR

IR

� �
; (1)

where VL, IL, VR, and IR are column vectors composed of

the pair of port variables, and A, B, C, and D are order-2

matrices.

The dispersion relation is obtained from the eigenmodes

of the system (1)

det
A� ecl � I B

C D� ecl � I
� �

¼ 0; (2)

where I is the identity matrix, the propagation factor ecl is

the eigenvalue, c¼ aþ jb is the complex propagation con-

stant, and l is the unit cell length. For reciprocal, lossless,

and symmetric networks, the eigenvalues can be simplified

to the solutions of28,29

det A� coshðclÞ � Ið Þ ¼ 0; (3)

which gives

cosh clð Þ ¼ 1

2
A11 þ A226

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðA11 � A22Þ2 þ 4A12A21

q� �
; (4)

where the elements of the A matrix (inferred from the net-

work of Fig. 2(c) as detailed in Appendix A) are

A ¼ Dt ¼
1� LC

2
x2 M

MR

�MC

2
x2 1

2MR
Ls � 1

Csx2

� �
0
BB@

1
CCA: (5)

Since the network of Fig. 2(c) is lossless, the elements of A
(Aij) are real numbers. Hence, if the expression under the

square-root in (4) is positive, the propagation constant is either

purely real (a 6¼ 0, b¼ 0) or purely imaginary (a¼ 0, b 6¼ 0),

corresponding to evanescent or propagating modes, respec-

tively. However, if that expression is negative, the two solu-

tions are of the form c¼ a6 jb, corresponding to complex

modes. The frequency band that supports complex modes is

thus obtained by forcing the expression under the square-root

in (4) to be negative. Since complex modes do not carry net

power, the frequency band supporting such modes is a rejec-

tion band, despite of being of different nature than that associ-

ated to evanescent modes (where a 6¼ 0, b¼ 0).

Inspection of (4) and (5) reveals that a necessary condi-

tion for the presence of complex modes is that M is different

from zero (this is always the case, unless the substrate of the

considered CPW is extremely thick). Notice that M¼ 0

means that the host line and the SRR array are decoupled.

Under this situation, the second term of the expression under

the square-root in (4) is null, and hence, the square root is a

real number, preventing the appearance of complex modes.

Indeed, the two modal solutions for M¼ 0 are

cosh clð Þ ¼ A11 ¼ 1� LC

2
x2; (6)

corresponding to the dispersion relation of a lossless trans-

mission line described by the well-known LC ladder net-

work, and

cosh clð Þ ¼ A22 ¼ 1

2MR
Ls � 1

Csx2

� �
; (7)

that is, the dispersion of an array of inductively (edge) coupled

SRRs, where MIWs are supported in a narrow frequency band

in the vicinity of SRR resonance. Note that MIWs can exist as

long as the reactance of the series resonator (between the ports

L2 and R2) is capacitive and, obviously, this is another condi-

tion for supporting complex modes.

The dispersion relation (4) in the limit MR ! 0, corre-

sponding to negligible inter-resonator coupling, is also inter-

esting to obtain. Under these conditions, the following result

arises (see Appendix B):

cosh clð Þ ¼ 1� LC

2
x2 þ M2Cx2

Ls � 1
Csx2

� � : (8)

This is the dispersion relation of an SRR-loaded line without

coupling between SRRs, which can be inferred from the bi-

port model reported in Ref. 30 [and depicted in Fig. 3(b)] by

applying Bloch mode analysis (see also Appendix B).

Although low-loss microwave substrates and very low-

resistivity conductors are used, some losses are always present

in real SRR-loaded lines. However, the dispersion relation

given by (4) can still be considered as a reasonable approxi-

mation to the actual dispersion of the structure. Indeed, the

analysis excluding losses suffices for the purposes of this

FIG. 3. Lumped element equivalent circuit model (unit cell) of the structure

in Fig. 1 without inter-resonator coupling (a), and the corresponding trans-

formed model (b). Reprinted with permission from Naqui et al.,
International Conference on Electromagnetics Advanced Applications
(ICEAA), Copyright 2013 by IEEE.18
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paper, i.e., the investigation of the effects of inter-resonator

coupling on the dispersion characteristics and frequency

response. In any case, the effects of losses may be easily eval-

uated by merely including resistors in the circuit model.

It is also worth mentioning that the dispersion character-

istics of transmission lines loaded with SRRs (considering

coupled and decoupled SRRs) and metallic rods was ana-

lyzed in Ref. 23. It was proven that interaction between

MIWs propagating through an array of SRRs and incident

electromagnetic waves (modeled by the equivalent circuit of

a transmission line) may exist leading to the appearance of a

stopband. Subsequently, an extended analysis was reported

in Ref. 6 without the rods (i.e., by considering the same

structure as in this work), and that stopband was found to be

due to the presence of complex modes. In comparison to

Refs. 6 and 23, in this paper, we obtain the dispersion rela-

tion from the multiport equivalent circuit providing the

details of the calculation of the transfer matrix, and we con-

sider a real device based on planar transmission lines and

rings, instead of assuming a theoretical generic system.

Moreover, we provide numerical results inferred from an

eigenmode solver and experimental evidence of stopband

bandwidth enhancement caused by inter-resonator coupling.

A. Parameter extraction and equivalent circuit model
validation

We have extracted the circuit parameters of the structure

of Fig. 1. To this end, the electromagnetic simulation of an

isolated unit cell was performed (by the Agilent Momentum
commercial software). The circuit model of a decoupled unit

cell is depicted in Fig. 3(a). We have extracted the circuit ele-

ments of the transformed model of Fig. 3(b) following the pro-

cedure reported in Ref. 30. Then, Ls has been estimated as the

self-inductance of an isolated (without the CPW structure) sin-

gle split ring with the same average radius and ring width as

the considered SRRs (in a quasi-static approximation, the total

current flowing on the pair of SRR rings is independent of the

position on the SRR5). Thus, the equivalent inductance seen

between the end terminals of the single split ring has been

extracted from the electromagnetic simulation. By using the

estimated Ls (17.66 nH), the circuit elements of Fig. 3(a) have

been obtained from the indicated transformation equations.

Finally, we have inferred the mutual inductance MR of the cir-

cuits of Fig. 2 by curve fitting the circuit simulation to the

electromagnetic simulation of a 2-cell structure. It is important

to realize that since the SRRs of the input/output cells are not

externally fed, the ports L2 (input cell) and R2 (output cell)

have been left opened. Therefore, the transmission and reflec-

tion coefficients are referred to a two-port circuit (L1 and R1)

rather than to the four-port circuit of the proposed model.

The extracted parameters are listed in the caption of

Fig. 4. The comparison between the electromagnetic and cir-

cuit simulations of a unit cell and of two cascaded unit cells

is depicted in Fig. 4, where good agreement is observed in

the transmission and reflection coefficients. Concerning the

modeling of higher order structures, Fig. 5(a) shows the fre-

quency response for nine cascaded unit cells. As can be seen,

FIG. 4. Magnitude (a) and phase (b) of the lossless transmission (S21) and reflection (S11) coefficients for a unit cell and for two cascaded unit cells of the struc-
ture in Fig. 1. The extracted circuit parameters are: L¼ 1.01 nH, C¼ 1.40 pF, Ls¼ 17.66 nH, Cs¼ 0.45 pF, M¼ 0.72 nH, and MR¼ 1.17 nH. (a) is reprinted

with permission from Naqui et al., International Conference on Electromagnetics Advanced Applications (ICEAA), Copyright 2013 by IEEE.18

FIG. 5. Lossless electromagnetic and circuit simulations of the transmission and reflection coefficients (magnitude) for nine cascaded cells of the structure in

Fig. 1 for (a) l¼ 3mm and (b) l¼ 4.8mm (the inter-resonator separation has been increased from 0.2mm to 2mm). The circuit parameters are those indicated

in the caption of Fig. 4, with the exception of MR¼ 0.22 nH in (b). Furthermore, in (b), a CPW section of 1.8mm length has been cascaded between the port

R1 and the port L1 of the contiguous cell in the circuit model.
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the central frequency of the stopband shifts upwards as the

number of cells increases, being this effect produced by the

negative inter-resonator coupling. It can also be observed that

the stopband inferred from the electromagnetic simulation is

even slightly more shifted than the one predicted by the circuit

simulation. It has been found (by including additional cou-

plings between non-adjacent cells) that this discrepancy is due

to the assumption of first neighbor approximation. In this

regard, as Fig. 5(b) confirms, an increase in the inter-resonator

distance reduces the impact on the frequency response shift

caused by such approximation. In any case, the first neighbor

approximation suffices for the purpose of the present work.

It is also important to point out that inter-resonator cou-

pling splits the SRR resonance frequencies, so that the num-

ber of transmission zeros equals the number of resonators.

Moreover, the stronger the coupling, the stronger will be the

the splitting.20 As a result, the stopband bandwidth broadens

with inter-resonator coupling, although this enhancement is

limited since it saturates with relatively few cells. For

instance, the stopband bandwidth (computed at �20 dB)

obtained from the circuit simulation for an order-9 structure

[Fig. 5(a)] ranges from 1.879GHz to 1.966GHz. This corre-

sponds to a bandwidth similar to the maximum achievable

bandwidth that will be given by the dispersion relation for an

infinite structure in subsection III B.

B. Dispersion relation validation

Once the circuit parameters have been extracted, we can

obtain the pair of modal propagation constants given by

expression (4). The results are depicted in Fig. 6. As in Ref.

8, in the first allowed band, there is a region with bi-valued

propagation constant: one (forward) corresponding to

transmission-line type propagation and the other (backward)

related to magnetoinductive waves. Then, a region with a

pair of conjugate complex propagation constants (complex

modes) appears where forward and backward waves interfere

with each other, followed by a region of evanescent waves.

Finally, a forward wave transmission band emerges again.

Hence, the enhancement of the stopband due to inter-

resonator coupling is explained by the appearance of com-

plex modes in the low frequency region of that stopband (the

complex modes exist from 1.843GHz to 1.961GHz, and

the evanescent modes extends up to 1.977GHz). However,

the magnetic coupling between SRRs of adjacent cells is lim-

ited and so it is bandwidth broadening.

We have also obtained the dispersion relation of a peri-

odic structure composed of a cascade of the unit cell in

Fig. 1 by means of the full-wave eigenmode solver of CST
Microwave Studio. The results, also depicted in Fig. 6, reveal

that there is good agreement with the analytical dispersion

curve predicted by the circuit model (the bi-valued region is

perfectly predicted by the eigenmode solver). However,

since there is no electromagnetic field pattern with net cur-

rent transfer in the stopband, the tool is not able to provide

the dispersion curves in that region.

For comparison purposes, we have also considered a

structure with higher inter-resonator distance providing

much weaker coupling. The dispersion diagram, depicted in

the inset of Fig. 6, reveals that the stopband bandwidth is sig-

nificantly narrower. Therefore, these dispersion diagrams

indicate that most of the stopband in the structure of Fig. 1 is

related to the presence of complex, rather than evanescent,

modes. In other words, as long as inter-resonator coupling is

significant, complex modes may be the dominant mechanism

of signal rejection (in the vicinity of SRR fundamental reso-

nance) of these SRR-loaded structures.

FIG. 6. Dispersion diagram for the structure of Fig. 1 inferred from an

eigenmode solver and from its equivalent circuit model of Fig. 2(c). The cir-

cuit parameters are those indicated in the caption of Fig. 4. The dispersion

diagram for the structure of Fig. 1 with l¼ 4.8mm is depicted in the inset.

The attenuation constant a is not provided by the eigenmode solver.

FIG. 7. Photograph of the bottom face of the fabricated order-9 structures

composed of the unit cell in Fig. 1 with (a) l¼ 3mm and (b) l¼ 4.8mm.

FIG. 8. Measurement and lossy electro-

magnetic simulation of the transmission

and reflection coefficients (magnitude)

of the structures in Fig. 7; (a) l¼ 3mm

and (b) l¼ 4.8mm. The loss tangent in

Rogers RO3010 is tan d¼ 0.0023.
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IV. EXPERIMENTAL RESULTS

To experimentally validate the effects of inter-resonator

coupling on bandwidth enhancement, two order-9 structures

have been fabricated (Fig. 7): One of them with the unit cell

of Fig. 1; the other by considering l¼ 4.8mm. The measured

transmission and reflection coefficients are in good agree-

ment with those given by the lossy electromagnetic simula-

tion (see Fig. 8). The measured fractional stopband

bandwidth (computed at �20 dB) is 5.2% and 2.4% for the

structures of Figs. 7(a) and 7(b), respectively. The measured

stopbands are also in accordance with those obtained from

the dispersion relation. Hence, the dispersion relation

inferred from the multi-terminal circuit model is a powerful

tool to gain insight into the stopband and the effects of inter-

resonator coupling in SRR-loaded lines.

V. CONCLUSIONS

It has been demonstrated that SRR-loaded lines with

tightly coupled resonators exhibit forward (transmission

line-type), backward (magnetoinductive-related), and com-

plex modes. The structures have been analyzed using multi-

port Bloch mode theory applied to the lumped element

equivalent circuit model, and the dispersion characteristics

have been obtained. It has been found that complex modes

are responsible for bandwidth enhancement of the stopband.

These complex modes have been interpreted as the destruc-

tive interference between forward and backward waves.

Since backward waves are supported by the chain of SRRs,

inter-resonator coupling is absolutely mandatory for complex

modes to emerge. Indeed, the behavior of SRR-loaded lines

with strongly coupled resonators is very similar to that of

CSRR-loaded lines.8 The main difference is the nature of the

propagating waves in the frequency region that supports

backward waves (bi-valued region with multimode forward

and backward propagation). In CSRR-loaded lines, the back-

ward waves are electroinductive-like waves, whereas in

SRR-loaded lines, backward transmission is due to magneto-

inductive waves. The theoretical results have been validated

by means of a numerical eigenmode solver, able to provide

the dispersion relation, and also by measuring the transmis-

sion and reflection characteristics of two fabricated SRR-

loaded lines (one with weak inter-SRR coupling, and the

other one with significant coupling).

ACKNOWLEDGMENTS

This work has been supported by MICIIN-Spain (Contract

No. TEC2010-17512, TEC2010-16948, CSD2008-00066, and

TEC2011-13615-E), and by Generalitat de Catalunya (Project

No. 2009SGR-421). Jordi Naqui has been awarded with a FPU

Grant by MECD-Spain (Reference AP2010-0431).

APPENDIX A: CALCULATION OF THE AMATRIX
ELEMENTS

The A matrix is an order-2 matrix that links the voltages

of the pair of ports at both sides of the network of Fig. 2(c)

under the condition IR1¼ IR2¼ 0, that is,

VL1

VL2

� �
¼ A11 A12

A21 A22

� �
VR1

VR2

� �����
IR1¼IR2¼0

: (A1)

From (A1), it follows that

A11 ¼ VL1

VR1

����
VR2¼0

; (A2)

A22 ¼ VL2

VR2

����
VR1¼0

; (A3)

A12 ¼ VL1

VR2

����
VR1¼0

; (A4)

A21 ¼ VL2

VR1

����
VR2¼0

: (A5)

The derivation of A11 is straightforward since conditions

IR1¼ IR2¼ 0 and VR2¼ 0 means that there is not current flow

across the inductance Ls/2�MR in the circuit of Fig. 2(c).

Therefore, we can write the voltage Kirchhoff’s law between

ports L1 and R1 (in the frequency domain) as

VL1 ¼ jxL � VR1 � jxC

2
þ VR1: (A6)

From (A6), using (A2), the expression for A11 given in (5) is

obtained.

Similarly, A22 is inferred from (A3) and

VL2 ¼ jx
Ls
2
�MR

� �
þ 1

jx2Cs

 !
� VR2 � 1

jxMR
þ VR2;

(A7)

which is simply the voltage Kirchhoff’s law between ports

L2 and R2 when IR1¼ IR2¼ 0 and VR1¼ 0.

To calculate A12, the boundary conditions in the circuit

of Fig. 2(c) are set to IR1¼ IR2¼ 0 and VR1¼ 0. Under these

conditions, the voltage at port L1 can be expressed as

VL1 ¼ jxM � VR2

jxMR
: (A8)

From (A8) and (A4), the result for A12 shown in (5) is

obtained.

Finally, to determine A21, the circuit of Fig. 2(c) is sub-

jected to IR1¼ IR2¼ 0 and VR2¼ 0. The voltage at port L2 is

then found to be

VL2 ¼ jxM � VR1 � jxC

2
; (A9)

and A21 is deduced from (A9) and (A5).

APPENDIX B: DISPERSION OFAN SRR-LOADED LINE
IN THE LIMIT MR fi 0

By introducing the elements of (5) in (4), we obtain
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2cosh clð Þ ¼ 1� LC

2
x2 þ 1

2MR
Ls � 1

Csx2

� �
6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� LC

2
x2 � 1

2MR
Ls � 1

Csx2

� �� 	2
� 2M2Cx2

MR

s
: (B1)

After some simple (but tedious) algebra, (B1) can be expressed as

2cosh clð Þ ¼ 1� LC

2
x2 þ 1

2MR
Ls � 1

Csx2

� �
6

1

2MR
Ls � 1

Csx2

� �

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

4M2
R 1� LC

2
x2

� �2

Ls � 1

Csx2

� �2
�
4MR 1� LC

2
x2

� �

Ls � 1

Csx2

� � � 8M2MRCx2

Ls � 1

Csx2

� �2

vuuuuuut : (B2)

Then, using the following Taylor series expansion up to the first order:

ffiffiffiffiffiffiffiffiffiffiffi
1� x

p
¼ 1� 1

2
xþ 1

4
x2 � � � � ; (B3)

expression (B2) can be approximated by

2cosh clð Þ ¼ 1� LC

2
x2 þ 1

2MR
Ls � 1

Csx2

� �
6

1

2MR
Ls � 1

Csx2

� �

� 1�
2M2

R 1� LC

2
x2

� �2

Ls � 1

Csx2

� �2
�
2MR 1� LC

2
x2

� �

Ls � 1

Csx2

� � � 4M2MRCx2

Ls � 1

Csx2

� �2

8>>>><
>>>>:

9>>>>=
>>>>;
; (B4)

and by choosing the “�” sign (i.e., the solution with physical

meaning) in the last term, we obtain expression (8).

To demonstrate that (8) is the dispersion relation corre-

sponding to the two-port that models the unit cell of an SRR-

loaded line without inter-resonator coupling, we apply Bloch

mode analysis to the model of Fig. 3(b), i.e.,

cosh clð Þ ¼ A ¼ 1þ Zs
Zp

; (B5)

where A is the first element of the transfer matrix of the two-

port, and Zs and Zp are the impedances of the series and shunt

branches of the network of Fig. 3(b). Calculation of (B5) for

the circuit of Fig. 3(b) gives

cosh clð Þ ¼ 1� 1

2
L0Cx2 1� 1

L0C0
sx

2 1� x2
o

x2

� �0
@

1
A; (B6)

where xo¼ (LsCs)
�1/2. Using the element transformations of

Fig. 3, expression (B6) can be rewritten as

cosh clð Þ ¼ 1� 1

2
LCx2 þM2CCsx

2
ox

2 þ M2Cx2
o

Ls 1� x2
o

x2

� � ;
(B7)

which, in turn, can be simplified to the dispersion relation

shown in (8). Thus, it is clearly demonstrated that the general

dispersion relation given in (4) for the four-port network of

Fig. 2(c) is also able to account for the case of SRR-loaded

lines with negligible inter-resonator coupling (i.e., MR ! 0).
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Abstract: In this study, the implementation of shunt-connected series resonators in microstrip technology by means of stepped
impedance shunt stubs (SISS) is analysed. The main aim of the work was to determine the achievable values of resonator’s
inductance and capacitance, under the restriction that the agreement between the frequency response of the SISS and that of
the ideal shunt-connected LC resonator must be good in a wide band (far beyond the resonance frequency). The study is
completed by considering different substrate types (with different thickness and dielectric constant) and determining the
limitations of the achievable element values, by providing the allowable regions in the LC plane. Finally, the analysis is
validated through the design and characterisation of different SISS structures.

1 Introduction

Stepped impedance transmission lines have been widely used
as building blocks for the design of semi-lumped low-pass
filters in both microstrip and coplanar waveguide (CPW)
technologies [1, 2]. The shunt capacitances and series
inductances of the circuit model of the low-pass filter are
provided by the low characteristic impedance and high
characteristic impedance transmission line sections,
respectively, where a small electrical length (typically
smaller than p/4 at the cut-off frequency) for each section
is necessary to accurately describe the ideal filter response.
Following this concept, stepped impedance resonators (SIR)
were proposed as high-Q resonators useful for the design of
compact band pass filters [3, 4] and low-pass filters with
finite transmission zeros [5]. Subsequently, SIRs have
found many applications, including the design of band pass
filters with improved stop-band rejection [6].
There are many different configurations and variations of

the SIR topology and feeding. In this work, the focus is on
shunt-connected microstrip SIRs (Fig. 1). Such SIRs can be
viewed as open stubs exhibiting a high-impedance (Z2)
section (in contact with the host line), and a low-impedance
(Z1) section in the extreme. For this reason, these shunt-
connected resonators are called stepped impedance shunt
stubs (SISS) in this paper (this terminology has been used
before [7, 8]). Our aim is to study the SISS to be able to
determine the implementable values of inductance and
capacitance as a function of the substrate characteristics
(thickness and dielectric constant) and technological
constraints (minimum strip width). The main novelty and

originality of the paper is thus the proposal of a procedure
to determine the regions in the LC plane where the SISS
describes properly the ideal LC resonator in a
predetermined frequency range. Since such regions depend
on the substrate characteristics, the procedure is applied to
several commercial microwave substrates, and examples
that validate the procedure are provided. This analysis is
useful for the design of microwave components based on
SISSs, such as elliptic low-pass filters and dual-composite
right/left-handed lines, among others.

2 Analysis of the SISS

The topology of a typical SISS, the relevant dimensions
(lengths and widths of the transmission line sections) and
the electrical parameters (characteristic impedances and
electrical lengths) are all depicted in Fig. 1. The admittance
of the SISS (seen from the host line) is given by

YSISS = −j
tanF1 + K tanF2

Z2 tanF1 · tanF2 − Z1
(1)

where F1 and F2 are the electrical lengths of the low- and
high-impedance line sections, respectively, and

K = Z1
Z2

(2)

is the impedance ratio of the SISS [3]. At resonance, the
denominator in (1) vanishes, and the following condition
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results

K = tanF1 · tanF2 (3)

It is obvious from (1) that to minimise the total electrical
length (FT ¼ F1+F2) of the resonator, the impedance
ratio must be K , 1. Also, the higher the impedance
contrast (K ≪ 1), the smaller the electrical length of the
SISS [3]. The reduction of FT is important for two reasons:
(i) to reduce the size of the SISS, and (ii) to be able to
describe the SISS by means of a lumped element model
(series LC resonator). Under the assumption that the two
transmission line sections of the SISS are electrically small,
we can linearise the tangents in (1), and the admittance of
the SISS is found to be

YSISS = −j
F1 + KF2

Z2F1F2 − Z1
(4)

This admittance is identical to that of an LC series resonant
tank, given by

YLC = −j
vC

LCv2 − 1
(5)

(v being the angular frequency), provided the following
mapping is satisfied

C = l1
vp1Z1

+ l2
vp2Z2

= C1 + C2 (6)

L = Z2l2
vp2

{l1/(vp1Z1)}

{l1/(vp1Z1)}+ {l2/(vp2Z2)}
= L2

C1

C1 + C2

(7)

where vp1 and vp2 are the phase velocities of the low- and
high-impedance transmission line sections, respectively, C1

and C2 are the line capacitances, namely

C1 =
l1

vp1Z1
= Cpul1 · l1 (8)

C2 =
l2

vp2Z2
= Cpul2 · l2 (9)

Cpuli (i ¼ 1, 2) being the per unit length capacitances of the
lines, and L2 is the inductance of the high-impedance
transmission line section, that is

L2 = Lpul2 · l2 (10)

Notice that although C is dominated by the capacitance of the
low-impedance transmission line section, C1, the contribution

of C2 on Cmay be non-negligible if either K or l2 are not very
small. It is also interesting to note that L is somehow affected
by the capacitive line section, such inductance being smaller
than the inductance of the high-impedance transmission line
section, L2. Obviously, in a second-level approximation,
C ≃ C1 and L ≃ L2, but this approximation sacrifices
accuracy and it is not actually necessary for our purposes.
Our aim is to determine the implementable values of the

inductance L and capacitance C of a shunt-connected
resonator by means of an SISS, so that the response of the
ideal resonator is accurately described by the SISS up to a
given frequency (obviously beyond resonance). Since it is
convenient to deal with extreme characteristic impedances,
the first step is to determine the maximum and minimum
value of the characteristic impedance of the high- and low-
impedance transmission line sections, respectively, that can
be achieved with the considered substrate and fabrication
technology. For which concern the high-impedance section,
the maximum achievable impedance is that corresponding
to the narrowest possible line. Typically, for printed circuit
boards, the strip width cannot be narrower than 100 mm.
However, this may be a very optimistic value, and typically
the considered line widths are not narrower than 150 mm.
We have calculated (by means of the transmission line
calculator of Agilent ADS) the characteristic impedance of
100, 150 and 200 mm width microstrip lines for different
commercially available substrates. The values are indicated
in Table 1. As expected, the highest characteristic
impedance is that of the thickest substrate with the smallest
dielectric constant (smaller line capacitance). However,
choosing a thick substrate with a small dielectric constant
goes against achieving low characteristic impedance for the
capacitive line section. For the low-impedance transmission
line section, the wider the line, the lower the characteristic
impedance. In this case, the lowest impedance limit is not
given by any technology constraint, but a maximum width
must be considered to avoid transverse resonances.
Once the maximum and minimum values of Z2 and Z1,

respectively, are determined, the next step for the
determination of the allowable (implementable) L and C
values is to express F1 and F2 as a function of L and C.
The following results are obtained

F1 =
CvZ1
2

1+
����������
1− 4L

CZ2
2

√( )
(11)

Fig. 1 Topology of the SISS in microstrip technology and relevant
dimensions (Z2 ≫ Z1)

Table 1 Characteristic impedance (in V) for different substrates

(with the indicated dielectric constant, 1r, and thickness, h) and line

widths

W2 ¼ 100 mm W2 ¼ 150 mm W2 ¼ 200 mm

(a) Rogers RO4003C,

1r ¼ 3.55,

h ¼ 0.203 mm

103.2 88.1 77.6

(b) Rogers RO4003C,

1r ¼ 3.55,

h ¼ 1.524 mm

182.7 167.3 156.2

(c) Rogers RO3010,

1r ¼ 10.2,

h ¼ 0.254 mm

70.2 60.5 53.6

(d) Rogers RO3010,

1r ¼ 10.2,

h ¼ 1.27 mm

110.8 100.9 93.8
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F2 =
CvZ2
2

1−
����������
1− 4L

CZ2
2

√( )
(12)

These electrical lengths must be smaller than a certain
predetermined value at a certain frequency. Typically, a line
is considered to be electrically short if its electrical length is
smaller than p/4. Therefore for an accurate description of
the behaviour of the SISS by means of a simple LC series
resonator in shunt connection, it seems reasonable to limit
the electrical lengths of the high- and low-impedance line
sections to be smaller than p/4 up to a frequency beyond
the resonance frequency, vo ¼ (LC)21/2 (this guarantees
that the SISS can be described by means of an LC
resonator in the region of interest). Thus, we can choose
v ¼ nvo in (11) and (12), with n . 1. This leads to

F1 =
nZ1
2Zeq

1+
��������������
1− 4

Zeq
Z2

( )2
√⎛

⎝
⎞
⎠ (13)

F2 =
nZ2
2Zeq

1−
��������������
1− 4

Zeq
Z2

( )2
√⎛

⎝
⎞
⎠ (14)

where

Zeq =
��
L

C

√
(15)

is an equivalent impedance. Notice that expressions (13) and

(14) depend on L and C through Zeq, that is, they do not
depend on the specific values of L and C, but on its ratio.
By forcing (13) and (14) to be smaller than p/4, we obtain
the implementable values of Zeq. However, this must be
done with some caution since the impedance of the low-
impedance line, Z1, is frequency dependent. Thus, for any
combination of L and C, the first step is to determine the
resonance frequency vo. The width of the low-impedance
transmission line section (the capacitive line) is the
maximum width that avoids the appearance of transverse-
resonant modes at nvo, namely [9]

W1max =
cp

nvo
���
1r

√ − 0.4h (16)

where c is the speed of light in vacuum, h the substrate
thickness and 1r the dielectric constant. From this, we can
determine Z1(vo). The next step is to represent the
allowable values of Zeq as a function of the resonance
frequency, as Fig. 2 illustrates. In such figure, we have
considered four commercially available substrates. For each
substrate, we have calculated Z2 (by forcing the width of
the inductive line to 150 mm) and the dependence of Z1
with frequency. In such figure, we have considered n ¼ 1.5
and n ¼ 2. As the resonance frequency increases, the
allowable interval of Zeq decreases, the upper limit being
constant (the reason is that the upper limit is determined by
F2, which is not frequency dependent). We then translate
the information given by Fig. 2 to the LC plane. That is,
each resonance frequency corresponds to a certain curve in
the LC plane. From the range of values of Zeq

Fig. 2 Allowable values of Zeq as a function of the resonance frequency for four different (commercially available) microwave substrates for
n ¼ 2 and n ¼ 1.5

Substrate thickness h and dielectric constant 1r are:
a h ¼ 0.203 mm, 1r ¼ 3.55
b h ¼ 1.524 mm, 1r ¼ 3.55
c h ¼ 0.254 mm, 1r ¼ 10.2
d h ¼ 1.27 mm, 1r ¼ 10.2
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corresponding to such resonance frequency, the allowable
values of L and C in each curve can be obtained.
The allowable values of L and C for the considered

substrates are depicted in Fig. 3. According to Fig. 3, to

implement resonators with large capacitive values and low
inductive values, the strategy is to use thin substrates.
Obviously, n ¼ 1.5 is less restrictive, and the ranges of
implementable values of L and C increase substantially.

Fig. 3 Allowable values of L and C for n ¼ 2 and n ¼ 1.5 and the considered substrates:

a h ¼ 0.203 mm, 1r ¼ 3.55
b h ¼ 1.524 mm, 1r ¼ 3.55
c h ¼ 0.254 mm, 1r ¼ 10.2
d h ¼ 1.27 mm, 1r ¼ 10.2

Fig. 4 SISS-loaded microstrip line corresponding to case A

a Illustration of structure
b Insertion and return losses
c Phase response
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Indeed, Fig. 3 is limited to capacitances of 12 pF and
inductances of 12 nH since higher values give too large
SISS dimensions for being practical. However, from a
theoretical point of view, very small values of vo with
implementable values of L and C can be obtained. In
contrast, as the resonance frequency increases, the range of
L and C values providing such resonance decreases
dramatically, and finally collapses. The reason is that as vo

increases, the width of the capacitive line section must
decrease. Under these circumstances, the capacitance is
limited to small values to avoid electrically large capacitive
lines.

3 Validation

To validate the previous analysis, we have synthesised four
different SISS. Firstly, we have designed and fabricated
three SISS in the commercial substrate Rogers RO3010
with dielectric constant 1r ¼ 10.2 and thickness
h ¼ 1.27 mm. In one case (case A), the considered
inductance and capacitance are L ¼ 3.7 nH and C ¼ 6.9 pF,
respectively, providing a resonance frequency of fo ¼ vo/
2p ¼ 0.996 GHz. These reactive values lie within the
allowable region in the LC plane for that substrate and
n ¼ 2, as can be seen in Fig. 3. Thus, we expect a very
good agreement between the frequency response of the
SISS synthesised according to the proposed procedure and
that derived from the circuit simulation of the LC resonator
at least up to 2fo. In the second case (case B), we have set
L ¼ 7.2 nH and C ¼ 3.5 pF (roughly providing the same
resonance frequency, that is, fo ¼ vo/2p ¼ 1.003 GHz), that
is, a combination that does not belong to the allowable
region in the LC plane for n ¼ 2. The impedance of the
inductive line is that corresponding to a line width of
150 mm, namely, Z2 ¼ 100.9 V. For the low-impedance
transmission line section, the width (23 mm) has been
determined from expression (16). This gives a characteristic
impedance of Z1 ¼ 5.8 V. In the third case (case C), we
have considered the same L and C values as in case A, but
without applying the synthesis procedure of the previous
section. Namely, we have set the low- and high-impedance
values to Z1 ¼ 29.6 V and Z2 ¼ 40.2 V, respectively,
corresponding to line widths of 3 and 1.8 mm. In all three
cases, the host microstrip line has a width of 1.18 mm
(corresponding to a characteristic impedance of Zo ¼ 50 V)
and a length of 43 mm.
For case A, the lengths of the lines, l1 ¼ 2.8 mm and

l2 ¼ 4 mm, have been determined from (6) and (7) [actually
some optimisation has been required owing to the effects of
line discontinuities, not accounted for by the model, and the
mapping given by expressions (6) and (7), which results
from the Taylor approximation of expression (4)]. These
line lengths correspond to electrical lengths of F1 ¼ 20.78
and F2 ¼ 23.88 at 2fo, that is, smaller than p/4 as expected.
The electromagnetic simulation (obtained by means of the
Agilent Momentum commercial software) and the measured
frequency response of a 50 V line loaded with such an SISS
is depicted in Fig. 4 (the photograph of the structure is also
shown in the figure). We have also included in the figure
the circuit simulation of the same line loaded with a shunt-
connected LC resonator with the reactive values given
above, for comparison purposes. The agreement is excellent
up to 2fo, this confirming our expectations.
For case B, the design procedure applied before can be no

longer used, and we have determined the line lengths
(l1 ¼ 0.65 mm and l2 ¼ 8.8 mm) by curve fitting the

reactance slope. The resulting structure is shown in Fig. 5,
where the electromagnetic and circuit simulation of the
structure, as well as the measured frequency response are
depicted. In contrast to case A, the SISS does not properly
describe the behaviour of the shunt-connected LC series
resonator up to 2fo. At this frequency, the discrepancy
between the circuit and electromagnetic simulation in S11 is
clearly visible, and the phases of S11 and S21 differ in
approximately 2–38 (whereas for case A, the phase
differences are smaller than 18). Note that we provide the
comparison between the circuit and electromagnetic
simulation, since the experimental data can experience some
deviations owing to fabrication-related tolerances and
inaccuracies in the substrate parameters. The length of the
high-impedance line for case B (l2 ¼ 8.8 mm) gives an
electrical length (at 2fo) of F2 ¼ 52.48, and hence this line
section cannot be considered electrically small (on the
contrary, the small capacitance gives a very short length for
the capacitive line, i.e. F1 ¼ 4.88).
For case C, the line lengths are l1 ¼ 19 mm and l2 ¼ 7 mm.

