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This paper is focused on the application of concepts derived from metamaterials to the development of novel devices, circuits, and
antennas of interest in wireless communications, radiofrequency identification (RFID), and sensors. Specifically, it is shown that
artificial transmission lines based (or inspired) on metamaterials exhibit interesting properties, useful for the implementation of
high-performance and compact devices as well as novel functional devices. Thanks to the presence of reactive loading elements in
such artificial lines, the main line parameters, that is, the characteristic impedance and the phase constant, can be engineered. This
has opened new paths for RF and microwave circuit and antenna design on the basis of impedance and dispersion engineering.

1. Introduction

With the beginning of the century and the millennium, a
new research field appeared in the scene of Science and
Technology: Metamaterials. Indeed, the number of journal
and conference papers, special sessions in conferences, and
research and development projects and contracts related
to metamaterials has experienced an exponential growth
since 2000. Metamaterials can be considered a transver-
sal topic, involving many different disciplines and fields,
such as acoustics, electromagnetism, RF and microwave
engineering, millimeter wave and THz technology, micro-
and nanotechnology, photonics and optics, and medical
engineering, among others. During the last years, several
books devoted to metamaterials have been published by
active researches in the field [1–9]. Such books cover different
aspects of metamaterial science and technology, including
theory, technology, and applications. In this paper, the focus
is on the applications of metamaterial concepts to the design
of RF/microwave devices for wireless applications, radiofre-
quency identification (RFID), and sensors. Therefore, we
recommend the reader the books [1–3, 6, 8] for an in-
depth treatment of some of the concepts and applications
included in this paper, since these books are mainly devoted
to electromagnetic metamaterials.

Metamaterials are artificial materials, made of periodic
inclusions (or “atoms”) of conventional materials (met-
als and dielectrics) with controllable electromagnetic (or
acoustic, or optical) properties. In these artificial materials,
the period is much smaller than the guided wavelength;
therefore, the structure behaves as a homogeneous (con-
tinuous) medium, exhibiting effective medium properties.
Such properties can be controlled by properly engineering
or structuring the material, and they can be substantially
different than those of their constitutive “atoms.” For
instance, it was experimentally demonstrated in [10] that
a prism made of metallic strips and split ring resonators
(SRRs) [11] etched on dielectrics slabs exhibits a negative
refractive index in a certain frequency band. More recently,
the potential of metamaterials was demonstrated for the
implementation of invisible cloaks, and an implementation
at microwave frequencies was reported in 2006 [12].

Among the achievable effective medium properties of
metamaterials, negative refraction was the most exotic
one during several years (the implementation of invisible
cloaks, however, is now the battle horse in metamaterial
research). Negative refraction can be achieved in a medium
exhibiting negative effective permittivity and permeability
simultaneously. Indeed, such artificial media with negative
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Figure 1: First LH metamaterial fabricated from a periodic array of metallic posts and SRRs, and frequency response (dashed line). The
solid line is the measured frequency response of the structure without metallic posts. From [13]; copyright © 2000 APS, reprinted with
permission.

permittivity and permeability not only exhibit negative
refraction, but also backward waves, inverse Doppler Effect,
backward Cerenkov radiation, and superresolution (many
papers on this topic have been generated after the seminal
paper by Pendry et al. [20]). Such properties were already
predicted by Veselago in 1968 [21], but it was not until the
past decade, after the “big bang” of metamaterials in 2000,
that such properties were experimentally demonstrated. The
first reported bulk structure exhibiting negative permeability
and permittivity was published in 2000 [13] by the Group
of Smith (Figure 1). The structure consisted of an array
of metallic posts and SRRs. The array of metallic posts
behaves as an effective medium with negative permittivity
up to a frequency (plasma frequency) that depends on the
posts radius and distance between posts; the SRRs exhibit a
negative effective permeability in a narrow band above their
resonance frequency. Thus, by designing the SRRs in order
to present their first resonance in the negative permittivity
region of the posts, the combined structure of posts and SRRs
exhibits negative constitutive parameters in a certain narrow
band. However, the structure is highly anisotropic, since it is
necessary to illuminate it with the electric field parallel to the
posts and the magnetic field axial to the SRRs. From Maxwell
equations, it can be easily demonstrated that a structure with
negative permittivity and permeability supports backward
waves [6]. Namely, in such media, the phase velocity and the
group velocity are antiparallel. The wave vector, the electric
field intensity vector, and the magnetic field vector form a
left-handed triplet (contrary to conventional materials with
positive constitutive parameters), and, for this reason, such
materials have been called left-handed (LH) materials.

