Chapter 2
Fundamentals of Planar 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 (ESRs) based on split rings, which are typical key building blocks to
the synthesis of metamaterials, have been investigated broadly as well. The research
activity on these resonant particles has been focused not only 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 parti-
cles are not utilized to construct metamaterial structures, but to design innovative
RF/microwave devices. Nonetheless, a brief introduction to metamaterials is pro-
vided for a historical standpoint and to make the thesis more complete, although
reporting the current state-of-the-art is beyond the scope of this thesis.

This chapter is devoted to planar metamaterials and electrically small split-ring
resonators, mainly from a circuit approach perspective. It should be mentioned that
a significant part of the intensive work in such topics has been published in text-
books by several pioneering research groups in the last decade [1-6]. Section2.1
provides a brief description of the fundamental properties of metamaterials as well
as a historical overview. In Sect.2.2, the different approaches of transmission-line
metamaterials are introduced, which are of particular interest to the microwave com-
munity. 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 receive the most
attention. Next, Sect.2.3 is aimed at describing subwavelength resonators that are
used throughout this thesis, with special emphasis on the properties derived from
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6 2 Fundamentals of Planar Metamaterials and Subwavelength Resonators

symmetry assumptions. Finally, Sect. 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]." 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 metamaterials.”

A medium is regarded to be effectively (on average) homogeneous (uniform) if
its unit-cell dimension is much smaller than the guided wavelength. This homoge-
nization (averaging) procedure is the key to considering the structure electromagneti-
cally 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 € and the permeability u [1, 2].
Indeed, this approach is a direct translation of the characterization of natural media,
which are made of 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 periodic® 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 of a meta-
material (such as the shape, arrangement or alignment of the inclusions) provide a
large collection of independent parameters (or freedom degrees) in order to engineer
an artificial material with a specific controllable electromagnetic response different
from that obtained by its constitutive materials [2]. In summary, the macroscopic
view of metamaterials consists of replacing an artificial structurally inhomogeneous
structure with an effectively homogeneous medium characterized by effective con-
stitutive parameters.

I'Since the international scientific community has not achieved a consensus in the definition of elec-
tromagnetic metamaterials [6], other artificial inhomogeneous structures with controllable elec-
tromagnetic properties (e.g. electromagnetic bandgaps—EBGs—which are based on the Bragg
regime) are also sometimes regarded as metamaterials [2].

2The 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.

3Periodicity is not fundamental, but eases the design.
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2.1.1 Material Classification

Since the response of a medium to an electromagnetic field is determined by its
properties (¢ and 1),* this allows for the classification of a medium depending on the
sign of the constitutive parameters, as illustrated in Fig.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. Nevertheless, several other termi-
nologies have been suggested, such as left-handed (LH), backward-wave (BW), and
negative-refractive index (NRI) media [1, 2].°> While natural DPS and SNG media
are known to exist (see Fig.2.1), a DNG medium has not 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 Sect.2.1.2, DNG
media may be synthesized artificially 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 propa-
gation 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 dissipation®) and decay exponentially
in amplitude away from the source [4, 7]. By contrast, when permittivity and per-
meability are both either positive or negative, wave propagation inside a medium is
possible (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 wave vector or propagation
constant k building a left-handed triplet, in contrast to conventional materials (with
positive constitutive parameters) where this triplet is right-handed (see Fig.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

“If losses are absent, as is assumed throughout this chapter, € and y are real numbers.

5The 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.

6Recall that losses are precluded in the whole chapter.
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Fig. 2.1 Material classification according to the sign of permittivity-permeability

(a) k (b) S

A

E H

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

propagation constant) given by’
v = —, (2.1)
"B

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

defined as
dw

ﬁ )
travel in opposite directions, a physical phenomenon that is called backward-wave
propagation.

vg = (2.2)

7In the literature the propagation constant is represented by k or 3 [8]. Hereafter the symbol 3 will
be used since it is the usual convention in microwave engineering.
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Therefore, LH media are characterized by the propagation of waves exhibiting
anti-parallel® phase and group velocities, contrary to the case of wave propagation in
conventional media that is known to be forward [1—4].9 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 introduces 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 sem-
inal 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 struc-
ture of conducting wires and split-ring resonators (SRRs) [13], as shown in Fig.2.3a.
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. Conversely, an array of parallel thin metallic wires produces an effec-
tively negative permittivity below a cutoff frequency,'? exhibiting a highpass behav-
ior. Thereby a proper combination of SRRs and 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 Fig.2.3b).
Although this metamaterial is a bulk construction, since left-handed behavior occurs
for a specific polarization and direction of propagation of the incident electromag-
netic field, this structure can be viewed as a one-dimensional metamaterial. It should
be noted that a LH medium made of natural media may also be possible. Unfortu-
nately, the negative value of the constitutive parameters occurs at different frequency
bands, preventing simultaneously negative permittivity and permeability [3].

8 Anti-parallel vectors are collinear vectors (lying in the same line) with opposite directions.
9Backward-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 homo-
geneous structures operating in a backward 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]. The latter are also known as
positive- and negative-going waves [1].

10This cutoff frequency is usually called plasma frequency in analogy to the permittivity function
of a plasma.
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Fig. 2.3 First artificially synthesized LH structure. a Photograph reprinted with permission
from [1]. b Transmitted power (x-axis orientation) when only SRRs are considered (solid line)
and when wires and SRRs are present (dashed line). The incident electric field is parallel to the
wires (z-axis), while the incident magnetic field is polarized along the axis of the rings (y-axis)

2.2 Transmission-Line Metamaterials

Transmission-line metamaterials (or metamaterial transmission lines)'! are artificial
transmission lines [6] that consist of a host (conventional) transmission line!'2 loaded
with reactive elements, the latter providing higher design flexibility in comparison
to conventional lines [3, 4, 6]. Specifically, one-dimensional (1D) transmission-
line metamaterials are effectively homogeneous structures whose electromagnetic
characteristics can be controlled or engineered to some extent through a specific
direction of propagation (this definition is, however, revised in Sect.2.2.5).