The structure and its frequency response are depicted in
Fig. 6. In this case the disagreement between the circuit

Fig. 5 SISS-loaded microstrip line corresponding to case B

a Illustration of structure
b Insertion and return losses
c Phase response
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simulation and electromagnetic simulation (or experimental
data) is much larger, as expected since the line impedances
of the SISS have not been optimised.
Finally, to validate that the presented method is also

accurate at higher frequencies, we have designed an SISS
whose fundamental resonance frequency is f0 ¼ 5 GHz
(case D). Assuming n ¼ 2 and that the desired inductance
and capacitance values to be synthesised are L ¼ 0.68 nH
and C ¼ 1.5 pF, according to Fig. 3, the more suitable
substrate is (a) 1r ¼ 3.55 and h ¼ 0.2032 mm (since the LC
values lie on the allowable range only for this substrate).
The minimum width is supposed to be 150 mm (as in case
A and B), whereas the maximum width is found to be
7.88 mm according to expression (16). The resulting layout
is shown in Fig. 7, for which the electrical lengths of the
SISS lines (with no discontinuities) are F1 ¼ 208 (being
l1 ¼ 0.99 mm) and F2 ¼ 198 (l2 ¼ 0.9 mm) at the
maximum operating frequency n.f0 ¼ 10 GHz. Host line
length and width are 13.5 and 0.45 mm, respectively. In

Fig. 7, we can see that the frequency response of a line
loaded with the SISS obtained by electromagnetic
simulation is in very good agreement with that of the same
host line loaded with a lumped L and C elements, as expected.
The previous results clearly demonstrate that a given

resonance frequency by itself cannot guarantee that the LC
resonator can be properly described by means of an SISS; the
necessary and sufficient requirement for that is that the low-
and high-impedance lines must be electrically short, being
the length of the low-impedance line the main limitation at
high frequencies. With these structures and frequency
responses, it is proved that the analysis carried out in this
work (valid at any frequency) is very useful for the synthesis
of shunt-connected LC series resonators by means of SISSs.

4 Conclusions

In conclusion, an exhaustive analysis of SISS structures has
been carried out in this paper. It has been shown that under
certain conditions the structure can be described by an LC
series resonator far beyond the resonance frequency, and we
have provided the procedure to determine the implementable
L and C values as a function of substrate characteristics and
required frequency range. The analysis of the work has been
validated by designing an SISS-loaded transmission line with
L and C values lying within the allowable range, an SISS

Fig. 6 SISS-loaded microstrip line corresponding to case C

a Illustration of structure
b Insertion and return losses
c Phase response

Fig. 7 SISS-loaded microstrip line corresponding to case D

a Layout of structure
b Insertion and return losses
c Phase response

IET Microw. Antennas Propag., 2011, Vol. 5, Iss. 11, pp. 1336–1342 1341
doi: 10.1049/iet-map.2010.0612 & The Institution of Engineering and Technology 2011

www.ietdl.org



structure with L and C values in the forbidden region and an
SISS with L and C values within the allowable region but
improperly designed (i.e. by considering an impedance ratio
close to 1). The results of this paper are useful for the design
of any planar microwave component based on SISS structures.
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Abstract—The purpose of this letter is to understand and model
the electromagnetic properties of transmission lines loaded with
split-ring resonators (SRRs) and complementary split-ring res-
onators (CSRRs) arbitrarily oriented. It is shown that if the slits
of these resonators are aligned in a nonorthogonal direction to
the line axis, cross-polarization effects arise. Namely, the particles
(SRRs or CSRRs) are excited through both magnetic and electric
coupling. It is pointed out that the previously reported lumped
element equivalent circuit models of SRR- and CSRR-loaded lines
(where cross polarization is not considered) are valid as long as
the slits are orthogonally oriented to the line axis, and new models
that include cross polarization are presented and discussed. The
validity and accuracy of the models is demonstrated through pa-
rameter extraction and comparison to full-wave electromagnetic
simulations and measurements.

Index Terms—Complementary split-ring resonator (CSRR),
coplanar waveguide (CPW), metamaterials, microstrip, split-ring
resonator (SRR).

I. INTRODUCTION

M ETAMATERIAL-BASED transmission lines have been
a subject of interest in the last decade [1]–[3]. Such

arti cial lines are implemented by loading a host transmission
line [typically a microstrip or a coplanar waveguide (CPW)]
with reactive elements. Thanks to the presence of the reactive
elements, the dispersion and characteristic impedance of these
lines can be engineered, and microwave devices with improved
performance or with novel functionalities can be designed.
Most metamaterial transmission lines have been implemented
by loading the host lines with shunt inductances and series
capacitances (lumped or semi-lumped) [4]–[6]. However,
arti cial lines loaded with electrically small resonators, such
as split-ring resonators (SRRs) [7] or complementary split-ring

Manuscript received December 20, 2012; accepted January 29, 2013.
Date of publication February 05, 2013; date of current version March 12,
2013. This work was supported by Spain-MICIIN under project Contracts
TEC2010-17512 METATRANSFER, CONSOLIDER CSD2008-00066 EMET,
and EXPLORA TEC2011-13615-E and AGAUR (Catalan Government) under
Project 2009SGR-421.

The authors are with GEMMA/CIMITEC (Departament d’Enginyeria Elec-
trònica), Universitat Autònoma de Barcelona, 08193 Bellaterra, Spain (e-mail:
Ferran.Martin@uab.es).

Color versions of one or more of the gures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identi er 10.1109/LAWP.2013.2245095

resonators (CSRRs) [8], [9] have also been reported and applied
to the design of novel microwave circuits (such as compact

lters, enhanced bandwidth, multiband components, etc.) and
antennas [3].

This letter is focused on microstrip lines loaded with CSRRs
and CPWs loaded with SRRs. Such structures can be applied
to the design of stopband lters [10], [11], common-mode re-
jection lters in differential lines [12], displacement and align-
ment sensors [13], and radio frequency bar codes [14], among
others. For design purposes and for accurately predicting the
electromagnetic behavior of SRR- and CSRR-loaded lines, re-
liable circuit models are necessary. This is the main motivation
of the present letter. The relative orientation of SRRs or CSRRs
is considered for the rst time in this letter since this is relevant
in certain applications [12]–[14]. It is demonstrated that for an
accurate modeling of these arti cial lines, with arbitrarily ori-
ented SRRs or CSRRs, it is necessary to consider electric and
magnetic coupling between the host line and the resonators.

II. MODELING SRR- AND CSRR-LOADED LINES INCLUDING
CROSS-POLARIZATION EFFECTS AND VALIDATION

The rst lumped element equivalent circuit models of SRR-
loaded CPWs and CSRR-loaded microstrip lines were reported
in [7] and [9], respectively, and these models were later revised
and improved in [15] and [16]. Actually, in [15] and [16], the
considered structures are CPWs loaded with SRRs and shunt
strips, and microstrip lines loaded with CSRRs and capacitive
gaps, respectively. The main improvement in [15] and [16] is
relative to the fact that by adding shunt strips (in SRR-loaded
CPWs) and series gaps (in CSRR-loaded microstrip lines), the
transmission zero related to the presence of the resonator (SRR
or CSRR) is displaced, and this fact was not predicted by the
models reported in [7] and [9]. In this letter, the presence of
series gaps or shunt strips is not considered, and therefore the
new models must be compared to those reported in [7] and [9],
which are depicted in Fig. 1 for better comprehension and com-
pleteness (the topologies are also included). For the circuits of
Fig. 1, and model, respectively, the per-section line induc-
tance and capacitance. The SRRs and the CSRR are described
by the resonant tanks and , respectively. The
magnetic coupling between the line and the SRRs is modeled by
the mutual inductance , whereas accounted for the electric

1536-1225/$31.00 © 2013 IEEE
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Fig. 1. Unit-cell topology and equivalent circuit model of (a) a CPW loaded
with SRRs and (b) a microstrip line loaded with CSRRs. The upper metal level
is depicted in gray, whereas the lower one is depicted in black. In (a), the mag-
netic wall concept is used, and the transformed circuit model is also shown. The
rotation angle that de nes the slits orientation is . Notice that the rota-
tion in (a) is that in which the slot mode cannot be excited.

coupling between the line and the CSRR. In both circuit models,
losses are neglected.

It has been demonstrated through parameter extrac-
tion [17], [18] that the models depicted in Fig. 1 describe
the frequency response of the corresponding structures to a
very good approximation. However, if the symmetry of the
structures (with regard to the input and output ports) is trun-
cated by rotating the SRRs or CSRRs, the models as well as
the parameter extraction procedures may fail. Indeed, for the
particular case of a rotation (i.e., the slits oriented
in parallel to the line axis), the asymmetry leads to substan-
tially different phase of the re ection coef cients and
(even though and the transmission coef cients
satisfy , as results from unitarity and reciprocity).
Fig. 2 depicts the simulated frequency response (performed
by the full-wave electromagnetic solver Agilent Momentum)
of the indicated SRR-loaded structure for , where it
can be appreciated that the phase of and are signi -
cantly different. Obviously, this behavior cannot be obtained
by the symmetric two-port network in Fig. 1(a). The same
phenomenology applies to a CSRR-loaded microstrip line (see
Fig. 3).

The previous results suggest that by rotating the SRRs/
CSRRs, these particles are not only driven by the axial mag-
netic/electric eld generated by the host line. This explains
the disagreement between the predictions of the models of
Fig. 1, inferred from parameter extraction (not shown), and
the frequency responses of the structures shown in Figs. 2 and

Fig. 2. Frequency response of the considered SRR-loaded CPW structure. The
substrate is the Rogers RO3010 with dielectric constant and thickness

mm. Dimensions are mm, mm, mm,
mm, and mm. The rotation angle is .

Fig. 3. Frequency response of the considered CSRR-loaded microstrip struc-
ture. The substrate is the Rogers RO3010 with and mm.
Dimensions are mm, mm, mm, and

mm. The rotation angle is .

Fig. 4. Sketch of currents and charge distribution at the rst resonance of (a) an
SRR and (b) an NB-SRR. At the symmetry plane of the SRR, there is an electric
wall. For the NB-SRR, there is not that electric dipole in the -direction; hence,
the NB-SRR cannot be excited by a time-varying electric eld applied to this
direction. From the Babinet principle, it follows that the NB-CSRR cannot be
driven by a magnetic eld applied to the -direction [8].

3. In the models of Fig. 1, cross-polarization effects are not
considered. However, it is well known that SRRs/CSRRs can
actually be excited by an axial time-varying magnetic/electric

eld or by means of an electric/magnetic eld applied to the
orthogonal direction with regard to their symmetry plane [see
Fig. 4(a)] [3], [9], [19], [20]. If the SRRs/CSRRs are oriented
as shown in Fig. 1 (i.e., the slits are aligned orthogonally to
the line axis), they cannot be excited through electric/magnetic
coupling. However, if the particles are rotated, a nonnegligible
component of the electric/magnetic eld orthogonal to the
symmetry plane of the SRRs/CSRRs appears, and both mag-
netic and electric coupling must be considered. Obviously, the
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Fig. 5. Frequency response in Smith Chart of a CPW loaded with a pair of
SRRs or NB-SRRs for two different rotation angles. The considered substrate
and dimensions are those of Fig. 2.

Fig. 6. Frequency response in Smith Chart of a microstrip line loaded with a
CSRR or a NB-CSRR for two different rotation angles. The considered substrate
and dimensions are those of Fig. 3.

optimum case to favor cross polarization is a rotation
(i.e., the slits are oriented in parallel to the line axis).

To gain insight on the effects of SRR or CSRR rotation on
the frequency response of the considered structures, let us con-
sider the nonbianisotropic SRR (NB-SRR) [21] and the non-
bianisotropic CSRR (NB-CSRR). These particles do not exhibit
cross polarization since they have inversion symmetry with re-
gard to their center, and this prevents the appearance of the elec-
tric and magnetic dipole for the SRR and CSRR, respectively,
in the plane of the particles [Fig. 4(b)]. According to it, we do
expect that CPW and microstrip lines loaded with NB-SRRs
and NB-CSRRs, respectively, are insensitive to particle rotation.
This has been veri ed from electromagnetic simulation by con-
sidering two different rotation angles (Figs. 5 and 6). As can be
seen, the frequency response does not change appreciably by ro-
tating the NB-SRRs and NB-CSRRs. Moreover, the responses
of the SRR- and CSRR-loaded lines for present the same
pattern (unlike for ) as those of the lines loaded with
NB-SRRs and NB-CSRRs.

The previous results support the hypothesis that the depen-
dence of the electromagnetic behavior of the SRR- and CSRR-
loaded lines on particle orientation is related to cross-polar-
ization effects. Therefore, in order to accurately describe the
lines with arbitrarily oriented SRRs or CSRRs, it is necessary
to include both electric and magnetic coupling in the models.

Fig. 7. Proposed equivalent circuit model (unit cell) of (a) a CPW loaded with
arbitrarily oriented SRRs and (b) a microstrip line loaded with arbitrarily ori-
ented CSRRs. The magnetic wall concept is applied in (a).

The proposed circuit model for SRR-loaded CPWs is shown
in Fig. 7(a). The circuit parameters are those in reference to
Fig. 1(a), plus the coupling capacitance, , that takes into ac-
count the electric coupling between the line and the SRRs (it
is assumed that depends on , being if ).
Notice that the asymmetry in the circuit model (necessary to
explain that ) comes from the magnetic coupling (the
dot convention for the mutual inductance is used, where the cur-
rents entering dot-marked terminals produce additive magnetic

uxes), although this is not manifested if electric coupling is not
present.

We have extracted the parameters of the circuit model cor-
responding to the SRR-loaded line of Fig. 2. To this end, we
have rst considered the SRRs oriented as depicted in Fig. 1(a).
By these means, the circuit parameters according to the pro-
cedure explained in [17] have been inferred ( nH,

pF, nH, pF, and nH).
Then, , , and are adjusted by curve tting the cir-
cuit simulation to the electromagnetic response, such that the
resulting values are similar to the analytical SRR pa-
rameters given by [3], [19] ( nH and pF).
The resulting circuit parameters are: nH, pF,

nH, pF, nH, and pF.
The agreement between the circuit and the electromagnetic sim-
ulation is good (see Fig. 2).

Fig. 7(b) depicts the equivalent circuit model of CSRR-
loaded microstrip lines that includes electric and magnetic
coupling. The circuit parameters are the same as in Fig. 1(b),
plus the mutual inductance that depends on ( if

), which accounts for the magnetic coupling between
the line and the CSRR. We have extracted the parameters of the
circuit model corresponding to the CSRR-loaded line of Fig. 3.
Similar to the SRR-loaded CPW, we have rst extracted the
parameters (all except ) for according to the method
reported in [18] ( nH, pF, nH,
and pF). Finally, has been obtained by curve

tting, where a slight optimization of the other parameters has
been required. The resulting circuit elements are nH,

pF, nH, pF, and nH.
As Fig. 3 reveals, the circuit simulation accurately describes
the electromagnetic simulation.

We have fabricated and measured the SRR- and CSRR-
loaded lines of Figs. 2 and 3. The photographs are shown
in Fig. 8, whereas the measured responses are depicted in
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Fig. 8. Bottom-side photograph of the fabricated (a) SRR-loaded CPW of
Fig. 2 and (b) CSRR-loaded microstrip line of Fig. 3.

Figs. 2 and 3. The simulations are in good agreement with the
measurements (phase reference planes were calibrated).

III. CONCLUSION

To conclude, we have investigated the effects of rotating
SRRs and CSRRs in the frequency response of SRR-loaded
CPWs and CSRR-loaded microstrip lines. The stopband be-
havior in the vicinity of particle resonance is present in all the
cases. However, it is demonstrated that to accurately describe
the behavior of the considered structures with arbitrary SRR or
CSRR orientation, it is necessary to account for both electric
and magnetic coupling between the host line and the resonators.
Unless the ring slits are aligned in the orthogonal direction to
the line axis, magneto-electric coupling must be considered.
Such mixed coupling changes essentially the phase response
of the re ection coef cients. The analysis of NB-SRR- and
NB-CSRR-loaded lines, where cross-polarization effects are
not present, has con rmed the need to account for both cou-
pling mechanisms in SRR- and CSRR-loaded lines. Thus, we
have proposed circuit models for transmission lines loaded
with arbitrarily oriented SRRs or CSRRs, where simultaneous
mixed coupling is considered. It has been pointed out that
magnetic coupling provides the necessary asymmetry in the
circuit models to explain the lack of symmetry in the layouts
and frequency responses. The good agreement of the circuit
simulations with full-wave electromagnetic simulations and
measurements is indicative of the validity of the new proposed
circuit models.
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Abstract In this paper, it is shown that split-ring resonators
(SRRs) and complementary split-ring resonators (CSRRs)
can be used to selectively suppress the odd (slot) mode or the
even (fundamental) mode, respectively, in coplanar waveg-
uides. To this end, it is necessary to symmetrically etch the
SRRs and the CSRRs in the line. An interpretation of this
behavior is reported. The paper is also supported by experi-
mental results, and some applications are highlighted.

1 Introduction

Coplanar waveguides (CPWs) loaded with pairs of split-
ring resonators (SRRs) (see Fig. 1a) have been proposed
as a means to achieve one-dimensional planar negative-
permeability structures [1]. As consequence of the nega-
tive effective permeability, these structures inhibit the fun-
damental (even) mode of the CPW in the vicinity of the res-
onance frequency of the SRRs. Alternatively, the stop-band
behavior of these structures can be interpreted as due to the
inductive coupling between the CPW and the pairs of SRRs
at resonance. The circuit model (unit cell) of CPW transmis-
sion lines loaded with pairs of SRRs was first introduced in
[1] and later revised in [2]. In [1], the magnetic wall concept
was used, taking benefit of the symmetry of the structure and
the even nature of the fundamental mode of the CPW. In [2],
the unit cell was modeled by considering both SRRs (i.e. the
magnetic wall concept was not used). Indeed, the main rele-
vant improvement of the model reported in [2], as compared
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GEMMA/CIMITEC, Departament d’Enginyeria Electrònica,
Universitat Autònoma de Barcelona, 08193 Bellaterra
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to the model reported in [1], is the position of the induc-
tance modeling the shunt strips of CPWs loaded with the
pairs of SRRs and shunt-connected strips (i.e. left-handed
lines). However, this aspect is not fundamental for this pa-
per since we are not considering left-handed lines, that is,
the CPW lines are only loaded with SRRs.

The lines considered in this paper are CPWs loaded with
single SRRs symmetrically etched in the back substrate side.
As will be shown, these lines are transparent to signal propa-
gation for the fundamental (even) CPW mode, whereas they
inhibit the odd (slot) mode in the vicinity of SRR resonance.
For completeness, we will also analyze CPWs loaded with
complementary split-ring resonators (CSRRs) [3] symmet-
rically etched in the central strip. As will be shown, these
CSRR-loaded CPW lines are transparent for the slot mode
and opaque for the fundamental mode in the vicinity of
CSRR resonance. The circuit model of a CPW loaded with
symmetrically etched SRRs/CSRRs is provided in this pa-
per, and used to analyze the behavior of the line. The paper
is supported by experimental results and, finally, some po-
tential applications are highlighted.

2 Selective mode suppression in SRR-
and CSRR-loaded CPW transmission lines

The first CPW transmission lines under study are loaded
with single and symmetrically etched SRRs, as depicted in
Fig. 1b. For the fundamental CPW mode, there is a mag-
netic wall at the symmetry plane of the structure, and the
SRRs cannot be excited at their first resonance since they
exhibit an electric wall at their symmetry plane at this res-
onance [4]. The magnetic field lines generated by the cur-
rents flowing on the CPW structure are contra-directional in
the slot regions. Since the SRRs are symmetrically etched
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Fig. 1 CPWs loaded with symmetrically etched SRRs; CPW loaded
with pairs of SRRs (a) [1] and CPW loaded with single SRRs (b). The
upper metal is depicted in light gray. The SRRs are etched in the back
substrate side. The relevant dimensions are indicated

in the back substrate side, the axial components of the mag-
netic field lines within the SRR region exactly cancel, there
is not a net axial magnetic field in that region, and the SRRs
cannot be magnetically driven (the symmetry also precludes
that the particles can be excited by means of the electric field
present between the central strip and the ground planes).
Thus, the structure is transparent for the fundamental CPW
mode. However, there is a net axial magnetic field within the
SRR region for the slot (odd) mode, the particle is excited
at its first resonance, and, as a result, the injected power is
expected to return to the source at that frequency.

Let us now consider that the CPW is loaded with a
square-shaped CSRR symmetrically etched in the central
strip, as the inset of Fig. 2b illustrates. In this case, the mag-
netic wall of the CPW structure (fundamental mode) is per-
fectly aligned with the magnetic wall of the particle at its
resonance frequency [5], and the signal is inhibited in the
vicinity of CSRR resonance. Conversely, for the slot mode,
there is not a net axial electric field in the inner metallic re-
gion of the CSRR, the resonator cannot be excited, and the
line is transparent for this mode (symmetry also cancels the
particle activation through the magnetic field induced in the
line).

To demonstrate the previous statements, we have simu-
lated (by means of the commercial software Agilent Mo-
mentum) the transmission and reflection coefficients of a
CPW loaded with a single square-shaped SRR for the even
and odd modes (see Fig. 2a). As can be seen, the structure is
transparent to the fundamental (even) mode, but a notch is
clearly visible at SRR resonance for the slot mode. For the
CPW loaded with a CSRR (Fig. 2b), the fundamental mode

Fig. 2 Frequency response for CPW (e) and slot (o) modes of
the indicated CPW loaded with (a) SRR and (b) CSRR. The sub-
strate is Rogers RO3010 with thickness h = 1.27 mm and dielec-
tric constant εr = 10.2. The dimensions are: for the SRR and CSRR,
c = d = 0.2 mm and side length = 7.6 mm; for the CPW lines,
W = 4 mm (a), W = 8 mm (b), G = 1 mm (a), and G = 1.4 mm (b).
The characteristic impedance of the CPW mode (even mode) is 50 �.
The even and odd modes are fed by, respectively, a 50 � coplanar port
and a 100 � differential port

is inhibited in the vicinity of CSRR resonance, whereas the
slot mode is transmitted between the input and output ports.

The main conclusions of this section are: (i) a CPW
loaded with a symmetric SRR exhibits for the odd mode
an identical behavior to that of a CPW loaded with pairs of
SRRs for the fundamental mode, that is, a notch in the trans-
mission coefficient; however, the line is transparent to the
fundamental mode; (ii) a CPW loaded with a CSRR in the
central strip inhibits the fundamental mode in the vicinity of
particle resonance (similar to microstrip lines with CSRRs
etched in the ground plane), but it is transparent to the odd
mode.

3 Circuit model of a CPW loaded with symmetric SRRs

The lumped element equivalent circuit model of the struc-
ture of Fig. 1b (unit cell) is depicted in Fig. 3a. The coupling
between adjacent resonators is considered to be negligible.
The metallic terminals at ports 1 and 2 (shown in Fig. 1b)
are also indicated for a better comprehension. C models the
slot capacitance of the CPW line, Le is the inductance of
the line for the fundamental mode, Lo is the inductance of
the line for the odd mode, the SRR is modeled as a resonant
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Fig. 3 Equivalent circuit model (unit cell) of a CPW loaded with
symmetrically etched SRRs (a); equivalent circuit model for the even
mode (b); equivalent circuit model for the odd mode (c)

tank (Ls–Cs), M is the mutual inductance between the SRR
and each half of the CPW transmission line, and, finally,
Ca accounts for the electric coupling between the line and
the SRRs. The electric coupling between the CPW transmis-
sion line and the SRR has been neglected so far. However,
contrary to previous reported structures (for instance, that
shown in Fig. 1a), in the structure of Fig. 1b, the slits of
the SRR are aligned with the line axis. It is well known that
SRRs exhibit cross polarization, that is, they can be excited
by means of an axial magnetic field, but they can also be
driven by means of an electric field with a non-negligible
component in the plane of the particle and orthogonal to
the plane containing the slits. Since for the odd mode of a
CPW, there is a net electric field across the slots of the CPW
transmission line, the electric coupling cannot be a priori ne-
glected.

For the fundamental (even) mode, the terminals A1, A2,
B1, and B2 are grounded, a magnetic wall arises in the sym-
metry plane, the SRR is opened, and the equivalent circuit
model is simply that of a conventional transmission line
(Fig. 3b). For the odd mode, the feeding signal is applied
between the terminals A1 and B1 (i.e. ports 1 and 2 are dif-
ferential ports). Thus, the symmetry plane exhibits a virtual
ground, and the equivalent circuit model that results after ap-
plying the electric wall concept is identical to that of a CPW
loaded with a pair of SRRs [1], namely a transmission line
inductively coupled to a SRR, but including electric cou-
pling as well (Fig. 3c).

Fig. 4 Comparison of the electromagnetic and circuit simulations of
the structure of Fig. 2a for the odd mode. The element values (referred
to the circuit of Fig. 3c) are: C = 1.38 pF, Lo = 2.96 nH, Ls = 3.66 nH,
Cs = 2.73 pF, M = 0.66 nH, and Ca = 0.4 pF

From the electromagnetic simulation of the structure of
Fig. 2a corresponding to the odd mode, we can extract the
parameters of the model of Fig. 3c, according to the proce-
dure described in [6]. Actually, the procedure described in
[6] does not account for electric coupling. The circuit sim-
ulation obtained from the extracted parameters does not ac-
curately fit the full-wave simulations of Fig. 2a for the odd
mode. This means that electric coupling must be considered
for an accurate description of the structure. Therefore, we
have inferred the new circuit values (including Ca) by curve
fitting. The comparison between the circuit and electromag-
netic simulations is shown in Fig. 4, where the element val-
ues are indicated (see figure caption). As can be appreciated,
good agreement is obtained by including electric coupling in
the circuit simulation.
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Fig. 5 Equivalent circuit model (unit cell) of a CPW loaded with sym-
metrically etched CSRRs (a); equivalent circuit model for the even
mode (b); equivalent circuit model for the odd mode (c)

4 Circuit model of a CPW loaded with symmetric
CSRRs

The lumped element equivalent circuit model of the CPW
loaded with CSRRs in the central strip (Fig. 2b) is shown
in Fig. 5 (inter-resonator coupling has not been considered).
The capacitance C models the slot capacitance of the CPW
line, Le is the inductance of the line for the fundamental
mode, Lo is the inductance of the line for the odd mode, the
CSRR is modeled as a resonant tank (Lc–Cc), and, finally,
M accounts for the magnetic coupling between the line and
the CSRR. The magnetic coupling between the CPW trans-
mission line and the CSRR has been neglected so far. How-
ever, contrary to previous reported structures, in the struc-
ture of Fig. 2b, the slits of the CSRR are aligned with the
line axis. Under these conditions, cross-polarization effects
are present and, hence, inductive coupling must also be in-
cluded for accurate modeling.

Following a procedure similar to that explained in the
previous section, we have extracted the parameters for the
even mode corresponding to the electromagnetic simula-
tion of the structure shown in Fig. 2b [7]. The comparison
between the electromagnetic and circuit simulations is de-
picted in Fig. 6 (the element values are indicated in the cap-
tion), where it can be appreciated that the circuit and elec-
tromagnetic simulations are in good accordance.

5 Experimental validation

In order to experimentally validate the selective mode sup-
pression in CPWs, we have designed some structures. One
of them consists of a CPW loaded with a SRR in its back
substrate side and with a CSRR in the central strip (Fig. 7a),
while another structure is the same structure without the
SRR. We have fed the CPWs by means of a slot line to
generate the odd mode, and it is clear from Fig. 7b that
the presence of the SRR inhibits this mode at SRR reso-
nance (while this mode is not affected by the CSRR). On
the other hand, we have designed two additional structures
without the CPW to slot line transition: one of them with a
SRR and a CSRR of identical dimensions to those of Fig. 7a
(Fig. 8a); in the other one, the CSRR has been removed. We
have obtained the transmission coefficient (Fig. 8b) which
corresponds to the fundamental mode. In this case, the sit-
uation is reversed, that is, the notch is caused by the CSRR
and the line is transparent at the resonance frequency of the
SRR.

Notice that in Fig. 7b the response exhibits certain in-
sertion losses due to the impedance mismatch on the coax-
ial (50 � impedance) to slot line (it has been found that it
exhibits about 100 � impedance) transition. Nevertheless,
this is irrelevant for the purpose of this work, since the main
aim is to demonstrate the selective mode suppression of both
CPW even and odd modes by using either SRRs or CSRRs.

6 Potential applications

CPW structures loaded with single SRRs or CSRRs may
find applications in several fields. For example, CPW trans-
mission lines with symmetrically loaded SRRs inhibit the
slot mode, keeping the fundamental mode unaltered. Thus,
a set of SRRs properly designed can be useful in certain
CPW applications where the slot mode typically appears and
must be suppressed. Another potential application of SRR-
loaded lines concerns the implementation of novel sensors
and detectors based on the loss of symmetry of the reported
structures [8]. The lack of symmetry can be caused by many
different reasons, such as a displacement or rotation, the
presence of particles, inhomogeneities in the surrounding
medium, etc., and sensing/detection can be simply carried
out by measuring the transmission coefficient (many other
sensors based on the variation of the resonance frequency of
split rings have been reported [9–16]).

Concerning CSRR-loaded CPWs, the presence of these
particles causes notches in the transmission coefficient for
the fundamental mode, and this can be useful for the re-
jection of interfering signals in communication systems. As
long as the CSRRs are etched in the central strip, this unde-
sired signal suppression can be achieved without the penalty
of increasing device area and cost.
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Fig. 6 Comparison of the electromagnetic and circuit simulations of
the structure of Fig. 2b for the even mode. The element values (re-
ferred to the circuit of Fig. 5b) are: C = 0.75 pF, Le = 2.13 nH,
Lc = 0.49 nH, Cc = 17.3 pF, and M = 0.2 nH

In this paper, the potentiality of the reported structures
is illustrated by means of a proof-of-concept demonstrator
of a radio-frequency bar code [17]. The idea is to etch SRRs
with different dimensions (i.e. providing different resonance
frequencies) in the back substrate side of a CPW transmis-
sion line. If the SRRs are aligned with the symmetry plane
of the CPW structures, the line is transparent. However, we
can codify the line by laterally displacing the SRRs, since
this produces a transmission zero in the transmission coef-
ficient at the corresponding frequency, and this can be eas-
ily monitored. This frequency-domain codification is simi-
lar to that reported in [18], but in our case it is not necessary
to remove the SRR to set a logic ‘1’; it suffices by align-
ing it with the line; hence, our approach opens the possibil-
ity to implement reconfigurable radio-frequency bar codes.
A three-bit bar code with the sequence ‘010’, that is, with
two SRRs laterally shifted and with one SRR centered, is

Fig. 7 CPW loaded with a SRR and a CSRR and fed through a slot
line to generate the slot mode (a) and the frequency response (b). The
substrate is Rogers RO3010 with h = 1.27 mm, εr = 11.2, and loss tan-
gent tan δ = 0.0023. The dimensions are: for the SRR, c = d = 0.2 mm
and side length = 7.6 mm; for the CSRR, c = d = 0.2 mm, longitudi-
nal side length = 12.6 mm, and transverse side length = 3.6 mm; for
the CPW, W = 4 mm and G = 1 mm; for the slot line, the slot width is
1.5 mm

depicted in Fig. 9a, whereas Fig. 9b shows the simulated
and measured frequency responses. For comparison, the fre-
quency response corresponding to the code ‘101’ is also de-
picted. With the purpose to prevent the presence of the odd
mode, the ground planes are connected through back side
strips and vias. With these results, the radio-frequency bar
code proof-of-concept based on CPW structures loaded with
SRRs is validated.

7 Conclusions

In conclusion, the selective suppression of either the fun-
damental (even) or the slot (odd) mode in CPW structures
by using complementary split-ring resonators (CSRRs) and
split-ring resonators (SRRs), respectively, has been demon-
strated. In order to preserve the integrity of the mode for
which the line is transparent, it is necessary to etch the par-
ticles symmetrically in the line. We have provided the cir-
cuit models of SRR and CSRR symmetrically loaded CPW
transmission lines, including those for even and odd mode
excitations, and it has been demonstrated through parame-
ter extraction that these models describe the structures to a
good approximation. It has been necessary to include both
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Fig. 8 CPW loaded with a SRR and a CSRR and excited through the
fundamental (even) mode (a) and the frequency response (b). The sub-
strate and dimensions are those indicated in the caption of Fig. 7

Fig. 9 CPW loaded with three SRRs resonating at 2.39 GHz,
2.48 GHz, and 2.57 GHz and codified with the code ‘010’ (a) and the
frequency response (b). The frequency response corresponding to the
code ‘101’ is also depicted. The substrate is Rogers RO4003C with
h = 0.8128 mm, εr = 3.1, and tan δ = 0.0021. The dimensions are: for
the SRRs, c = d = 0.2 mm, transverse side length = 2.47 mm, and
longitudinal side length = 14.3 mm, 13.75 mm, and 13.25 mm; for the
CPW, W = 3.3 mm and G = 0.2 mm

magnetic and electric coupling between the line and the res-
onators for an accurate modeling. The need for this twofold
coupling has been justified as due to the alignment of the
resonator cuts with the CPW line axis. The selective mode
suppression has been experimentally validated and potential
applications of these structures have been highlighted, with
special emphasis to radio-frequency bar codes. A proof-of-
concept demonstrator of a CPW transmission line with a
three-bit spectral signature has been provided. Work is in
progress to implement practical bar codes with a higher
number of bits, and to develop new sensors based on the
symmetry properties of CPW transmission lines.
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Abstract In this paper, it is demonstrated that the so-called
electric-LC (ELC) resonators, and their dual counterparts,
the magnetic-LC (MLC) resonators, are useful for the se-
lective suppression of either the differential or the common
mode in microstrip differential lines. The key point to mode
suppression is the alignment of the resonator with the elec-
tric (differential mode) or magnetic (common mode) wall of
the line. It is shown that by simply rotating the resonators
90◦ we can selectively choose the suppressed mode in the
vicinity of the resonator’s fundamental resonance frequency.
The theory is validated through full-wave electromagnetic
simulation, the lumped element equivalent circuit models of
the proposed structures and experimental data.

1 Introduction

Split-ring resonators (SRRs) [1] and their complementary
counterparts (CSRRs) [2] (Fig. 1) have been extensively
used for the implementation of metamaterials and many de-
vices based on them [3]. One of the applications of these
metamaterial resonators is the selective mode suppression in
multimode transmission lines. Specifically, SRRs etched in
the back substrate side of a CPW with their symmetry plane
(xz plane) aligned with the symmetry plane of the line, are
useful to suppress the parasitic slot mode of the line at their
fundamental resonance, whereas they are transparent for the
fundamental CPW (common) mode [4] [Fig. 2(a)]. On the

J. Naqui · M. Durán-Sindreu · F. Martín ( )
GEMMA/CIMITEC, Departament d’Enginyeria Electrònica,
Universitat Autònoma de Barcelona, 08193 Bellaterra, Barcelona,
Spain
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other hand, CSRRs have been applied to suppress the com-
mon mode in microstrip differential lines and balanced cir-
cuits [5]. In these applications, the CSRRs must be etched
in the ground plane with their symmetry plane aligned with
the symmetry plane of the differential line [Fig. 2(b)].