In RF and microwave engineering, the constitutive
building blocks are transmission lines and stubs. As long
as metamaterials exhibit properties beyond those achiev-
able with conventional materials, it is possible to load a
transmission line with reactive elements in order to obtain
properties not present in conventional lines. Such lines are
called metamaterial transmission lines and are the object of
the next section. In Section 3, various applications of meta-
material transmission lines for wireless communications

are presented, including wide band filters and multiband
components. Section 4 is devoted to the design of UHF-RFID
chip-based tags designed by using metamaterial concepts,
and Section 5 is focused on the application of metamaterial
transmission lines for the design of sensors based on the
symmetry properties of metamaterial resonators. Finally, the
main conclusions are highlighted in Section 6.

2. Metamaterial Transmission Lines

Metamaterial transmission lines are artificial lines consisting
of a host line (microstrip, coplanar waveguide-CPW-, etc.,
see Figure 2) loaded with reactive elements (inductances,
capacitances, or resonators). Thanks to the presence of
these reactive elements, the number of line parameters
increases (more degrees of freedom appear as compared
to conventional lines), and it is possible to engineer (or
tailor) the phase constant and the characteristic impedance
of the line. Obviously, the characteristic impedance of
conventional transmission lines can also be controlled by
the lateral geometry of the line [25–28], but the achievable
values are limited by technological constraints and spurious
responses. That is, high impedance values require very
narrow lines, the limitation being the minimum strip and/or
slot width achievable by the available fabrication technology.
For low impedance transmission lines, the line width must
be necessarily high, and this may cause lateral resonances to
appear [29].

Concerning the phase constant, the limitations of con-
ventional lines are even more restrictive. The phase constant
in a lossless transmission line is given by

β = ω
√
L′C′, (1)

where L′ and C′ are the per unit length inductance and
capacitance of the line and ω is the angular frequency. This
expression can be rewritten in terms of the phase velocity, vp,
as follows:

β = ω

vp
= ω

c

√
εre, (2)
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Figure 2: Perspective three-dimensional view of the indicated planar transmission lines, and relevant geometry parameters. These
conventional planar transmission lines are the typical host lines used for the implementation of metamaterial transmission lines, as will
be later shown. In the microstrip line, the backside metal layer is the ground plane, whereas in CPW technology the ground planes are at the
same metal level than the conductor (central) strip.

where c is the speed of light in vacuum and εre is the effective
dielectric constant of the line. In closed lines (stripline, for
instance—not shown) εre = εr , the dielectric constant of the
substrate; however, in open lines such as microstrip lines or
CPWs, where pure transverse electromagnetic (TEM) modes
are not supported, the electric field lines are partially present
on top of the substrate (air), the effective dielectric constant
decreases, and therefore the phase velocity increases. Accord-
ing to (2), conventional lines are (ideally) nondispersive (the
phase constant is proportional to frequency) and the group
velocity, given by

vg =
(
dβ

dω

)−1

= 1√
L′C′

, (3)

is identical to the phase velocity. Typically, in microwave
applications, transmission lines and stubs of certain electrical
length (βd) are required. Many microwave circuits are based
on 90◦ and 180◦ lines, which correspond to quarter- and
half-wavelength transmission lines, respectively, since the
wavelength is given by

λ = 2π
β
. (4)

In view of expression (2), it is clear that to reduce the
physical length of the line, d, it is necessary to reduce
the phase velocity as much as possible. This increases β
and therefore decreases d for a given (required) electrical
length at the operating frequency (which is the typical
design parameter). According to (2), size reduction can be
achieved by increasing the effective dielectric constant. As
long as choosing the substrate is a possible option, high
dielectric constant substrates are the preferred solution for
size reduction. However, this is not always possible; therefore,
the phase velocity is not actually a design parameter. In
other words, in conventional lines, the impedance can be
tailored within restrictive limits, and dispersion cannot be
engineered. This is the main difference as compared to
metamaterial transmission lines, where circuit design is
based on impedance and dispersion engineering.