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
to the equations describing TEM propagation on a transmission line derived from

'n this thesis transmission-line metamaterials and metamaterial transmission lines are synonyms
because this book deals with one-dimensional (1D) structures. When the same concept is extended
to 2D and 3D dimensions, the structures are referred to as transmission-line metamaterials (i.e.
metamaterial transmission lines apply only to 1D structures) [6].

12Note that host transmission lines are commonly implemented on an ordinary dielectric substrate
whose permittivity is different from the effective permittivity of the metamaterial.
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Fig. 2.4 Equivalent circuit model of a transmission line. a Conventional or RH transmission line.
b Dual or LH transmission line

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 trans-
mission 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]

Zl =7/l = jwu, (2.32)
Y, =Y,/l = jwe, (2.3b)

where Z; and YIQ are the (distributed) per-unit-length series impedance (£2/m) and

shunt admittance (S/m), respectively, Z; and Y), are the per-unit-cell series impedance

(£2) and shunt admittance (S), respectively, and / is the unit cell length (the period).
Accordingly, in conventional RH media, the mapping yields

p=L =LJI, (2.4a)
e=C' =CJl, (2.4b)

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

Br =wvL'C, (2.5a)
L/
Zg = o (2.5b)

respectively. In the transmission-line approach of metamaterials the previous 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
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depicted in Fig. 2.4b with series-connected capacitors and shunt-connected inductors
supports the propagation of backward waves. Such a network is called the dual'? of
the equivalent circuit of a RH transmission line. The mapping in this dual network
yields

1 1
S —— 2.6
K w2C’ w2Cl (2.62)
1 1
== 2.6b
¢ w?L’ w2Ll ( )

where C’ and L’ are now the time-unit-length!# series capacitance (F - m) and shunt
inductance (H - m), respectively, while C and L stand for the per-unit-cell series
capacitance (F) and shunt inductance (H), respectively. The corresponding propaga-
tion constant and characteristic impedance become

BL =—1/wvL'C, (2.72)
L/
Zer = o (2.7b)

respectively. Contrarily to a dispersionless RH line, a LH transmission line is intrin-
sically dispersive by nature because its propagation constant is not a linear function
of frequency. It should also be 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

27
Ag = —, 2.8
$ =15 (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 may describe
a RH or LH transmission line.

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 either ENG or MNG transmission lines because their models are exclu-
sively made up of inductors or capacitors. As wavelength cannot be defined, these
models should be interpreted conceptually. 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.

3Duality is defined here in terms of complementary response (e.g. the dual of a lowpass filter is a
highpass 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 (/m) and Y, }; (S/m).
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Fig. 2.5 Unit-cell equivalent T-circuit models of transmission lines according to the sign of the
series reactance, X (Z; = jXj), and shunt susceptance, By, (Y, = jB),). The validity of these
models is restricted to the long wavelength regime. Since wavelength cannot be defined if propa-
gation is forbidden, as occurs in ENG and MNG transmission lines, these models are conceptual
interpretations

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 Fig.2.4b cannot be implemented. A necessary host transmission
line introduces inevitably parasitic elements, as illustrated in Fig.2.6 [1-4]. Since
these elements cannot be neglected in general and induce wave propagation of for-
ward 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 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 particular frequency ranges.

Instead of describing the transmission characteristics of CRLH lines obtaining
their effective constitutive parameters by (2.3), Fig. 2.7 shows the typical dispersion
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Fig. 2.6 Unit-cell equivalent T-circuit of a composite right-/left-handed (CRLH) transmission line;
the subscripts L and R stand for the corresponding LH and RH elements, respectively

diagram' of a CRLH line, which indicates 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 veloc-
ities can be easily inferred from (2.1) and (2.2), respectively.16 As can be seen, if
w < min(wy, wp), vp < 0and ve > 0 have opposite signs, meaning that propagation
is backward. Conversely, when w > max(wy, wp), vp > 0 and vy > 0 exhibit the

RH GAP

unbalance

LH GAP

- 0 +7 pr

Fig.2.7 Typical dispersion diagram for a unbalanced/balanced CRLH transmission line. The period
is p = [, while the series and shunt resonances are indicated as wy, = wy = 1/4/LgrCr and
wsh = wp = 1/4/LCg, respectively. The case with wy < w) is illustrated, although w; > w), is
also possible. The curves for a purely RH (PRH) line (L, = C;, — o0) and for a purely LH (PLH)
line (Lg = Cg = 0) described by (2.5a) and (2.7a), respectively, are also shown. Reprinted with
permission from [2]

15The calculation procedure of the dispersion relation of a periodic structure composed of a cascade
of two-port unit-cell circuits is well-known (Appendix A).

16The phase velocity is the slope of the line segment from the origin of the dispersion curve w ()
to a point in the curve, whereas the group velocity is the slope of the tangent to the dispersion curve
at a point.
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same sign, indicating that wave propagation is of forward nature.!” The frequency
at the transition from a passband to a stopband (8! = 0 or =) 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 reflec-
tions. When w — 0 there is a stopband due to the highpass nature of the LH elements,
whereas when w — 00 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). In addition, in the general case when the series
resonance, wy, does not coincide with the shunt resonance, w,, a stopband appears
between these frequencies, and the line is known to be unbalanced. By contrast,
in the case that these frequencies are equal, wy = w, = wy, there is a continuous
transition between the left- and right-handed bands,!® and the CRLH line is said to
be balanced® [1-3].