The key aspect to suppress either the differential or the
common mode, keeping the other mode unaltered (or almost
unaltered), is the perfect alignment of electric or magnetic
walls between the line and the resonator. Thus, for the CPW
loaded with symmetrically etched SRRs, the electric wall
of the SRR at their symmetry plane is responsible for the
slot mode suppression, since the CPW exhibits an electric
wall at the symmetry plane for this mode. For a microstrip
differential line, the symmetry plane is a magnetic wall for
the common mode. Therefore, by symmetrically etching a
CSRR in the ground plane, where the symmetry plane is
also a magnetic wall, the common mode is suppressed in the
vicinity of the fundamental CSRR resonance, whereas the
differential mode is kept unaltered.

SRRs/CSRRs exhibit bianisotropy [3, 6, 7], which means
that they can be excited by means of a uniform axial
time-varying magnetic/electric field, and/or through an elec-
tric/magnetic field orthogonally applied to the symmetry
plane of the particle. When these particles (SRRs or CSRRs)
are loading elements of a transmission line, it is clear that the
driving fields generated by the line are not uniform. Never-
theless, it has been demonstrated that both CPW and mi-
crostrip lines loaded with symmetrically etched SRRs and
CSRRs, respectively, exhibit mixed coupling between the
line and the resonators for those line modes that are sup-
pressed [8].

In this paper, alternative resonators are considered,
namely, the so-called electric-LC resonator, ELC [9], and its
complementary particle, the magnetic-LC resonator, MLC
(see Fig. 3). Such resonators are bisymmetric, one of the
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Fig. 1 Typical topology of an SRR (a) and a CSRR (b). A sketch of the
currents and the distribution of charges for the SRR at the fundamental
resonance is also indicated. Note that the symmetry plane is an electric
wall. From the Babinet principle, it follows that the CSRR exhibits a
magnetic wall at the symmetry plane

Fig. 2 CPW loaded with a symmetrically etched SRR (a) and mi-
crostrip differential line loaded with a symmetrically etched CSRR (b)

Fig. 3 Typical topology of an ELC (a) and an MLC (b) resonator.
The nature of the symmetry planes at the fundamental resonance is
indicated, as well as a sketch of the currents and the distribution of
charges for the ELC

symmetry planes being a magnetic wall and the other one
being an electric wall at the fundamental resonance. More-
over, the resonators are non-bianisotropic because of the in-
version symmetry with regard to its center. The selective
mode suppression with ELC and MLC resonators in mi-
crostrip differential lines is discussed on the basis of symme-
try properties. The theory is validated through electromag-

netic simulation, circuit simulation of the lumped element
equivalent circuit models, and experiment.

2 ELC and MLC resonators

The ELC resonator was proposed by Schurig et al. for the
implementation of resonant-type negative permittivity meta-
materials, as an alternative to the well-known wire media,
described by the Drude model [9]. The ELC resonator con-
sists of two closed inductive loops connected to a common
capacitor. At the fundamental resonance, the instantaneous
current is clockwise in one loop and counterclockwise in the
other loop [see Fig. 3(a)], thus giving rise to a net displace-
ment current in the central capacitor. Therefore, at the fun-
damental resonance, the magnetic moment associated with
currents in both loops cancels out and the particle cannot
be excited by a uniform time-varying magnetic field applied
in the axial direction (this is the main driven mechanism in
SRRs). However, there is still an electric dipole moment as-
sociated with the capacitor. Thus, the ELC resonator can be
electrically driven (or coupled) by means of an electric field
applied in the particle plane in the direction orthogonal to
the electric wall. Note that due to charge and current sym-
metry, the vertical symmetry plane in Fig. 3(a) is a magnetic
wall for the fundamental resonance.

For the MLC, we can invoke the Babinet principle and
conclude that this particle also exhibits electric and magnetic
walls, rotated 90◦ as compared to those of the ELC. In other
words, the particle cannot be excited by means of a uniform
axial time-varying electric field (as a CSRR is driven), but it
can be driven through a magnetic field orthogonally applied
to the magnetic wall.

3 Microstrip differential lines loaded with ELCs and
MLCs

As it was discussed before [5], if a symmetric transmission
line is loaded with a symmetric resonator with both sym-
metry planes aligned, and the symmetry planes are of the
same nature (electric or magnetic walls), signal propagation
in the vicinity of the fundamental resonance is inhibited (i.e.,
a transmission zero appears). However, the line is transpar-
ent if such symmetry planes are distinct. In particular, if we
consider a microstrip differential line loaded with an ELC or
an MLC, there are 4 cases of interest for selective mode sup-
pression, depicted in Figs. 4 and 5. In Figs. 4(a) and (b), the
differential line is loaded with an ELC etched on the upper
side of the substrate, with a relative orientation of 90◦ be-
tween the loading elements. According to these orientations,
it is expected that the structure of Fig. 4(a) is transparent for
the differential mode and produces a notch for the common
mode, contrarily to Fig. 4(b).
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Fig. 4 Microstrip differential line loaded with an ELC with the mag-
netic (a) and electric (b) wall aligned with the symmetry plane of the
line. The substrate is Rogers RO3010 with thickness h = 1.27 mm
and dielectric constant εr = 10.2. The line dimensions are: line width
W = 1.1 mm and line separation S = 10.4 mm, which corresponds to
a 50 � even mode (common mode related) and odd mode (differen-
tial mode related) characteristic impedance. The ELC dimensions are:
w1 = 4 mm, w2 = w3 = l1 = s = 0.2 mm, l2 = l3 = 10 mm

Fig. 5 Microstrip differential line loaded with an MLC with the elec-
tric (a) and magnetic (b) wall aligned with the line. The substrate is
Rogers RO3010 with thickness h = 1.27 mm and dielectric constant
εr = 10.2. The line dimensions are: W = 1 mm and S = 5 mm, corre-
sponding to a 50 � even mode and odd mode characteristic impedance
without the MLC etching. The MLC dimensions are: w1 = 4 mm,
w2 = w3 = l1 = s = 0.2 mm, and l2 = l3 = 10 mm

In Figs. 5(a) and (b), the differential line is loaded with an
MLC resonator etched in the ground plane. In this case the
situation is reversed since the electric and magnetic walls
of ELCs and MLCs are interchanged. The reflection and
the transmission coefficients for the differential (Sdd11 and
Sdd21) and common (Scc11 and Scc21) modes of the struc-

tures of Figs. 4 and 5 have been inferred by means of the
Agilent Momentum commercial software. The transmission
coefficient results (also depicted in Figs. 4 and 5) validate
the selective mode suppression achievable in these differen-
tial lines by merely rotating the resonators 90◦.

It is important to emphasize that the driving fields of the
particles are not uniform. Indeed, in the configuration of
Fig. 4(a), the ELC cannot be excited by the electric field gen-
erated by the differential line in the common mode. How-
ever, for this mode, the magnetic fields generated by the
differential line have contra-directional axial components
with regard to the midplane, sufficient to excite the parti-
cle. Therefore, the ELC resonator is excited by means of the
magnetic field generated by the line under common mode
operation. Similarly, in the configuration of Fig. 5(a), the
MLC is excited under differential mode operation which,
because of the electric field generated by the pair of lines,
is able to induce an electric dipole moment and a net cur-
rent flow in the ground plane, across the symmetry plane of
the differential line (or across the electric wall of the MLC).
Thus, the terminology of these particles does not obey the
nature of the driving fields in the considered configurations
(the reason is that the fields are not uniform). However, the
original nomenclature, given by Schurig et al. [9] to the res-
onator of Fig. 3(a), i.e. ELC, is preserved. For coherence, the
resonator of Fig. 3(b) is called MLC particle by the authors.

4 Lumped element equivalent circuit models

Let us now consider the lumped element equivalent circuit
models of the structures of Figs. 4 and 5. In Fig. 4(a), the
ELC can only be excited by the magnetic field generated by
the line (common mode), but not by the electric field, due to
the particle orientation. Similarly, for the MLC of Fig. 5(a),
excitation under differential mode operation is only possible
through the electric field generated by the line. In Figs. 4(b)
and 5(b), particle excitation under differential and common
mode, respectively, is more complex, since both electric
and magnetic coupling between the line and the resonator
must be considered. Let us thus start with the lumped ele-
ment equivalent circuit models of the structures of Figs. 4(a)
and 5(a), where mixed coupling is not present.

The model of the ELC-loaded differential line of Fig. 4(a)
is depicted in Fig. 6(a). The electric and magnetic coupling
between the pair of lines has been neglected due to the sig-
nificant separation between the individual lines (necessary
to accommodate the ELC). The per-section inductance and
capacitance of the individual lines are modeled by L and C,
respectively. The ELC resonator is modeled by the induc-
tances Le and the capacitance Ce, and the magnetic coupling
between the lines and the resonator is accounted for through
the mutual inductances M . The equivalent circuit models for
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Fig. 6 (a) Lumped element equivalent circuit model of the ELC-
loaded differential line of Fig. 4(a); (b) circuit model for the even
mode; (c) circuit model for the odd mode.

Fig. 7 Frequency response (common mode) for the structure of
Fig. 4(a) with l1 = 2 mm and w1 = 8 mm and for its circuit model
of Fig. 6(b). The circuit parameters are: L = 4.57 nH, C = 2.2 pF,
Le = 4.57 nH, Ce = 8.14 pF, and M = 1 nH

even and odd mode (common and differential mode related,
respectively) excitation are depicted in Figs. 6(b) and (c).
For the common mode, the symmetry plane is an open cir-
cuit, and the model is identical to that of an SRR-loaded line,
giving a notch in the transmission coefficient at resonance
[10, 11]. For the differential mode, the symmetry plane is
a short circuit and the ELC no longer plays an active role.
Therefore, the line is transparent for this mode. For the ELC-
loaded line of Fig. 7, we have extracted the circuit parame-
ters from the electromagnetic simulation of the frequency
response for the common mode following the procedure ex-
plained in [12]. The agreement between circuit and electro-
magnetic simulations is remarkable. Note that the topology

Fig. 8 (a) Lumped element equivalent circuit model of the MLC-
loaded differential line of Fig. 5(a); (b) circuit model for the even
mode; (c) circuit model for the odd mode

of the ELC of Fig. 7 has been modified as compared with
that of Fig. 4 in order to reduce the electrical size of the
particle at resonance (under these conditions the lumped el-
ement circuit model is valid in a wider frequency range).

The model of the MLC-loaded differential line of Fig. 5(a)
is depicted in Fig. 8(a). The per-section line inductance and
capacitance are modeled, respectively, by L and C (again,
the coupling between the line pair is not significant). How-
ever, note that actually L is the line inductance with the
presence of the MLC and C acts as the coupling capaci-
tance between the lines and the MLC. The resonator is mod-
eled by the inductance Lm and the capacitances Cm. Fi-
nally, the particle is capacitively connected to the ground
plane through the slot ring capacitance modeled by Cg .
The equivalent common and differential mode models are
depicted in Figs. 8(b) and (c), respectively. For the com-
mon mode, the resonator is opened, and the resulting model
is that of a transmission line with modified shunt capaci-
tance. Thus, some attenuation can occur as can be seen in
Fig. 5(a), as a consequence of the MLC etching (i.e., a de-
fected ground structure) that disturbs the return current flow-
ing on the ground plane modifying the line parameters [5].
On the other hand, for the differential mode, there is a short
circuit in the symmetry plane, and the circuit model is iden-
tical to that of a CSRR-loaded microstrip line, providing a
notch in the transmission coefficient for such mode at reso-
nance. We have considered the MLC-loaded line of Fig. 9,
and we have extracted the circuit parameters for the dif-
ferential mode from the electromagnetic simulation of the
frequency response for this mode as reported in [13]. The
agreement between circuit and electromagnetic simulations
is also good.

Let us now focus on the lumped element equivalent cir-
cuit models that result by rotating the ELC and the MLC
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Fig. 9 Frequency response (differential mode) for the structure of
Fig. 5(a) with l1 = 2 mm and w1 = 8 mm and for its circuit model
of Fig. 8(c). The circuit parameters are: L = 6.07 nH, C = 1.53 pF,
4Cm + Cg/2 = 7.47 pF, and Lm = 3.71 nH

90◦, that is, the models describing the structures of Figs. 4(b)
and 5(b), where both electric and magnetic coupling must be
considered. For the structure of Fig. 4(b), the circuit model is
that depicted in Fig. 10(a). In this circuit, the magnetic cou-
pling’s sign is provided by the dot convention to avoid any
ambiguity. The resonator has been rotated, and the coupling
capacitances, Ca , have been added to account for electric
coupling. Indeed, since the symmetry plane in the config-
uration of the structure of Fig. 4(b) is an electric wall for
the differential mode, electric coupling is the main driving
mechanism of the ELC for this mode (the magnetic coupling
is not able to induce resonant currents by itself). The circuit
models for the common and differential modes are depicted
in Figs. 10(b) and (c), respectively, where it is clear that the
common mode is not able to excite the particle and the struc-
ture is transparent for this mode. Conversely, the differential
mode produces a notch in the transmission coefficient, as
the equivalent circuit model of such a mode confirms. In or-
der to match the frequency response for the circuit model
(differential mode) to that inferred from the electromagnetic
simulation, we have considered the structure of Fig. 11 and
we have tuned the coupling capacitance, readjusting slightly
the rest of parameters corresponding to Fig. 7 (the geome-
tries of the differential line and the ELC are identical). As
can be seen, the agreement is reasonably good.

The MLC-loaded differential line of Fig. 5(b) is modeled
by the circuit of Fig. 12(a). This is obtained by rotating the
particle and splitting the coupling capacitances. Moreover,
magnetic coupling has been introduced and is accounted
for by the mutual inductances M . The equivalent circuit
models for the common and differential modes, which are
shown respectively in Figs. 12(b) and (c), indicate that the
structure is transparent for the differential mode, whereas a
notch appears for the common mode. For the latter mode,
the magnetic coupling to the strip connecting the two inner

Fig. 10 (a) Lumped element equivalent circuit model of the ELC-
loaded differential line of Fig. 4(b); (b) circuit model for the even
mode; (c) circuit model for the odd mode

Fig. 11 Frequency response (differential mode) for the structure
shown in Fig. 4(b) with l1 = 2 mm and w1 = 8 mm and for its cir-
cuit model in Fig. 10(c). The circuit parameters are: L = 4.09 nH,
C = 1.88 pF, Le = 4.62 nH, Ce = 8.04 pF, M = 1.12 nH, and
Ca = 0.44 pF

halves of the MLC is absolutely necessary to excite the par-
ticle. Otherwise, resonance could not be driven exclusively
through the electric coupling. Note also that, by applying the
magnetic wall concept, the resulting mutual inductance in
Fig. 12(b) is twice that considered in Fig. 12(a). Conversely,
an electric wall in Fig. 10(a) does not scale the mutual induc-
tance, as can be appreciated in Fig. 10(c). Again, the elec-
tromagnetic simulation for the common mode is compared
to the circuit simulation for such a mode (Fig. 13), and the
agreement is also good, thus confirming the validity of the
proposed model.
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Fig. 12 (a) Lumped element equivalent circuit model of the MLC-
loaded differential line of Fig. 5(b); (b) circuit model for the even
mode; (c) circuit model for the odd mode

Fig. 13 Frequency response (common mode) for the structure shown
in Fig. 5(b) with l1 = 2 mm and w1 = 8 mm and for its circuit model
in Fig. 12(b). The circuit parameters are: L = 9.3 nH, C = 1.53 pF,
Lm = 3.64 nH, and Cm = 0.93 pF, Cg = 7.5 pF, and M = 0.5 nH

Finally, it is worth to highlight that all the proposed struc-
tures are symmetric with regard to the ports (i.e., Scc11 =
Scc22 and Sdd11 = Sdd22), and their corresponding circuits
as well.

5 Applications

The proposed structures can be useful for common mode
suppression in differential lines and balanced circuits [5],
for differential notch/stopband filters, or for the implemen-
tation of sensors based on symmetry properties [14]. Specif-
ically, with a circular structure based on the configurations
of Fig. 4, it is possible to implement a rotation sensor in mi-

Fig. 14 (a) Photograph and (b) differential mode frequency re-
sponse for the designed differential stopband filter. The substrate is
Rogers RO3010 with h = 1.27 mm, εr = 10.2, and loss tangent
tan(δ) = 0.0023. Line dimensions are: W = 1.6 mm and S = 5 mm
(not corresponding to a 50-� odd mode impedance), designed to
mitigate the passband insertion loss due to the presence of the res-
onators. MLC dimensions are: w1 = 8 mm, w2 = l1 = s = 0.2 mm,
w3 = 0.8 mm, l2 = [13.2,15.1,17.6] mm, and l3 = 10 mm. The in-
ter-resonator distance is 0.2 mm

crostrip technology similar to that based on the CPW struc-
ture reported in [14]. On the other hand, as compared with
the structures used in [5], based on CSRRs, the structure of
Fig. 4(a) is able to suppress the common mode keeping the
ground plane unaltered. However, this solution seems to be
not so suitable for common mode suppression because of
its inherent narrow-band rejection. On the contrary, a nar-
row balanced stopband filter with low insertion loss in the
transmission bands can be useful in order to suppress un-
desired differential signals. To this end, we have designed
an order-3 balanced stopband filter based on the structure of
Fig. 5(a). The filter is composed of three cascaded MLCs
with slightly different longitudinal dimensions to widen the
stopband. A photograph of the fabricated filter and the fre-
quency response are shown in Fig. 14. The measured re-
sponse exhibits a rejection of more than 20 dB for differen-
tial signals over a fractional bandwidth of 14.3 % centered
at 1.3 GHz.
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6 Conclusions

In conclusion, it has been demonstrated that the differential
and common modes in microstrip differential lines can be
selectively suppressed by loading the lines with either ELC
or MLC bisymmetric resonators. Key to this selective mode
suppression at the fundamental resonance frequency of the
particles is the presence of a magnetic and an electric wall,
orthogonally oriented, in these resonators. Hence, it is pos-
sible to either suppress the common or the differential mode
by simply rotating the considered particle (ELC or MLC)
90◦. We have proposed lumped element circuit models for
microstrip differential lines loaded with both resonators for
the two considered orientations, and the agreement between
the frequency responses inferred from the circuit and elec-
tromagnetic simulations is good. Finally, potential applica-
tions have been highlighted, and a differential stopband filter
has been presented.

Acknowledgements This work has been supported by MICIIN-
Spain (projects TEC2010-17512, CSD2008-00066, and TEC2011-
13615-E) and by AGAUR-Generalitat de Catalunya, through project
2009SGR-421. Jordi Naqui feels also indebted to MECD (Spain) for
supporting his work through the FPU grant AP2010-0431.

References

1. J.B. Pendry, Magnetism from conductors and enhanced nonlinear
phenomena. IEEE Trans. Microw. Theory Tech. 47, 2075–2084
(1999)

2. F. Falcone, T. Lopetegi, J.D. Baena, R. Marqués, F. Martín, M.
Sorolla, Effective negative-ε stop-band microstrip lines based on
complementary split ring resonators. IEEE Microw. Wirel. Com-
pon. Lett. 14, 280–282 (2004)

3. R. Marqués, F. Martín, M. Sorolla, Metamaterials with Negative
Parameters: Theory, Design and Microwave Applications (Wiley,
New York, 2008)

4. J. Naqui, M. Durán-Sindreu, F. Martín, Selective mode suppres-
sion in coplanar waveguides using metamaterial resonators. Appl.
Phys. A, Mater. Sci. Process. 109, 1053–1058 (2012)

5. J. Naqui, A. Fernández-Prieto, M. Durán-Sindreu, F. Mesa, J. Mar-
tel, F. Medina, F. Martín, Common mode suppression in microstrip
differential lines by means of complementary split ring resonators:
theory and applications. IEEE Trans. Microw. Theory Tech. 60,
3023–3034 (2012)

6. R. Marques, F. Medina, R. Rafii-El-Idrissi, Role of bi-anisotropy
in negative permeability and left handed metamaterials. Phys. Rev.
B 65, 144441 (2002)

7. R. Marqués, F. Mesa, J. Martel, F. Medina, Comparative analysis
of edge and broadside couple split ring resonators for metamaterial
design. Theory and experiment. IEEE Trans. Antennas Propag. 51,
2572–2582 (2003)

8. J. Naqui, M. Durán-Sindreu, F. Martín, Modeling split ring res-
onator (SRR) and complementary split ring resonator (CSRR)
loaded transmission lines exhibiting cross polarization effects.
IEEE Antennas Wirel. Propag. Lett. 12, 178–181 (2013)

9. D. Schurig, J.J. Mock, D.R. Smith, Electric-field-coupled res-
onators for negative permittivity metamaterials. Appl. Phys. Lett.
88, 041109 (2006)

10. F. Martín, F. Falcone, J. Bonache, R. Marqués, M. Sorolla, Split
ring resonator based left handed coplanar waveguide. Appl. Phys.
Lett. 83, 4652–4654 (2003)

11. F. Aznar, J. Bonache, F. Martín, Improved circuit model for left
handed lines loaded with split ring resonators. Appl. Phys. Lett.
92, 043512 (2008)

12. F. Aznar, M. Gil, J. Bonache, L. Jelinek, J.D. Baena, R. Mar-
qués, F. Martín, Characterization of miniaturized metamaterial
resonators coupled to planar transmission lines through parame-
ter extraction. J. Appl. Phys. 104, 114501 (2008)

13. J. Bonache, M. Gil, I. Gil, J. Garcia-García, F. Martín, On the elec-
trical characteristics of complementary metamaterial resonators.
IEEE Microw. Wirel. Compon. Lett. 16, 543–545 (2006)

14. J. Naqui, M. Durán-Sindreu, F. Martín, Transmission lines loaded
with bisymmetric resonators and applications, in IEEE MTT-S Int.
Microwave Symp., Seattle USA, June 2013



174



Conference article IMS11*

Split Rings-Based Differential Transmission Lines with
Common-Mode Suppression

J. Naqui, A. Fernández-Prieto, M. Durán-Sindreu, J. Selga, F.
Medina, F. Mesa, and F. Mart́ın

*Conference article included in this thesis for completeness but that cannot be oficially
part of the compendium of articles of the Ph.D thesis.

175





 

Split Rings-Based Differential Transmission Lines with Common-Mode 
Suppression 

1Jordi Naqui, 2Armando Fernández-Prieto, 1Miguel Durán-Sindreu, 1Jordi Selga, 2Francisco Medina, 
2Francisco Mesa,  and 1Ferran Martín 

1GEMMA/CIMITEC, Departament d’Enginyeria Electrònica. Universitat Autònoma de Barcelona.        
08193 BELLATERRA (Barcelona), Spain. E-mail: Ferran.Martin@uab.es  

2Departamento de Electrónica y Electromagnetismo, Universidad de Sevilla. Avenida Reina Mercedes s/n, 
41012 Sevilla, Spain. E-mail: Medina@us.es 

 
Abstract  —  A novel microstrip differential transmission line 

with common-mode noise suppression is proposed and 
experimentally validated. It is implemented by periodically 
etching complementary split ring resonators (CSRRs) in the 
ground plane. For the differential signals, the symmetry of the 
structure efficiently cancels the electric field components axial to 
the CSRRs, and these particles have no effect on signal 
transmission. However, the CSRRs are activated under common 
mode excitation, with the result of a stop-band behavior. For the 
designed and fabricated prototype device, over 20 dB suppression 
of common-mode noise is achieved over a frequency range from 
1.18 GHz to 1.74 GHz.  
 
Index Terms  —  Differential transmission lines, metamaterials, 
complementary split ring resonators (CSRRs).  

I. INTRODUCTION 

High immunity to noise, low crosstalk and low 
electromagnetic interference are key issues of differential 
signals that make them very interesting for high-speed digital 
circuits. However, the presence of common-mode noise in 
differential lines is unavoidable in practical circuits. This 
unwanted noise is mainly caused by amplitude unbalance or 
time skew of the differential signals and must be reduced as 
much as possible to avoid common-mode radiation or EMI. 
Therefore, the design of differential lines able to suppress the 
common-mode noise while keeping the integrity of the 
differential signals is of great importance.  

For GHz differential signals, compact common mode filters 
based on multilayer LTCC [1] or negative permittivity [2] 
structures have been reported. These structures are compact 
and provide efficient common-mode rejection over wide 
frequency bands, but are technologically complex. There have 
been also several approaches for the design of common-mode 
suppressed differential lines based on defected ground 
structures. In [3], dumbbell shaped periodic patterns etched in 
the ground plane, underneath the differential lines, were used 
to suppress the even mode by opening the return current path 
through the ground plane. This has small effect on the 
differential signals (odd mode) since relatively small current 
density returns through the ground plane for such signals. In 

[4], the authors achieve a wide stop-band for the common-
mode by using U-shaped and H-shaped coupled resonators 
symmetrically etched in the ground plane.  

In the present work, another approach for the design of 
differential lines with common-mode suppression is 
investigated. It is also based on defect ground structures, but 
using complementary split ring resonators (CSRRs). As will 
be later shown, by symmetrically etching the CSRRs in the 
ground plane, efficient common-mode suppression over a 
wide band can be achieved. As compared to other approaches, 
the proposed common-mode suppression strategy is 
technologically simple (only two metal levels are used), the 
resulting common-mode filters are electrically small, provide 
wide and high-rejection stop-bands, and their design is simple. 

II. CSRR-BASED DIFFERENTIAL LINES: PRINCIPLE FOR 

COMMON-MODE SUPPRESSION AND MODELING 

The CSRRs were first introduced in [5], where it was 
demonstrated that these particles are useful for the design of 
negative permittivity structures in microstrip technology. 
Etched in the ground plane of a microstrip line, underneath the 
conductor strip, CSRRs efficiently suppress signal 
transmission in the vicinity of their resonance frequency. This 
result can be interpreted as due to the negative effective 
permittivity of the line, but it can also be explained in terms of 
circuit theory, as a result of the capacitive coupling between 
the line and the CSRR. The topology and circuit model of a 
microstrip line loaded with a CSRRs are depicted in Fig 1(a). 
As reported in [6], L models the inductance of the line, C 
accounts for the electric coupling between the line and the 
resonator, and the CSRR is modeled by the parallel resonant 
tank, Lc-Cc. The unit cell structure of the proposed differential 
line is depicted in Fig. 1(b). It consists on a pair of coupled 
lines with a CSRR etched in the ground plane. The circuit 
model of this structure is also depicted in Fig. 1(b), where Cm 
and Lm model the mutual capacitance and inductance between 
the coupled lines.  

The circuit model of Fig. 1(b) explains that the differential 
signals are insensitive to the presence of the CSRRs, while 
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(a) 

these resonators prevent the transmission of the common-
mode at certain frequencies. The equivalent circuit model of 
the structure of Fig. 1(b) under common mode excitation is 
depicted in Fig. 2(a), whereas for the odd mode is depicted in 
Fig. 2(b). For the odd mode, the resonator is short circuited to 
ground, and the resulting model is that of a conventional 
transmission line. For the even mode, we obtain the same 
circuit as that of a CSRR-loaded line (Fig. 1a), but with 
modified parameters. Thus, we do expect a similar stop band 
behavior for the common-mode.  
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Fig. 1. Topology and circuit model (elemental cell) of a microstrip 
line (a) and differential line (b) loaded with a CSRR.  
                                              

 
 

Fig. 2. Circuit models for the even mode (a) and odd mode (b). 
 
In terms of field distributions, it is well known that the CSRR 
(first resonance) can be excited by means of a time varying 
axial electric field [5]. For the common mode, there is a strong 
density of electric field lines in the same direction below both 
lines. This causes CSRR excitation and hence a stop band. For 
the odd mode, the electric field distribution depends on the 
level of coupling between both lines. In tightly coupled lines, 
the electric field lines are mainly concentrated in the 
(necessarily narrow) gap region between the lines. In weakly 
coupled lines, the electric field intensity is higher below the 
lines (similar to the even mode). However, the direction of the 
electric field lines is opposite in both strips of the differential 
line. If the structure is symmetric, (i.e., the gaps of the CSRRs 
are aligned with the symmetry plane of the differential lines), 

the opposite electric field vectors in both lines exactly cancel 
and the CSRR is not activated.  

To verify the integrity of the differential signals in these 
CSRR-loaded lines, we have designed a differential line with 
weakly coupled lines (the layout is depicted in Fig. 3). The 
width and distance between the lines necessary to obtain a 
50Ω odd mode impedance has been determined by means of 
the transmission line calculator incorporated in the Agilent 
ADS commercial software (a Rogers RO3010 microwave 
substrate with dielectric constant εr = 10.2 and thickness 
h=1.27mm has been considered). To analyze the effects of the 
asymmetry in the circuit, we have also simulated the structure 
that results by rotating the CSRR 90o. The simulated 
differential and common-mode insertion losses for both 
structures are depicted in Fig. 3 (these simulations have been 
obtained by means of the Agilent Momentum commercial 
software). For the even mode the results are comparable (in 
the region of interest) and a notch appears at the frequency 
where the shunt impedance (Fig. 2a) vanishes: 

 1
2 2 ( 2 )z

c c

f
L C Cπ

=
+

                            (1)  

However, for the odd mode, whereas the insertion loss is less 
than 0.1dB (in the considered frequency range) for the 
symmetric structure, a notch appears in the structure with the 
rotated CSRR. Thus, these results validate the common-mode 
suppression principle and point out the need to symmetrically 
etch the CSRRs in the differential line in order to preserve the 
differential signal integrity over a wide band. 
 

 
Fig. 3. Simulated common-mode |Scc21| and differential |Sdd21| 
insertion loss for the structure of the inset, with and without 90o 
rotated CSRR. Dimensions are c=0.2mm, d=0.2mm, rext=5mm, 
W=1mm, S=2.5mm. 

III. DESIGN OF CSRR-BASED DIFFERENTIAL LINES  

To efficiently suppress the common-mode noise it is 
necessary to achieve wide stop bands for the even mode. To 
this end, the strategy is to widen the stop band of the 
individual resonators, to couple them as much as possible, to 
etch CSRRs with slightly modified dimensions in order to 
obtain different transmission zero frequencies within the 

(b) 

(a) (b) 

fz 
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desired stop band, or a combination of all these effects. To 
widen the rejection bandwidth of an individual CSRR (which 
is relevant to achieve wide stop bands), it is necessary to 
increase the coupling capacitance, C, and to reduce the 
inductance, Lc, and capacitance, Cc, of the CSRR as much as 
possible. According to it, weakly coupled lines will be 
considered, since the width of the lines necessary to achieve 
an odd mode impedance of 50Ω is wider, and this enhances 
the coupling capacitance of the even mode. To reduce the 
inductance and capacitance of the CSRR, preserving the 
coupling level, it is necessary to increase the rings width, c, 
and separation, d. Obviously, this results in a larger CSRR 
size (for a given transmission zero frequency), but the 
achievable bandwidth is also larger.  

In the present paper, the bandwidth is enhanced by tightly 
coupling identical CSRRs. We have considered two different 
structures: in one of them, the rings of the CSRRs are wide 
and appreciably separated; in the other one, the rings are 
narrow and tiny spaced. In both cases, in order to enhance the 
inter-CSRR’s coupling, we have considered square-shaped 
rings.  

In the first design, the purpose has been to reduce the size of 
the structure as much as possible. For this reason, we have 
considered a CSRR unit cell with narrow and tiny spaced rings 
(c=0.2mm and d=0.2mm). These values are close to the limit 
of the available technology. With these values, the model of 
the CSRR reported in [6], and the per-unit length capacitance 
of the coupled lines (common mode), we have estimated the 
side of the CSRR in order to obtain a transmission zero 
frequency at fz=1.4GHz (obviously, optimization has been 
required since the model reported in [6] is valid under 
conditions not exactly fulfilled in the structure). The 
simulation of the common mode insertion loss is depicted in 
Fig. 4. The circuit simulation of the structure with the 
parameters extracted according to the procedure reported in 
[7] is also depicted in Fig. 4. There is good agreement 
between the circuit and electromagnetic simulation. In order to 
enhance the rejection bandwidth, we have implemented an 
order-3 structure with tightly coupled CSRRs. The bandwidth 
is closely related to the level of inter-resonator’s coupling. 
Therefore, we have separated the CSRR 0.15mm in order to 
enhance the bandwidth as much as possible. The simulation of 
the resulting structure is shown in Fig. 5, where for 
comparison purposes we have also included the circuit 
simulation. The simulated circuit is that resulting by cascading 
the elemental cells, but with the addition of coupling 
capacitances between adjacent resonators. The coupling 
capacitance has been considered to be an adjustable 
parameter, and we have found that the capacitance that 
provides a better fit is CCoup=0.11pF. The dimensions of the 
structure are 23mm×7.6mm, that is 0.28λ×0.09λ (where λ is 
the guided wavelength at the central frequency). The device is 
thus very small, although bandwidth has not been optimized in 

this structure. It is clear that the differential signal is not 
altered by the presence of the CSRRs (see also Fig. 5). 

 
Fig. 4. Simulated common-mode insertion loss |Scc21| for the 
structure shown in the inset. CSRR dimensions are: c=0.2mm, 
d=0.2mm, W=1mm, S=2.5mm, and side length 7.6mm. Extracted 
parameters are L’=4.93nH, C=1.06pF, Cc=2.68pF and Lc=3.36nH. 
 

 
Fig. 5. Simulated common-mode and differential-mode insertion 
loss |Scc21| and |Sdd21| for the order-3 structure that results by 
cascading 3 unit cells like the one shown in Fig. 4. 
 

To enhance the bandwidth, we have considered CSRRs with 
wider rings and inter-ring’s space. The target is to achieve at 
least 20dB common-mode rejection in the frequency range 
between 1.2GHz and 1.8GHz. The model of the CSRR is not 
so simple in this case because the particle cannot be 
considered to be electrically small; therefore we have directly 
made the optimization at the layout level. It has been found 
that three square shaped CSRRs separated 0.2mm, with a side 
length of 10.8mm and c=1.2mm and d=0.8mm, suffice to 
achieve the target specifications. The structure has been 
fabricated by means of a LPKF H100 drilling machine. Access 
lines have been added in order to solder the connectors. The 
photograph of the whole structure is depicted in Fig. 6. Fig. 7 
shows the simulated differential and common-mode insertion 
loss of the structure, as well as the measured even and odd 
mode frequency response. The dimensions of the active region 
of the structure are 32.8mm×10.8mm, that is 0.43λ×0.14λ. It 
is remarkable that the measured insertion loss for the 
differential signal is smaller than 0.5 dB in the considered 
range, being the loss tangent of the substrate 0.0023.  
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Fig. 6. Photograph of the (a) top view and (b) bottom view of the 
differential line with wide band common-mode rejection.  

 

 
Fig. 7. Common-mode and differential-mode insertion loss |Scc21| 
and |Sdd21| for the structure of Fig. 6. 
 

Our fabricated wide band structure (Fig. 6) is compared with 
other structures reported in the references (see table I). The 
combination of size, bandwidth and stop-band rejection is 
competitive. The structure in [2] exhibits small dimensions 
and relatively wide bandwidth, but it needs three metal levels. 
In summary, we have presented an alternative and promising 
approach for the design of differential lines with common-
mode suppression. 