One difference between metamaterials and metamaterial
transmission lines is that whereas in metamaterials the
main aim is the controllability of the constitutive param-
eters (permeability and permittivity), the main objective

in metamaterial transmission lines is to control the line
impedance and phase constant (or dispersion). Periodicity
and homogeneity are important in metamaterials, but such
aspects are not relevant for RF/microwave circuit design.
Nevertheless, if metamaterial transmission lines are made by
cascading several unit cells and the homogeneity conditions
are fulfilled, such artificial lines can be considered one-
dimensional metamaterials and effective constitutive param-
eters can be defined, as will be later shown.

2.1. The Backward Transmission Line. Attracted by the
potential of LH materials, several groups focused their efforts
on the implementation of transmission lines exhibiting LH
wave propagation [30–32]. Indeed, the concept of backward
waves to describe propagating waves with antiparallel phase
and group velocities is not new (several textbooks have
dealt with and described this subject [33, 34]). Backward
waves can be generated by means of a ladder network
consisting of a cascade of shunt connected inductors and
series capacitors (Figure 3). This network is the dual coun-
terpart of the equivalent circuit model of a conventional
lossless planar transmission line with forward (as opposed to
backward) wave propagation (see also Figure 3). The analysis
of the propagation characteristics of the structures shown
in Figure 3 can be realized from the theory of periodic
structures, where it is assumed that the structures are either
infinite or matched to the ports. From this analysis, the phase
constant and the characteristic impedance are given by [25]

cosβl = 1 +
Zs(ω)
Zp(ω)

, (5)

ZB =
√

Zs(ω)
[
Zs(ω) + 2Zp(ω)

]
, (6)

where Zs(ω) and Zp(ω) are the series and shunt impedances
of the basic cell of the structures described by the T-circuit
model, and l is the period. If the π-circuit model of the
unit cell is considered, the phase constant is also given by
expression (5), but the characteristic impedance is given by

ZB(ω) =
√√
√
√ Zs(ω)Zp(ω)/2

1 + Zs(ω)/2Zp(ω)
. (7)
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Figure 3: Equivalent circuit model of backward (a) and forward (b) transmission lines. The T-circuit models of the basic cell structures are
also indicated in (c) and (d).

Application of expressions (5) and (6) to the unit cell (T-
circuit) of the backward line gives

cosβLl = 1− 1
2LCω2

, (8)

ZBL =
√
√√
√ L

C

(

1− ω2
cL

ω2

)

, (9)

whereas for the forward transmission line model we obtain

cosβRl = 1− LC

2
ω2, (10)

ZBR =
√
√
√√ L

C

(

1− ω2

ω2
cR

)

, (11)

where the subscripts R and L are used to distinguish between
the LH and the right-handed (RH) structures, and ωcR =
2/(LC)1/2 and ωcL = 1/2(LC)1/2 are angular cut-off frequen-
cies. The dispersion diagram and the dependence of ZB on
frequency are depicted in Figure 4. Transmission is limited to
those frequency intervals that make the phase constant and
the characteristic impedance to be real numbers.

It is worth mentioning that frequency dispersion is
present in both structures. Even though the circuit of
Figure 3(b) models an ideal lossless forward transmission
line, where dispersion is absent, actually this circuit is only
valid for frequencies satisfying ω � ωcR, that is, in the
long wavelength limit (corresponding to those frequencies
where wavelength for guided waves satisfies λ � l). To
correctly model an ideal lossless transmission line at higher
frequencies, we simply need to reduce the period of the
structure, and accordingly the per section inductance and
capacitance of the line, L and C, with the result of a higher
cut-off frequency. Thus, the circuit of Figure 3(b) can prop-
erly describe ideal transmission lines without dispersion.
To this end we simply need to select the period such that
the long wavelength limit approximation holds. Under this

approximation, expressions (10) and (11) lead us to the
following well known expressions:

βR = ω
√
L′C′, (12)