The guided wavelength,”’ given by (2.8), can also be readily derived from the
dispersion curve. As mentioned in Sect.2.1, an effectively homogeneous structure
is defined as that whose unit cell size / is much smaller than \,. The effective-
homogeneity condition is usually / < A,/4 [1], which in terms of the electrical
length becomes |5I| < 7/2. Since in the unbalanced configuration the structure is
effectively homogeneous at the edges of the bandgap that ranges from wy to wp,
this stopband in terms of the constitutive parameters is said to be due to either
€ < 0@Gfwy < wp)orp < 0 (ws > wp) [1]. By contrast, the stopbands at
low and high frequencies are not near the long wavelength regime. Therefore, at
these frequencies, effective constitutive parameters cannot be rigorously defined and
the circuit model of Fig.2.6 is no longer valid to represent an effectively homoge-
neous CRLH transmission-line metamaterial. In order to model correctly RH/LH
(or CRLH) transmission lines at higher/lower frequencies, one needs to reduce the
period, and accordingly to reduce/increase the per-section inductance and capaci-
tance given in (2.4)/(2.6), so that operation in the long wavelength regime holds. In
other words, the circuit models of RH/LH/CRLH transmission lines mimic transmis-
sion 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 [18]. Clas-
sical filters, however, are characterized at all frequencies (from w = 0 to w — 00).
Therefore, as a fundamental property, filters exhibit both passband and stopband
characteristics according to the filter type.

17 Alternatively, when || increases with frequency, vp and v, are parallel and the propagation is
forward. Otherwise the propagation is backward.

18Wave propagation is allowed at wo with infinite v, but (non-zero) finite v.
19The term balanced does not mean differential in this context.
20The guided wavelength is obviously different from that guided in the host line (3 # Gg).
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2.2.3 CL-Loaded and Resonant-Type Approaches

Because CRLH transmission lines are not readily available in nature, these struc-
tures 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 res-
onators). 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 [19]. The reactive elements responsible for backward propagation
in both configurations were synthesized by semi-lumped?! 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 C L-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 a host trans-
mission line loaded with subwavelength resonators?? in combination with other reac-
tive elements (inductors or capacitors), the typical resonant particles being split-ring
resonators (SRRs) or other related topologies as those described in Sect.2.3.23 The
first reported structure concerning this approach was proposed by Martin et al. [20],
and it was conceptually based on and equivalent to the preceding Smith’s LH struc-
ture shown in Fig.2.3. Specifically, a coplanar waveguide (CPW) was periodically
loaded with pairs of SRRs and signal-to-ground inductive strips (see Fig.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 cou-
pling mechanism of SRRs as will be reviewed in Sect. 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 Sect.2.3.5) of the SRR,
that is, the so-called complementary split-ring resonator (CSRR) [22, 23]. A chain
of CSRRs provides a negative effective €, while a negative effective p is achieved
through the gaps. Such a kind of line is illustrated in Fig.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.

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 designated to 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, 18]. The advantage of electrically small planar (i.e. semi-lumped
or even lumped) elements is that their behavior may be approximate by ideal (sizeless) lumped
parameters 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 [18].

23Note that CRLH lines based on the CL-loaded approach are also resonant by nature despite the
fact that self-resonant elements are not used.
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Fig. 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 line is not balanced and the RH passband is beyond the shown
frequency range. Reprinted with permission from [20]
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Fig. 2.9 CRLH transmission line based on CSRRs and series capacitive gaps in microstrip tech-
nology. a Layout reprinted with permission from [21]. b Measured frequency response reprinted
with permission from [3]. The RH passband is outside the measured frequency range

Since the resonant-type approach employs subwavelength resonators, the individ-
ual 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 same behavior as the canonical®* circuit of
Fig.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 Martin et al. [20] and Baena et al. [21],
respectively, and these models were later revised and improved by Aznar et al. [24]
and Bonache et al. [25], 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. None of these circuits models is shown here, but they are
very similar to those of SNG transmission lines that will be presented in the next
subsection.

24Canonical refers to the simplest or standard form.
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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/s is/are directly useful, the stopbands being usually parasitic effects [1].
Instead, structures exhibiting equivalent single negative (SNG) constitutive parame-
ters are preferred to implement stopband responses (the structures involved in this
thesis belong, in fact, to this category). One-dimensional resonant-type p-negative
(MNG) and e-negative (ENG) structures can be synthesized artificially 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. Consequently, these structures behave qualitatively as the canoni-
cal circuit models describing SNG transmission lines depicted in Fig. 2.5 only within
a certain frequency range.

2.2.4.1 p-Negative Coplanar Waveguides Loaded with Pairs of SRRs

Figure2.10a shows the first proposed SRR-based p-negative transmission line. It is
the same structure as the CRLH line in Fig. 2.8a 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 the vicinity of the SRR resonance frequency
switches to a stopband response, as shown in Fig.2.10b [20, 26].