IV. CONCLUSIONS 

We have demonstrated that CSRRs are useful particles for the 
suppression of the even mode in microstrip differential lines. 
The circuit models of the structure for both the differential and 
common modes have been reported and validated. The 
fabricated prototype device exhibits a rejection bandwidth for 
the common mode that extends from 1.18 GHz up to 1.74 
GHz with more than 20 dB rejection. The measured insertion 
loss for the differential mode is better than 0.5 dB from DC up 

to at least 2.5 GHz. Therefore, the presence of the CSRRs has 
little influence on the differential signals. Since the CSRRs are 
compact resonators, the required space of the differential line 
to achieve efficient common-mode suppression is small. 
Therefore, the proposed approach is of interest for application 
in structures based on differential lines. The immediate future 
work by the authors will be the combination of CSRRs and 
other electrically small resonators for the design of differential 
line band pass filters with common-mode suppression.  
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TABLE I: COMPARISON OF SEVERAL DIFFERENTIAL LINES 

Ref length [λ] Width [λ] Surface [λ2] 
FBW [%] 

−10 dB −30 dB 

[2] 0.26 0.16 0.04 60 24 
[3] 0.76 0.47 0.36 53 40 
[4] 0.44 0.44 0.19 87 ---- 
This 0.43 0.14 0.06 54 24 
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Abstract—This paper is focused on the application of comple-
mentary split-ring resonators (CSRRs) to the suppression of the
common (even) mode in microstrip differential transmission lines.
By periodically and symmetrically etching CSRRs in the ground
plane of microstrip differential lines, the common mode can be ef-
ficiently suppressed over a wide band whereas the differential sig-
nals are not affected. Throughout the paper, we present and discuss
the principle for the selective common-mode suppression, the cir-
cuit model of the structure (including the models under even- and
odd-mode excitation), the strategies for bandwidth enhancement of
the rejected common mode, and a methodology for common-mode
filter design. On the basis of the dispersion relation for the common
mode, it is shown that the maximum achievable rejection band-
width can be estimated. Finally, theory is validated by designing
and measuring a differential line and a balanced bandpass filter
with common-mode suppression, where double-slit CSRRs (DS-
CSRRs) are used in order to enhance the common-mode rejection
bandwidth. Due to the presence of DS-CSRRs, the balanced filter
exhibits more than 40 dB of common-mode rejection within a 34%
bandwidth around the filter pass band.

Index Terms—Complementary split-ring resonator (CSRR), dif-
ferential transmission lines, metamaterial-inspired lines, split-ring
resonator (SRR).

I. INTRODUCTION

I N a recent work presented by the authors [1], it was demon-
strated that complementary split-ring resonators (CSRRs)

[2] are useful for the suppression of the even (common) mode in
microstrip differential lines. The suppression of the even mode
is of interest in high-speed digital circuits based on differential
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signals in order to reduce common-mode radiation and electro-
magnetic interference (EMI). Prior to our work [1], several ap-
proaches were reported to efficiently suppress the even mode
while keeping the integrity of the differential signals in differen-
tial transmission lines. The common-mode filters based on low-
temperature cofired ceramic (LTCC) technology reported in [3]
or the negative permeability structures of [4] are compact and
provide efficient common-mode rejection over wide frequency
bands, but they are technologically complex. Common-mode
filters based on defected ground structures were also reported.
In [5], dumbbell-shaped periodic patterns etched in the ground
plane, underneath the differential lines, were used to suppress
the even mode by opening the return current path through the
ground plane. This has a small effect on the differential sig-
nals (odd mode), since relatively small current density returns
through the ground plane for such signals. In [6], a wide stop-
band for the common mode was achieved by using U-shaped
and H-shaped coupled resonators symmetrically etched in the
ground plane. A comparison of the previous approaches, in-
cluding our CSRR-based common-mode filters, was reported in
[1], and it was found that the combination of size, bandwidth,
and stopband rejection achievable by means of CSRR-loaded
differential lines is very competitive.

As reported in [1], tightly coupled CSRRs are necessary [7]
to enhance the rejection bandwidth of the common mode. To
gain insight on this, the dispersion relation of the equivalent
circuit model for the common mode, including inter-resonator
coupling, will be obtained. Due to the electric coupling between
adjacent CSRRs, the equivalent circuit model of the unit cell for
the common mode consists of a four-port network. By applying
Floquet’s analysis to the circuit, the dispersion relation will be
inferred, and it will be demonstrated that bandwidth enhance-
ment is due to the destructive interference of complex modes
(see, for instance, [8] and references therein).

It was also shown in [1] that, to enhance the rejection band-
width of an individual resonator (common mode), it is neces-
sary to increase the coupling capacitance between the pair of
lines and the CSRR and to decrease the inductance and capaci-
tance of the CSRR. This was achieved in [1] by increasing the
rings width and separation. Alternatively, it will be shown in
this paper that bandwidth enhancement can be obtained by re-
placing the CSRRs with double-slit CSRRs (DS-CSRRs) [9].
The advantage of using DS-CSRRs is that the bandwidth can
be enhanced while preserving the description of the particle

0018-9480/$31.00 © 2012 IEEE



3024 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 60, NO. 10, OCTOBER 2012

through an LC resonant tank. The validity of the circuit model
is important for synthesis purposes. This means that broadband
common-mode filters based on largely separated and wide slot
rings can be implemented (as was demonstrated in [1]), but not
following a systematic approach, which is one of the main mo-
tivations of the present work.

This paper is organized as follows. The principle for selec-
tive common-mode suppression in microstrip differential lines
loaded with CSRRs is presented in Section II. The equivalent
circuit model of the structure, as well as the models that result
from even- and odd-mode excitation, are presented and used
to validate the principle for common-mode suppression. As
long as the proposed common-mode filters can be considered
as truncated periodic structures, the knowledge of the dis-
persion relation of these CSRR-loaded differential lines is a
powerful tool to estimating the maximum achievable common
mode rejection bandwidth. Thus, Section III is devoted to
infer the dispersion relation for the common-mode signals
by considering inter-resonator coupling in the common-mode
equivalent circuit model. Section IV discusses the effects of
inter-resonator coupling and number of resonators on band-
width enhancement and compares the common-mode filtering
capabilities of CSRRs and DS-CSRRs. A methodology to
designing CSRR or DS-CSRR common-mode filters and to
estimating the achievable common-mode rejection bandwidth
is presented in Section V. Section VI is focused on the charac-
terization of two devices designed to demonstrate the selective
mode suppression in DS-CSRR-based differential lines, and
the enhanced rejection of the common mode in balanced filters
loaded with DS-CSRRs. A comparison to other common mode
filters is given in Section VII. Finally, the main conclusions are
highlighted in Section VIII.

II. SELECTIVE COMMON-MODE SUPPRESSION IN DIFFERENTIAL

LINES BY MEANS OF CSRRS: PRINCIPLE AND MODELING

SRRs and CSRRs magnetically and electrically coupled, re-
spectively, to transmission lines have been used for the imple-
mentation of stopband filters in microstrip and coplanar wave-
guide (CPW) technology [10]–[13]. In the vicinity of their res-
onance frequency, an array of electrically small SRRs/CSRRs
excited with the magnetic/electric field in the axial direction
(i.e., normal to the SRR or CSRR plane) behaves as an effec-
tive medium with negative permeability/permittivity [14]–[16].
Under these polarization conditions such media are opaque and
signal propagation is inhibited around resonance. The stopband
characteristics of transmission lines periodically loaded with
SRRs or CSRRs have been interpreted as due to the negative
effective permeability or permittivity of these one-dimensional
(1-D) effective structures [2], [15]. However, the stopband be-
havior of these artificial lines can also be explained from circuit
theory, since the SRRs and CSRRs (coupled to the lines) intro-
duce transmission zeros.

Let us now discuss how CSRRs can be used to selectively
suppress the even mode in microstrip differential transmission
lines. As reported in [1], the strategy to suppress the common
mode in microstrip differential lines, while keeping the funda-
mental (odd) mode unaffected, is to symmetrically etch an array

Fig. 1. (a) Typical topology of a microstrip differential transmission line with
square-shaped CSRRs symmetrically etched in the ground plane to suppress
the even mode. (b) Equivalent circuit model of the unit cell, including inter-res-
onator coupling. The ground plane is depicted in gray. The relevant dimensions
are indicated.

of CSRRs in the ground plane, as shown in Fig. 1(a). The cir-
cuit model of the unit cell of this structure (including the elec-
tric coupling between adjacent resonators by means of a ca-
pacitor) is depicted in Fig. 1(b). As reported in [1], models
the inductance of the lines, accounts for the electric cou-
pling between the lines and the resonator, the CSRR is mod-
eled by the parallel resonant tank, , and and
model the mutual capacitance and inductance between the cou-
pled lines, respectively. Finally, models the electric coupling
between adjacent resonators. In the model reported in [1], such
inter-resonator coupling was neglected. However, our intention
is to study the effects of such coupling on the rejection band-
width for the common mode. Therefore, the introduction of
in the model is necessary, and the result is a six-port network.

In view of Fig. 1(b), the differential signals are insensitive
to the presence of the CSRRs, but these resonators prevent
the transmission of the common mode at certain frequencies.
The equivalent circuit models (unit cell) of the structure of
Fig. 1(a) under even and odd mode excitation are depicted in
Fig. 2(a) and (b), respectively. For the odd mode, the resonator
is short-circuited to ground, and the resulting model is that
of a conventional transmission line. For the even mode, we
obtain the circuit of a conventional CSRR-loaded line [17], but
with modified parameters and inter-resonator coupling (hence
a four-port network). Thus, we do expect a stopband behavior
for the common mode, enhanced by the presence of coupling
between adjacent CSRRs (as will be shown later).

In terms of field distributions, it is well known that the CSRR
(first resonance) can be excited by means of a time-varying axial
electric field [2]. For the common mode, there is a strong den-
sity of electric field lines in the same direction below both lines.
This causes CSRR excitation and hence a stopband. For the odd
mode, the axial components of the electric field distribution ex-
actly cancel if the structure is symmetric, (i.e., the gaps of the
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Fig. 2. Circuit model (unit cell) of the differential line loaded with CSRRs for
(a) the even and (b) odd modes.

CSRR are aligned with the symmetry plane of the differential
line), and the CSRR is not activated.

III. COMMON-MODE DISPERSION RELATION

Here, we infer the dispersion relation for the common mode
of a differential line periodically loaded with CSRRs. Let us
consider an infinite structure formed by cascading the four-port
blocks that describe the unit cell of a microstrip differential line
loaded with CSRRs for the common mode [Fig. 2(a)]. Let ,

, , and be the voltages and currents at the ports (1 and
2) of the left-hand-side (subscript ) of the unit cell, and ,

, , and the variables at the right-hand-side ports.
From multiconductor line theory [18], [19], it follows that the
variables at both sides of the unit block are related by

(1)

where , , and are 2 2 matrices while , , and
are column vectors composed of the pair of port variables.

As it follows from Bloch mode theory, the dispersion relation is
obtained from the eigenmodes of the above system, which are
inferred by forcing a given phase shift along the unit block, and
setting the determinant of the resulting 4 4 matrix to be null:

(2)

where is the identity matrix, the phase-shift factor is the
eigenvalue, is the complex propagation constant, and is the
unit cell length. For reciprocal, lossless, and symmetric net-
works, the eigenvalue solution can be simplified to the solution
of the following equation [20], [21]:

(3)

The matrix elements for the network of Fig. 2(a) can easily
be calculated as

(4)

with

(5a)

(5b)

(5c)

(5d)

where is the angular frequency. By introducing (4) into (3)
and solving the determinant, we can obtain . In this four-port
network, there are two solutions (denoted later by and ) for

:

(6)
The dispersion relation (6) will be used in Sections IV and V,

respectively, to study the effects of inter-resonator coupling on
bandwidth enhancement and to predict the maximum achievable
bandwidth of periodic CSRR-loaded differential lines.

IV. BROADENING THE COMMON-MODE REJECTION

BANDWIDTH

As pointed out in [1], there are three main strategies to en-
hance the rejection bandwidth in CSRR-based structures: 1) to
tune the resonance frequency of several resonators in order to
cover a wide band [10]; 2) to couple the resonators; and 3) to
enhance the bandwidth of the individual resonators (and, ob-
viously, a combination of the previous approaches). The mul-
tiple tuned resonators approach is efficient, but many particles
are needed to cover a wide band if narrowband resonators are
used. In the following subsections, the other two strategies for
common-mode rejection enhancement in microstrip differential
lines are discussed.

A. Inter-Resonator Coupling

The analysis of the dispersion relation is a convenient mean to
gain insight on the rejection bandwidth for the common mode
and, specifically, to analyze the effects of inter-resonator cou-
pling on bandwidth enhancement. We have obtained the two
modal propagation constants by considering the following ele-
ment values: 6.3 nH, 1.1 pF, 2.1 nH,
3.2 pF, and 0.1 pF (i.e., those extracted from an elec-
trically small CSRR-based structure considered in Section V).
The results, shown in Fig. 3, indicate that, for each mode, there
are regions where is purely real (evanescent mode), purely
imaginary (propagating mode), or complex (complex mode). If
complex modes are present, these modes must appear as con-
jugate pairs [8], and this is exactly the case in the region com-
prised between 1.42 GHz and 1.61 GHz, that is and

, where . The forbidden band includes
the region where complex modes are present (these modes do
not carry net power [8], [22]–[24]), plus an additional region
where , , and (between 1.61 GHz
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Fig. 3. (a) Attenuation constant and (b) magnitude of the phase constant of ��
corresponding to the two modes of the network of Fig. 2(a). If inter-resonator
coupling is cancelled �� � ��, the two modes degenerate in a single mode,
also depicted. The evanescent and complex mode regions are highlighted in light
and dark gray, respectively.

and 1.93 GHz) in which the modes are evanescent. As pointed
out in [24], the pair of complex modes also inhibits signal prop-
agation since such modes co-exist and have contra directional
phase. The forward complex mode is related to microstrip wave
propagation, whereas the backward complex mode resembles
electroinductive waves [25] (the dispersion behavior is similar
to that found in a shielded Sievenpiper structure [24]). The pres-
ence of coupling results in a wider stop band, as compared to the
structure without electric coupling between adjacent resonators.
This has been corroborated from the dispersion relation that re-
sults by forcing (also depicted in Fig. 3). However,
by magnifying inter-resonator coupling (large value of ),
the forbidden band does not substantially increase as compared
with the case with 0.1 pF. Thus, inter-resonator cou-
pling helps to broaden the stopband of the common mode in
CSRR-loaded differential lines, but the sensitivity in bandwidth
based on CSRR-to-CSRR coupling is limited, which makes ap-
parent the convenience of implementing the common-mode re-
jection filters with broadband resonators.

The dispersion relation of common-mode filters described by
a similar circuit to that of Fig. 2(a) is reported in [4], where the
four-port -matrix of the circuit model and periodic boundary
conditions related with the Bloch–Floquet theorem are used.
Our reported approach is based on the transmission ma-
trix and multiconductor transmission line theory, and the com-
plex modes are pointed out as the cause of rejection bandwidth
enhancement for the common mode.

B. Wideband Resonators: DS-CSRRs

As was illustrated in Section IV-A, inter-resonator coupling
enhances bandwidth but, in practice, such effect is limited.

Fig. 4. Topology of a square-shaped DS-CSRR.

Therefore, it is important to increase the bandwidth of the
individual resonators as much as possible. Here, we consider
an alternative to that reported in [1] to obtaining wideband
resonators.

In order to obtain a wide stopband response with a single
CSRR coupled to a transmission line, it is necessary to increase
the coupling capacitance between the line and the resonator
and to reduce the CSRR inductance and capacitance. In [1],
this was achieved by increasing the rings width and inter-rings
space, with the result of a structure with tiny coupled slot rings.
Under these circumstances, the CSRR is properly described
by an LC resonant tank capacitively coupled through the main
line in a very narrow region in the vicinity of the transmission
zero (nevertheless, it was demonstrated in [1] that, for CSRRs
with narrow and closely spaced rings, the equivalent circuit of
Fig. 2(a) is valid within a wide band).

As an alternative to obtain wideband resonators, the
DS-CSRR can be considered [9] (see Fig. 4). Like the CSRR,
the DS-CSRR is topologically symmetric, which makes it
appropriate for the selective common-mode suppression. In
comparison to a CSRR with the same dimensions and etched
in the same substrate, the DS-CSRR has almost the same
capacitance, but four times smaller inductance [9]. Hence, the
DS-CSRR resonance frequency and electrical size are twice
those of the CSRR. Since for a given (required) transmission
zero, the DS-CSRR is larger than the CSRR, the coupling
capacitance can also be larger, and, by virtue of a smaller
inductance (as compared to that of a CSRR), we can obtain a
wider bandwidth. Notice that since the DS-CSRR is electrically
larger than the CSRR, it is expected that the circuit model
of Fig. 2(a) provides an accurate description for the common
mode over a wider band for the CSRR-loaded lines. This means
that any prediction on common-mode rejection bandwidth
based on the circuit model (Section V) is expected to be more
accurate for CSRR-loaded lines. Nevertheless, it will be shown
that approximate estimations can also be made by considering
DS-CSRRs. Obviously, DS-CSRRs with wide and distant
slot rings can also be considered to further enhancing the
common-mode rejection bandwidth, but in this case the circuit
model cannot be used for predicting the stopband (the same
occurs with CSRRs with wide and distant slot rings). Indeed,
the accuracy of the model depends not only on the electrical
size of the particles, but also on the slot width and the inter-slot
distance. The electrical size is intimately related to the coupling
(and hence to the separation ) between the inner and outer slot
rings. In practice, the minimum printable slot and strip width
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(in conventional PCB technology) is limited to 100 or 150 m,
and this dictates the frequency limits where the circuit model
of Fig. 2(a) provides an accurate description of the structure.

To compare the effects of both particles on common-mode
rejection bandwidth and to study the effects of increasing their
number (filter order), we have designed several CSRR- and
DS-CSRR-loaded differential lines. For a proper comparison,
we have set and to the same value for both particles,
specifically to our minimum nominal value that guarantees
acceptable tolerance deviations in the actual values of the
fabricated prototypes 200 m . In addition, the
side length of the particles has been adjusted in order to ob-
tain the required filter central frequency . By means of the
Agilent Momentum full-wave electromagnetic solver, we have
computed the fractional rejection bandwidth for the common
mode, , where
the upper and lower frequency limits of the stopband and

have been considered to be those frequencies where the
common-mode rejection level is 20 dB (losses have been
excluded in these simulations). The results for different or-
ders and central filter frequencies are shown in Fig. 5(a). As
expected, the common-mode rejection bandwidth is wider for
DS-CSRR-loaded differential lines. Despite the fact that, for a
given central frequency an individual DS-CSRR is larger than
a CSRR, if we compare CSRR- and DS-CSRR-loaded lines
with the same area [see Fig. 5(b)], we see that the rejection
bandwidth is wider for the latter. With these results, it can be
concluded that DS-CSRRs exhibit a good balance between
common-mode filter size and achievable bandwidth.

The results of Fig. 5 also show that the electrical size of the
structures increases as the central frequency increases. That oc-
curs because, in shifting the central frequency up, the particle
dimensions have not been scaled down, that is, resonator side
length has been decreased, but and have been kept constant
(as well as the substrate height). It is also worth mentioning that
the common-mode rejection bandwidth decreases as the central
frequency increases. This aspect is attributed to a drastic de-
crease in the coupling capacitance between the differential line
and the resonators due to the fact that the substrate thickness is
not scaled down.

V. COMMON-MODE FILTER DESIGN

A. Filter Design

The aim of this section is to provide a methodology for the
design of microstrip differential lines with common-mode sup-
pression and to predict the achievable rejection bandwidth on
the basis of the common-mode equivalent circuit model and dis-
persion relation. For the reasons explained before, relative to
the validity of the model of Fig. 2(a) and fabrication tolerances,
we will consider 200 m (notice that this reduces
the degrees of freedom and eases the common-mode filter de-
sign). We use square-shaped resonators (rather than circular) to
enhance the electric coupling between the differential line and
the resonators and between adjacent resonators as well. To fur-
ther enhance inter-resonator coupling, the separation between
adjacent resonators is also set to 200 m. The differential line

Fig. 5. (a) Fractional rejection bandwidth ����� at�20 dB for the common
mode given by electromagnetic simulation and (b) area as a function of the
even mode guided wavelength � of CSRR- and DS-CSRR-loaded differen-
tial lines. Dimensions are: for the CSRRs and DS-CSRRs, � � � � 0.2 mm,
and inter-resonator distance � 0.2 mm; for the CSRRs, side length � 7.3 mm
�� � 1.5 GHz�, 4.3 mm �� � 3 GHz�, and 2.6 mm �� � 6 GHz�; for the
DS-CSRRs, side length � 3.8 mm �� � 1.5 GHz�, 7.5 mm �� � 3 GHz�,
and 4.3 mm �� � 6 GHz�; for the differential line, ���� � ���	 
	��
��
����� �� � 0.4 mm exhibiting a 50-	 characteristic impedance (odd mode).
The considered substrate is the Rogers RO3010 with thickness � � 1.27 mm,
and dielectric constant � � 10.2.

is designed to exhibit an odd-mode characteristic impedance of
50 . In order to achieve a strong electric coupling between the
pair of lines and the resonator, the lines must be fitted inside the
CSRR (or DS-CSRR) region and must be as wide as possible
and, hence, as uncoupled as possible (line dimensions can easily
be inferred from a transmission line calculator). The side length
of the resonator is determined from the model of the CSRR re-
ported in [17] (which gives and ) and the per-unit length
capacitance of the coupled lines for the even mode (which gives

). The transmission zero frequency, given by

(7)

is adjusted to the required central filter frequency, and this pro-
vides the CSRR side length (for a DS-CSRR the side length can
also be determined by taking into account that the inductance
is four times smaller than the inductance of the CSRR). Obvi-
ously, optimization of the resonator side length in order to fit the
required transmission zero is necessary (notice that the trans-
mission zero frequency provides a reasonable estimate of the
central filter frequency).
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TABLE I
EXTRACTED PARAMETERS AND MAXIMUM FRACTIONAL BANDWIDTH

INFERRED FROM THE CIRCUIT MODEL

With the previous procedure, the common-mode filter dimen-
sions are perfectly determined. To predict the maximum achiev-
able bandwidth, i.e., the bandwidth obtained by considering an
infinite number of cells, the dispersion relation is used. How-
ever, since optimization at the layout level is required, it is nec-
essary to extract the parameters of the circuit model following
the procedure reported in [26], where the element values are
obtained from certain mapping conditions such as the transmis-
sion zero frequency and the intercept of the reflection coeffi-
cient with the unit resistance circle. Thus, , , ,
and are first extracted by considering a single cell structure,
and then is adjusted to fit the electromagnetic simulation of
an order-2 common-mode filter. Once the circuit parameters are
known, (6) can be evaluated, and the common-mode stopband
can be determined.

Following the previous approach, we have obtained the max-
imum achievable rejection bandwidth for different CSRR and
DS-CSRR common-mode filters. To compare with full-wave
electromagnetic simulations, we have considered those central
frequencies and that substrate of Fig. 5. The extracted circuit
parameters and estimated fractional bandwidths are shown in
Table I. By comparing the maximum fractional bandwidths pre-
dicted by the reported approach with the saturation values of
Fig. 5(a), we can conclude that the reported approach is more
accurate for CSRR-loaded lines, as expected. Fig. 6 compares
the circuit and electromagnetic simulation (common mode) of
the order-1, -2, and -3 CSRR-based common-mode filters de-
signed to exhibit a central frequency (actually the transmission
zero for the single-stage structure) of 1.5 GHz. Note that, in the
circuit simulation, the inter-resonator capacitance at input and
output ports have been left opened since the CSRRs of the input
and output cells are not externally fed, resulting in a two-port
circuit. There is good agreement between the circuit and elec-
tromagnetic simulation.

As can be seen in Fig. 5(a), six resonators are sufficient to
nearly achieve the maximum rejection bandwidth. Obviously,
filter size can be reduced by decreasing the number of resonators
but at the expense of a reduced common mode rejection band-
width. Thus, following a systematic approach based on the cir-
cuit model of the common mode, we can infer whether a spec-
ified rejection bandwidth and central frequency can be roughly
fulfilled or not. If the required bandwidth is wider, we are forced
to consider resonators with wider slots and inter-slot dis-
tance , or, alternatively, multiple tuned resonators. In this
case, however, filter design and maximum bandwidth estimation

Fig. 6. Common-mode return loss �� � and insertion loss �� � given by
the electromagnetic and circuit simulation for the order-1, -2, and -3 common-
mode filters (1.5 GHz central frequency) based on CSRRs. Dimensions and
substrate are indicated in the caption of Fig. 5. Circuit parameters are given
in Table I.

are not so straightforward. Notice that the reported approach al-
lows us to infer the maximum achievable rejection bandwidth,
rather than setting the common mode rejection bandwidth to a
given value.

B. Discussion on the Rejection Bandwidth Definition

Finally, it is important to discuss if the meaning of the max-
imum fractional bandwidth inferred from the dispersion relation
actually corresponds to the 20 dB bandwidth of a structure
with a large number of cells. Indeed, the dispersion relation pro-
vides the frequency regions where signal propagation is allowed
or forbidden for an infinite number of cells. For a finite number
of cells, the most relevant effects that may occur are impedance
mismatch in the allowed bands or small rejection within the for-
bidden bands. Therefore, an analysis to determine the rejection
level that properly defines the forbidden band is very convenient.

It is well known that the transmission coefficient in two-port
periodic structures exhibits ripple in the allowed bands. Such
ripple is caused by impedance mismatch, and maximum trans-
mission is produced at those frequencies where either the
Bloch impedance is matched to the impedance of the ports
(impedance matching) or the electrical length is a multiple
of (phase matching). Between adjacent transmission peaks,
the transmission coefficient is a minimum at those frequencies
where the phase is an odd multiple of . The transmission
coefficient at these frequencies of minimum transmission can
easily be obtained according to [27]

(8)

Indeed, the previous function gives the envelope of the trans-
mission coefficient in the allowed bands. Expression (8)
corresponds to a two-port structure, where is the
Bloch impedance and the reference impedance of the ports

50 . However, the structure under analysis is de-
scribed by a circuit model with two input and two output ports
[Fig. 2(a)]. In a two-port structure, the Bloch impedance is
obtained by the ratio between the eigenvector variables (voltage
and current). For the circuit of Fig. 2(a), the pair of eigenvectors
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( and ) can be obtained by
using (1) and (6), and we can infer from them the characteristic
impedance matrix as follows [18]:

(9)

where and are 2 2 matrices formed by column vectors
composed of the eigenvector voltages and currents

(10a)

(10b)

The diagonal elements of ( and ) are simply the ratios
between the voltage and current in the corresponding port when
the other port is left open, whereas the anti-diagonal elements
determine the effects of the current injected in one port on the
voltage in the other port when it is open. Notice that and
are not the ratios of the voltage and current at ports 1 and 2 for
each eigenvector. Let us denote such voltage-to-current ratios
for port 1 as and , where and discriminate each
mode. If we now compare with and (Fig. 7), it
can be appreciated that to the left of the forbidden
band, whereas to the right of that band. This means
that, in the allowed bands, the propagation in an infinite struc-
ture resulting by cascading the networks of Fig. 2(a) with port
L2 of the first cell left opened, can be described as if it was a
two-port network that supports the eigenvector composed of the
variables referred to port 1 (mode and to the left and right of
the stopband, respectively) and Bloch impedance given by .
This approximation is valid as long as mode mixing is negli-
gible, as occurs in the whole allowed frequency region except
in a narrow band to the left of the stopband, where modes and

coexist (this leads to a complex value of in that region).
From previous statements, it follows that the envelope func-

tion of the transmission coefficient of any finite structure with
ports L2 and R2 of the first and last cell, respectively, left open
(actual conditions), can be approximated by means of (8), con-
sidering . The envelope function in the allowed bands
inferred through (8) with of Fig. 7 is compared with the
response of a 12-cell structure in Fig. 8. It is confirmed that
we can use (8) to obtain the envelope function to a very good
approximation.

With regard to the maximum bandwidth, it coincides with
the region delimited by those frequencies where the envelope
function exhibits a vertical slope. This vertical slope is clearly
achieved at a rejection level of 20 dB. Hence, this is a good re-
jection level to define the common-mode rejection bandwidth.
We would like to emphasize that the proposed procedure to infer
the envelope function is approximate. However, (8) provides
very good results because the coupling capacitance between res-
onators, , is necessarily small in the considered structures. If
this condition is not fulfilled, mode mixing is more pronounced,
and the envelope function that results when the ports L2 and R2
of the input and output cell, respectively, are opened, cannot be
inferred following this simple procedure.

Fig. 7. (a) Real and (b) imaginary parts of � , � , and � . The consid-
ered circuit parameters [refer to Fig. 2(a)] are those corresponding to the CSRR
common-mode filter with 1.5-GHz central frequency (i.e., those indicated in the
first row of Table I).

Fig. 8. Frequency response of the 12-cell structure resulting by cascading the
four-port networks of Fig. 2(a) with L2 and R2 ports of stages 1 and 12, respec-
tively, left opened, and envelope function in the allowed bands. The forbidden
band is depicted in gray.

VI. EXPERIMENTAL VALIDATION AND APPLICATIONS

Two application examples of the considered structures are
presented in this section: 1) a DS-CSRR-loaded differential line
with common-mode suppression and 2) a differential (balanced)
bandpass filter with common-mode rejection enhanced by the
presence of DS-CSRRs.

A. Differential Line With Common-Mode Rejection

Here, the common-mode suppression in microstrip differen-
tial lines loaded with DS-CSRRs is experimentally validated.
We have designed a common-mode filter similar to that reported
in [1], but in this case by using DS-CSRRs with tightly cou-
pled slot rings. The target is to implement a common-mode
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Fig. 9. Photograph of the designed differential line with common-mode sup-
pression based on DS-CSRRs. Dimensions are: for the DS-CSRRs, � � � �

0.2 mm, longitudinal side length � 17.6 mm, and transverse side length �

10.8 mm; inter-resonator distance � 0.2 mm; for the differential line,
� � 1 mm, and � � 2.5mm. The considered substrate is the Rogers RO3010
with thickness � � 1.27 mm, dielectric constant � � 10.2, and loss tangent
��� � � 0.0023.

filter roughly centered at 1.35 GHz and exhibiting at least 35%
fractional bandwidth (at 20-dB rejection level). According to
the previous methodology, these specifications cannot be ful-
filled by using CSRRs with 200 m. However,
it is possible to achieve these filter requirements by means of
DS-CSRRs. Indeed, the estimated maximum bandwidth for a
common-mode filter centered at 1.35 GHz has been found to be
37.3%, but we do expect a larger value since the model tends
to slightly underestimate the maximum achievable bandwidth
for DS-CSRR-loaded lines [this can be appreciated by com-
paring Table I and Fig. 5(a)]. Moreover, for comparison pur-
poses, a rectangular-shaped DS-CSRR has been considered with
its transverse side length identical to that of the CSRR reported
in [1]. This favors the electric coupling between the pair of lines
and the DS-CSRRs and, hence, the common-mode stopband
expansion (the reason is that the DS-CSRR longitudinal side
is longer than the transverse one, and this increases the cou-
pling capacitance as compared with that of a square-shaped
DS-CSRR with identical transmission zero frequency). The lon-
gitudinal side length is thus the single design parameter, and
this has been determined following the same approach applied
to square-shaped particles (the geometrical parameters of the
structure are given in the caption of Fig. 9).

The photograph and frequency response of the device, an
order-3 common-mode filter, are depicted in Figs. 9 and 10, re-
spectively (this filter order has been found to be sufficient to
satisfy the bandwidth requirements). As can be seen, the dif-
ferential signal is almost unaltered whilst the common mode is
rejected within a fractional bandwidth (41%) comparable to that
achieved in [1] by using CSRRs with wide and widely spaced
rings. The DS-CSRR-based structure is a bit larger than that re-
ported in [1], but the design has been done following the sys-
tematic procedure explained in the previous section.

Fig. 11 shows the measured differential eye diagrams with the
excitation of 0.2-V amplitude in 2.5 Gb/s for the differential line
of Fig. 9 with and without DS-CSRRs. The eye diagram quality
in terms of eye height, eye width, jitter, and eye opening factor
is compared for these two structures (see Table II). According
to these results, the presence of the DS-CSRRs does not sig-
nificantly degrade the differential mode. The peak-to-peak jitter
varies notably, but it is still within very acceptable limits for the
DS-CSRR-based structure. Moreover, the eye opening factor,
which measures the ratio of eye height and eye amplitude, is
identical.

Fig. 10. (a) Differential-mode return loss �� � and insertion loss �� �
and (b) common-mode return loss �� � and insertion loss �� � for the
structure of Fig. 9.

Fig. 11. Measured differential eye diagrams for the differential line of Fig. 9
(a) with and (b) without DS-CSRRs. The eye diagram in (a) reveals that the
common-mode rejection does not degrade the differential signals.

B. Differential Bandpass Filter With Common-Mode Rejection

Differential bandpass filters with common-mode rejec-
tion have been reported in the literature [28]–[32]. Here,
we report a balanced filter consisting of a pair of coupled
stepped-impedance resonators (SIRs) fed by a differential line,
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TABLE II
MEASURED EYE PARAMETERS

Fig. 12. (a) Layout and (b) photograph of the designed differential band-
pass filter with improved common-mode rejection. Dimensions are: for the
DS-CSRRs, � � � � 0.2 mm, longitudinal side length � 17.6 mm, and
transverse side length � 10.8 mm; for the differential line, � � 1 mm,
and � � 2.5 mm; for the differential filter, � � 0.5 mm, � � 2 mm,
� � 1.2 mm, � � 0.7 mm, � � 3.7 mm, � � 12.8 mm, � � 7.5 mm,
� � 5.4mm, and � � �	�mm. The considered substrate is the Rogers RO3010
with thickness 
 � 1.27 mm, dielectric constant � � 10.2, and loss tangent
��� � � 0.0023.

as shown in the layout of Fig. 12(a) (other balanced filters based
on SIRs have been reported in [33] and [34]). The filter by itself
rejects the common mode due to the symmetry of the structure,
since the symmetry plane of the resonator exhibits an electric
wall at the first SIR resonance. Therefore, such resonators
cannot be excited by means of common-mode signals, and the
even mode is reflected back to the source due to the presence of
the slots between the pair of SIRs. However, the rejection level
of the common mode in the region of interest is very limited
since it depends on the distance between resonators, and such
inter-resonator distance is dictated by filter specifications. Next,
we show that the common mode can be further rejected by
introducing (cascading) DS-CSRRs.