ZBR =
√

L′

C′
≡ Zlw, (13)

where L′ and C′ are the per unit length inductance and
capacitance of the transmission line (in expression (13), L′

and C′ can be replaced by L and C with no effect). From (12),
we can obtain the phase and group velocities of the forward
transmission line. These velocities are given by

vpR = ω

βR
= 1√

L′C′
= l√

LC
,

vgR =
(
∂βR
∂ω

)−1

= vpR

(14)

and they are both positive and constant.
Conversely, the backward wave structure of Figure 3(a)

is dispersive even in the long wavelength limit. In order to
identify this structure as an effective propagating medium
(i.e., one-dimensional metamaterial), operation under this
approximation is required. However, regardless of the oper-
ating frequency within the transmission band, the structure
supports backward waves and, for this reason, it is an LH
transmission line. In order to properly identify effective con-
stitutive parameters, μeff and εeff, the long wavelength approx-
imation is necessary. However, many circuit applications of
these LH lines are based on left handedness, rather than on
the effective medium properties, and operation under this
approximation is not a due. Nevertheless, for coherence and
simplicity, the phase constant, the characteristic impedance,
and the phase and group velocities are derived under the long
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Figure 4: Typical dispersion diagram of a forward (a) and backward (b) transmission line model. The dependence of the normalized (ZB/Zlw)
Bloch impedance with frequency is shown in (c) and (d) for the forward and backward lines, respectively. Zlw is the maximum value of the
impedance. Notice that for the backward transmission line the group velocity tends to infinity as frequency increases. Actually, the model is
not valid at high frequencies since this implementation requires a host line that introduces parasitic elements to the model.

wavelength limit (ω � ωcL). The following results are
obtained:

βLl = − 1
ω
√
LC

,

ZBL =
√

L

C
≡ Zlw,

vpL = ω

βL
= −ω2l

√
LC < 0,

vgL =
(
∂βL
∂ω

)−1

= +ω2l
√
LC > 0

(15)

and the phase and group velocities have opposite signs. From
a mathematical point of view, in the dispersion diagrams for
the forward and backward lines depicted in Figure 4, and
obtained from expressions (8) and (10), the sign of β can
be either positive or negative. This ambiguity comes from
the two possible directions of energy flow, namely, from left
to right or vice versa. If we adopt the usual convention of

energy flow from left to right, then the sign of the phase
constant is determined by choosing that portion of the curves
that provide a positive group velocity (bold lines in Figures
4(a) and 4(b)). From this, it is clear that for the forward
transmission line, β and vp are both positive, whereas these
magnitudes are negative for the backward transmission line.
In both cases, vg is positive as one expects on account of the
codirectionality between power flow and group velocity.

In the backward and forward transmission lines depicted
in Figure 3, it is possible to identify effective constitutive
parameters. To this end, we should take into account that
transverse electromagnetic (TEM) mode propagation in
planar transmission media and plane wave propagation
in isotropic and homogeneous dielectrics are described by
identical equations (telegraphist’s equation) provided the
following mapping holds:

Z′s (ω) = jωμeff,

Y ′p(ω) = jωεeff,
(16)



6 ISRN Electronics

LL

LR/2LR/2 2CL 2CL

CR

Figure 5: Equivalent circuit model (basic cell) of the CRLH
transmission line.

where Z′s and Y ′p are the series impedance and shunt
admittance per unit length. Thus, for the forward line the
effective permittivity and permeability are constant and they
are given by

εeff = C

l
,

μeff = L

l
,

(17)

whereas for the backward transmission line, the constitutive
parameters are

εeff = − 1
ω2Ll

,

μeff = − 1
ω2Cl

(18)

and they are both negative, a sufficient condition to obtain
LH wave propagation.

2.2. Composite Right/Left-Handed (CRLH) Transmission
Lines. From a practical viewpoint, in order to implement
a LH line, a host line is required. The host line introduces
parasitic elements, that is, the line inductance and the line
capacitance. Therefore, the T-circuit model of the unit cell
of these lines is that depicted in Figure 5, where CR and LR
are the line parameters, and the CL and LL are the loading
elements of the line.