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 plotted in Fig.2.11a. The dispersion relation corresponding to an infi-
nite structure obtained by cascading identical unit cells is shown in Fig.2.11b. As
can be observed, there is a stopband in the vicinity of the resonance frequency, fo,
which occurs when the length of the unloaded line is a small fraction of the guided

(a)

Q00O
000

Fig.2.10 MNG transmission line based on SRRs in coplanar waveguide implementation. a Layout.
b Simulated (thin line) and measured (thick line) frequency response. Reprinted with permission
from [26]
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Fig. 2.11 Typical behavior of a unit-cell SRR-loaded transmission line. a Series reactance, Xy,
and shunt susceptance, By, of an equivalent m-network extracted from electromagnetic simula-
tion. 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

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 fj,
the series impedance is capacitive in a narrow band, and signal propagation is inhib-
ited because the shunt impedance is also capacitive. However, the stopband region
extends also below fy, despite the fact that the series and shunt impedances behave
inductively and capacitively, respectively; the reason is that the series impedance
attains extreme inductive values.>> In relation to the constitutive parameters, the
stopband has been associated to a negative p in a narrow region above fp [21].
Within this frequency band the structure behaves as the canonical MNG transmis-
sion line shown in Fig.2.5, since the structure is effectively homogeneous near this
band (5] = 0 at the lower edge of the second propagating band). It is on occasions
said that the stopband is also due to an extremely high positive  in a narrow fre-
quency range below fy. 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 (5] — ).

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 Fig. 2.12a. This circuit model was initially proposed by Martin et al. [20, 26], and
later revised by Aznar et al. [24]. 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 Ly — C; (see Sect.2.3.1) that is magnetically coupled to the line through the
mutual inductance M. This circuit can be simplified to the equivalent one depicted

25Simultaneously positive or negative values of € and y are necessary and sufficient for wave
propagation, as was illustrated in Fig.2.1 (operation in the long wavelength regime is implicitly
fulfilled). By contrast, the same sign of X and B, (or different sign of X and X, = —1/B,)
cannot guarantee wave propagation, unless the operation band is explicitly restricted to the long
wavelength regime, as highlighted in Fig.2.5. Note that possible impedance mismatch with feeding
sources at the port terminals in practical situations resulting in reflections is not considered in the
aforementioned assertions.
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Fig. 2.12 Unit-cell equivalent-circuit model of an SRR-loaded CPW. a Model corresponding to
half of the structure since a magnetic wall (open circuit) is applied along the longitudinally-oriented
midplane by virtue of the symmetric topology and excitation mode (an even mode). b Equivalent
transformed model using (2.9)

in Fig.2.12b, provided that [3, 24, 27]

L'=2L-L., (2.9a)

M2
L =4Cs(woM)? = 4L—, (2.9b)

s

L Cs (Ls\°
Cl=—"T_-="(1=), 2.9
ST HwoM)? 4 (M 2.9¢)
where . )

wo = = =27 fo, (2.10)

.G, JL.C

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 circuit can be easily extracted systematically [28]
(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.

2.2.4.2 e-Negative CSRR-Loaded Microstrip Lines

The first reported CSRR-loaded microstrip line is shown in Fig.2.13a, which is the
same as the one shown in Fig. 2.9a but with a uniform conductor strip (i.e. without the
gaps). As can be seen in Fig. 2.13b, by removing the series gaps, signal propagation is
inhibited in a narrow frequency band in the vicinity of the CSRR resonance frequency.
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Fig.2.13 ENG transmission line based on a CSRR-loaded microstrip line. a Layout and b measured
frequency response. Reprinted with permission from [22]
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In order to inquire into the propagation characteristics of CSRR-based transmis-
sion lines, the typical series reactance, shunt susceptance, and dispersion relation are
plotted in Fig.2.14. As can be observed, the stopband in the vicinity of the trans-
mission zero frequency, f;, is due to a shunt susceptance with negative (f > f;)
and extremely positive (f < f;) values. Regarding the constitutive parameters, a
CSRR-loaded line has been interpreted to behave in the stopband (f > f;) asa 1D
e-negative metamaterial (where the structure may be viewed as the canonical ENG
transmission line schematically depicted in Fig.2.5) [21].

As long as the CSRRs are electrically small at their fundamental resonance,
CSRR-loaded lines can be modeled by the lumped-element unit-cell circuit shown in
Fig.2.15 [21]. The CSRR is represented by the resonant tank L. — C, (Sect.2.3.5),
and the per-section line inductance and capacitance are modeled by L and C, respec-
tively. More specifically, C in reality accounts for the line-to-resonator electric cou-
pling as this coupling can be modeled by connecting in series the line capacitance to
the CSRR (see Appendix B.1). The extraction of the values of the circuit parameters

1.0
(b) ----unloaded
line
= 0.5
3 0
0.0
0.0 0.5 1.0
/A

Fig. 2.14 Typical behavior of a unit-cell CSRR-loaded transmission line. a Series reactance, Xy,
and shunt susceptance, B), 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
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for a particular CSRR-loaded line is straightforward [29]. Inspection of this circuit
model reveals that there is a transmission zero at a frequency

1
W; = \/ﬁ = 27sz, (211)

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

1
wo = —— =27/, 2.12
0 T Jo (2.12)

occurs at a higher frequency than the transmission zero (fo > f;).

Section2.2.4 has been focused on SRR-loaded CPWs and CSRR-loaded micro-
strip lines. In these configurations, a significant component of the dominant excitation
field (namely, magnetic in SRRs and electric in CSRRs) results parallel to the res-
onator axis.’® Nonetheless, 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 (Sect.2.3) and the host line technology
(e.g. CPW or microstrip) if the resonator is electrically small and coupled either
magnetically (as the SRR) or electrically (as the CSRR) to the line. With regard
to the circuit parameter extraction methodologies, despite the fact that they require
the electromagnetic simulation of the structures, they are versatile in the sense that
there is no restriction in the 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.

In the light of Figs.2.11a and 2.14a, it should be stressed that the proposed cir-
cuit models are able to mimic the behavior of SRR- and CSRR-loaded lines up to
beyond the resonance frequency and the transmission zero frequency (the region
of interest). In other words, the validity of the circuits is not limited to the long
wavelength region.?’ To end this section, it is interesting to realize that the circuit
models of SRR- and CSRR-loaded lines (Figs.2.12 and 2.15) are formally dual cir-
cuits, that is, the series/shunt impedance of one of these models is proportional to the
shunt/series admittance of the other circuit (compare Figs. 2.11a and 2.14a).?8 Hence,
although SRR- and CSRR-loaded lines are not structurally complementary,?” their
corresponding behaviors manifest the duality property because the complementary
resonators are illuminated by dual fields (this supports that the equivalent circuits

20The electromagnetic field distribution of these lines is analyzed in Sect.4.1.