The proposed differential filter is a second-order Chebyshev
bandpass filter with a central frequency of 1.37 GHz, a fractional
bandwidth of 10%, and 0.1-dB ripple. The considered substrate
is the Rogers RO3010 with thickness 1.27 mm, and dielec-
tric constant 10.2. With these specifications and substrate,
the layout of the filter is that depicted in Fig. 12(a) (the design
of the filter has been done following the procedure described in
[35]).

The frequency response of the filter (differential mode,
and ) is shown in Fig. 13. The common-mode insertion
loss , also depicted in the figure, exhibits a rejection

Fig. 13. Simulated and measured differential-mode return loss �� � and in-
sertion loss �� �, and common-mode insertion loss �� � for the structure
of Fig. 12(b) with and without the presence of the DS-CSRRs.

Fig. 14. Group delay for the differential filter of Fig. 12(b).

level of about 20 dB in the passband region. In order to en-
hance the common-mode rejection, we have cascaded two iden-
tical DS-CSRRs as shown in Fig. 12(b). Such DS-CSRRs have
been designed to generate a stopband for the common mode in
the passband region of the differential filter and are identical to
those of Fig. 9. The presence of the DS-CSRRs does not af-
fect the filter response (odd mode). However, by merely intro-
ducing two DS-CSRRs, the common mode rejection is roughly
increased up to 50 dB in the region of interest (see Fig. 13). To
completely characterize the differential filter, the group delay
for the differential mode is shown in Fig. 14. These results point
out that DS-CSRRs provide an efficient path to enhance the
common mode noise rejection in balanced filters.

VII. COMPARISON WITH OTHER COMMON-MODE FILTERS

The fabricated differential line with common mode sup-
pression of Fig. 9 is compared with that presented in [1] and
with other reported differential lines in Table III. The physical
dimensions given in the table correspond to the active area
(defected ground area in the defected ground structures), and
the guided wavelength is the one corresponding to the even
mode. As compared with other approaches, our CSRR and
DS-CSRR based differential lines exhibit a competitive combi-
nation of size, bandwidth and rejection level. The filter reported
in [4] is very competitive in terms of size and bandwidth, but
the maximum rejection level is moderate. Moreover, such a
common-mode filter is based on a multilayer structure, and this
has extra cost and complexity. The filters reported in [5] and [6]
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TABLE III
COMPARISON OF SEVERAL DIFFERENTIAL LINES WITH COMMON-MODE

SUPPRESSION

have larger dimensions than our CSRR- and DS-CSRR-based
filters do. The filter reported in [6] exhibits a huge stopband
considering a 10-dB bandwidth, but, again, the maximum
rejection level is poor as compared with that of our proposed
filters.

In summary, the proposed common-mode suppression
strategy is technologically simple and low cost (only two metal
levels are used), and the resulting common-mode rejection
filters are compact and provide wide and high-rejection stop-
bands, with a simple and systematic design procedure.

VIII. CONCLUSION

It has been demonstrated that CSRRs and DS-CSRRs are
useful to selectively suppress the even (common) mode in mi-
crostrip differential lines. The lumped element equivalent cir-
cuit model (unit cell) of a differential line loaded with an array
of symmetrically etched CSRRs (or DS-CSRRs) has been re-
ported. From symmetry properties and the magnetic and electric
wall concepts, the circuit models under even- and odd-mode ex-
citation have also been obtained. Such models have been used to
support the conclusions relative to the selective mode suppres-
sion (i.e., the suppression of the even mode maintaining the in-
tegrity of the differential signals) inferred from symmetry anal-
ysis and field distributions.

Since the common-mode rejection bandwidth is a key pa-
rameter to common mode filters design, the main strategies
for bandwidth enhancement have been considered. Concerning
inter-resonator coupling, it has been justified from Bloch mode
theory that bandwidth enhancement in common mode filters
with tightly coupled resonators is related to the presence of
complex waves. Although inter-resonator coupling can enhance
the bandwidth, this effect is limited by technological restrictions
and, therefore, the use of intrinsically wideband resonators is
essential to achieve competitive common mode rejection bands.
For this reason, DS-CSRRs have been considered in this work.

A simple methodology for common-mode filter design (valid
for CSRR and DS-CSRR) has been proposed, and several peri-
odic common-mode filters with different central frequency and
order have been designed and compared. Clearly, DS-CSRRs
are more efficient in terms of rejection bandwidth, though
the prediction of the maximum achievable bandwidth is more
accurate for CSRR-loaded lines. It has also been found that
the common-mode rejection bandwidth roughly saturates for
order-6 filters.

The theory has been validated against measurements through
the fabrication of a DS-CSRR-loaded differential transmission

line and a balanced bandpass filter with common-mode suppres-
sion. In the DS-CSRR-loaded line, a measured common-mode
rejection level better than 20 dB within a 41% fractional band-
width has been obtained (whilst preserving the integrity of the
differential signal). The reported differential bandpass filter ex-
hibits a measured common-mode rejection better than 40 dB in
a 34% bandwidth (including the differential passband region)
thanks to the presence of the DS-CSRRs, which do not affect
the differential filter performance.
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Abstract: The symmetry properties of split ring resonators (SRRs) are exploited for the 
implementation of novel sensing devices. The proposed structure consists of a coplanar 
waveguide (CPW) loaded with movable SRRs on the back substrate side. It is shown that 
if the SRRs are placed with the slits aligned with the symmetry plane of the CPW,  
the structure is transparent to signal propagation. However, if the symmetry is broken, a 
net axial magnetic field can be induced in the inner region of the SRRs, and signal 
propagation is inhibited at resonance. The proposed structures can be useful as alignment 
sensors, position sensors and angle sensors. This novel sensing principle is validated 
through experiment.  

Keywords: split ring resonators; metamaterials; coplanar waveguide; position sensors; 
angle sensors 

 

1. Introduction 

Split ring resonators (SRRs) consist of a pair of concentric metallic rings, etched on a dielectric 
substrate, with slits etched on opposite sides (see Figure 1). SRRs can be electrically small if the rings 
are tightly coupled [1]. These resonators have been used for the synthesis of left handed [2] and 
negative refractive index media [3], where the necessary value of the negative effective permeability is 
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due to the presence of the SRRs (if an array of electrically small SRRs is excited by means of an axial 
time varying magnetic field, the structure behaves as an effective medium with negative effective 
permeability in a narrow band above SRR resonance). SRRs have also been coupled to planar 
transmission lines, for the synthesis of transmission line metamaterials. Specifically, it was demonstrated 
in [4] that a coplanar waveguide (CPW) loaded with pairs of SRRs in the back substrate side inhibits 
signal propagation in the vicinity of SRR resonance, and this was interpreted as due to the negative 
effective permeability of the structure. Indeed, if a CPW is loaded with a single pair of SRRs, the 
transmission coefficient exhibits a transmission zero, indicative of the resonance frequency of the 
SRRs. Such resonance frequency is given by the inductance and capacitance of the SRR, where a 
quasi-static model can be applied if the particle is electrically small [5]. Thus, for electrically small 
circular SRRs, the inductance is calculated from the inductance of a single ring with average radius, 
and the capacitance is given by the series connection of the distributed capacitance of the upper and 
lower halves of the SRR [5]. Actually, the SRR exhibits many resonance frequencies [6], but the 
frequency of interest for the implementation of effective media is the first one, because the particle can 
only be considered to be electrically small at this resonance.  

Figure 1. Typical topology and relevant dimensions of (a) a circular and (b) a rectangular SRR. 

(a) (b) 

Different kind of sensors based on SRRs have been proposed, such as thin-film sensors [7], particle 
detectors [8,9], stress sensors [10], moisture sensors [11], pressure sensors [12], or displacement 
sensors [13], among others. In most of these applications, the variation of the resonance frequency or 
the quality factor of the particles, caused by changes in the variable to be sensed, has been the 
considered sensing strategy. In this paper, a different approach for the implementation of sensors based 
on SRRs is proposed, i.e., to exploit the symmetry properties of SRRs coupled to CPWs. The detection 
principle is based on the loss of symmetry caused, for instance, by a displacement or a rotation.  

In Section 2, the theory behind the proposed detection principle is explained in detail; in Section 3, 
the principle is validated through electromagnetic simulation; the sensitivity of a prototype device is 
evaluated through simulation and experiment in Section 4 to demonstrate the proof-of-concept; finally, 
the main conclusions of the work are highlighted in Section 5. 

2. The Sensing Principle 

As reported in [4], a CPW structure loaded with pairs of SRRs inhibits signal propagation in the 
vicinity of SRR resonance. In the reported prototypes, the pairs of SRRs are etched on the back 
substrate side, with the center of the SRRs underneath the slots. Under these conditions, the magnetic 
field in the inner region of each SRRs is contradirectional, but the SRRs can be excited at resonance. 
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Let us consider, instead, that only one SRR is etched in the back substrate side of a CPW structure, and 
that the slit of each ring is perfectly aligned with the symmetry plane of the CPW structure [see  
Figure 2(a)]. Under these conditions, it is clear that the axial components of the magnetic field in the 
inner region of the SRR must cancel, and the SRR cannot be excited at resonance. However, if the 
symmetry is broken, a net magnetic field in the inner region of the SRR is expected and the rings will 
be excited at resonance. This situation can be simply monitored by measuring the transmission 
coefficient. A transmission zero at SRR resonance is expected, with the magnitude of such 
transmission zero being dependent on the deviation from symmetry (the considered sensitivity in this 
work is thus given by the derivative of the notch magnitude with the variable to be sensed, that is, 
lateral displacement or rotation). 

Figure 2. CPW loaded with a circular shaped SRR; (a) symmetrically placed;  
(b) displaced 0.5 mm; and (c) rotated 10°. Dimensions are: L = 10.4 mm, W = 1.67 mm,  
G = 0.2 mm, c = d = 0.2 mm and rext = 5 mm. 

 (a) 
 

(b) (c) 

Alternatively, the fact that the SRR is not excited if the slits are perfectly aligned with the symmetry 
plane of the CPW can be explained since the symmetry plane of the SRR is an electric wall at 
resonance [5], i.e., the distribution of charges is anti-symmetric with respect to that plane. However, 
the symmetry plane of a CPW structure is a magnetic wall for the fundamental (even) mode. Thus, the 
SRR cannot be excited if both symmetry planes (that of the CPW and that of the SRR) coincide.  

3. Validation 

In order to validate the previous principle, we have considered a CPW loaded with a circular SRR 
(Figure 2) in three configurations: (a) symmetrically etched; (b) displaced 0.5 mm; and (c) rotated 
10°. Although the lack of symmetry can be produced by many different causes, in this work we have 
considered the following two possibilities: a lateral displacement and a rotation of the SRR. The 
resonance frequency of the SRR has been estimated by means of the model reported in [5]  
(f0 = 1.94 GHz), by considering the Rogers RO3010 substrate with dielectric constant εr = 10.2, 
thickness h = 127 μm, and loss tangent tan  = 0.0023. In these structures, we have obtained the 
transmission coefficient (S21) by means of a full wave electromagnetic simulator (Agilent Momentum). 
The results, shown in Figure 3, reveal that if the SRR is symmetrically etched, the structure is 
transparent at SRR resonance. However, if the symmetry is altered by simply displacing or rotating the 
SRR, a notch appears in the transmission coefficient at the resonance frequency of the SRR. It is worth 
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to mention that actually, in the current validation, there are two notches which are the corresponding 
ones to the inner and outer ring. It has been observed that they are very close because the rings have 
nearly the same length and are loosely coupled due to the thin substrate thickness (a short distance 
between the SRR and the top layer, with respect to the gap between rings, favors the coupling between 
the top layer and the SRR at the expense of the inter-coupling between rings). Notice that the substrate 
thickness (127 μm) is thinner than the inter-ring separation (200 μm), a value close to the fabrication 
limit. If the two rings forming the SRRs are loosely coupled, the SRR cannot be considered to be 
electrically small. Hence, the first resonance frequency is no longer quasi-static, but the symmetry 
properties and sensing principle described in the previous section are exactly the same. Thus, it is clear 
that we are able to detect the lack of symmetry in CPWs loaded with a single SRR. The effects of 
substrate thickness on inter-rings coupling are analyzed later, on the basis of the structures considered 
to validate the sensing principle. 

Figure 3. Simulated transmission coefficients of the structures of Figure 2. 

 

It is important to obtain a high sensitivity of the notch magnitude with the variable that destroys the 
symmetry of the structure. Obviously the sensitivity is expected to be dependent on the SRR and CPW 
geometry, but we do also expect the influence of substrate thickness. In structures with thick 
substrates, the magnetic field lines generated by current flow in the CPW scarcely penetrate the SRR 
region and hence we do not expect a high sensitivity under these conditions. Therefore, CPW 
structures with thin substrates are preferred for the design of sensors. Among the commercially 
available low-loss microwave substrates of our laboratory, we have thus chosen the Rogers RO3010 
with thickness h = 127 μm. 

With regards to the geometry, by decreasing the overall dimensions of the CPW and SRR, the 
sensitivity for a linear displacement can be enhanced. The reason is that if we scale down the structure 
and a particular displacement, the frequency response experiences a shift upwards roughly maintaining 
the same notch magnitude (such notch magnitudes being identical if losses are neglected). Nevertheless, 
the limits are dictated by the available fabrication technology (a photo mask/etching process with a 
minimum strip and slot width of 200 μm in our case). The critical aspect to enhance sensitivity is to 
choose the appropriate shape factor for the SRR. Namely, if we choose a circular SRR with an internal 
diameter much larger than the distance between the CPW slots (as in Figure 2), the magnetic field 
lines within the SRR region do not exactly cancel if symmetry is broken, but the effects of asymmetry 
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are not significant. Conversely, if the SRR does not extend beyond the slots of the CPW, the effects of 
the asymmetry on the frequency response of the structure (notch magnitude) are more pronounced. 
Indeed, the magnitude of the notch increases by etching the SRR just below the central strip of the 
CPW. To validate the previous comments we have considered three different SRR-loaded CPW 
structures. One of them is that depicted in Figure 2(a); the others are those depicted in Figure 4. In all 
these structures, the symmetry has been broken by applying a lateral displacement and by applying a 
rotation to the SRR of 0.5 mm and 10°, respectively. The simulated transmission coefficients obtained 
after applying the previous translation and rotation operations to the SRR are depicted in Figure 3 and 
in Figure 5. According to these figures, the structure of Figure 4(a) provides the deepest notch for the 
displacement, whereas the structure of Figure 4(b) seems to be the best choice for detecting rotation. It 
is also remarkable that although for the square-shaped SRR the rings are uncoupled (as for the circular 
and rectangular shaped SRRs), the notches are substantially distant because the lengths of the inner 
and outer ring are very different. 

Figure 4. (a) CPW loaded with a square shaped SRR; and (b) CPW loaded with a 
rectangular shaped SRR. Dimensions are: L1 = 2.07 mm (a), L1 = 12.4 mm (b),  
W = 1.67 mm, G = 0.2 mm, c = d = 0.2 mm, l1 = 1.67 mm (a), l1 = 12 mm (b) and  
l2 = 1.67 mm. 

  
(a) 

 
(b) 

Figure 5. Simulated transmission coefficients of the structures of Figure 4 and those obtained 
by displacing 0.5 mm and rotating 10° the SRR; (a) Figure 4(a) and (b) Figure 4(b). 

 
(a) 

 
(b) 
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To gain more insight on the effects of the substrate thickness on inter-resonator’s coupling, the 
frequency response of the CPW with the individual rings of Figure 4(b) laterally displaced 0.5 mm has 
been simulated. The results are compared with the frequency response of the SRR-loaded CPW in 
Figure 6(a). Clearly, the rings are uncoupled. However, if substrate thickness is increased to 635 μm 
[Figure 6(b)], the first two resonances of the SRR experience a frequency shift caused by an evident 
inter-rings coupling. However, the depth of the notches decreases; thus thin substrates are preferred, 
even though this can result in a negligible inter-rings coupling. 

Figure 6. Simulated transmission coefficients of the structure of Figure 4(b) by laterally 
displacing 0.5 mm the SRR, and by considering only the inner or the outer ring (also 
displaced); (a) h = 127 μm and (b) h = 635 μm. 

 
(a) 

 
(b) 

4. Experimental Results 

The purpose of this section is to analyze the sensitivity of the proposed sensing devices by means of 
full wave electromagnetic simulation and experiment. To this end, rather than fabricating a sensing 
device with movable SRRs, which is technologically more complex, we will study the effects of 
displacing or rotating the SRRs by fabricating several devices with different displacements and 
rotations (the key point of this paper is to validate the proof-of-concept for this novel sensing principle). 

The base structure (i.e., the symmetric structure) is depicted in Figure 7. In such structure, the slot 
and central strip widths of the CPW are G = 0.2 mm and W = 1.67 mm, respectively (corresponding to 
a 50 Ω line in the Rogers RO3010 substrate indicated before). The width, c, of the metal strips of the 
SRR as well as their separation, d, are c = d = 0.2 mm; finally, the length and width of the SRR is  
l1 = 12 mm and l2 = 1.67 mm, respectively. These dimensions have been optimized to enhance the 
sensitivity, taking into account the minimum strip and slot width of the available technology and the 
effects of losses. From this structure, we have fabricated some additional CPWs with different 
displaced and rotated SRRs. For these structures, we have obtained the magnitude of the insertion loss 
at the first and second resonance; the results are depicted in Figure 8. There is a reasonable agreement 
between the electromagnetic simulations and the measurements. The sensitivity S ( S21/ x and 

S21/ ϕ, where x and ϕ denote displacement and rotation, respectively), simply inferred from the 
discrete derivative of the insertion loss magnitude (after applying a smoothing algorithm), is also 
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depicted in the figure. The results are reasonable for the first resonance, taking into account the 
dimensions of the considered SRR and CPW. For the second resonance, the sensitivity is not as good 
as the one corresponding to the first resonance, the reason being that the ring producing the second 
resonance is smaller and further displacement is required to notice the effects of asymmetry (i.e., the 
inner ring needs more lateral displacement to reach the slot area of the CPW).  

To end this section, the notch magnitude (first resonance) obtained by electromagnetic simulation 
of the structure of Figure 7 that results from lateral displacement of the SRR is compared (Figure 9) to 
that of an identical structure but with all dimensions scaled down by a factor of two and four 
(dielectric and ohmic losses are included in the simulations). As can be seen, sensitivity is enhanced by 
scaling dimensions down, the improvement being nearly proportional to the scaling factor. However, 
as the scaling factor increases losses play an increasingly significant role and, for a too large scaling 
factor, sensitivity might be lower than expected. From the results of this section, it can be inferred that 
the sensing principle is validated. 

Figure 7. Photograph of the fabricated base structure; (a) top view of the CPW; and  
(b) SRR etched in the back substrate side. 

 
(a) 

 
(b) 

Figure 8. (a) Insertion loss at first resonance and (b) sensitivity of the insertion loss 
magnitude for the prototype device shown in Figure 7, resulting by laterally displacing and 
by rotating the SRR. In (c) and (d), the results for the second resonance are depicted. The 
measured frequency responses, necessary to obtain the magnitude of the first and second 
notch, have been obtained by means of the Agilent E8364B vector network analyzer. 

         

(a) 

 

 
(b) 
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Figure 8. Cont. 

           

 
(c) 

 

(d) 

Figure 9. Comparison between the notch depth given by electromagnetic simulation for 
the structure of Figure 7 and for the same structure with all dimensions scaled down. 

 

4. Conclusions 

In conclusion, a new sensing principle for the detection of displacement and rotation, based on the 
loss of symmetry in SRR-loaded CPW structures, has been validated through theory and experiment. It 
has been shown that thin substrates and square/rectangular shaped SRR are necessary to enhance the 
sensitivity of the structures. A set of structures with different laterally shifted and rotated SRRs have 
been fabricated to validate the sensing principle. The resulting sensitivity of these structures exhibits a 
maximum measured value of roughly 95 dB/mm and 3.4 dB/degree for the displacement and angle 
sensor (first resonance), respectively. 
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Abstract: In this paper compact alignment and position sensors based on coplanar 
waveguide (CPW) transmission lines loaded with split ring resonators (SRRs) are proposed. 
The structure consists of a folded CPW loaded with two SRRs tuned at different frequencies 
to detect both the lack of alignment and the two-dimensional linear displacement magnitude. 
Two additional resonators (also tuned at different frequencies) are used to detect the 
displacement direction. The working principle for this type of sensor is explained in detail, 
and a prototype device to illustrate the potential of the approach has been designed  
and fabricated.  

Keywords: split ring resonators; coplanar waveguide; alignment sensors; position sensors 
 

1. Introduction 

This paper is a continuation of a previous paper published by the authors [1], where, for the first 
time, the symmetry properties of split ring resonators (SRRs) were considered to detect displacement 
(many other works where SRRs are used for sensing purposes have been reported in the literature [2–8]). 
In [1], we reported a displacement sensor, able to detect angular or one-dimensional linear displacement. 
The structure, shown in Figure 1 for completeness, is a coplanar waveguide (CPW) loaded with a 
single SRR etched in the back side of the substrate. If the SRR is symmetrically etched as in Figure 1, 
the particle (SRR) cannot be excited and signal transmission between the input and the output port is 
allowed. However, if the symmetry is broken, for instance by either a rotation or a lateral linear 
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displacement (i.e., along the y-axis), the SRR is excited, and a notch arises in the transmission 
coefficient at SRR resonance which depends on the displacement. The resulting sensitivity (45 dB/mm 
in average value for linear displacement) and its linearity are reasonable, relative to the considered 
CPW and SRR dimensions (in the millimeter-scale). The sensitivity was defined as the variation of  
the notch magnitude of the transmission coefficient with the variable to be sensed, that is, the 
displacement. However, the structure of Figure 1 is not able to detect a relative displacement between 
the SRR and the CPW in the axial direction of the CPW (i.e., the x-axis). Moreover, it is not possible 
to distinguish between lateral displacements in the two possible directions (i.e., ±y). In this paper, we 
provide a solution to these two issues. In Section 2, the proposed sensing device is presented, and the 
working principle is explained in detail. The design strategy, the fabricated prototype device, and the 
characterization of this prototype are reported in Section 3. Finally the main conclusions of the paper 
are highlighted in Section 4. 

Figure 1. Typical topology of an angular or linear displacement sensor consisting of a 
CPW transmission line loaded with an SRR (in black) etched in the back side of the 
substrate. A rectangular shaped SRR is etched just below the central strip of the CPW to 
improve the sensitivity performance. 

 

2. The Proposed Sensor and Principle of Operation  

It is well known that an SRR can be excited by means of an axial time varying magnetic field [9]. 
Nevertheless, an SRR exhibits cross polarization, that is, it can also be driven by means of an electric 
field confined in or parallel to the plane of the particle and orthogonal to the plane containing the slits. 
In [10,11], it was demonstrated that by loading a CPW transmission line with pairs of SRRs, that is, 
with the centers of the SRRs aligned with the slots of the CPW structure, these particles are excited 
and a stop band in the transmission coefficient arises. The excitation of the resonators comes from the 
coupling of the rings with the magnetic and electric field generated by the currents flowing on the 
CPW. However, if single SRRs (rather than pairs) are symmetrically etched in the back side of the line 
(as Figure 1 illustrates), the magnetic and electric field components inside the SRR exactly cancel, and 
the particle is not driven at the fundamental resonance. This situation does not hold if the symmetry is 
broken, and therefore, a possible lack of alignment or relative lateral displacement between the line 
and the SRR can be detected and measured, respectively, as was shown in [1]. Provided the symmetry 
plane of the SRR does not extend beyond the CPW slots, the larger the lateral shift, the deeper the 
notch in the transmission coefficient. Therefore, the lateral displacement range will be limited to the 
distance between the two slots of the considered CPW.  

 

Port 1 Port 2
y

x
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In order to extend the sensing capability to two dimensions for alignment and linear displacement, 
one possible strategy is to introduce a right angle bend in the CPW transmission line, and to etch an 
SRR in each CPW section. Obviously, these SRRs must be tuned at different frequencies in order to 
discriminate between displacement in the x- or y-axis. However, by these means it is not possible to 
distinguish between up or down and right or left shift in the y and x orientation, respectively. Our 
proposal to detect the displacement direction consists of introducing two additional resonators, one in 
the x-oriented CPW section and the other one in the y-oriented section, both etched also in the back 
side of the substrate, but situated beneath one of the CPW ground planes, near a CPW slot. If the 
displacement direction drives such additional resonators towards the slot of the CPW, this will be 
detected by a notch at the resonance frequency of these resonators. Conversely, by shifting the SRRs in 
the opposite direction such notch will not appear. Since it is necessary that the four required SRRs are 
tuned at different frequencies, the resonators dimensions must be different. Notice that these two 
additional resonators are introduced to simply detect the displacement direction (they do not provide 
information on the displacement magnitude). Therefore, we can call these SRRs as direction sensing 
resonators, to differentiate them from the displacement sensing resonators, those which measure the 
linear displacement magnitude.  

The layout of the designed sensor is depicted in Figure 2. The considered substrate is the Rogers 
RO3010 with dielectric constant r = 10.2, thickness h = 127 μm, and loss tangent tan  = 0.0023.  
As discussed in [1], narrow substrates are necessary to boost the sensitivity. For these very narrow 
substrates, the coupling between the inner and the outer ring of the SRR (Figure 1) is negligible. In the 
present work single ring SRRs are considered, whose second resonance frequency is located beyond 
the one of SRRs with two rings [12], and this is important to avoid interference between the transmission 
notches of different resonators. The vias and backside strips are used to connect the ground plane 
regions and thus prevent the appearance of the CPW parasitic slot mode. 

Figure 2. Layout of the proposed sensing device for the aligned position (i.e., the CPW 
and the displacement sensing SRRs are aligned). The CPW strip and slot widths are  
W = 1.67 mm and G = 0.2 mm, respectively, the vias have a 0.2 mm radius, and the  
narrow strips between vias have a width of 0.2 mm. The dimensions of the SRRs are:  
l1 (SRR x) = 9.95 mm, l1 (SRR±x) = 7.05 mm, l1 (SRR y) = 13.4 mm, l1 (SRR±y) = 7.8 mm, 
l2 = 1.67 mm, and c = 0.2 mm. 
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For a better comprehension of the principle of operation of the proposed sensor, let us consider the 
four different displacements indicated in Figure 3 from the aligned structure, that is, right, left, up, and 
down displacements. The resonance frequencies of the four SRRs are denoted as f y, f x, f±y, and f±x 
(see Figure 2). It can be seen that displacements in the ±x- and ±y-direction can be detected (by means 
of the resonators SRR±x and SRR±y) and measured (by the resonators SRR x and SRR y). Any other 
linear displacement is a combination of the previous ones, and hence it can also be detected and 
measured. As an illustration, Figure 4 shows the obtained transmission coefficient for x = 0.3 mm 
and y = 0.25 mm.  

Figure 3. Scheme indicating the primitive shifting operations and the resulting 
transmission coefficient S21. A notch is indicative of an SRR excitation. A linear 
displacement in the x- and y-orientation is indicated as x and y, respectively, relative to 
the aligned position (i.e., x = y = 0).  

 

 

  

  

Figure 4. Transmission coefficient S21 of the sensor for x = 0.3 mm and y = 0.25 mm. 

 

f y f x f y f x
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3. Results 
 

The proposed sensing structure is validated by considering several proof-of-concept prototypes with 
different displacements, by measuring the frequency responses and by representing the notch 
magnitude of the different involved resonance frequencies (Figure 5 shows a photograph of the device 
for the case x = y = 0). Obviously, in a real sensor, the SRRs must be etched on a different substrate 
in order to achieve relative motion between the sensing SRRs and the bended CPW transmission line, 
but this complicates the measurement (from the mechanical viewpoint) and, for this reason, by the 
moment, we have proceeded in this way. In order to validate the proposed approach, we have considered 
positive and negative displacement in the x-direction (horizontal shift), as well as in the x = y-direction 
(diagonal shift). This is representative of the potentiality and validity of the proposal. 

 
Figure 5. Photograph of the proposed device for the aligned position; (a) top and (b) bottom face. 

 

(a) (b) 
 
Figure 6 depicts the dependence of the notch magnitude (simulated and measured) with displacement 

in the ±x-direction. The measurements have been inferred by means of the Agilent E8364B vector 
network analyzer, whereas the simulations have been carried out by means of the Agilent Momentum 
commercial software. As expected, for positive displacements, the SRR±x is activated as is manifested 
by a clear increase in the notch at f±x, whereas the specified −3 dB threshold level is not exceeded for 
negative displacements (indicating that the shift is in the negative direction). The dependence of the 
notch magnitude for f x is similar and roughly linear in both directions, with a measured value of 
approximately −20 dB for x = ±0.3 mm, which is indicative of a significant sensitivity of roughly  
65 dB/mm (average value). On the other hand, the notch corresponding to f y is approximately 0 dB, 
which indicates that the structure is aligned with the y-axis (for x = 0.3 mm the notch is slightly 
above −3 dB because for this sample the y-axis position sensing resonators are somewhat misaligned 
due to fabrication tolerances and under-etching). 
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Figure 6. Notch magnitude of the transmission coefficient S21 at the indicated frequencies 
for x-oriented displacement; results for (a) x- and (b) y-axis position sensing. 

(a) (b) 

The results of the relative displacement in the diagonal orientation ( x = y) are depicted in Figure 7. 
Similar conclusions to those pointed out for x-motion can be inferred to the light of this figure. 
Nevertheless, it is worth mentioning that the notch magnitude associated to a displacement sensing 
resonator depends not only on the displacement, but also on inter-notch interference and resonator 
dimensions. This causes that, for the same displacement, the notch magnitude of the y-axis displacement 
sensing resonator produces a deeper notch than that of the x-axis. With these results, the proposed 
alignment and two-dimensional linear displacement sensing structure is validated. 

Figure 7. Notch magnitude of the transmission coefficient S21 at the indicated frequencies 
for x = y-oriented displacement; results for (a) x- and (b) y-axis position sensing. 

(a) (b) 

Another two-dimensional displacement sensor based on split ring-loaded lines was reported in [13]. 
The operation principle of that approach is founded on the shift of the resonance frequency by using 
triangular complementary split rings in Microstrip technology. Since external (ambient) conditions 
may affect the resonator resonance frequency but not the transparency of the lines with perfectly aligned 
resonators, the proposed sensor of this work is more robust and specially suited for alignment purposes.  
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4. Conclusions 

In conclusion, an alignment and a two-dimensional linear displacement sensor device based on the 
symmetry properties of SRRs has been proposed and validated. The sensing mechanism is based on 
the electromagnetic coupling between a CPW transmission line and an array of SRRs. The device is 
able to detect the lack of alignment and the relative linear displacement between two surfaces, one 
containing the SRRs tuned at different frequencies, the other one including the CPW used to identify 
the displacement magnitude and direction (by measuring the transmission coefficient). The position 
sensor characterization has revealed that two-dimensional linear displacement with reasonable 
sensitivity and linearity can be measured. This represents a significant progress as compared to the 
former approach reported in [1]. 
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Abstract  —  This paper is focused on the analysis of coplanar 
waveguides (CPW) loaded with symmetric resonators (such as 
split ring resonators and stepped impedance resonators) whose 
symmetry plane behaves as an electric wall at the fundamental 
resonance frequency. If these resonators are symmetrically 
etched in the back substrate side of the CPW, the resonators are 
not excited, and signal propagation along the CPW is allowed. 
Conversely, if the symmetry is truncated, the magnetic wall of the 
CPW (fundamental mode) is not aligned with the electric wall of 
the resonator, and signal propagation is inhibited in the vicinity 
of the first resonance frequency. These structures can be of 
interest for the design of novel sensors or radiofrequency (RF) 
bar codes, based on the deviation from symmetry. The principle 
of operation of such structures is illustrated and experimentally 
validated by proof-of-concept devices. 

Index Terms — Coplanar waveguide (CPW), split ring 
resonator (SRR), stepped impedance resonator (SIR), microwave 
sensors, radiofrequency bar codes. 

I. INTRODUCTION 

Coplanar waveguides (CPW) periodic-loaded with pairs of 
split ring resonators (SRRs) were reported in 2003 as one-
dimensional (1D) effective media exhibiting negative effective 
permeability in the vicinity of SRR resonance [1]. These 
structures are transparent to signal propagation except in a 
narrow region where the effective permeability is either 
negative (above SRR first resonance) or highly positive (just 
below SRR resonance). Alternatively, the stop band behavior 
of SRR-loaded CPWs can be simply interpreted as a result of 
magnetic coupling between the line and the pairs of SRRs. In 
the vicinity of resonance, the SRRs are excited through the 
axial magnetic field generated by the line, and the injected 
power is reflected back to the source. 

In the present paper, novel applications of CPWs loaded 
with symmetric resonators, such as the SRR or the folded 
stepped impedance resonator (SIR), are investigated. The 
symmetry of the structure is the key aspect to explain the 
principle of operation. By symmetrically etching the 
resonators in the line (back substrate side), the line is 
transparent. However, if the symmetry is broken, the 
resonators are excited, and this can be detected through a 
notch in the transmission coefficient. Therefore, CPWs loaded 
with such kind of symmetric resonators can be useful for the 
design of novel devices based on the truncation of symmetry. 
This includes sensors and detectors (such as alignment, 
position, or angle sensors), or radiofrequency (RF) bar codes. 

II. CPWS LOADED WITH SYMMETRIC RESONATORS: SRRS AND 

FOLDED SIRS  

Figure 1 shows the typical topologies of an SRR [2] and a 
folded SIR [3], including the distribution of charges at their 
first resonance. Many other electrically small planar 
resonators have been reported in the literature (spiral 
resonators [4], non-bianisotropic SRRs [5], etc.), but such 
resonators are discarded since they do not exhibit an electric 
wall at their first resonance, as is required for the purpose of 
the present work. By loading a CPW transmission line with 
SRRs or folded SIRs symmetrically etched in the back 
substrate side (Fig. 2), these particles cannot be excited at their 
first resonance given that the magnetic wall of the CPW 
structure (fundamental mode) is aligned with the symmetry     
plane 

 
Fig. 1. Typical topologies of a square shaped SRR (a) and folded 
SIR (b), including the distribution of charges at the first resonance 
(the symmetry plane, indicated in dotted line, is an electric wall). 
 

 

G

LCPW

W

   
Fig. 2. CPW loaded with a symmetrically etched SRR (a) and 
folded SIR (b). The substrate is the Rogers RO3010 with dielectric 
constant ε

r
=10.2, thickness h=0.635 mm, and tanδ=0.0023. CPW 

dimensions are: L
CPW

=9.6 mm, W=4 mm, and G=0.7 mm; SRR 
dimensions are: l

1
=l

2
=7.6 mm and c=d=0.2 mm; SIR dimensions are: 

l
1
=l

2
=7.6 mm, W

1
=3.8 mm, W

2
=0.2 mm, and S=0.4 mm. The 

metallization in the back substrate side is indicated in black. 