The dispersion relation and the characteristic impedance,
inferred from expressions (5) and (6), are

cosβl = 1− ω2

2ω2
R

(

1− ω2
s

ω2

)(

1− ω2
p

ω2

)

, (19)

ZB =
√
√√
√
√
LR
CR

(
1− ω2

s /ω
2
)

(
1− ω2

p/ω2
) − L2

Rω
2

4

(

1− ω2
s

ω2

)2

, (20)

where the following variables

ωR = 1
√
LRCR

,

ωL = 1
√
LLCL

,

(21)

and the series and shunt resonance frequencies

ωs = 1
√
LRCL

,

ωp = 1
√
LLCR

,

(22)

have been introduced to simplify the mathematical formulas.
Expressions (19) and (20) are depicted in Figure 6. Two
propagating regions, separated by a gap at the spectral
origin, can be distinguished. In the lowest frequency region
the parameters of the backward transmission line, CL and
LL, are dominant and wave propagation is backward. This
situation is reversed above the stop band, where the parasitic
reactances of the host line make the structure to behave as a
right-handed line. Clearly, the structure exhibits a composite
right/left-handed (CRLH) behaviour and for this reason
those structures modelled by the T-circuit of Figure 5 (unit
cell) are called CRLH lines [35].The gap limits are given by
the frequencies satisfying

ωG1 = min
(
ωs,ωp

)
,

ωG2 = max
(
ωs,ωp

)
.

(23)

In the long wavelength limit, expression (19) rewrites as

β = s(ω)
l

√
√√
√ω2

ω2
R

(

1− ω2
s

ω2

)(

1− ω2
p

ω2

)

, (24)

where s(ω) is the following sign function:

s(ω) =
⎧
⎨

⎩
−1 if ω < min

(
ωs,ωp

)
,

+1 if ω > max
(
ωs,ωp

)
.

(25)

From the phase constant (24), the phase and group velocities
can be easily inferred, these velocities being of opposite sign
in the left-handed band and both being positive in the right
handed band. With regard to the constitutive parameters
for the CRLH transmission line, they can be inferred as
previously indicated, that is,

εeff = CR

l
− 1

ω2LLl
,

μeff = LR
l
− 1

ω2CLl

(26)

and they can be positive or negative, depending on the
frequency range.

One particular case of interest of CRLH lines is the one
with identical series and shunt resonance frequencies, ωs =
ωp = ωo [2] (balanced CRLH transmission line). In this case,
the gap collapses and the transition between the LH and the
RH band is continuous (both regions are separated by the so-
called transition frequency, ωo). The dispersion relation and
the characteristic impedance for a typical balanced CRLH
line are depicted in Figure 7. The impedance reaches its
maximum at ωo, where

ZB =
√

LR
CR

=
√

LL
CL

(27)
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Figure 6: Typicaldispersion diagram (a) and variation of characteristic impedance with frequency (b) in a CRLH transmission line model.
In this example, ωs < ωp.
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Figure 7: Typical dispersion diagram (a) and variation of characteristic impedance with frequency (b) in a balanced CRLH transmission
line.

and the characteristic impedance decreases as frequency
increases or decreases from ωo.

The balanced case exhibits another important difference
as compared to the unbalanced CRLH transmission line.
Namely, at the transition frequency, where the phase velocity
exhibits a pole, the phase shift is zero, and the group velocity
is different than zero. In other words, at this frequency,
wave propagation is possible (vg /= 0) with β = 0. The
phase origin of the balanced CRLH line takes place thus
at ωo. When frequency is decreased below ωo, the phase
becomes positive and it increases progressively; conversely,
when frequency increases from ωo, the phase increases in
magnitude but with negative sign (as occurs in conventional
transmission lines). Concerning the behaviour of wavelength
for guided waves, λ, in the balanced CRLH transmission line,
this reaches its maximum (infinity) at ωo, and λ decreases
as frequency increases or decreases from ωo. Indeed, for
the unbalanced case, guided wavelength also increases when

frequency approaches the spectral gap. However, at the edges
of the gap the group velocity is zero, the line impedance takes
extreme values, and signal propagation is not allowed.