2TThe valid frequency range of the models is evaluated throughout the thesis by comparing circuit
simulations with full-wave electromagnetic simulations and measurements.

28Two networks are (formally and numerically) dual if Z;; = Y;; and Z;; = —Y;;(i # j), where Z;;
are the impedance matrix parameters of one network and Y;; are the admittance matrix parameters
of its dual one [18].

29Besides the fact that complementary structures are defined in single planes, coplanar strips (CPS)
are the complementary counterpart of a CPW.
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Fig. 2.15 Unit-cell L2 L2
equivalent-circuit model of a O_NW\_—I__{WV\_G
CSRR-loaded microstrip line C

C(' p— Lr.

may be independent of the technology of the host transmission line). Thus, the dis-
persion relation of SRR- and CSRR-loaded lines is the same (at least qualitatively as
is apparent from Figs.2.11b and 2.14b), a property derived from dual circuits. When
formally dual circuits are also numerically exact dual, their dispersion relation is
exactly the same (Appendix A).

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 homoge-
neous transmission-line metamaterials by either effective constitutive parameters or
immittances.’? However, this description is limited to the long wavelength regime,
and 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. Con-
trarily, the propagation constant as well as the characteristic impedance of periodic
structures (including transmission-line metamaterials) can be defined rigorously at
all frequencies using the powerful classical theory of periodic structures [30] (Appen-
dix A), without invoking the theory of effective-medium approximation. Therefore,
from an engineering standpoint, periodic metamaterial structures are usually char-
acterized 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 dis-
persion 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

30Tmmittances are either impedances or admittances [18].
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cell?! toward miniaturization, leading to indisputably inhomogeneous structures.
With respect to stopband structures (SNG-based), by sacrificing homogeneity, sig-
nificant signal rejection may be achieved within a determined forbidden band by a
few periods, making unnecessary a large structure composed of many cells.

To sum up, the design of devices in the RF/microwave community is not usually
focused on the implementation of effectively homogeneous transmission lines, but on
taking advantage of their high controllability in the response, and/or their small elec-
trical size. When the effective-homogeneity condition is not satisfied and/or there are
not many cells, these devices cannot be strictly considered as metamaterials. How-
ever, as suggested by Martin et al. [6] and Aznar et al. [31], the definition of meta-
material transmission lines is not usually restricted to those exhibiting homogeneity
and periodicity or quasi-periodicity (contrary to the definition given at the beginning
of Sect.2.2). Consequently, terms such as transmission-line metamaterials, meta-
material transmission lines, metamaterial-based 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.

2.3 Metamaterial-Based Resonators

This section analyzes several resonator topologies in the form of split rings>
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, nega-
tive permeability/permittivity structures may be implemented by means of topologies
different from that of the original SRR**/CSRR. The additional considered resonant
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 is limited here to those split ring type resonators that are
used throughout this thesis. All of them have in common the following features:

e Subwavelength, and accordingly they may be referred to as semi-lumped or lumped
resonators.
e Closed, in the sense that resonance is induced by external electromagnetic fields.>>

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

32Besides the broad definition, a distinction between metamaterial-based and metamaterial-inspired
has been proposed [32].

33Split rings are also sometimes called open rings [33].

34SRR is exclusively used here to designate the original split-ring resonator topology [13].

350n the contrary, open split-ring resonators have well-defined port terminals, e.g. the open split-ring
resonator (OSRR) [34] or the open complementary split-ring resonator (OCSRR) [35].
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e Planar, being fully compatible with planar technology.

e Symmetric, so that when the topology is bisected along its symmetry plane, one
of the halves is the mirror image of the other half (a plane of symmetry acts as
a mirror). Additionally, resonators having two symmetry planes are said to be
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 and the equivalent circuit models
of the resonators derived from symmetry properties (a discussion about different
alternatives for the synthesis of metamaterial structures is not provided). 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 (Sect.2.1) is that homoge-
nization (averaging) makes sense only if the variation of the average field is small at
the scale of the period [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. 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 in magnitude and phase)
time-varying electric or magnetic fields with the customary sinusoidal, or harmonic,
time dependence e/,

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 Fig.2.16a. Although there are some
precedents in the scientific literature related to split-ring resonators [5, 36], 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
prevents 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 Fig.2.16b). As is apparent from
Figs.2.16b and 2.17, the symmetry plane (xz-oriented) behaves as a virtual elec-
tric wall. The current loops induce a magnetic dipole moment along the resonator
axis (z-orientation). Additionally, an electric dipole moment is also generated in the
plane of the particle, oriented orthogonally to the plane of symmetry (y-direction).®

36 The radiation of split-ring resonators can be quantified by the induced dipole moments through an
equivalent radiation resistance. Nevertheless, since the dimensions of the dipoles are small relative
to the wavelength, in general radiation may be neglected [5, 37].
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Fig. 2.16 Symmetric split-ring resonator (SRR). a Circular topology. b Fundamental resonance:
orientation of the polarization fields, sketch of the charge distribution and currents, and boundary
condition at the symmetry plane
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Fig. 2.17 Sketch of the electric a and magnetic b field distributions at the SRR fundamental
resonance frequency. Reprinted with permission from [21]

By symmetry, the electric 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.3’ Since both an electric dipole and
a magnetic dipole are induced, the SRR suffers from cross-polarization effects, so
that it may become electrically polarized as a response to an applied magnetic field,
and vice versa [5, 38]. 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 its center must exhibit some degree of cross-polarizability [3].38 However,
although the SRR shows simultaneously magnetoelectric response at resonance, the
magnetic field has been found to be the dominant excitation mechanism [21, 39, 40].