(a) (b) 

(a) (b) 
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Fig. 3. Simulated transmission coefficients of the structures shown 
in Fig. 2 and those corresponding to the same structures with the 
resonators laterally displaced (a) or rotated (b). Circuit parameters 
are: L=2.4 nH, C=0.97 pF, L

s
=13.8 nH, C

s
=0 pF; for 1 mm, C

sc1
=0.57 

pF, C
sc2

=1.8 pF, C
sg1

=1.6 pF, and C
sg2

=0.4 pF; for 2.35 mm, C
sc1

=0 pF, 
C

sc2 
=2.2 pF, C

sg1
=2.2 pF, and C

sg2
=0 pF. 

 
plane of the particles. However, if the symmetry is truncated, 
for instance by rotating or laterally displacing the resonator, a 
notch in the transmission coefficient is expected. This effect is 
illustrated in Fig. 3, where the simulated transmission 
coefficient of the structures depicted in Fig. 2, and those 
resulting after different displacements and rotations are 
represented (the simulations have been obtained by means of 
the Agilent Momentum commercial software). The results 
show that by using a folded SIR deeper notches are obtained. 
Moreover, the folded SIR is electrically smaller, as compared 
to the SRR. Therefore, the focus will be on the folded SIR, 
rather than on the SRR. 

The equivalent circuit model of the structure of Fig. 2(b) is 
depicted in Fig. 4. The CPW and the SIR are coupled mainly 
electrically, being such coupling represented by the 
capacitances Csci and Csgi (i=1, 2). Such capacitances depend 
on the relative position between the SIR and the CPW. Thus, 
any symmetry truncation can be modeled by adjusting these 
capacitances. If the structure is symmetric (i.e., Csc1 = Csc2 and 
Csg1 = Csg2), the resonator Ls-Cs is opened because of the 
magnetic wall at the symmetry plane, and the resulting model 
is that of a conventional transmission line. By contrast, if the 
symmetry is broken, the capacitances are unbalanced and a 
transmission zero appears. In the simplest case in which 
Csc1=Csg2=0 (or Csc2=Csg1=0), the model is equivalent to that of 
a transmission line loaded with a grounded series resonator 

(the capacitance Cs can be neglected). We have extracted the 
model parameters for the two cases indicated in Fig. 3(a). In 
both cases, the circuit simulations are in good agreement with 
the electromagnetic simulations. 

 
Fig. 4. Equivalent circuit model of the CPW loaded with a folded 
SIR. L is the line section inductance, C is the line section 
capacitance, the resonant tank L

s
-C

s
 models the SIR inductance-

capacitance, C
sci

 is the capacitance between the central strip and the 
upper or lower half (i indicating the half) of the SIR patch below it, 
and C

sgi
 are the capacitances between the SIR halves and ground.  

III. APPLICATION TO SENSORS AND RF BAR CODES 

CPWs loaded with movable resonators can be used as 
displacement or angle sensors. In order to achieve a high 
sensitivity of the notch magnitude with lateral displacement or 
rotation, it is necessary to use very narrow substrates and 
resonators whose transverse dimension (l2) does not 
excessively extend beyond the slot regions of the CPW 
structure. For narrow-substrate CPWs loaded with SRRs, the 
metal region of the CPW limits the coupling between the two 
split rings forming the SRR, and the first resonance frequency 
is identical to the one obtained with the larger isolated split 
ring. Hence, for narrow substrates, the SIR provides a 
fundamental resonance frequency far below the one 
achievable with SRRs (SIR-loaded CPWs are thus electrically 
smaller). As a proof-of-concept demonstrator, we have 
designed a symmetric base structure (Fig. 5) and additional 
structures with the SIR laterally displaced by steps of 0.1 mm 
and rotated by steps of 1o. The simulated and measured (by 
means of the Agilent E8364B vector network analyzer) notch 
magnitudes are depicted in Fig. 6, where it is clear that the 
sensing principle is validated. As compared to other 
displacement or alignment sensors based on split ring loaded 
lines [6] (where the operation principle is based on the shift of 
the resonance frequency), the proposed sensors are more 
robust and specially suited for alignment purposes. The 
reason is that external (ambient) conditions may affect the 
resonator frequency, but not the transparency of the lines 
with perfectly aligned resonators.   

The second potential application is in the field of RF bar 
codes [7]. These devices can be implemented by creating 
defects in slow wave structures and by obtaining the reflected 
response to feeding pulses. Alternatively to this time domain 
approach, it is possible to implement RF finger prints by 
means of resonators with different resonance frequencies. By 
this means, we can set a binary code, where each bit value 
(logic ‘1’ or ‘0’) is controlled by the presence or absence of 

(a) 

(b) 

978-1-4673-1088-8/12/$31.00 ©2012 IEEE



 

the resonator corresponding to that bit [7]. However, by using 
symmetric resonators, it is not necessary to remove the 
resonator to set any bit value to ‘0’; it suffices to align it with 
the CPW. The main advantage of the proposed approach is 
that the binary values can be simply modified by displacing 
or rotating the resonators, or by any other means of 
truncating the symmetry of the bit cells. Therefore, this 
strategy opens the possibility to implement reconfigurable 
RF bar codes in a simple fashion. We have designed a 3-bit 
RF bar code consisting of a CPW loaded with 3 different 
folded SIRs to demonstrate the proof-of-concept. Fig. 7 shows 
a photograph of the structure with the code ‘111’. In order to 
prevent the presence of the slot mode, the ground planes are 
connected through backside strips and vias. In view of the 
transmission coefficients of this structure and those 
corresponding to other bit configurations (Fig. 8), the principle 
is validated. Although somehow degraded, the bar code 
functionality (not shown) is still preserved if the backside strip 
and vias are removed. Nevertheless, since the parasitic slot 
mode is intimately related to asymmetry in CPWs, work is in 
progress towards the design of via-less RF bar codes in 
microstrip technology based on same principle.  

   
Fig. 5. Fabricated symmetric base CPW loaded with a folded SIR 
to validate the sensing principle. The substrate is the Rogers RO3010 
with ε

r
=10.2, h=0.127 mm, and tanδ=0.0023. CPW dimensions are: 

L
CPW

=20 mm, W=1.66 mm, and G=0.2 mm; SIR dimensions are: 
W

1
=9 mm, W

2
=0.2 mm, S=0.2 mm, l

1
=12 mm, and l

2
=2 mm. 

 
Fig. 6. Simulated and measured notch magnitude for the structure 
of Fig. 5 with the SIR laterally displaced and rotated from its centre.  

V. CONCLUSION 

In summary, it has been shown that CPW transmission lines 
loaded with symmetrically etched resonators (such as SRRs or 
folded SIRs) do not inhibit signal propagation as a result of 
the perfect alignment between the magnetic wall of the CPW 
fundamental mode and the electric wall that the resonators 
exhibit at resonance. However, by properly setting the 

resonator geometry and substrate, it is possible to detect the 
lack of symmetry with significant sensitivity by simply 
measuring the transmission coefficient. This principle can be 
applied to the implementation of displacement or angle 
sensors, or to the design of reconfigurable RF bar codes. 

 
 

 

 

 
Fig. 7. Fabricated CPW with 3 folded SIRs corresponding to the 
binary code ‘111’ of the designed 3-bit RF bar code. The substrate is 
the Rogers RO4003C with ε

r
=3.55, h=0.8128 mm, and tanδ=0.0021. 

CPW dimensions are: L
CPW

=23.9 mm, W=2.16 mm, and G=0.15 mm; 
SIR dimensions are: W

1
=0.825 mm, W

2
=0.15 mm, S=0.15 mm, 

l
2
=4.47 mm, and l

1
 is shown in the photograph. 

Fig. 8. Simulated and measured transmission coefficient of the 
structure of Fig. 7 and those corresponding to the indicated codes.  
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Abstract  —  This paper studies the symmetry properties of 
transmission lines loaded with electrically small bisymmetric 
resonators, that is, resonators that exhibit two orthogonal 
symmetry planes. The considered resonators are the so-called 
electric-LC (ELC) resonator, and its complementary 
counterpart, the magnetic-LC resonator (MLC). Both resonators 
exhibit orthogonal electric and magnetic walls at the 
fundamental resonance. Hence, the orientation of the symmetry 
planes relative to the line axis determines the 
transmission/reflection characteristics of the loaded-lines. It is 
demonstrated that through a proper design, the considered ELC-
loaded lines can be useful as rotation or angular velocity sensors. 

Index Terms — Coplanar waveguide, microstrip, electric-LC 
(ELC) resonator, complementary structures. 

I. INTRODUCTION

Transmission lines loaded with electrically small resonators 
have been used for the design of planar filters, antennas, and 
many other microwave devices based on the metamaterial 
transmission line concept [1-3]. There is a wide variety of 
electrically small planar resonators. Their classification can be 
done according to various criteria, but we will consider some 
planar loop- or ring-based resonators classified according to 
the nature of coupling (electric, magnetic or mixed) with an 
external uniform field at their fundamental resonance.  

Capacitively-loaded loops, split ring resonators (SRRs) [4], 
and folded stepped impedance resonators (SIRs) [5] (Fig. 1), 
among others, can be driven by means of an axial 
time-varying magnetic field, or by a time-varying electric field 
applied in the direction orthogonal to the symmetry plane 
(electric wall). There are several strategies to prevent particle 
excitation through a uniform electric field. Specifically, 
through the topologies shown in Fig. 2, the y-oriented electric 
dipole moment (present in the resonators of Fig. 1) disappears. 
Hence the non-bianisotropic SRR (NB-SRR) [6] and the 
broadside-coupled SRR (BC-SRR) [7] are magnetically driven 
resonators. Conversely, to implement an electrically coupled 
resonator, a possible strategy is to combine (merge) two 
capacitively-loaded loops (or folded SIRs), as depicted in 
Fig. 3. At the fundamental resonance, a magnetic wall appears 
in the new symmetry plane orthogonal to the electric wall, and 
the particle can no longer be excited by means of a uniform 
axial magnetic field. Following [8], the resonators depicted in 
Fig. 3 are called electric-LC (ELC) resonators in this paper, 
thus emphasizing that the fundamental mode couples strongly 

to a uniform electric field, whereas it cannot be excited by a 
uniform magnetic field. 

By applying the Babinet principle to these particles, the role 
of the electric and magnetic fields (and hence the electric and 
magnetic walls) are interchanged, although the fundamental 
resonance frequency is roughly the same [9,10]. Fig. 4 depicts 
the complementary counterparts of the ELC resonators shown 
in Fig. 3. Since the fundamental resonance of these particles is 
excited by a uniform magnetic field, the term given to them is 
magnetic-LC (MLC) resonators.  

Fig. 1. Electric and magnetic resonators. (a) Capacitively-
loaded loop, (b) SRR, and (c) folded SIR. 

Fig. 2. Magnetic resonators. (a) BC-SRR and (b) NB-SRR.  

Fig. 3. Electric-LC (ELC) resonators based on paired capacitively-
loaded loops. 

Fig. 4. Complementary counterparts of the resonators depicted in 
Fig. 3 (i.e., magnetic-LC –MLC– resonators). 

(a) (b) 
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Transmission Lines Loaded With Bisymmetric
Resonators and Their Application to Angular

Displacement and Velocity Sensors
Jordi Naqui, Student Member, IEEE, and Ferran Mart´n, Fellow, IEEE

Abstract—This paper is focused on the analysis of coplanar
waveguides (CPWs) loaded with circularly shaped electric-LC
(ELC) resonators, the latter consisting of two coplanar loops
connected in parallel through a common gap. Speci cally, the
resonator axis is aligned with the CPW axis, and a dynamic
loading with ELC rotation is considered. Since the ELC resonator
is bisymmetric, i.e., it exhibits two orthogonal symmetry planes,
the angular orientation range is limited to 90 . It is shown that the
transmission and re ection coef cients of the structure depend on
the angular orientation of the ELC. In particular, the loaded CPW
behaves as a transmission line-type (i.e., all-pass) structure for a
certain ELC orientation (0 ) since the resonator is not excited.
However, by rotating the ELC, magnetic coupling to the line
arises, and a notch in the transmission coef cient (with orientation
dependent depth and bandwidth) appears. This feature is ex-
ploited to implement angular displacement sensors by measuring
the notch depth in the transmission coef cient. To gain more
insight on sensor design, the lumped element equivalent-circuit
model for ELC-loaded CPWs with arbitrary ELC orientation is
proposed and validated. Based on this approach, a prototype dis-
placement sensor is designed and characterized. It is shown that
by introducing additional elements (a circulator and an envelope
detector), novel and high precision angular velocity sensors can
also be implemented. An angular velocity sensor is thus proposed,
characterized, and satisfactorily validated. The proposed solution
for angular sensing is robust against environmental variations
since it is based on the geometrical alignment/misalignment be-
tween the symmetry planes of the coupled elements.

Index Terms—Bisymmetric resonator, coplanar waveguide
(CPW), electrically small resonators, microwave sensors.

I. INTRODUCTION

M ICROWAVE-BASED devices for sensing applications
are attracting growing interest because they feature

properties (related, e.g., to cross-sensitivity, miniaturization, or
cost) that cannot be provided by sensors working at lower fre-
quencies or based on other sensing principles [1]. Microwave
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sensors are based on electromagnetic sensing principles,
namely, a physical variable is measured from the variations of
the characteristics of an RF/microwave signal.

Resonator-based microwave sensors are common devices
where sensing is typically achieved through the variations expe-
rienced by the resonance frequency, phase, and/or quality factor
of the resonant structures. In particular, split ring resonators
(SRRs) [2], and other related particles, have been exhaustively
used for sensing purposes due to their small electrical size
and high- factor at the fundamental resonance. Different
kind of sensors based on SRRs have been proposed, such as
thin- lm sensors [3], particle detectors [4], [5], stress sensors
[6], moisture sensors [7], pressure sensors [8], displacement
sensors [9], [10], or sensors for organic tissue analysis [11].

Recently, the authors have introduced a novel RF/microwave
sensor concept based on symmetry properties of transmission
lines loaded with resonant structures [12], [13]. The key idea
behind this novel approach is simple: wave propagation is
related to the relative orientation between the line and the
resonant element. Typically, if the loaded line is symmetric
(symmetry planes of line and resonator aligned), the structure
is transparent to signal transmission. Contrarily, transmission is
inhibited at the resonance frequency if the structure is non-sym-
metric. Following this principle, by breaking the symmetry
through a linear or an angular displacement, proof-of-concepts
of alignment, displacement, and position sensors have been
reported in the last years [13]–[18]. One key advantage of
these sensors is their robustness against changes in ambient
conditions since the symmetry/asymmetry is not affected by
environmental variations. In [18], the authors investigated
coplanar waveguides (CPWs) loaded with bisymmetric elec-
tric-LC (ELC) resonators. A proof-of-concept of an angular
displacement sensor was reported. It was shown that the notch
magnitude varies by rotating the ELC, and the potential of these
sensors for measuring angular velocities was highlighted. Since
the basic idea behind many velocity or acceleration sensors is
a measurement of the displacement of an object with respect to
some reference object, displacement sensors are integral parts
in many of them [19].

The aim of this paper is to extend the research work initiated
in [18] to the analysis of CPWs loaded with ELC resonators, and
their application to angular displacement and velocity sensors.
In this paper, an equivalent circuit model that describes the elec-
tromagnetic behavior of the structure is proposed and validated.
It is shown that the sensing principle of the angular displace-
ment sensor is based on the electromagnetic induction since the

0018-9480 © 2013 IEEE
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Fig. 1. Bisymmetric ELC resonator. The electric and magnetic walls at the
fundamental resonance, as well as a sketch of the distribution of charges and
currents, are indicated.

magnetic coupling between the CPW and the resonator is sensi-
tive to the displacement. It should be noted that electromagnetic
induction is also the basis for the operation of commercial po-
sition and displacement sensors implemented by linear variable
differential transformer (LVDT) or rotary variable differential
transformer (RVDT) [19], [20]. Concerning applications, we go
beyond the proof-of concept reported in [18] (where the res-
onator was attached to a movable suspended substrate), and we
propose an angular displacement sensor, characterized through
a speci c experimental setup. Basically, the resonant element
is attached to a cylinder, which is rotated by a step motor. Af-
terwards, it is also demonstrated that the angular velocity of a
rotating object can be measured in a simple manner by using the
displacement sensor as a building block.

This paper is organized as follows. In Section II, the elec-
tromagnetic behavior of CPWs loaded with ELC resonators is
exhaustively investigated by the proposed equivalent circuit
model. Section III is devoted to the application of the consid-
ered structures to angular displacement and velocity sensors,
discussing the performance of the proposed sensors. Finally,
the main conclusions are highlighted in Section IV.

II. CPWs LOADED WITH ELC RESONATORS

In this section, the wave propagation in CPWs coupled to
ELC resonators is analyzed for different angular orientations of
the ELC. An equivalent circuit model is proposed and validated
through a simple method to extract the lumped element values.
The effect of losses on the notch that appears in the transmission
coef cient is also evaluated through the circuit model including
losses.

A. Effects of Angular Orientation of the ELC

As explained in [18], the so-called ELC resonator [21]
consists of two loops connected to a common capacitive gap
(see Fig. 1). The particle is bisymmetric, exhibiting orthogonal
electric and magnetic walls at the fundamental resonance. The
charge and current distributions at that frequency (depicted in
Fig. 1) reveal that there is an electric dipole moment in the
plane of the particle ( oriented). However, the clockwise and
counterclockwise current loops prevent the presence of an axial
magnetic dipole moment ( oriented). Hence, the resonator
can be electrically excited by a uniform time-varying electric

eld orthogonal to the electric wall, but not by a uniform
time-varying axial magnetic eld. However, the particle can

Fig. 2. CPW (in gray) symmetrically loaded with an ELC resonator (in black)
etched in the back side of the substrate. The orientation between the CPW and
the resonator is determined by the rotation angle ; the line axis is perfectly
aligned: (a) with the resonator electric wall for and (b) with the resonator
magnetic wall for .

be magnetically driven by a nonuniform magnetic eld if the
magnetic eld lines in the individual loops are in opposite direc-
tions. Indeed, this is the coupling mechanism in the considered
CPWs loaded with ELC resonators, where the electromagnetic

eld generated by the line is not uniform.
In [18], a CPW was loaded with an ELC resonator whose ge-

ometrical center was aligned with the line axis. Since an ELC
resonator exhibits two symmetry planes, the resonator can sym-
metrically load a CPW by aligning the line axis with either the
electric or the magnetic wall of the resonator, as depicted, re-
spectively, in Fig. 2(a) and (b). For the fundamental CPW mode
(i.e., the even mode), the symmetry plane along the line axis
behaves as a virtual magnetic wall. Hence, an ELC resonator
cannot be excited if its electric wall is aligned with the line axis.
In this situation, perfect cancellation of the axial magnetic eld
lines through the individual loops occurs (i.e., there is not a net
magnetic ux in each ELC loop). Conversely, the resonator is
magnetically driven if its magnetic wall is aligned with the line
axis. In this case, there is a net magnetic ux axially penetrating
each loop, and it has opposite directions with regard to the mag-
netic wall.

In addition to these two symmetric loading orientations, inter-
mediate (and thus, asymmetric) orientations were also consid-
ered, where neither the electric, nor the magnetic wall of the res-
onator was aligned with the line axis. With the aim of identifying
an arbitrary orientation between the CPW and the resonator, a
rotation angle, (with due to the bisymmetry),
was de ned as illustrated in Fig. 2. For intermediate orienta-
tions, there are both inward and outward axial magnetic eld
components in each of the loops canceling each other. There-
fore, in the lower limit, when the electric wall of the resonator
is aligned with the line (i.e., ), there is a total cancellation.
As the resonator is rotated, the cancellation gradually decreases
until it nally vanishes when the magnetic wall of the ELC res-
onator is lined up with the line axis (i.e., ). Notice that
regardless of the rotation angle, the net magnetic ux passing the
individual loops is always in opposite directions to each other.
This is necessary to magnetically drive the particle. As a result,
the net magnetic ux through the loops of the resonator is de-
pendent on the rotation angle, and this can be detected through
inspection of the transmission/re ection coef cient.

It was demonstrated in [18] by electromagnetic simulation
and measurement that the transmission coef cient of the struc-
ture depends on the resonator orientation. The results con rmed
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Fig. 3. (a) Lossless equivalent circuit model of a CPW loaded with an ELC
resonator such as those shown in Fig. 2, including the different magnetic cou-
pling mechanisms, accounted for through the mutual inductances and .
(b) Simpli ed circuit model. (c) Transformed simpli ed circuit model.

that, for symmetric loadings, if the alignment is between walls
of different nature (electric and magnetic), the structure is trans-
parent to signal transmission. By contrast, if the alignment is
between walls of the same kind (in our case, magnetic), a wide
and deep notch appears in the transmission coef cient. Further-
more, for asymmetric orientations, a notch, whose bandwidth
and depth is a function of the angle , also arises; the higher the
angle, the stronger the notch.

B. Equivalent Circuit Model and Circuit Parameter
Extraction Procedure

In this paper, the electromagnetic behavior of a CPW trans-
mission line loaded with an ELC resonator is also explained
using the circuit theory. The proposed equivalent circuit model
is depicted in Fig. 3(a). This circuit is valid as long as the cell
length is electrically small (losses are not considered at the mo-
ment). The ELC resonator is represented by the inductances
and the capacitance , modeling the inductive loops and the
capacitive gap, respectively. The CPW is modeled by its induc-
tance and capacitance, and , respectively, and it is divided
into two identical halves for convenience. Finally, each half is
magnetically coupled to each loop through the mutual induc-
tances and , both being dependent on (different dots
are used to distinguish the magnetic coupling sign associated to

Fig. 4. Layout of an electrically small unit cell composed of a CPW loaded
with an ELC resonator oriented such that . The considered substrate
is Rogers RO3010 with thickness mm and dielectric constant

. Line dimensions are mm, mm, and mm,
corresponding to a 50- transmission line. Resonator dimensions are

mm, mm, mm, mm, and
mm.

each of the halves). Therefore, the frequency response of the cir-
cuit of Fig. 3(a) directly depends on the angle . When ,
due to symmetry, , which means that the cur-
rents owing on the CPW induce a pair of equal and antiphase
voltages in the loops; no net voltage is induced in the resonator
due to an absolute cancellation. In other words, there is not a net
magnetic coupling, the resonator cannot be magnetically driven,
and the resulting model is that of a conventional transmission
line. On the other hand, as increases, the magnetic coupling
is complementarily distributed; increases at the expense of
a decrease in . Hence, for , a net induced voltage
arises and the line is indeed capable of magnetically exciting the
resonator. The larger the angle, the higher the induced voltage.
Thus, at the upper limit, is maximum while
completely vanishes; the magnetic coupling cancellation disap-
pears and the resonator is expected to be tightly coupled to the
line.

Brie y, the behavior of the circuit of Fig. 3(a) is consistent
with the results obtained in [18]. Moreover, the physical under-
standing of magnetic coupling cancellation relative to the res-
onator orientation is well illustrated by this model. Neverthe-
less, such a circuit is somewhat complex and has too many pa-
rameters for both parameter extraction and design purposes. An
equivalent and simpli ed circuit model is the one depicted in
Fig. 3(b), where an effective mutual inductance is de ned.
Such a model is equivalent to that of an SRR magnetically cou-
pled to a CPW transmission line, which can be transformed to
the circuit model of Fig. 3(c) [22]. From the latter model, it can
be concluded that there is not only a transmission zero at
as long as is different than zero, but also the rejection band-
width broadens with (the reason is that the susceptance slope
of the parallel resonator decreases as the ratio increases).
Furthermore, the lumped element values of that circuit can be
easily extracted from the method reported in [22].

In order to validate the circuits of Fig. 3, a sub-wavelength di-
mension of the unit cell is required. To this end, let us consider a
unit cell with a short length , a large capacitor - , and narrow
inductive strips and with (see Fig. 4). The re-
sulting re ection and transmission coef cients inferred from the
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Fig. 5. Magnitude and phase of the re ection and transmission
coef cients obtained from the lossless electromagnetic simulation for the struc-
ture of Fig. 4 and from the circuit simulation of the models of Fig. 3. The lumped
element values are pF, nH, pF,
nH, and nH.

lossless electromagnetic simulation (using Agilent Momentum
commercial software) are plotted in Fig. 5. Afterwards, from
the electromagnetic simulation, the elements of the circuit of
Fig. 3(c) are extracted following the procedure detailed in [22].
The parameters of the circuit of Fig. 3(b) are then obtained by
estimating as that inductance seen from the end terminals
of the isolated loops (i.e., neither considering the resonator ca-
pacitor, nor the metallic planes of the CPW). Since the input
impedance of an electrically small loop is primarily inductive
[23], the equivalent input inductance was extracted from the
electromagnetic simulation of the isolated loops.

The previous technique to estimate the inductance of the res-
onator can be performed regardless of the loop shape. Indeed,
the technique seems to give very close values to the induc-
tance given by the analytical expressions reported in [24] and
[25] for circular SRRs. SRRs are electrically small resonators
that consist of two coupled concentric split rings with cuts in
opposite sides and separated by a tiny distance, whose induc-
tance is approximated by the inductance of a single ring with
the same average radius and ring width (this is plausible be-
cause in a quasi-static analysis the total current on both rings of
the SRR is constant). For instance, for a loop with mean radius

mm and ring width mm, the extracted equiv-
alent input inductance of a single ring was 42.5 nH, while the
analytically estimated inductance was 44.03 nH.

In reference to the circuit of Fig. 3(b), all the extracted lumped
element values are indicated in the caption of Fig. 5. For com-
parison purposes, the results of the circuit simulation are also
shown in that gure. As can be seen, the circuit simulation is
able to accurately t the electromagnetic simulation in a wide
frequency range around the notch frequency.

Notice that the structure depicted in Fig. 4 was optimized to
be electrically small in the longitudinal direction for a particular
case (i.e., ). This validates the circuit model for a given
ELC orientation. Unfortunately, for a dynamic orientation, the
electrical size of the considered unit cell increases if the res-
onator is rotated (from 90 to 0 ). For this reason, to deal with
different orientations, we will consider a circular-shaped struc-
ture (see Fig. 6). By this means, the cell length is independent
on the orientation, and the mutual inductance as a function of

Fig. 6. (a) Layout of the circular-shaped structure reported in [18] with a cir-
cular and larger resonator capacitor. (b) Illustration of the areas and
(for a speci c angle of 30 ). The considered substrate is Rogers RO3010 with

mm and . The dimensions are: for the line, and
are tapered such that the characteristic impedance is 50 ; for the ELC res-
onator: mean radius mm, capacitor outer radius mm,

mm, and mm.

the orientation can be easily obtained. The considered unit cell
is the same as that reported in [18], but with a large (and circular)
capacitor in order to reduce the electrical size at resonance. The
results of the electromagnetic simulation for different resonator
orientations are plotted in Fig. 7. Indeed, the transmission zero
frequency (notch position) has been decreased from 1.21 GHz
[18] to 0.80 GHz by increasing the capacitor. Thereby, the struc-
ture is electrically smaller, and the circuit model is more accu-
rate in a wider frequency range (as compared to the structure of
[18]). However, the circular shape has the disadvantage of in-
creasing the effective electrical length (since the path for wave
propagation between the input and output ports increases).

Therefore, the frequency region where the model accurately
predicts the frequency response is not as wide as in the case
of the structure of Fig. 4. Following the same procedure as in
the preceding parameter extraction, the extracted parameters for
the circular structure (under different orientations) are listed in
Table I. Notice that with the exception of the mutual inductance,
all the circuit parameters are roughly invariant with the rota-
tion angle. The re ection and transmission coef cients inferred
from the circuit simulation with the extracted parameters are
also depicted in Fig. 7. Good agreement between the circuit and
the electromagnetic simulations in the vicinity of the transmis-
sion zero frequency (i.e., the region of interest) results, thus val-
idating the proposed circuits with arbitrary ELC orientation.

It is worth mentioning that was assumed to be the induc-
tance of the isolated resonator, i.e., the self-inductance. Thus,
the effect of the CPW on that inductance value is accounted for
by the mutual inductance . According to the circuit model, re-
gardless of the value of , the notch frequency is invariant
with the ELC orientation. Indeed, in the structure of Fig. 6, the
notch frequency is roughly constant with the angle (the max-
imum frequency deviation is 0.48%) and this is because the pa-
rameters and are nearly invariant with the angular orien-
tation. Nevertheless, it should be clari ed that, in the proposed
circuit model, is the effective capacitance of the resonator
with the presence of the CPW. Therefore, electric interaction be-
tween the resonator and the CPW may actually exist and change
the effective capacitances of them.

Finally, to gain more insight into the effective mutual induc-
tance, Fig. 8 shows the extracted value of (as well as
and for the structure of Fig. 6 as a function of the rotation
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Fig. 7. (a) Magnitude and (b) phase of the re ection and transmission coef -
cients given by the lossless electromagnetic simulation for the structure of Fig. 6
and by the circuit simulation for the models of Fig. 3. The circuit parameters are
those given in Table I.

TABLE I
EXTRACTED LUMPED ELEMENT VALUES OF THE CIRCUIT OF

FIG. 3(B) FOR THE STRUCTURE OF FIG. 6

angle. Notice that for , it was assumed that be-
cause the lack of a notch does not allow the circuit parameters
to be extracted from the procedure reported in [22]. In a similar
fashion, for small angles , the parameters cannot be
accurately extracted on account of the small mutual inductance.

Fig. 8. Estimated mutual inductances of the models of Fig. 3 for the structure
of Fig. 6 versus the rotation angle. The ideal linear curves are also shown for
comparison purposes.

Nonetheless, the most meaningful result is that varies con-
tinuously and quasi-linearly (the ideal curve is also plotted) as
a consequence of the circular shape of the line and ELC. This
phenomenology can be explained from the de nition of the mu-
tual inductance between two circuits

(1)

where is the magnetic ux through circuit generated by a
current owing on a circuit . The magnetic ux through any
surface can be computed as the integral surface

(2)

where is the normal component to of the magnetic ux
density generated on the circuit . If is assumed to be uni-
form over the entire surface, then (2) yields

(3)

the magnetic ux being proportional to the area of the sur-
face over which the ux is being quanti ed. In our case, we are
interested in the magnetic ux generated by the CPW linking
either loop of the resonator. According to the considered cir-
cular resonator (Fig. 6), the area of each loop is

. If is chosen to be that portion of the loop
area that lies beneath half of the CPW (as illustrated in Fig. 6),
the resulting complementary areas are then

(4)

(5)

which are linearly dependent on the angle . Regarding the mag-
netic ux density generated by a CPW, it is not spatially uni-
form. However, for an electrically small and uniform (i.e., the
per-unit length inductance is uniform) CPW transmission line
section, like the one shown in Fig. 4, it seems reasonable to
assume the magnetic ux density to be longitudinally uniform
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(i.e., the per-unit length magnetic ux density is uniform). Anal-
ogously, for a small circular-shaped CPW as the considered one,
the magnetic ux density can be assumed to be radially uniform
with (although in a nonuniform CPW, the per-unit length in-
ductance is not strictly uniform, this approximation is reason-
able). Therefore, assuming a uniform over the areas (4) and
(5) along , the mutual inductance (1) can be written as

(6)

(7)

where is the current through one of the halves of the CPW.
With regard to the effective mutual inductance, since the effec-
tive area is found to be

(8)

and the current owing on the circuit in this case is

(9)

the resulting effective mutual inductance is

(10)

Equation (10) indicates that, in a rst-order approximation, for a
circularly shaped ELC-loaded CPW, the net mutual inductance
modeling the magnetic coupling between the line and the res-
onator depends linearly on the loading angle . The key is the
linear dependence of the net magnetic ux penetrating the loops.
Notice that the assumed uniform in (6), (7), and (10) will de-
pend on the spatial location of the resonator so that it decreases
with the physical distance (given by the substrate thickness )
between the coupled elements. In the limiting case,
and , (10) can be expressed as [26], where
is the fraction of the loops that lies beneath the slots. Since in
our geometry , in this hypothetic case, the magnetic ux
linkage would be maximum, i.e., .

C. Effects of Losses on the Notch Magnitude

The notch magnitude in the transmission coef cient of a loss-
less notch lter, such as those shown in Fig. 3, is in nite (i.e.,

). However, in real circuits, losses always prevent the at-
tenuation from going to in nity. In addition, losses round off the
stopband characteristic [27], thus enhancing the rejection band-
width around the notch frequency. There exist different loss
mechanisms in both CPWs and planar resonators. The most rel-
evant are ohmic or conductor losses, dielectric losses in the sub-
strate, and radiation losses (our metallization layers are copper
with conductivity S/m and thickness m,
and the loss tangent in Rogers RO3010 is ). As
in the majority of practical transmission lines, losses in the con-
sidered CPWs are negligible. Conversely, losses in planar res-
onant elements may be critical, and hence, dominate the power
loss.

Accordingly, losses in an ELC-loaded CPW can be modeled
to a good approximation by a series resistance representing

Fig. 9. (a) Equivalent circuit model of a CPW loaded with an ELC resonator,
including losses in the resonator. (b) Transformed circuit model. (c) Trans-
formed circuit model at the notch frequency.

the losses in the resonator, as illustrated in Fig. 9(a). This is
equivalent to introduce a parallel resistance in the trans-
formed model, as depicted in Fig. 9(b) [25]. In the absence of
losses, vanishes while is in nite. It is also important to
emphasize that the equivalent resistance indicates that min-
imum losses in the equivalent circuit model are achieved by
maximizing , and obviously, by minimizing . On one hand,

is proportional to the area of the loops according to (10),
and it is also in uenced by the distance between the coupled el-
ements. On the other hand, in general, the larger the resonator,
the higher the radiation losses, but the smaller the conductor
losses (there is a tradeoff) [28]. Since commonly the radiation
ef ciency of a small loop antenna is small [23], the conductor
loss of the ELC resonator is likely to be larger than the radia-
tion loss. To sum up, what is to be expected is that the notch
depth at a given frequency increases with the electrical size of
the resonator and with the proximity between the line and the
resonator.

The series resistance of the structure of Fig. 6 has been ex-
tracted by curve tting the lossy circuit simulation to the lossy
electromagnetic simulation. The equivalent parallel resistance

is then estimated from the transformation equation given in
Fig. 9(b) by using the extracted mutual inductance of Fig. 8.
The resulting extracted resistances are shown in Fig. 10. As
can be seen, is roughly constant while grows strongly
with the rotation angle due to its quadratic dependence on
that also increases with the angle. Fig. 11 shows the transmis-
sion coef cient of the lossy electromagnetic and circuit simu-
lations. As expected, the higher the parallel resistance , the
deeper the notch magnitude. This is intimately related to the
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Fig. 10. Extracted series and parallel resistance of the circuit models of Fig. 9
for the structure of Fig. 6 versus the rotation angle.

fact that an increase in simultaneously broadens the stopband
bandwidth (because increases). Therefore, the higher the

, the higher the stopband attenuation (depth and bandwidth).
The previous results are in accordance with the estimated max-
imum stopband attenuation in bandstop lters designed from
the low-pass prototypes since the attenuation increases with the
stopband bandwidth and the factor of the resonators [27].