2.3. Other CRLH Transmission Lines. Transmission lines
exhibiting CRLH behaviour can also be realized by means
of the dual network to that shown in Figure 5 [36]. The
T-circuit model of this dual-CRLH (D-CRLH) is depicted
in Figure 8. As compared to the CRLH transmission line,
the D-CRLH line exhibits forward wave propagation at
low frequencies and backward wave propagation at high
frequencies. The structure exhibits stop band behaviour, and
this stop band functionality is preserved even for balanced
D-CRLH lines.

Both CRLH and D-CRLH lines exhibit a right-handed
and a left-handed bands. However, by increasing the number
of reactive elements in the transmission line model, it is
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Figure 8: Circuit model of the unit cell of a D-CRLH transmission
line.

possible to increase the number of forward and backward
wave transmission bands. CRLH lines can be labelled by
their order, given by the number of allowed bands. Thus, the
forward and backward transmission lines of Figures 3(a) and
3(b) are order-1 lines, whereas the CRLH and D-CRLH lines
of Figures 5 and 8 are order-2 lines. Notice that the order is
related to the number of reactive elements of the series or
shunt branch in the T-circuit model. The order can be made
arbitrarily high by means of the generalized networks shown
in Figure 9. The first one (Figure 9(a)) is the generalized
model of a CRLH line [37]. This structure exhibits alternate
backward and forward bands, the first one being backward.
The structure depicted in Figure 9(b) is the dual counterpart
of the structure of Figure 9(a) and is thus the generalized
model of the D-CRLH line. The practical implementation of
the circuits of Figure 9 is not straightforward and, typically,
order-4 CRLH lines are implemented by means of the model
depicted in Figure 10 [38, 39]. Indeed, it was demonstrated
in [37] that the model of Figure 10 is equivalent to the model
of Figure 9(a); that is, transformation equations between
the elements of both models do exist. This can be made
extensible to any line order; namely, any CRLH or D-
CRLH transmission line model can be transformed to those
generalized models depicted in Figure 9. In the section
devoted to applications, the potentiality of order-4 CRLH
transmission lines will be highlighted.

2.4. Implementation of Metamaterial Transmission Lines.
There are two main approaches for the implementation of
metamaterial transmission lines: (i) the CL-loaded approach,
where the host line is loaded with series capacitances and
shunt inductances, and (ii) the resonant-type approach,
where the line is loaded with electrically small resonators,
such as SRRs or other related resonators, plus additional
reactive elements. Let us review some practical imple-
mentations of these line types, with special emphasis on
the resonant-type approach (which represents the main
contribution of the author in the field of metamaterials).

2.4.1. CL-Loaded Lines. CL-loaded CRLH transmission lines
consist of a host line loaded with series capacitances and
shunt inductances. Obviously, the reactive loading can be
achieved by means of lumped elements, but this represents
extra cost. Therefore, the use of semilumped elements is of

the highest interest. CRLH transmission lines in microstrip
technology were proposed by Caloz et al. [40]. The reported
structure consists of a periodic arrangement of series
interdigital capacitors alternated with grounded (through
metallic vias) stubs, which act as shunt connected inductors
(see Figure 11). The interdigital capacitors are described by
the series capacitance CL in the circuit of Figure 5, whereas LL
models the grounded stubs. The other reactive elements CR

and LR correspond to the line capacitance and inductance,
respectively.

In CPW configuration, the shunt inductors can be
implemented by means of connecting strips between the
central strip and the ground planes. The series capaci-
tors can be implemented through interdigital geometries,
or by means of series gaps. The latter are simpler, but
the achievable capacitance values are much smaller. The
Eleftheriades’ Group at the University of Toronto (Canada)
presented a realization of a left-handed line fabricated in
CPW technology by using series gaps and shunt strips (see
Figure 12) [14].