3Tpolarization is related here to the generation of local (microscopic) dipole moments in the presence
of external fields (like medium electric and magnetic polarizations accounted for by € and ,
respectively, at the macroscopic level), and not to wave polarization.

38 A bidimensional object possesses inversion symmetry when is invariant by rotating 180° taking
its center as the rotation axis.
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Fig. 2.18 Equivalent circuit model of an 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 = 2mroC’, where C’ is the per-unit-length capacitance along the slot and
7o) = rext — ¢ — d /2 is the mean radius). The SRR behaves as an externally driven LC resonator
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Fig. 2.19 Angular dependence of the quasistatic current and voltage in the SRR; the inner ring is
cut at ¢ = 0. The subscripts i and o stand for the inner and outer rings, respectively. a Normalized
current distribution; the total current in both rings taken as a summation is constant. b Normalized
voltage distribution; the voltage across the two rings in each half is constant

As long as the perimeter of the SRR is electrically small with regard to a half-
wavelength,3® 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 Fig.2.18 that may
couple to external electromagnetic fields [38]. The inductor L represents the self-
inductance of the SRR and the capacitor C stands for the capacitance between
the rings. Analytical expressions for L and C have been reported in the literature
[3, 38]. 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 [41, 42]. 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.

Figure2.19 shows the quasistatic distribution of voltage and current. On each
ring, currents vanish at the slits because the gap capacitance is disregarded, whereas

39The overall size of the SRR is typically about one-tenth of the wavelength [3].
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currents attain maximum values at the center of the rings (namely, ¢ = 0 for the outer
ring and ¢ = 7 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). Nonetheless, 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 (rg) [38]. 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 store 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 (¢ = 0 and 7). 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 [18]. When the mean circumference of a closed ring resonator
is equal to an integral multiple of the wavelength, resonance is established [33].
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 of the SRR are not identical, their self-
resonances are different from each other. By coupling these half-wavelength rings,
the lower resonance frequency (associated to the outer ring) shifts downward, giving
rise to quasistatic conditions as a first-order approximation (see Fig.2.20). For such
a reason, the first (or lowest) resonance frequency is referred to as the fundamental
or quasistatic resonance frequency. Obviously, SRRs (and all the other considered
resonators) exhibit higher-order resonances that can be excited at higher frequencies
(Fig.2.20). These higher-order resonant modes (beyond the scope of this thesis) are

Fig. 2.20 Quasistatic 0
(identified as A1) and some
dynamic resonance
frequencies of an SRR. The
resonances correspond to
transmission zeros in the
transmission coefficient of
an SRR-loaded microstrip
line. Reprinted with
permission from [43]
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referred to as dynamic resonances, since non-uniform total currents are induced and
the particle is thus no longer electrically small [3, 43].

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

The double-slit split-ring resonator (DS-SRR) is derived from the original topol-
ogy of the SRR by introducing an additional cut in each ring and by rotating one of
the rings 90°, as shown in Fig.2.21a [44]. This particle is bisymmetric, which means
that it possesses two orthogonal symmetry planes, resulting invariant by inversion.
As Fig.2.21b depicts, the two symmetry planes behave as electric walls at resonance
and, in virtue of their orthogonality, the appearance of a net electric dipole is pre-
vented. As a result, the fundamental resonance of the DS-SRR cannot be electrically
excited with uniform fields. Contrarily, an axial (z-direction) time-harmonic mag-
netic 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 (pro-
vided 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 Fig.2.22). As a consequence, the reso-
nance frequency of the DS-SRR is about 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
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Fig. 2.21 Bisymmetric double-slit split-ring resonator (DS-SRR). a Circular topology. b Fun-
damental resonance: orientation of the polarization fields, sketch of the charge distribution and
currents, and boundary conditions at the symmetry planes

Fig. 2.22 Equivalent circuit

model of a DS-SRR. The I C/4
total capacitance, Cl4
C = 2ryC’, is divided into L 1 cl4
the four quadrants 1

Cl4
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rings has been decreased by a factor of two). Accordingly, although the equivalent
circuit model of the DS-SRR is formally the same as that of the SRR, the description
of the electrical behavior of the particle by the model is less accurate for the DS-SRR.

2.3.3 Folded Stepped-Impedance Resonator (FSIR)

Stepped-impedance resonators (SIRs) are common planar building blocks in micro-
wave engineering [45]. 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 half-wavelength resonator) by narrow-
ing the central section and widening the external ones. Further miniaturization can
be achieved by folding the SIR, as depicted in Fig.2.23a. The fundamental reso-
nance frequency of the folded SIR (FSIR) 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 2.23b
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 (w;), while its capac-
itance is provided by the wide sections (w;) and the gap (s). Thus, an FSIR may
be regarded as a planar implementation of a capacitively-loaded loop. As a conse-
quence, the equivalent circuit model of an FSIR (see Fig.2.24) is qualitatively the
same as that of an SRR.
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Fig.2.23 Symmetric folded stepped-impedance resonator (FSIR). a Square topology. b Fundamen-
tal resonance: orientation of the polarization fields, sketch of the charge distribution and currents,
and boundary conditions at the symmetry plane

Fig. 2.24 Equivalent circuit
model of an FSIR
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Fig. 2.25 Bisymmetric electric inductive-capacitive (ELC) resonator. a Rectangular-shaped topol-
ogy. b Fundamental resonance: orientation of the polarization fields, sketch of the charge distribution
and currents, and boundary conditions at the symmetry planes. Since in this thesis the ELC is mag-
netically coupled to transmission lines, the resonator excitation by contra-directional magnetic fields
is also illustrated

2.3.4 Electric Inductive-Capacitive (ELC) Resonator

The so-called electric-field-coupled inductive-capacitive (ELC) resonator (or simply
electric-LC resonator) was proposed by Schurig et al. [46] as an alternative to metallic
wires for the implementation of negative permittivity (ENG) media. As illustrated in
Fig.2.25a, the ELC resonator is a bisymmetric planar structure consisting of a pair
of mirrored capacitively-loaded metallic loops in contact. Clearly, this particle can
be viewed as two combined (merged) FSIRs.