The notch magnitudes observed in the transmission coef -
cients shown in Fig. 11 were recorded, and the results are plotted
in Fig. 12. It is seen that the magnitude of the notch in the loga-
rithmic scale is almost linearly dependent with the rotation angle
(i.e., the sensitivity is nearly constant). Indeed, from 10 to 80 ,
the linearity is quite good (for comparison purposes, the ideal
linear curve is also shown). To gain insight on the linearity, let
us now focus on the circuit model at the notch frequency. At that
frequency, the resonator opens and the resulting equiva-
lent circuit is that of a conventional transmission line with in
the series branch, as depicted in Fig. 9(c). The series inductance
is since is typically negligible as compared with

. Given that the line parameters and are roughly constant
with the rotation, the sensitivity is then an exclusive function of

, which depends on through . By the calculation of the
transmission matrix of that circuit model, the analyt-
ical transmission coef cient is found to be [29]

(11)

where is the impedance of the line inductance, is the ad-
mittance of the line capacitance, and is the port impedance.
It has been veri ed that the analytical solution of (11) coincides
with the value obtained through circuit simulation. Despite the
fact that the sensitivity of the notch magnitude (in logarithmic
scale) with may be obtained in closed form, the resulting ex-
pression is cumbersome. Nevertheless, in the light of numerical
solutions (Fig. 12) and experimental data ([18] and Section III),
the sensitivity is approximately constant.

To end this section, it is of paramount importance to high-
light that besides the desired CPW mode, CPW transmission
lines can support another parasitic mode, namely, the slot mode.
In symmetric CPW structures, the propagation of the CPW and
slot modes (also known as even and odd modes, respectively) is

Fig. 11. (a) Lossy electromagnetic simulation of the structure shown in Fig. 6.
(b) Its corresponding lossy circuit simulation of the equivalent models in Fig. 9.
The notch depth and the rejection bandwidth increases with the rotation angle

from 0 to 90 , incremented in steps of 10 (once again, the circuit simula-
tion for 0 and 10 is not performed). The circuit parameters for some of the
orientations are given in Table I with .

Fig. 12. Notch magnitude at the notch frequency extracted from the lossy
simulations of Fig. 11. Good linearity is obtained in logarithmic scale.

independent, and power conversion from one mode to another
does not arise. Therefore, an even mode excitation cannot gen-
erate an odd mode signal along the structure, and vice versa.
However, in asymmetric CPW structures, the modes are coupled
to each other and energy is continuously exchanged between
the coupled modes [30]. Hence, from an even mode source, the
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parasitic slot mode may be excited by coupling power from the
desired CPW mode. A common procedure to suppress the slot
mode generation in CPWs consists of introducing air bridges
to electrically short circuit the ground planes in a transversal
plane. In this work, for nonsymmetric resonator loadings

, mode conversion may exist and should be suppressed
to avoid power loss in the CPW mode of interest. Thus far,
air bridges were not used and mode conversion was neglected
because the CPWs were electrically small. However, in larger
structures, air bridges may be mandatory. For example, let us
consider that we cascade 10-mm line sections at the ports of the
structure shown in Fig. 6, and that the input port is driven by
an even mode excitation, the other one being terminated with a
100- differential load connecting the ground planes (the CPW
central strip is left opened). The simulated mode conversion
by the transmission coef cient is 4.3 dB, which is signi -
cantly reduced to 17.0 dB using air bridges at both sides of the
resonator. In printed circuit board (PCB) technology, via-holes
across the substrate and strips etched on the back substrate side
are used, as will be shown in Section III.

III. APPLICATION TO ANGULAR SENSORS

A sensor is a device that measures a physical quantity and
converts it into a signal that can be read by an observer or by an
instrument. This section is thus devoted to the application of the
considered ELC-loaded CPWs to angular sensors involving the
measurement of spatial rotations. As shown in Section II, the
electromagnetic properties of the ELC resonator make it an in-
teresting particle to detect angular variations within the range of
0 –90 from an electrical parameter. First of all, design consid-
erations of the angular displacement sensor proposed in [18] are
discussed, and a more realistic prototype is presented. A novel
angular velocity sensor based on a displacement sensor is then
proposed for the rst time. The description of sensor parameters
can be found in many literature sources [19], [20].

A. Angular Displacement Sensor

In Section II, it was demonstrated that the transmission/re-
ection coef cient of the considered loaded line depends on the

angular orientation of the ELC, . Hence, one
expects to be able to sense the physical angular displacement
or position by looking at some electrical variable (amplitude,
phase, or frequency), allowing us the implementation of an an-
gular displacement sensor. In a sensor, the relationship between
an input physical variable and an output electrical variable is
given by the so-called transfer function. Obviously, the input dy-
namic range, i.e., the maximum angle that can be measured, is
limited to 90 . Regarding the electrical variable, the sensitivity
(i.e., the slope of the transfer function) should be, in general, as
high and as constant as possible. To increase the sensitivity, the
output dynamic range should be widened, while linearity is in-
dicative of the deviation of the transfer function from an ideal
straight line (a linear transfer function is characterized by a con-
stant sensitivity).

The notch amplitude was chosen as the electrical variable
to measure the angular displacement. Note that other electrical
variables could have been also used, but the characterization
with the amplitude allows us the implementation of the angular

Fig. 13. Layout of the angular displacement sensor presented in [18] for an
angle of . The dimensions are those given in the caption of Fig. 6 with
the exception of mm and mm. Vias and backside strips at each
side of the resonator are used to suppress the parasitic slot mode since access
lines to solder the connectors have been added.

velocity sensor that is presented in Section III-B. Therefore, al-
though in most practical circuits and applications losses are un-
desirable, we take advantage of them to use the notch magni-
tude as a sensing electrical variable (in the absence of losses,
the notch magnitude would be always in nite). This function-
ality was exploited in [18] to implement a rotation sensor whose
layout is that shown in Fig. 13. The sensing element is a CPW
transmission line speci cally designed to enhance the electro-
magnetic coupling with the ELC resonator.

As seen in Section II-C, the sensitivity of the variation of
the notch amplitude with the rotation angle

dB (12)

is relatively high and quasi-constant. In order to maximize the
output dynamic range, the notch for 90 should be increased.
As detailed in Section II-C, the smaller the and the higher
the values, the deeper the notch. On one hand, decreases
and increases with the electrical size of the particle. For that
reason, the ELC capacitor was kept small. On the other hand,
the smaller the distance between the CPW and the resonator, the
higher the . However, for very tiny distances, the increase in
the dynamic range may be at the expense of some insertion loss
for 0 , caused by a strong in uence of the resonator to the line
parameters, and (this produces line mismatching). The dis-
tance was set to 1.27 mm, providing good balance between the
insertion loss at 0 and the dynamic range. In order to improve
the linearity, both the CPW and the resonator were designed cir-
cularly shaped (this particularity was discussed in Section II-C).
Since access lines were added to solder the connectors, vias and
backside strips to connect the ground planes were introduced at
each side of the resonator in order to cancel the propagation of
the parasitic slot mode that arises for nonsymmetric orientations
(i.e., ).

Firstly, in [18], the ELC resonator was etched on the back
side of the substrate, and some samples for different orienta-
tions were fabricated and measured. As expected, the angular
displacement could be sensed as a function of the notch mag-
nitude. However, with displacement sensing purposes, the res-
onator must be attached to another substrate (or object) in order
to allow a relative motion between the resonator and the CPW.
Thus, in [18], the CPW and the resonator were etched on dif-
ferent substrates in parallel planes with an air layer in between.
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Fig. 14. Setup for the angular displacement measurement. (a) Layer
cross section, (b) photograph of the fabricated CPW and ELC resonator,
and (c) photographs of the experimental setup with positioners and a
step motor STM 23Q-3AN. The parameters of the substrates are: Rogers
RO3010, mm, and ; Rogers
RO4003C, , mm, and ; Te on,

mm, and ; in-between air layer,
mm, , and .

The resonator substrate was suspended (by a suspending sub-
strate attached to the top of the CPW substrate), and it was
manually moved so that the angular orientation was inferred by
the use of a graded angular grid. This experimental setup of-
fered robustness and reliability to the measurement, and the ap-
proach was validated successfully since the sensor operated as
expected. Nonetheless, that sensor was simply a proof-of-con-
cept device.

The results obtained in [18] encouraged the authors to go be-
yond the proof-of-concept in the present work. In this section,
the sensor is tested using a realistic experimental setup, which
is shown in Fig. 14. The resonator substrate, rather than being
a suspended substrate, is attached to the metallic shaft of a step
motor by means of a Te on cylindrical slab. The latter is used
to avoid close proximity between the resonator and the metallic
shaft. Otherwise, the electrical performance of the sensor may
change. Given that a step motor divides a full rotation into dis-
crete and equal steps, the angular position can be accurately
controlled by holding the position at one of these steps. The
step motor STM 23Q-3AN, con gured with a step resolution
of 36 000 steps/revolution, was used (it can be easily controlled
through software from a host computer).

Fig. 15. Transfer function of the measured notch magnitude at the notch fre-
quency in the transmission coef cient versus the rotation angle. The experi-
mental setup of Fig. 14 was used.

TABLE II
PERFORMANCE OF THE ANGULAR DISPLACEMENT SENSOR OF FIG. 14

After a 3-D spatial calibration between the CPW and the res-
onator by means of positioners, the measured notch magnitude
and frequency as a function of the rotation is plotted in Fig. 15.
The results are very similar to those with the suspended sub-
strate in [18], which were also in good agreement with the lossy
electromagnetic simulation. In comparison to [18], the notch
frequency has experienced a slight decrease of 30 MHz due to
the Te on slab, while the change in the notch depth is negli-
gible. These results seem to indicate that the notch magnitude
exhibits not only quite robustness, but also less sensitivity than
frequency-based sensors to variations or tolerances on the sub-
strate properties.

The sensor parameters are summarized in Table II. It should
be noted that a high output dynamic range was achieved while
preserving a low insertion loss for small angles (0.29 dB for
0 ), although the measured linearity was not as good as that of
the structure shown in Fig. 6. As compared to the case where
the resonator was attached to the back side of the substrate
( GHz) [18], the notch position has been substantially
shifted upwards, and the reason for such a phenomenon are the
parameters of the resonator substrate. The thinner the substrate
and the lower the dielectric constant, the higher the resonance
frequency, the wider the bandwidth, and the deeper the notch.
Thus, the resonator substrate was chosen to be relatively thin
and with low dielectric constant to enhance the notch depth. It
is also worth to mention that the notch frequency is shifted from
2.22 GHz (10 ) to 2.308 GHz (90 ), and thus frequency could
be even used as a sensing variable. This frequency deviation
may be due to the fact that resonator parameters are angle de-
pendent (the structure cannot be considered electrically small at
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Fig. 16. Magnitude of the measured transmission coef cient in linear scale as a
function of the angular position (or time if the resonator is rotating at a particular
angular velocity) at the notch frequency and at the carrier frequency

GHz for the displacement sensor of Fig. 14 with the ELC resonator of
Fig. 6 shown in the inset.

these frequencies). Therefore, the multi-layer substrate plays an
active role to the sensor performance and its choice will depend
on the speci cations that are required to be optimized.

B. Angular Velocity Sensor

An angular displacement sensor as the one presented in
Section III-A can also be used for measuring angular velocities
(speed or rate of motion). The angular velocity is the change
of the angular position with time and can be found from the
time period of rotation as follows:

rad s (13)

Since the angular position varies with time, the notch magnitude
in the transmission coef cient varies as well. As a result, the
transfer function of the notch magnitude can be expressed not
only with the angular position, but also with time. Fig. 16 shows
the typical transfer function (in linear scale for convenience)
at the notch frequency for a full rotation. Due to the displace-
ment sensor symmetry, the transfer function is periodic varying
between a maximum and a minimum. Thus, the period of the
transfer function is 180 in angular position and in
time. The principle to measure the angular velocity is based on
detecting the time period of the transfer function.

The schematic of the complete angular velocity sensor system
is shown in Fig. 17(a). The resonator is assumed to be attached
to an object with a particular angular velocity , the variable to
be measured. The sensor system resembles an amplitude mod-
ulation (AM) system, in which a carrier signal at a frequency

is amplitude modulated by an information signal at
that is subsequently recovered through the envelope of the mod-
ulated signal. Analogously, in the sensor system, a harmonic
signal tuned at the notch frequency of the angular displace-
ment sensor is injected to the CPW. Since the attenuation varies
with time according to the transmission coef cient, the signal

at the output port of the CPW is periodically modulated

Fig. 17. Setup for the angular velocity measurement. (a) Schematic and
(b) photographs of the experimental implementation. The transfer function of
the loaded CPW is that shown in Fig. 16. The source impedance, the CPW
characteristic impedance, and the circulator impedance is .

in amplitude with a time period . Therefore, the angular dis-
placement sensor with a time-varying resonator orientation acts
as an amplitude modulator. To demodulate the signal, the clas-
sical envelope detector circuit composed of a diode and a capac-
itor–resistor (RC) lter is used. Given that the input impedance
of the circuit is not matched to 50 , a circulator with one of the
ports terminated with a matched load (i.e., an isolator) is used
to absorb re ections from the detector circuit, thus avoiding re-

ections back to the displacement sensor. At the output of the
detector, the time distance between two consecutive transmis-
sion peaks in the amplitude of the demodulated (i.e., the enve-
lope) signal corresponds to the period . Afterwards, the
angular velocity can be easily extracted from .

The experimental setup is illustrated in Fig. 17(b). As in
Section III-A, the notch frequency of the considered displace-
ment sensor varies slightly with the angle. Thus, a signal
generator Agilent N5182A MXG injects a harmonic signal
to the CPW at a carrier frequency of GHz, cor-
responding to the notch frequency for an angle of 10 . The
magnitude of the transmission coef cient at this frequency is
shown in Fig. 16. The dynamic range of attenuation at this fre-
quency is poorer than the one at the (variable) notch frequency,
but this is not crucial in this application. Indeed, we used the
electrically smaller resonator of Fig. 6 instead of the one shown
in Fig. 13. The important aspect is to obtain a transfer function
with a well-de ned period.

The step motor offers smooth step motion and is con gured
with a uniform angular velocity of , for Hz
and 50 Hz (60 and 3000 rpm, respectively, the latter being
the maximum angular velocity of the motor). A broadband
(1–2 GHz) coaxial circulator ATM ATc1-2 with a matched load
is used as an isolator. Concerning the envelope detector circuit,
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the surface mount microwave Schottky detector diode Avago
Technologies HSMS-2860 is utilized. The detector works on a
charging–discharging scheme [31]. Assuming an ideal diode,
in the positive half-cycle of the modulated signal, the diode is
forward biased and the capacitor charges rapidly to the peak
value of the modulated signal with a time constant

(14)

where is the period of the carrier signal. When the
input signal falls below the peak value, the diode becomes re-
verse biased, and the capacitor discharges slowly through the
load resistor until the next positive half-cycle, with a time
constant, , satisfying

(15)

At the detector output, the envelope signal in the time domain
is visualized by the oscilloscope Agilent 3054A. Ideally, the
input impedance of an oscilloscope should be in nite. However,
in practice, loading effects arise (the input impedance is nite
and complex with resistive and capacitive components in par-
allel). Thus, for low loading effect, high resistance and low ca-
pacitance is required. For the available oscilloscope, the input
impedance is 1 M in parallel with 14 pF. Regardless of the
value of , the input capacitance of the oscilloscope is not small
enough, and condition (15) cannot be satis ed. Nevertheless,
notice that the input impedance of the oscilloscope is indeed an
RC lter as that of the detector circuit. Therefore, we may take
advantage of the loading effect to inherently implement the lter
with the measurement. However, as mentioned before, the input
capacitance is not small enough. For this reason, we used the
single-ended active probe Agilent N2795A, achieving an effec-
tive input impedance of 1 M in parallel with 1 pF. Therefore,
conditions (14) and (15) are properly satis ed as follows:

(16)

The measured envelope signals are shown in Fig. 18. Notice
that the waveform of the amplitude peaks is directly related to
that of the transmission peaks in the transfer function (ideally
they should be identical). The measured time periods between
consecutive peaks have been ms ( Hz)
and 10.05 ms ( Hz). The measured linear velocities have
then been Hz and 49.751 Hz, values very
close to the velocities speci ed in the step motor, thus validating
the proposed sensor. To enhance precision, the measure could
be done between very distant nonconsecutive peaks, although
the rotation velocity should be constant.

It is important to remark that the sensor is able to measure
the speed (i.e., the magnitude) of the angular motion, but not
the direction. As long as the carrier frequency is much higher
than the linear frequency of rotation, the measurable range of
velocities is theoretically unlimited. It should be also pointed
out that the broadband coaxial circulator could be replaced by

Fig. 18. Measured envelope signal using the experimental setup of Fig. 17.
(a) Hz and (b) Hz.

a narrowband surface mount circulator operating at the carrier
frequency. Alternatively, the circulator and the detector could be
replaced by a post-processing stage, able to provide not only the
angular velocity, but also angular acceleration (if it is present)
and position.

C. Performance of Angular Sensors Based on
Symmetry Properties

Many and very different technologies for the implementation
of angular displacement and velocity sensors are commercially
available [19], [20], each of them presenting its advantages and
disadvantages. A comparative analysis in terms of performance,
size, and cost between the proposed sensors and commercial
sensors would be very long and is far beyond the scope of this
paper. Therefore, this section tries to highlight the performance
and capabilities of the presented sensors.

Ideal sensors are designed to be linear or linear to some
simple mathematical function of the measurement (e.g., log-
arithmic or exponential) [19], [20]. However, to some extent,
the sensor may be sensitive to other properties, being the
cross-sensitivity to ambient perturbations a key issue. For
instance, in laser interferometer displacement sensors, environ-
mental parameters that in uence the speed of light will affect
and degrade the precision of the measurement [20]; in optical

ber displacement sensors sensitive to ambient uctuations
in temperature and pressure, techniques that compensate for
changes in the output signal due to the undesired perturbations
must be provided [20]; nally, microwave sensors based on
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the frequency shift of resonant elements [10] can be altered by
drifts caused by environmental changes.

The proposed angular displacement sensors produce ampli-
tude outputs in logarithmic scale (as usual to quantify atten-
uation). The sensitivity is reasonably constant, and lineariza-
tion could be improved, if necessary, by post processing [19].
The sensing notch magnitude seems to exhibit better cross-sen-
sitivity than other variables (e.g., frequency) to variations on
the substrate that may be due to fabrication tolerances or am-
bient conditions. However, the disadvantage of sensing the am-
plitude is its susceptibility to electromagnetic interference or
noise that may seriously affect the performance of the sensors.
Nevertheless, in case that some interfering signals were present
and degrade the sensor performance, the frequency of operation
could be easily shifted by changing the substrate or tailoring
resonator dimensions. Another way of reducing unwanted in-
terference may consider the appropriate shielding of the sensor.
Alternatively, in an electromagnetic noisy environment, the in-
spection of the phase or frequency may be considered.

The principle of operation of the proposed sensors relies on
the alignment of geometrical symmetry planes. Therefore, the
sensors are inherently robust against ambient conditions be-
cause the alignment cannot be altered, and especially suitable
for alignment purposes. Thus, the angular velocity measurement
can be regarded as an application of an angular alignment mea-
surement since the working principle relies on a periodic an-
gular position. This means that a perfect alignment between the
CPW and the resonator (i.e., a perfect spatial calibration) is not
absolutely required, and as a consequence, the sensor may be in-
sensitive to small mechanical vibrations. In case of nonperfect
alignment, the transfer function simply would have a period of
360 instead of 180 (the velocity would be measured between
nonconsecutive peaks). Another implication is that any struc-
ture capable of producing a periodically time-varying transmis-
sion coef cient with angular motion may be used. However,
the advantage of our solution is that since the angular velocity
sensor uses an angular displacement sensor as a building block,
an all-in-one sensor able to measure (unidirectional) displace-
ment, velocity and even acceleration and position may be pos-
sible through a suitable calibration and post-processing stage.

The presented sensors are only driven with an harmonic
signal, and some factors should be considered about the op-
timal choice of its operating frequency. A great advantage of
higher frequencies is the higher degree of device miniaturiza-
tion. Ideally, if the loaded CPW structure was scaled down,
the frequency response would experience an upwards shift.
However, the frequency response would be altered by losses,
which cannot be disregarded and increase with frequency.
As a result, the notch depth in the transmission coef cient
would be expected to be attenuated with an increase in fre-
quency. Furthermore, more sophisticated external circuitry to
the loaded line is required as frequency increases since the
nonideal behavior of components arises when frequency is in-
creased. Another important factor in determining the operation
frequency may be the effectiveness of the shield, as long as the
sensor is shielded.

The proposed approach for sensing purposes consists of a
sensitive element, which is merely a resonator-loaded trans-

mission line in printed technology, plus external circuitry. Al-
though in this paper the external circuitry has been implemented
by multifunctional, but heavy and expensive equipment (e.g.,
a vector network analyzer or a signal generator), the circuitry
may be implemented through or in part replaced with low-cost
electronic systems and circuits. For example, as mentioned in
Section III-B, the angular velocity can be determined by cas-
cading a post-processing unit to the output port of the CPW,
avoiding the use of the circulator, detector, and oscilloscope.
Therefore, the proposed approach is a good solution for rela-
tively small-size and low-cost systems [obviously, small size
is not featured as compared to sensors on the microscale or
nanoscale, such as microelectromechanical systems (MEMS)].

Finally, although the proposed sensing elements (i.e., the
ELC-loaded CPWs) are wire-connected to the source and
reading (processing) devices, by simply adding cross-polarized
antennas to the input and output ports of the CPW transmission
line, a wireless link between the sensing element and the source
and processing stages is also possible [10].

IV. CONCLUSION

In this work, which is an extension of [18], a CPW loaded
with an ELC resonator has been analyzed in terms of the angular
orientation of the resonant element. The analysis has been done
on the basis of symmetry properties. It has been shown that at
the fundamental resonance of the ELC, which is a bisymmetric
resonator, an electric wall and a magnetic wall in the orthogonal
symmetry planes arise. If the ELC electric wall is aligned with
the symmetry plane of the line (a magnetic wall for the funda-
mental CPW mode), the loaded line is transparent. Conversely,
for the other loading orientations, the particle is excited and a
transmission zero in the transmission coef cient appears. The
optimum orientation for the strongest attenuation (maximum
notch depth and bandwidth) is the one corresponding to perfect
alignment between the ELC magnetic wall and the symmetry
plane of the line. Therefore, by spatially rotating the resonator
the frequency response switches from an all-pass to a stopband
behavior, the latter being dependent on the angular orientation.

An equivalent circuit model, valid for any arbitrary loading
angle and very useful for design purposes, has been proposed.
The circuit model shows that both the magnitude and the phase
of the transmission/re ection coef cient are modulated by the
mutual inductance accounting for the magnetic coupling be-
tween the CPW and the ELC. Hence, the angular orientation can
be inferred by inspection of the mutual inductance, thus being
the electromagnetic induction, the physical principle of sensing.
However, instead of looking at the mutual inductance, we have
focused our attention on the notch magnitude in the transmis-
sion coef cient since it can be directly obtained by measuring
signal amplitudes. The resulting sensitivity of the notch magni-
tude with the angle is reasonably high and constant, provided
the structure is circularly shaped. Thus, the transfer function of
the notch magnitude with the rotation angle has been exploited
for the implementation of angular displacement and velocity
sensors.

An experimental setup for the characterization of the pro-
posed sensors has been proposed. It includes a step motor, with
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the associated software and control unit, which allows us to ac-
curately control the angular rotation and velocity of the loading
element. With this experimental setup, the angular displacement
sensor reported in our prior work [18] has been characterized in
a more realistic environment. For the angular velocity sensor, a
circulator and an envelope detector, plus a signal source (pro-
viding a carried signal) and an oscilloscope, have been added in
order to extract the envelope of the modulated signal (caused by
rotation). The angular velocity can be simply inferred from the
period of the envelope signal, recorded by the oscilloscope. This
novel angular velocity sensor, properly characterized through
two different rotation speed measurements, is able to measure
an ultra-wide range of angular velocities with high precision.

The proposed sensors are simple (from the design viewpoint),
compact in size and low cost (provided the external circuitry is
implemented by electronic systems and circuits), robust against
environmental variations and fabrication tolerances, and highly
integrable. Moreover, wireless connectivity of the sensing ele-
ment with the microwave source and processing stage is also
possible. Future work is focused on sensing other physical vari-
ables, and on the implementation of the sensing element in mi-
crostrip technology.
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Angular Displacement and Velocity Sensors Based on

Electric-LC (ELC) Loaded Microstrip Lines
Jordi Naqui, Student Member, IEEE, and Ferran Martín, Fellow, IEEE

Abstract— Planar microwave angular displacement and
angular velocity sensors implemented in microstrip technology
are proposed. The transducer element is a circularly shaped
divider/combiner, whereas the sensing element is an electric-
LC resonator, attached to the rotating object and magnetically
coupled to the circular (active) region of the transducer. The
angular variables are measured by inspection of the transmission
characteristics, which are modulated by the magnetic coupling
between the resonator and the divider/combiner. The degree of
coupling is hence sensitive to the angular position of the resonator.
As compared with coplanar waveguide angular displacement and
velocity sensors, the proposed microstrip sensors do not require
air bridges, and the ground plane provides backside isolation.

Index Terms— Angular sensors, microstrip technology,
microwave sensors, rotation speed sensors.

I. INTRODUCTION

M ICROWAVE sensors based on split rings that deal
with the measurement of spatial variables (e.g., align-

ment or displacement) are increasingly popular [1]–[7]. These
sensors usually consist of a transmission line coupled to a
resonator, and the relative motion between these two elements
is measured through the transmission characteristics of an
RF/microwave signal. The sensing principle in [2]–[7] relies
on symmetry properties; typically, in transmission lines sym-
metrically loaded with resonators, line-to-resonator coupling is
prevented, and the lines exhibit total transmission. However,
by breaking the symmetry through the effects of a spatial
variable (e.g., a rotation), a transmission zero emerges, and
the spatial variable can thus be inferred.

This paper proposes angular displacement and velocity sen-
sors consisting of a microstrip line loaded with an electric-LC
(ELC) resonator [8], based on the aforementioned symmetry
properties. The proposed implementation is an alternative to
the coplanar waveguide (CPW) microwave sensors reported
in [7], and particularly suited in systems that require backside
isolation. A discussion on the performance of the considered
symmetry-based approach can be found in [7].
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Fig. 1. Typical topology of an ELC resonator. A sketch of the current and
charge pattern at the fundamental resonance is indicated.

Fig. 2. Parallel microstrip lines loaded with an ELC resonator for the two
extreme cases of angular orientation; (a) θ = 0° and (b) θ = 90°.

II. PRINCIPLE OF OPERATION

An ELC resonator is composed of two connected metallic
loops with a common gap (Fig. 1). The resonator is bisym-
metric, and exhibits electric and magnetic walls in orthogonal
planes at the fundamental resonance. Fig. 2 illustrates an
ELC resonator symmetrically etched between a pair of parallel
microstrip lines. Let us consider that the line pair is fed by
a common-mode signal, so that the symmetry plane (i.e., the
midplane) behaves as a magnetic wall. As proven in [9], the
line is transparent to signal transmission if the ELC electric
wall is aligned with the symmetry plane of the lines [Fig. 2(a)].
Contrarily, a transmission zero arises if the alignment is with
the ELC magnetic wall [Fig. 2(b)]. In the former situation, the
fundamental ELC resonance cannot be excited. However, the
resonator is strongly coupled (magnetically) to the lines if the
magnetic walls are aligned. Such behavior, explained through
equivalent circuit models in [9], suggests that rotations with a
90° dynamic range can be measured from the common-mode
transmission coefficient.

III. ANGULAR DISPLACEMENT AND VELOCITY SENSORS

An angular displacement sensor inspired on the ELC-loaded
parallel microstrip line pair operating in common-mode was
designed (Fig. 3). However, rather than using a common-
mode source, a T-junction power divider cascaded to another

1530-437X © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 3. Angular displacement sensor. (a) Layout, and (b) photograph. The
substrates are Rogers RO3010 with dielectric constant εr = 11.2, thickness
h = 1.27 mm (microstrip line) and h = 0.635 mm (resonator), and loss
tangent tanδ = 0.0023. The line widths W are 2.06 mm and 1.04 mm. ELC
mean radius r0 = 8.05 mm, w1 = 6 mm, w2 = l1 = s = 0.2 mm, and
w3 = 0.5 mm.

Fig. 4. (a) Experimental set-up, and (b) notch magnitude and frequency
versus the angular displacement. The frequency shift is attributed to substrate
and fabrication tolerances ( f0 is very sensitive to the resonator parameters).

one acting as a combiner was used. Thus, by feeding the
structure with a single-ended signal, the divider acts as a
single-ended to common-mode signal transition. Conversely,
the combiner converts the common-mode signal into a
single-ended signal. The circularly-shaped lines exhibit 50 �
even-mode characteristic impedance. The combiner/divider
is implemented with 35.35 � impedance inverters (quarter
wavelength lines at 1.45 GHz) to achieve matching to
50 � reference ports. The circular 50 � line pair (which
is the active part of the transducer and hence responsible
for resonator coupling) must be arranged face-to-face with
the ELC external ring in order to enhance electromagnetic
coupling. Furthermore, the line pair as well as the resonator
was circularly-shaped to enhance linearity.

Undesired common-to-differential mode conversion may
arise for asymmetric loadings (i.e., 0°<θ<90°). Mode
conversion in [7] was cancelled by air bridges cascaded
at both sides of the ELC. In the present implementation,
the divider/combiner indeed suppresses the differential mode.
However, if the circularly-shaped lines are electrically long,
mode mixing is generated along them. In order to reduce
electrically the size of these lines at resonance, the electrical
size of the resonator was decreased by using a high dielectric
constant substrate (εr = 11.2). The displacement measurement
was performed following the procedure in [7] [see Fig. 4(a)].

Fig. 5. Angular velocity measurements for an arbitrary initial time t0.

The ELC substrate was attached to a step motor through a
Teflon slab with 3.5 mm thickness and dielectric constant
εr = 2.08. The air gap between the ELC and the microstrip
lines was set to 0.254 mm. As shown in Fig. 4(b), the rotation
angle can be sensed from the notch magnitude and frequency,
being the dependence reasonably linear.

Let us now consider that the ELC is continuously rotating.
To obtain the angular velocity, ωr , the set-up reported in [7]
was used. Specifically, a harmonic signal tuned at the notch
frequency corresponding to θ = 10° ( f0 = 1.308 GHz) was
injected to the input port, whereas an isolator plus an envelope
detector were cascaded to the output port. The step motor was
configured with fr = 1 Hz and 50 Hz (ωr = 2π fr ). The
envelope signals (which are dependent on the transmission
coefficient) were captured by an oscilloscope (Fig. 5), and
the velocities were derived from the time difference between
consecutive transmission peaks Tm = Tr /2 =1/2 fr . The
measured velocities ( fr = 0.998 Hz and 50.251 Hz) validate
the approach.

In summary, a novel microstrip sensor to measure angular
displacements and velocities has been proposed. Rotation
speeds as high as required can be measured, and precision
can be improved by averaging the time between peaks.
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This paper is focused on magnetic-LC (MLC) resonators, namely, slotted resonators that can be considered the complementary
counterparts of the so-called electric-LC (ELC) resonators. Both resonators exhibit two symmetry planes (i.e., they are
bisymmetric), one of them being an electric wall and the other a magnetic wall at the fundamental resonance.Therefore, compared
to other electrically small resonators such as folded stepped impedance resonators (SIRs), split ring resonators (SRRs), and their
complementary counterparts, MLC and ELC resonators exhibit a very rich phenomenology. In this paper, single-ended microstrip
lines and differential microstrip lines loaded with MLC resonators are studied, and potential applications are highlighted.

1. Introduction

Split-ring resonators (SRRs) [1, 2] and their complementary
counterparts (CSRRs) [3] (Figure 1) have been extensively
used for the implementation of metamaterials and many
devices based on them [4]. SRRs can be excited by means
of a uniform axial (𝑧 direction) time-varying magnetic field
and/or by an electric field applied in the plane of the particle
(𝑦 direction); that is, the particle exhibits bianisotropy [5].
The distribution of charges at the fundamental resonance (see
Figure 1(a)) reveals that the symmetry plane of the SRR is an
electric wall at that frequency. From duality considerations, it
follows that the CSRR can be excited through an axial electric
field and/or amagnetic field applied in the 𝑦 direction, whose
symmetry plane behaves as a virtual magnetic wall at the
fundamental resonance [6]. Capacitively loaded (C loaded)
loops and folded stepped impedance resonators (SIRs), and
their complementary counterparts (Figure 2), exhibit a simi-
lar phenomenology when they are illuminated with properly
polarized radiation to drive the particles.

As long as SRRs, C-loaded loops, folded SIRs, and their
dual particles are electrically small, they can be used for
the implementation of effective media metamaterials. Specif-
ically, SRRs, C-loaded loops, and folded SIRs are useful for

the implementation of negative permeabilitymedia following
the Lorentz model [1, 7], whereas CSRRs, complementary
C-loaded loops, and complementary SIRs can be used as
building blocks for the implementation of negative permit-
tivity artificial media [3, 8]. However, resonant-type negative
permittivity media can also be achieved by means of metallic
particles, as it was pointed out by Schurig and co workers [9].
The particle reported in [9] and depicted in Figure 3 was
called electric-LC (ELC) resonator. It was argued that such
particle cannot be excited by means of a uniform axial mag-
netic field since the currents in both loops are opposite at the
fundamental resonance; namely, the instantaneous current is
clockwise in one of the loops and counterclockwise in the
other one.Thismeans that, at the fundamental resonance, the
ELC does not exhibit a net magnetic dipole moment in the
axial direction, and for such reason it cannot be driven by
means of a uniform axial time-varying magnetic field. How-
ever, an electric dipole moment appears in the orthogonal
direction to the electric wall (indicated in Figure 3), which
means that the ELC can be excited through a uniform time-
varying electric field applied to that direction. This is the
reason that explains the terminology used to designate this
particle, which prevents bianisotropy. Notice also that there is
another symmetry plane in the particle that acts as amagnetic
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Figure 1: Typical topology of an SRR (a) and aCSRR (b).A sketch of the currents and the distribution of charges for the SRRat the fundamental
resonance is also indicated (notice that the symmetry plane is an electric wall). From Babinet’s principle, it follows that the CSRR exhibits a
magnetic wall at the symmetry plane.
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Figure 2: Typical topology of a capacitively loaded loop (a), a folded SIR (b), a complementary capacitively loaded loop (c), and a
complementary folded SIR (d).
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Figure 3: Typical topology of an ELC resonator, indicating the
electric and magnetic walls and a sketch of the currents and the
charge distribution at the fundamental resonance.

wall at the fundamental resonance by virtue of the symmetry
in the currents and charges with regard to that plane.
The previous electrically small resonators, including the

ELC, can also be used as loading resonant elements in planar
transmission lines, where the fields are no longer uniform. In
particular, for the ELC, if the driving fields are not uniform,
it is also possible to magnetically drive the particle. This can
be achieved, for instance, by forcing opposite magnetic flux
lines in the loops of the ELC. According to this, the ELC can
be a very interesting and useful particle as a loading element
in planar transmission lines. However, the main focus in this
paper is the study of the dual particle of the ELC, that is, the
magnetic-LC (MLC) resonator. This is a slot resonator that
can be etched in the ground plane of a single-ended micro-
strip or a differential microstrip line. The analysis of this

particle as well as the potential applications in microstrip
configuration, is the main objective of the present work.