2.4.2. Resonant-Type CRLH Transmission Lines. Resonant-
type CRLH transmission lines are based on SRRs and other
electrically small resonators. Therefore, let us first dedicate
some words to such resonant particles. The topology and
the equivalent circuit model of the SRR are depicted in
Figure 13(a). It consists of a pair of split rings with the slits
etched in opposite sides. This particle can be excited by an
axial time-varying magnetic field (it can also be driven by an
electric field applied in the plane of the particle [41]). Above
resonance, the currents induced by the incident magnetic
field generate a magnetic field in opposite direction to the
external one, and for this reason an array of SRRs illuminated
with the magnetic field axial to the rings behaves as a
negative effective permeability medium. Homogeneity can
be achieved since SRRs are electrically small resonators. This
small electrical size is originated by the coupling between
the inner and the outer rings [42]. Thanks to such coupling,
the first resonance frequency of the SRR is smaller than the
resonance frequencies of the individual rings, whereas the
second resonance frequency of the particle lies beyond those
of the individual rings. In practice, the coupling between
the inner and the outer ring is limited by the slot width
between both rings. Such slot widths cannot be smaller than
roughly 100 μm in standard PCB technology, which means
that the electrical size of the particles (diameter) cannot be
driven below λ/10. However, the electrical size of the SRR
can be substantially reduced by etching the rings face-to-
face in opposite sides of a thin dielectric slab [41]. The
capacitance between both rings is broad side, rather than
edge side, and the coupling between the inner and the outer
ring can be significantly increased by merely using very
thin substrates. However, this strategy is not always possible,
and an alternative path for size reduction is to use spiral
resonators, SRs [43, 44].

Since the SRR can be considered to be electrically small,
a quasistatic analysis to infer the SRR inductance and
capacitance can be applied. Such analysis was carried out
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Figure 9: Generalized model of a CRLH (a) and D-CRLH line (b).
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in [6, 45]. When the SRR is excited by an external time-
varying magnetic field directed along the SRR axis, the cuts
on each ring force the electric current to flow from one ring
to another across the slot between them, taking the form of
a strong displacement current. The slot between the rings
therefore behaves as a distributed capacitance, and the whole
SRR has the equivalent circuit shown in Figure 13(a), where

Unit cell
detail

Figure 11: Microstrip CRLH transmission line implemented by
means of shunt connected grounded stubs and interdigital capac-
itors. Photo courtesy by C. Caloz.

Ls is the SRR self-inductance and Co/2 is the capacitance
associated with each SRR half. This capacitance is Co =
2πroCpul, where ro is the mean radius of the SRR, and Cpul

is the per unit length capacitance along the slot between
the rings. The total capacitance of this circuit is the series
connection of the capacitance of both SRR halves, that is,
Co/4. Therefore, the resonance frequency ωo is given by

ωo = 2
√
LsCo

=
√

2
πroLsCpul

. (28)
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Ground planesCenter conductor

Figure 12: CPW CRLH transmission line acting as a leaky wave
antenna. From [14]; copyright ©2002 American Institute of Physics,
reprinted with permission.

The inductance Ls can be modeled as the inductance of an
average ring of radius ro, that is, the mean radius of the
ring, and width c. Approximate expressions for Ls, based
on a variational calculation, are provided in [41]. Closed
expressions for the per unit length capacitance are given in
many microwave textbooks [28], and explicit expressions for
Ls and Cpul are provided in [6].

The model of Figure 13(a) is valid as long as the
perimeter of the ring can be considered small with regard to
half wavelength, and the capacitance associated with the cuts
on each ring can be neglected. Under such assumptions, the
currents on each ring must vanish at the cuts, and the angular
dependence of the currents on each ring can be assumed to
be linear (so that the total current on both rings is constant).
Such assumptions also imply that the voltage across the
slots is constant in both SRR halves. A more detailed circuit
model, which takes into account the gap capacitance and
includes a transmission line model for the slot between the
rings, has been reported in [46], but such model converges
to the model of Figure 13(a) when the capacitance of the
cuts is neglected and the electrical length of the SRR is small
[46]. As both approximations are usually fulfilled for any
practical SRR design, the more simple model reported above
is assumed valid in this paper.