As indicated in Fig. 2.25b, 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 across 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 a reason this resonator cannot be
driven by means of a uniform axial time-varying magnetic field.*> On the other hand,
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.

The equivalent circuit model of an electrically small ELC resonator is schemat-
ically depicted in Fig.2.26 [46]. As in the FSIR, the narrow section of each loop
(w7 and w3) is associated to an inductance, while the wide section (w1) and the gap
(s) are modeled by a capacitance. Therefore, the ELC resonator is in essence an

40Nevertheless, the particle may be magnetically excited if the applied magnetic fields in the indi-
vidual loops are in opposite directions to each other. In fact, in this thesis the ELC resonator is
magnetically coupled to transmission lines.
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Fig. 2.26 Equivalent circuit model of an ELC resonator. Mesh currents must flow into the same
direction through the capacitor for resonance establishment

electrically-coupled LC resonator (i.e. an electric resonator) under uniform fields, as
its terminology suggests.

2.3.5 Complementary Resonators

The complementary counterparts of the resonators analyzed in the preceding subsec-
tions 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 [47]. Therefore, when complementary structures
are combined, they form a single infinite solid screen with no overlaps. As suggested
in the literature [48], to avoid ambiguity, a resonator made of electrically conducting
strips is referred here to 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 con-
cepts of duality and complementarity are invoked as often [47, 48]. Electromagnetic
duality (often referred to as Babinet’s 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, the
electromagnetic fields of complementary structures are identical with the exception
of a constant and 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 also well known that
the impedance and admittance of complementary structures are 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 Sect.2.4.

It should be pointed out that duality in complementary structures strictly applies
to infinite, planar, zero thickness, and perfectly conducting electric screens [47].
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(a) (b)

Fig. 2.27 Complementary resonators. a SRR and b CSRR

(a) (b) H wall

E,=-cB,

Fig. 2.28 Sketch of the magnetic a and electric b field distributions at the CSRR fundamental
resonance frequency. The field distributions of the CSRR and SRR are dual, ¢ being the velocity of
light. Reprinted with permission from [21]

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 [37]. One of
the most relevant discrepancies due to deviations 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) [22], as shown in Fig.2.27.*! The elec-
tromagnetic field distribution at the fundamental resonance of the CSRR is sketched
in Fig.2.28. It is apparent that the electric and magnetic fields in the vicinity of
the CSRR are the dual fields of those of the SRR (see Fig.2.17), since the roles of
the electric and magnetic fields are interchanged. Thus, at the symmetry plane of the
CSRR, a magnetic wall arises. The induced electric and magnetic dipoles are also
dual, as illustrated in Fig.2.29 [23]. 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 dipoles point toward opposite directions on the two sides (z < 0 and z > 0) of
the CSRR. Therefore, the net electric and magnetic dipoles generated by 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)

4! Despite the nomenclature, the SRR is the complementary of the CSRR as well.
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Fig. 2.29 Induced electric (p) and magnetic (m) dipoles by the a SRR and the b CSRR [23]. The
resonators lie in the plane z = 0. No net dipoles are induced in the CSRR seen from both sides

vanish, as it must be for a metallic plane (electric currents in a plane can produce
only net tangential electric moments and normal magnetic moments) [3]. As a con-
sequence, when referring to slot resonators, uniform and temporally varying fields
are applied to only one side. The CSRR can thus be excited by an axial electric field
and/or a magnetic field polarized in the direction orthogonal to its symmetry plane,
as depicted in Fig.2.30a. Hence, cross-polarization effects are also present in the
CSRR, the electric field being the main driving mechanism [21].

Figure2.30 shows the results after applying duality to all the considered res-
onators. The complementary of the DS-SRR is called double-slit complementary
split-ring resonator (DS-CSRR) [44]. Like the SIR, its complementary counter-
part [49] has been extensively used in the last decade in the microwave community,
and it is referred to as dumbbell-shaped defected ground structure (DGS)*? here, as it
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
throughout this thesis, meaning that uniform fields are able to excite its fundamen-
tal resonance only by magnetic fields (the MLC is therefore a magnetic resonator).
An alternative denomination in the literature is complementary electric-LC (CELC)
resonator [50].

Finally, it may be shown that electromagnetic duality implies circuit theory dual-
ity. Consequently, any planar structure and its complementary screen are dual in
circuit theory as well [51]. Thus, the equivalent circuit models of slot resonators
may be inferred by the dual circuits of the models corresponding to the strip res-
onators. By applying circuit duality, inductances are replaced with capacitances,
and series-connected circuit elements become parallel-connected circuit elements.
The equivalent circuit models for the CSRR and the DS-CSRR are represented in
Fig.2.31 [21]. The capacitance of the CSRR may be calculated as the capacitance
of a disk of radius ro — ¢/2 (r9o = rext — ¢ — 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 CPW with a strip width d and slot width c. A circuit
model of the MLC resonator was developed by Naqui et al. in [52], while the circuit
of the folded dumbbell-shaped DGS can be readily derived from that circuit.