2. Magnetic-LC (MLC) Resonators

A typical topology of a square-shaped MLC resonator is
depicted in Figure 4(a). It is the negative image of the ELC.
Hence, by applying the Babinet’s principle, it follows that the
MLC can be excited by means of a time-varying magnetic
field applied in the plane of the particle (𝑦 direction), but
not by a uniform electric field normal to the particle plane
(which is the usual driving mechanism in CSRRs [3] and in
the complementary structures of Figure 2).
Like the ELC, the MLC exhibits two symmetry planes,

one being amagnetic wall and the other an electric wall at the
fundamental resonance. However, notice that the magnetic
and electric walls are rotated 90∘ compared to those of the
ELC. If the aspect ratio of the slot widths 𝑤1/𝑤2 is high
enough, a quasistatic approximation can be made, and the
particle can be described by means of a lumped element-
equivalent circuit model, depicted in Figure 4(b). The induc-
tance 𝐿𝑚 accounts for the inductive path connecting the
two inner metallic regions of the particle. This inductance is
parallel connected to the capacitances designated as 𝐶𝑚 that
model the slots present between both inner halves of the
MLC. Finally, the edge capacitance of the external square-
shaped slot ring is called 𝐶𝑔, and it can be divided into the
capacitances of the two MLC halves, as depicted in Fig-
ure 4(b).
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Figure 4: Typical topology of an MLC (a) and its equivalent circuit model (b). The relevant dimensions and the electric and magnetic walls
are indicated.
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Figure 5:Differentialmicrostrip line loadedwith anMLCwith the electric wall alignedwith the line (a) and frequency response (transmission
coefficient) for the common (𝑆𝑐𝑐21) and differential (𝑆𝑑𝑑21) modes (b). The substrate is Rogers RO3010 with thickness ℎ = 1.27mm and
dielectric constant 𝜀𝑟 = 11.2. The line dimensions are𝑊 = 1mm and 𝑆 = 5mm, corresponding to a 50 Ω odd-mode impedance without the
presence of the MLC. The MLC dimensions are 𝑤1 = 4mm, 𝑤2 = 𝑙1 = 𝑠 = 0.2mm, and 𝑙2 = 𝑙3 = 10mm.

Compared to the other complementary structures shown
in Figures 1 and 2, which exhibit a magnetic wall at its unique
symmetry plane, the MLC exhibits not only a magnetic wall,
but also an electric wall, and this additional wall can be useful
in certain applications, as it is discussed in the next sections.

3. Single-Ended Microstrip and Differential
Microstrip Lines Loaded with MLCs

The unusual electric wall that the MLC exhibits at resonance
(in comparison to other slotted resonators) opens new
research lines. Let us now consider the MLC loading both
single-ended microstrip and differential microstrip transmis-
sion lines by assuming that the electric wall of the MLC is
aligned with the symmetry plane of the lines.

3.1. Differential Microstrip Lines Loaded with MLCs. Fig-
ure 5(a) depicts a differential microstrip line loaded with an
MLC with the electric wall aligned with the symmetry plane
of the line. For the common mode, the symmetry plane of
the line is a magnetic wall. Therefore, MLC excitation is not
expected for this mode. Conversely, for the differential mode,
there is an electric wall at the symmetry plane, and the MLC
can be driven. The vertical components of the electric field
generated by each individual line under differential mode
operation are contra directional (i.e., upwards in one line and
downwards in the other line of the pair). Therefore, as long as
each inner half of the MLC is below each line of the differ-
ential pair, the particle can be excited by the non uniform
electric field generated under differential mode excitation.
This behavior has been verified through the electromagnetic
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Figure 6: (a) Lumped element-equivalent circuit model of a differential microstrip line loaded with an MLC with the electric wall aligned
with the line; (b) circuit model for the even mode, where the symmetry plane is an open circuit; (c) circuit model for the odd mode, the
symmetry plane being a short circuit.

simulation of the structure depicted in Figure 5(a) by means
of the Agilent Momentum commercial software for both the
common and the differential mode (see Figure 5(b)). As
expected, the differential line is roughly transparent for the
common mode, but it exhibits a notch in the transmission
coefficient for the differential mode.

The circuit model of the structure of Figure 5(a) is
depicted in Figure 6, where the equivalent circuits for the odd
(or differential) and even (or common) modes are also
included. The model includes the elements describing the
MLC, plus the line inductance 𝐿 and capacitance 𝐶. Actually,
the former is the line inductance with the presence of the
MLC and the later accounts for the electric coupling between
the line and the MLC. As it can be appreciated, for the
commonmode there is no transmission zero even though the
shunt capacitance is modified. On the contrary, for the
differential mode, the resulting model is the same as that for
a CSRR-loaded microstrip line which exhibits a transmission
notch [10]. In order to validate the model for the differential
mode, we have considered the structure depicted in Fig-
ure 7(a) which is electrically smaller at resonance than that in
Figure 5(a) mainly by virtue of the higher aspect ratio 𝑤1/𝑤2
(by enlarging the capacitor length 𝑙1 also achieves an electrical
size reduction). Under these conditions, it is expected that the
model is valid in awider frequency range.Wehave performed
the full-wave electromagnetic simulation of the structure for
the differential mode, and we have extracted the elements

of that model by means of a procedure reported elsewhere
[10]. Qualitatively, that technique is based on measurable
characteristics of the transmission and reflection coefficients
provided by the electromagnetic simulation. Briefly, the
lumped elements are obtained by means of the following
conditions: (i) the transmission zero frequency corresponds
to the frequency that the shunt impedance nulls, (ii) the
frequency for which the shunt admittance vanishes is the res-
onant frequency of the parallel tank, (iii) the frequencywhose
phase of the transmission coefficient is 𝜋/2 is where the series
and the shunt impedances are conjugate, and (iv) the inter-
section between the reflection coefficient and the unit nor-
malized resistance circle gives the series impedance. The
electromagnetic simulation and the circuit simulation of the
equivalent circuit model using the extracted parameters are
depicted in Figure 7(b). As can be seen the agreement is good,
hence validating the proposed model of the MLC-loaded
differential microstrip line.

3.2. Single-Ended Microstrip Lines Loaded with MLCs. Let us
now consider the MLC loading a single-ended microstrip
transmission line, as depicted in Figure 8. Since the symmetry
plane is a magnetic wall, the MLC cannot be excited. The
proposed circuit model is depicted in Figure 9(a), which is
similar to that reported in [11] for folded SIR-loaded coplanar
waveguides. After applying the magnetic wall concept, this
circuit model can be simplified as Figure 9(b) illustrates;
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Figure 7: Layout (a) and differential mode frequency response (b) for a differential microstrip line loaded with an MLC with the electric
wall aligned with the line and for its circuit model of Figure 6. The dimensions and the substrate are the same as those given in the caption
of Figure 5, except for 𝑙1 = 2mm and 𝑤1 = 8mm. The circuit parameters are 𝐿 = 6.07 nH, 𝐶 = 1.53 pF, 4𝐶𝑚 + 𝐶𝑔/2 = 7.47 pF (where for
dimensions 𝐶𝑔 ≈ 14𝐶𝑚), and 𝐿𝑚 = 3.71 nH.
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Figure 8: Microstrip line loaded with anMLC with the electric wall
aligned with the line.The dimensions and the substrate are the same
as those considered in Figure 7.

that is, it is a transmission line model with modified shunt
capacitance. However, a notch in the transmission coefficient
is not expected according to this model.

The interest in these single-ended microstrip transmis-
sion lines loaded with MLCs may be the truncation of
symmetry, for instance, by means of a lateral displacement of
the particle. In this case, the symmetry planes are no longer
aligned, and the particle can be excited by the electric field
generated by the line. The effect of this symmetry truncation
by laterally shifting the MLC can be taken into account in
the model of Figure 9(a) by simply considering the coupling
capacitances (i.e., 𝐶1 and 𝐶2) as variable capacitances. From
the circuit model viewpoint, these asymmetric values of
the coupling capacitances allow current flowing through the
MLC inductance and capacitance, and hence the particle is
electrically driven by the line. As reported in [11], such kind of
circuit can be useful for the implementation of displacement
sensors or radio frequency (RF) barcodes.

We have simulated the structure of Figure 8 by consid-
ering two different lateral displacements (0.5 and 2mm) of
the MLC. The results are depicted in Figure 10. In order to
extract the lumped element values of its circuit model, as a
starting point we consider the values given in the caption
of Figure 7 since the same dimensions and substrate are
considered. Afterwards, we have adjusted the variable cou-
pling capacitances by curve fitting the electromagnetic sim-
ulation, which depend on the amount of displacement. The
other elements of the circuit left nearly unaltered (a slight
optimizationmay be required), except for the line inductance
which is alsomodified by the position of the slotted resonator.
The circuit simulations, also depicted in Figure 10, are in good
agreement with the electromagnetic simulations. Therefore,
the proposed model is validated, and it is demonstrated that
the lateral shift of theMLCcan be basically taken into account
by modifying the coupling capacitances and the line induc-
tance.

4. Potential Applications

Etched in the ground plane of differential microstrip lines,
MLC resonators can be used for the implementation of
balanced notch filters and stop-band filters.This functionality
is clear to the light of the results depicted in Figure 7, where a
notch for the differential mode appears in the vicinity of the
fundamental resonance of the MLC. The rejection band can
be widened by etching further MLC resonators with slightly
different resonance frequency (as reported in [12] for the
design of SRR-based CPW stopband filters) or with identical
resonance frequency but separated by a small distance in
order to enhance interresonator’s coupling (as discussed in
[13] in reference to commonmode suppression in differential
lines by means of CSRRs).
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Figure 9: (a) Lumped element-equivalent circuit model of a microstrip line loaded with an MLC whose electric wall is aligned with or
laterally displaced with regard to the line; (b) circuit model after applying the magnetic wall concept under the assumption of alignment, that
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Figure 10: Frequency response for the structure of Figure 8 that results by laterally shifting the MLC 0.5mm (a) and 2mm (b) and for its
circuit model of Figure 9. The circuit parameters are 𝐿𝑚 = 3.71 nH and 𝐶𝑔 = 9.5 pF; for 0.5mm, 𝐿 = 9.48 nH, 𝐶1 = 0.89 pF, 𝐶2 = 0.36 pF,
and 𝐶𝑚 = 0.59 pF; for 2mm, 𝐿 = 8.94 nH, 𝐶1 = 1.36 pF, 𝐶2 = 0.083 pF, and 𝐶𝑚 = 0.66 pF.

With regard tomicrostrip lines loadedwithMLCs, we can
take benefit of the effects of a lateral shift (or another means
of symmetry truncation) in the transmission coefficient.
Namely, the line is transparent if the electric wall of the
MLC is perfectly aligned with the symmetry plane of the
line. However, a notch appears when the MLC is shifted in
the transverse direction, and the bandwidth and magnitude
of the notch increase with the displacement (see Figure 10).
Similarly, a notch is expected if the MLC is not displaced, but
it is nonsymmetrically loaded with a certain dielectric load.
Thus, the structure can be used for sensing purposes [14–17].
Furthermore, microstrip lines loaded with multiple MLCs
can be used as RF bar codes, where each bit is associated to
a certain resonator (and its resonance frequency), and the
logic states “1” or “0” are simply set by etching the MLCs
symmetrically or laterally shifted or by other means of
truncating the symmetry (RF bar codes not based on such

a symmetry approach were reported in [18]). As an example,
Figure 11(a) shows a photograph of a 3-bit bar code with the
central MLC aligned with the line and the external ones
laterally displaced (corresponding to the code “101”). The
frequency response is depicted in Figure 11(b) and exhibits
a transmission zero at the frequencies of the external res-
onators, in coherence with the considered codification. The
resonators were designed to achieve relatively narrow
notches, thus diminishing interference between adjacent
notches (this is a key issue to bits embedding and the
related spectral band efficiency). Even though the notch level
(intimately related to the bandwidth) is not very deep, this
is not a critical drawback in binary bar codes. It is also
interesting to mention that compared to CPW-based RF-bar
codes, implemented by means of folded SIRs or SRRs (they
also exhibit an electric wall at their symmetry plane) [11], the
proposed bar code is more simple since no parasitic modes
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Figure 11: Photograph of a 3-bit RF bar code (codified as “101”) (a) and measured frequency response (b). For completeness, the measurement
for the code “010” is also shown. The substrate is Rogers RO3010 with thickness ℎ = 1.27mm, dielectric constant 𝜀𝑟 = 11.2, and loss tangent
tan 𝛿 = 0.0023. The line width is designed to minimize the insertion loss with the presence of the MLCs symmetrically etched, that is,
𝑊 = 3.13mm. The MLC dimensions are 𝑤1 = 5.2mm, 𝑤2 = 𝑠 = 0.2mm, 𝑙1 = 1.9mm, 𝑙2(2.6GHz) = 6.32mm, 𝑙2(2.8GHz) = 6mm,
𝑙2(3GHz) = 5.72mm, and 𝑙3 = 6mm. The distance between adjacent resonators is set to that for which interresonator coupling can be
neglected, that is, 3mm. The lateral displacement to set the logic state “1” is 1mm.

are generated by displacing the MLCs (in contrast, air bridges
were necessary in the CPW bar codes reported in [11]).
Alternatively, codification can be achieved by symmetrically
etching the MLCs and truncating symmetry in the required
resonator by adding adhesives with metallic or dielectric
loads.

5. Conclusions

In conclusion, it has been shown that the MLC is a slot
resonator that exhibits two symmetry planes, one being a
magnetic wall and the other one an electric wall at the funda-
mental resonance. Given that other related slot resonators do
not exhibit any electric wall, this paper focuses on such wall,
which brings a wider variety of applications. If the driving
fields of the particle are uniform, the MLC cannot be excited
by an electric field orthogonal to the particle plane, but by
means of a magnetic field in the plane of the particle.
However, it has been shown that, in single-ended microstrip
lines and differential microstrip lines, where the fields are no
longer uniform, the MLC can be electrically excited. Equiv-
alent circuit models of both differential and single-ended
microstrip lines loaded with MLCs with the electric wall
aligned with the symmetry plane of the lines have been
reported and validated. Finally, some applications have been
highlighted, including balanced notch filters, as well as sen-
sors and bar codes based on the truncation of symmetry.
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This paper is focused on exploring the possibilities and potential applications of microstrip transmission lines loaded with stepped
impedance resonators (SIRs) etched on top of the signal strip, in a separated substrate. It is shown that if the symmetry plane of
the line (a magnetic wall) is perfectly aligned with the electric wall of the SIR at the fundamental resonance, the line is transparent.
However, if symmetry is somehow ruptured, a notch in the transmission coefficient appears.Thenotch frequency anddepth can thus
be mechanically controlled, and this property can be of interest for the implementation of sensors and barcodes, as it is discussed.

1. Introduction

The topic of metamaterials has experienced an exponential
growth in the field of science and technology since 2000,
when the first metamaterial structure (a one-dimensional
left-handed medium) was reported [1]. In particular, meta-
material transmission lines (first reported in [2–4]) have
attracted the attention of RF/microwave engineers, since such
artificial lines exhibit further controllability than ordinary
lines, and they can be used as building blocks for the
implementation of microwave devices with small size and/or
high performance and with novel functionalities as well [5–
7].

There are nowadays many different approaches and types
of metamaterial transmission lines. Among them, the so-
called resonant type approach has been revealed to be very
useful for the implementation of microwave components
(including filters, dividers, and leaky wave antennas) [7].
Resonant type metamaterial transmission lines are imple-
mented by loading a host line with electrically small res-
onant elements, typically, although not exclusively, split
ring resonators (SRRs) [8, 9] and complementary split ring
resonators (CSRRs) [10]. By loading a host line with a coupled
(electrically, magnetically, or both) resonator, a notch in
the transmission coefficient (at the fundamental frequency)

appears, and such notch widens if the line is loaded with
several resonators. The stopband characteristic exhibited
in a transmission line loaded with an array of electrically
small resonators has been interpreted as due to the negative
effective permeability (SRRs) or permittivity (CSRRs) of the
lines [9–11].

However, it is not necessary to invoke metamaterials the-
ory to interpret and understand the stopband functionality
of SRR or CSRR loaded lines. In most applications, the lines
are loaded with a single resonator stage because this reduces
size or suffices to achieve the required functionality. Indeed
the modeling through equivalent circuits of transmission
lines loaded with electrically small resonators, such as those
aforementioned, has been a subject of an intensive study in
the last years [11–16]. Certainly, transmission lines loaded
with a single or with few resonators cannot be considered
to be effective media metamaterials. However, in certain
applications, the controllability of the dispersion and char-
acteristic impedance of the loaded lines are fundamental to
achieve the required functionality, and for this reason such
lines are typically referred to as metamaterial transmission
lines [17]. In other applications, the key point is to achieve
stopband functionality. In these cases, as long as the consid-
ered resonators are electrically small and potentially useful
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Figure 1: Typical topology of a folded SIR and relevant dimensions.
The resonator can be excited by a time varying electric or magnetic
field oriented in the indicated directions.The distribution of current
and charges is also sketched.

for the implementation of effective media metamaterials,
the lines are usually designated as transmission lines with
metamaterial loading. The structures considered in this
work belong to this category: microstrip lines loaded with
stepped impedance resonators (SIRs). We have considered
both folded SIRs and conventional SIRs coupled to the lines
and separated from the signal strip of the line by means of
a dielectric slab. It will be seen that the response of the SIR
loaded lines can be tailored through mechanical actuation
and potential applications of this effect are discussed.

2. Microstrip Lines Loaded with Stepped
Impedance Resonators (SIRs)

Stepped impedance resonators are common planar res-
onators in microwave engineering [18]. Essentially SIRs are
metallic open-ended strip resonators where the width of
the strip is varied abruptly. In a trisection SIR, it is well
known that by narrowing the central section and widening
the external ones, the resonator can bemade electrically small
as compared to a uniform half wavelength resonator [18].
Additional miniaturization can be achieved by folding the
SIR, as Figure 1 illustrates. It is important to mention, for
the purposes of this paper, that the SIR exhibits an electric
wall at the indicated (symmetry) plane (see Figure 1) at the
fundamental resonance. Hence, the resonator exhibits an
electric dipole perpendicular to the symmetry plane, and
it can be excited through an electric field oriented in that
direction. Moreover, in a folded SIR, as the one depicted in
Figure 1, the current loop induces a magnetic dipole moment
and therefore the resonator can also be magnetically driven
(this is not the case in unfolded SIRs).

According to the previous statements, in a transmission
line loaded with a folded SIR, the line-to-resonator coupling
may be electric, magnetic, or mixed, whereas in a transmis-
sion line loaded with an unfolded SIR the magnetic coupling
is prevented. For instance, it was demonstrated in [19] that
in coplanar waveguide (CPW) transmission lines loadedwith
folded SIRs on the back side of the substrate (withmeaningful

line-to-resonator capacitances and thin substrates), the dom-
inant line-to-resonator coupling mechanism is electric.

Regardless of the coupling mechanism, if both the res-
onator and the line are symmetric, there is a necessary
condition for particle excitation: either the symmetry planes
of the line and resonator are not aligned, or, if they are
aligned, they must be of the same electromagnetic nature
(either an electric wall or a magnetic wall). In other words,
if the symmetry planes of the line and resonator are aligned
and they are of distinct electromagnetic nature, then elec-
tromagnetic coupling capable of exciting the resonator does
not arise. The result is a transmission coefficient for the
loaded line close to 1 even at the fundamental resonance of
the considered particle. This operating principle is universal,
being independent of the line type, the resonator, and the
resonator-to-line coupling mechanism [19, 20].

To gain more insight into this feature, let us consider a
symmetric structure consisting of a microstrip line loaded
with a folded SIR on top of the signal strip, with aligned
symmetry planes. As mentioned above, the particle cannot
be excited at the fundamental resonance, by neither the
magnetic field nor the electric field generated by the line. Due
to symmetry, the magnetic field components at both sides of
the symmetry plane of the particle are perfectly cancelled, and
the magnetic field is not able to induce circulating currents
in the SIR. Analogously, for electric field excitation, a net
component of the electric field orthogonal to the symmetry
plane is required, and this is impossible due to the symmetry
of the line and to the fact that the symmetry plane of
the line is a magnetic wall. However, if the symmetry is
broken, the perfect cancellation of fields vanishes, the particle
is excited, and the incident power is partially reflected at
the fundamental resonance, thus providing a notch in the
transmission coefficient at that frequency.

3. Mechanical Reconfigurability of the
SIR Loaded Microstrip Lines and
Possible Applications

In order to symmetrically load a microstrip line with an
SIR, three metal levels are required. A possible multilayer
structure is the one depicted in Figure 2, with top and bottom
substrates. To mechanically rupture the symmetry of the
structure and thus achieve a notch in the transmission coeffi-
cient, there are several possibilities. For instance, the SIR and
the line can be etched on different (movable) substrates with a
relativemotion.Thus, by laterally displacing the top substrate,
symmetry is broken. Another interesting approach to rupture
symmetry is by implementing the SIRs with deflectable
cantilever type (movable) arms through microelectrome-
chanical systems (MEMS) (similar to the reconfigurable SRR
loaded lines reported in [21]). Any physical variable able
to deflect the suspended parts of the SIR can potentially
be detected/sensed through its effect on the transmission
coefficient of the loaded line. Of course the MEMS-based
SIRs can be actuated electronically, with the potential to
implement reconfigurable notch filters. However, it is also
possible to break symmetry through the effects of an external
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Figure 2: Cross-sectional view of a microstrip line loaded with an SIR, etched on top of it.

force, pressure, torque, and so forth. Alternatively, the effects
of these variables can also be potentially sensed/detected by
using malleable/flexible substrates, rather than deflectable
SIRs. This eases the fabrication process and reduces costs.
Finally, dielectric loading may be another strategy to rupture
symmetry. The idea behind this approach is to add a material
or substance on top of the SIR or in specific test regions of the
structure (for instance, by creating symmetric holes inside the
top substrate). As long as the material or substance exhibits
a symmetric distribution of the dielectric permittivity, the
line is transparent to signal propagation. However, if the
dielectric loading is not symmetric, this can be detected by
the appearance of a notch in the transmission coefficient. One
possibility that this approach opens concerns the detection of
defects or imperfections in certain substances by comparison
to a reference or standard. This approach may be useful
for analysis of substances, including organic tissues and
microfluidics. Sensors for analysis of organic tissues and
dielectric monitoring of microfluidic channels based on the
frequency or quality-factor variation of resonant elements
have recently been proposed (see, e.g., [22–24]).

4. Illustrative Preliminary Examples

In this section, two application examples of SIR loaded micr-
ostrip lines are reported. Firstly, the symmetry properties of
such loaded lines are exploited as an encoding mechanism
to implement an RF (radiofrequency) barcode. Secondly, the
symmetry rupture is used as a sensing mechanism to design
an alignment/displacement sensor.

4.1. RF Barcode. A multiresonator-based chipless radiofre-
quency identification (RFID) tag is an RF barcode where
the information is stored in the so-called spectral signature
of the tag. Such spectral signature is obtained by loading a
transmission line with several resonators, each resonating at a
different frequency [25]. Each resonator corresponds to a bit,
and the logic “1” or “0” is chosen by the presence or absence
of the notch at the resonance frequency (i.e., the encoding
is in amplitude). By coupling the resonator to the line, the
notch appears, giving the logic level “1.” On the contrary,
the notch can be prevented (logic level “0”) by removing
or short-circuiting the resonator (this shifts the resonance
frequency outside the region of interest) [25]. An alternative

to these conventional approaches is to align the symmetry
planes of the line and resonator. Thus, by using a microstrip
line loaded with folded SIRs, if the resonator symmetry plane
is aligned with that of the line, the resonator is not coupled
to the line and the notch at the fundamental resonance
does not arise. Conversely, the logic “1” can be achieved, for
instance, by laterally displacing the resonator. Under these
conditions, the magnetic wall of the line and the electric
wall of the resonator are not aligned, and the resonator is
excited. Interestingly, as long as the SIRs can be laterally
shifted independently, a reconfigurable barcode is potentially
possible. Figure 3(a) depicts the top view of a microstrip line
loaded with three folded SIRs, each designed to resonate at
a different frequency. Notice that in this configuration the
central SIR is aligned with the line, whereas the SIRs of the
extremes are nonaligned. Therefore the line is encoded with
the code “101.” Figure 3(b) depicts the simulated frequency
response (i.e., the spectral signature) of this structure and also
the one corresponding to the complementary code, that is,
“010,” where the aligned SIRs are those of the extremes.

In the proposed barcode, the ground plane is kept
unaltered, this being an advantage as compared to other
proposals [26]. An important aspect to highlight is that the
design of the line and SIRs does not require special attention,
since the main purpose is to achieve narrow notches. This
allows accommodating the maximum number of resonators
(resonance frequencies) in a predefined frequency spectrum,
thus embedding as many bits as possible. Narrow notches
typically arise if the coupling between the line and the
resonator is weak, as shown in the structure of Figure 3
(the reason is that the dominant electric coupling is poor
because of the extremely narrow line). Conversely, in the next
example, the aim is to obtain a high sensitivity of the notch
magnitude (depth) with the lateral displacement, and this
requires a specific design.

4.2. Alignment/Position Sensor. Let us now consider the
application of SIR loaded microstrip lines to detect lack of
lateral alignment or to measure lateral shift between two
surfaces with relative motion to each other (other proposals
can be found in [27, 28]). In this case, a figure of merit is
the sensitivity of the notch magnitude and/or frequency with
the lateral displacement. For the implementation of these
sensors, it is critical to adequately choose the topology of
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Figure 3: Microstrip line loaded with folded SIRs for the code “101” (a) and lossy electromagnetic simulation of the transmission coefficient
corresponding to the indicated codes (b). The top and bottom substrates are Rogers RO3010 with thickness ℎ = 0.254mm, dielectric constant
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Figure 4: Proof of concept demonstrator of an SIR loaded microstrip line useful as alignment/position sensor for a displacement
corresponding to the strongest notch (a) and lumped element equivalent circuit model (b). The microstrip line dimensions are𝑊 = 2mm,
𝑊𝑠 = 5.8mm, and 𝑙𝑠 = 7.8mm; the lengths of the SIR sections are 2mm, and the widths are 𝑤1 = 7.6mm and 𝑤2 = 0.2mm. The top and
bottom substrates are Rogers RO3010 with ℎ = 0.254mm, 𝜀𝑟 = 11.2, and tan 𝛿 = 0.0023. The inductance and capacitance of the line section
are 𝐿 and 𝐶, the inductance of the SIR is 𝐿 𝑠, the SIR-to-line capacitance is 𝐶𝑠𝑙, and the SIR-to-ground capacitance is 𝐶𝑠𝑔.

both the SIR and the line. In order to boost the electric
coupling between the line and the SIR, it is important to
enhance the patch capacitance of the SIR to the line (as
well as to the ground), and for this reason the line width
must be widened. Since this reduces the line characteristic
impedance, in order to match the ports to 50Ω, a window
in the ground plane below the position of the signal strip can
be etched. This enhances the line inductance and drops the
line capacitance simultaneously, compensating the reduction
of the characteristic impedance. Moreover, since the electric
coupling is generally stronger than magnetic coupling in
SIRs, we have opted to use an unfolded configuration. Specifi-
cally, we have designed the proof of concept prototype shown

in Figure 4(a), corresponding to the lateral shift providing the
widest and deepest notch. To enhance the electric coupling
for nonsymmetric loadings, the width of the line has been
chosen to be identical to the length of the wide strip sections
of the SIR.We have thus etched a slot in the ground plane (see
the dimensions in Figure 4) to achieve goodmatching to 50Ω
in the symmetrically loaded line.

A lumped element equivalent circuit model of the struc-
ture of Figure 4(a) is proposed and depicted in Figure 4(b).
According to this simple model, it is clear that to strengthen
the notch it is necessary to increase the ratio between the
resulting patch capacitance, 𝐶𝑠 (given by the capacitance
between the SIR and line, 𝐶𝑠𝑙, and by that between the
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Figure 6: Transmission coefficient (a) and dependence of the notch magnitude and frequency (b) with lateral displacement corresponding
to the structure of Figure 4, inferred from the lossy electromagnetic simulation. The displacement for maximum notch magnitude, that is,
the dynamic range, is 2mm.

SIR and ground, 𝐶𝑠𝑔), and the SIR inductance, 𝐿 𝑠. Hence,
the equivalent circuit confirms that the electric coupling
should be enhanced as much as possible, and for this reason
the step in width in the considered SIR is substantially
extreme. With a view to validate the circuit model, we
have increased the inductance 𝐿 𝑠 and the capacitance 𝐶𝑠
by lengthening, respectively, the narrow and the wide SIR
sections, as shown in Figure 5(a). By this means the unit cell
length is shortened at the resonance frequency and the circuit
model is expected to predict the frequency response of the
structure more accurately (note that this is at the expense of

sensitivity due to the increase in the transversal dimension).
The circuit parameters have been extracted in an analogous
manner as in the procedure reported in [29]. In particular,
such systematic method is based on a mapping from the
electromagnetic simulation to the circuit response as follows:
(i) the impedance of the series resonator 𝐿 𝑠-𝐶𝑠 nulls at the
notch frequency, (ii) when the series and shunt impedances
are conjugate the transmission coefficient phase is −90∘, and
(iii) the intersection between the reflection coefficient and
the unit normalized resistance circle provides the resonance
frequency of the parallel resonator 𝐶-𝐿 𝑠-𝐶𝑠 and also (iv) the
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Figure 7: Photograph of the fabricated SIR loadedmicrostrip line of
Figure 4 on separate substrates, where matched input/output lines
of 𝑊 = 0.2mm have been added to solder the connectors (a).
Photograph of the experimental setup with the substrates attached
to Teflon slabs (a material with a low dielectric constant, 𝜀𝑟 =
2.08) and with manual positioners labeled in inches (b). Measured
transmission coefficient for some lateral displacements of the SIR
(c).

series inductance 𝐿. As can be appreciated in Figure 5(b), the
circuit simulation fits the lossless electromagnetic simulation
in a very good approximation.

Figure 6(a) plots the transmission coefficient inferred
from the lossy electromagnetic simulation of the proof
of concept structure shown in Figure 6(a) for different
lateral displacements. The notch magnitude and frequency
versus the displacement were recorded and are indicated

in Figure 6(b). As can be observed, both electrical vari-
ables are quite sensitive to the displacement, indicative of a
significant increase in the capacitive line-to-SIR-to-ground
coupling with the displacement. Note that the sensitivity
is particularly very high in magnitude for small displace-
ments, and hence the sensor is very suitable for alignment
purposes. Specifically, the average sensitivity in frequency
is 42.95MHz/100 𝜇m in the full dynamic range, while in
magnitude is −5.42 dB/100 𝜇m in the range up to 400 𝜇m.

The previous proof of concept demonstrator was fabri-
cated and measured in an experimental setup that enables
3D calibrations through manual positioners (see Figure 7).
Thus, the measurement of the transmission coefficient was
carried out for different displacements, manually performed.
Note that it was not possible to perfectly align the SIR with
the line due to the fact that the sensor features a very high
sensitivity for small shifts (for this reason a measured sample
close to the symmetric structure was labeled as the reference
one). Furthermore, the measured notch frequencies were rel-
atively much higher than those obtained by electromagnetic
simulations, and this is primarily attributed to a drop of the
capacitance 𝐶𝑠 caused by a thin air layer between the top and
bottom substrates (indeed further simulations have suggested
that an in-between air layer of 75 𝜇m shifts the notch
frequency upwards up to themeasured results). Nevertheless,
the proof of concept is experimentally validated. In the near
future, we plan to characterize the structure by considering a
specific distance between the line and the SIR (using a setup
similar to that reported in [30]). It is also worth to bear in
mind the acquisition of a more sophisticated experimental
setup to perform 3D calibrations with higher accuracy.

To end this section, we would like to mention that the
notch magnitude and spectral position are also sensitive to
the force applied on top of the SIR substrate. This opens the
possibility to implement force or pressure sensors based on
the reported approach.

5. Conclusions

In conclusion, it has been shown that the SIRs are useful
resonant particles as loading elements in microstrip lines
aimed to act as microwave sensors or RF barcodes based on
symmetry rupture. Specifically, for sensing purposes, SIRs
provide high sensitivity due to the strong electric coupling
between the line and the resonator. This is an advantage
over other proposed sensors based on symmetry properties
(e.g., displacement sensors that use split ring resonators).
Moreover, these SIR loaded lines can also be potentially
useful for other types of sensors, such as pressure sensors,
or sensors for dielectric characterization, where the high
sensitivity of SIR loaded lines can represent an advantage over
other exiting approaches. Work is in progress in this regard.
Concerning barcodes, a proof of concept has been developed.
Although the number of bits achievable with the reported
approach is limited (unless the spectral bandwidth is very
high), tags based on the reported approach can be of interest
in systems that do not require to store too much information
and do not need a high level of security. Moreover, these
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tags can be programmable (symmetry can be achieved by
adding metallic strips to the SIRs) and can be implemented in
flexible substrates by means of printed techniques (including
low cost paper substrates). Thus, the potential can be very
high (they can be useful, e.g., for document identification,
product identification, electoral processes with small voting
members, etc.). In summary, several applications of SIR
loaded lines have been discussed, and a proof of concept
(experimentally validated) of an alignment/position sensor
has been provided.
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C1: P. Vélez, J. Naqui, G. Zamora, J. Bonache, F. Mart́ın, “Applications
of electromagnetic band gaps (EBGs) in microstrip and balanced
microstrip lines,” International Conf. on Electromagnetics in
Advanced Applications (ICEAA14), Palm Beach, Aruba, Aug. 2014.
Invited.



278 Publications by the Author

C2: L. Su, J. Naqui, J. Mata, F. Mart́ın, “Recent Advances in Modeling
Metamaterial Transmission Lines Based on Pairs of Split Ring
Resonators (SRRs): Coupling between the SRRs Forming the
Pair,”Metamaterials 2013, Copenhagen, Denmark, Aug. 2014.
Invited.

C3: J. Naqui, L. Su, J. Mata, and F. Mart́ın, “Analysis of transmission
lines loaded with pairs of coupled resonant elements and application
to sensors,”Moscow Int. Symp. Magn. (MISM -2014), Moscow, Russia,
Jun. 2014. Invited

C4: J. Naqui, C. Damm, A. Wiens, R. Jakoby, L. Su, and F. Mart́ın,
“Transmission lines loaded with pairs of magnetically coupled
stepped impedance resonators (SIRs): modeling and application to
microwave sensors,”IEEE MTT-S Int. Microw. Symp., Tampa, FL,
USA, Jun. 2014.

C5: J. Selga, J. Naqui, M. Durán-Sindreu, F. Mart́ın, A. Rodŕıguez and
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