42A slot resonator is sometimes referred to as a defected ground structure (DGS) or patterned
ground structure (PGS) when it is etched in the ground plane.
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Fig. 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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Fig. 2.31 Equivalent circuit model of a a CSRR and a b DS-CSRR. The total inductance,
L = 27rgL’, is divided into equal parallel contributions, where L’ is the per-unit-length induc-
tance of an equivalent CPW

2.4 Magneto- and Electro-Inductive Waves

This section is devoted to propagating structures based on inter-resonator coupling.
Indeed, metamaterial resonators may be excited not only, for instance, by a trans-
mission line, but also by coupling them. Without loss of generality, imagine periodic
chains of either SRRs or CSRRs, as depicted in Fig.2.32. Since these two arrays
complement to one another to form a solid screen, both structures exhibit numer-
ically the same dispersion relation [9], as mentioned in Sect.2.3.5. However, it is
apparent from duality that the nature of the propagation in the two arrays must some-
how 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. [53, 54], and many works have been pub-

(a)

(b)

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



2.4 Magneto- and Electro-Inductive Waves 37

"1 QQ_QE ] [

Hr H! m

-
TET

Fig. 2.33 Equivalent circuit of a periodic magneto-inductive waveguide assuming magnetic inter-
action only between adjacent resonators. a Circuit with mutual inductance. Unit-cell transformed
circuits (see Appendix B.2) for an b axial and a ¢ coplanar arrangement of resonators supporting
forward and backward waves, respectively

lished subsequently [5, 55, 56]. MIWs are a form of guided waves which 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 Fig.2.33a. Each resonator is modeled by an inductance L and a capac-
itance C, and is coupled to its nearest neighbor*> by a mutual inductance L,,. 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 [57]. The
propagation of MIWs occurs within a narrow passband around the resonance fre-
quency of the isolated elements, i.e. wo = 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 [57]. Both
forward and backward MIWs may exist, depending on the sign of the mutual induc-
tance between resonators (see Fig.2.33b, ¢). 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 [54].

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
[54, 58] or dominantly magnetic in the presence of negligible mixed magnetoelectric
coupling [3]. The first magneto-inductive waveguide was studied in the form of a
theoretical periodic array of magnetically-coupled capacitively-loaded loops, as can
be seen in Fig. 2.34a for a coplanar arrangement [54]. The corresponding dispersion
diagram assuming that coupling is restricted to the nearest neighbors is shown in

43The 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] and the spacing between resonators.
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Fig. 2.34 Backward magneto-inductive waves in an array of coplanar capacitively-loaded loops. a
Theoretical layout reprinted with permission from [59]. b Dispersion relation with nearest neighbor
coupling reprinted with permission from [54]
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Fig. 2.35 Backward magneto-inductive waves in an array of split-ring resonators in coplanar con-
figuration in microstrip technology. a Layout; the input/output SSRRs are coupled to input/output
microstrip lines. b Measured transmission coefficient. Reprinted with permission from [58]

Fig.2.34b, where the backward wave nature is clearly visible. Shortly after, MIWs
were also excited in a periodic arrangement of split squared ring resonators (SSRRs),
as shown in Fig.2.35 [58]. This type of split-ring resonator (not described in Sect. 2.3)
is not symmetric, but it does not suffer from cross-polarization effects as it exhibits
inversion symmetry.

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].** Since slow-
wave structures are of interest in device miniaturization, and bandpass characteristics
are useful in signal filtering, MIWs have found many diverse applications. Some

44Slow-wave effects are usually accounted for by the resulting phase velocity reduction factor (or
slow-wave factor).



2.4 Magneto- and Electro-Inductive Waves 39

9 m :
SR - = -
Cu 34 Co (4 G
[h) o 2Cm 2C“"| I Yol
|
L —=C2C,

Fig.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 (see Appendix B.1) for a coplanar arrangement of resonators where wave propagation is
backward

examples are power dividers [54], delay lines [58], passive chipless tags for radio-
frequency identification (RFID) [60], and phase shifters [61].

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

Electro-inductive waves (EIWs) can be regarded as the dual counterpart of magneto-
inductive waves [62-65].* 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
model of a periodic electro-inductive waveguide with the first-neighbor approxima-
tion is depicted in Fig.2.36a, where the mutual capacitance C,, accounts for the
inter-resonator electric coupling. The resulting unit-cell equivalent-circuit model for
a planar arrangement of electrically-coupled resonators, which supports backward
propagation, is shown in Fig.2.36b. As can be seen, for planar structures, the circuit
of electro-inductive waveguides is dual to the circuit modeling magneto-inductive
waveguides (Figs.2.33c and 2.36b). This is not surprising because electromagnetic
duality involves circuit duality, as was asserted in Sect.2.3.5. Therefore, the disper-
sion relations inferred from the equivalent circuit models of magneto- and electro-
inductive waveguides are equal to each other if the circuits are numerically dual. The
meaningful difference lies in the nature (MIW- or EIW-related) of the propagating
band.

4SHowever, propagation through electrically-coupled metallic rods have been known for a long
time [66].
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Fig. 2.37 Electro-inductive waves in an array of complementary split-ring resonators in coplanar
configuration in microstrip implementation. a Layout and b simulated and measured transmission
coefficient. Reprinted with permission from [62]

The first reported electro-inductive waveguide was implemented in microstrip

technology using the complementary split squared ring resonator (CSSRR), that is,
the complementary version of the SSRR [62]. Figure2.37 shows the layout of the
structure as well as the transmission coefficient. As expected, this waveguide behaves
in a similar way as its dual counterpart46 [58] (Fig.2.35).
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