Let us now consider the application of duality to the
SRR. If the topology of the SRR is removed from a metallic
film, the resulting particle (Figure 13(b)) can be considered
the negative image, or the complementary counterpart, of
the SRR. For this reason, this particle has been called
complementary split ring resonator (CSRR) [47]. It can
be easily demonstrated by applying the Babinet principle,
that the CSRR can be excited by means of an axial time-
varying electric field or by means of a magnetic field applied
to the plane of the particle [48]. Under ideal conditions,
that is, a perfectly conducting and zero-thickness metallic
screen, it can be demonstrated that the resonance frequency
of the CSRR is identical to the resonance frequency of
the SRR (provided identical dimensions and substrate are
considered). Indeed, the capacitance of the CSRR, Cc, is the
capacitance of a disk of radius ro − c/2 surrounded by a
ground plane at a distance c of its edge. The inductance is
given by the parallel connection of the two inductances of
the metallic strips connecting the inner and outer metallic
regions of the CSRR. These inductive values are given by
Lo/2, where Lo = 2πrLpul, with Lpul being the per unit length
inductance of the CPWs connecting the inner disk to ground.

The SRR and the CSRR are closed particles that can
be externally driven by a magnetic or by an electric field
with the adequate polarization. Let us now consider open

resonators inspired on these metamaterial resonant particles.
Open particles can be of interest in applications where the
resonator must be excited by means of a voltage or current
source. Inspired on the topology of the SRR of Figure 13(a),
the open split ring resonator (OSRR) was presented in
2004 [49]. This particle can be constructed by means of
two concentric rings with cuts in the same position. By
elongating the rings, shaping them as a hook (Figure 13(c)),
we create the two required terminals for particle excitation.
The incident current is transferred from one ring to the
other through the distributed edge capacitance between the
two rings. According to that, it is clear that the capacitance
of this particle is four times larger than the capacitance of
the SRR. Since the inductance of the OSRR is identical to
the inductance of the SRR, it follows that the resonance
frequency of the OSRR is half the resonance frequency of
the SRR. In other words, the OSRR is electrically smaller
than the SRR by a factor of two. Therefore, OSRRs are
very interesting for applications where small series (open)
resonators implemented in one metal layer are required. As
will be later shown, OSRRs are useful for the implementation
of metamaterial-based devices, but these particles have also
been applied to the design of band pass filters based on series
resonators coupled through impedance inverters [50].

Complementarity can also be applied to the OSRR.
The complementary version of the OSRR was called open
complementary split ring resonator (OCSRR) [51]. The
OCSRR is the complementary (negative) image of the OSRR,
but it can also be considered to be the open version of the
CSRR. However, the OCSRR must be considered with some
caution, since the metallic terminals of the OSRR disappear
by applying duality. As shown in Figure 13(d), the OCSRR
is an open particle with terminals for external connection
(excitation) as indicated in the figure. From one terminal to
the other there are two possible current paths: on one hand,
the inductive path through the strip between the ring slots;
on the other hand, the capacitive path through the slots.
Therefore, the OCSRR is an open parallel resonant tank. The
capacitance of the particle is the capacitance of the CSRR,
Cc; the inductance is four times larger than the inductance of
the CSRR. This means that the OCSRR is electrically smaller
than the CSRR by a factor of two. Indeed, the resonance
frequency and electrical size of the OSRR and the OCSRR
are identical (provided the same dimensions and substrate
are considered).

Once the main relevant metamaterial resonators have
been considered, let us review the main implementations
of CRLH metamaterial transmission lines based on them.
CRLH lines can be implemented by loading a host CPW with
pairs of SRRs and shunt connected strips, or by loading a
microstrip line with CSRRs (etched in the ground plane) and
series capacitive gaps. If the host lines are only loaded with
SRRs or CSRR, the structures exhibit a stop band behavior
that can be attributed to a negative value of the permeability
(SRR-loaded lines) or permittivity (CSRR-loaded lines) in
a narrow band in the vicinity of particle resonance. These
SRR- or CSRR-loaded lines have been applied to the design of
stop band filters, or for spurious and harmonic suppression
in conventional filters and other microwave devices [52–58].
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Figure 14: Typical layout of a CRLH SRR-based CPW transmission
line. The SRRs are etched in the back substrate side.

CRLH lines can also be implemented by loading a host line
with OSRR and OCSRR alternating in the line. Let us now
review the circuit models of such CRLH transmission lines.

(1) SRR-Based Metamaterial Transmission Lines. By etching
SRRs in the slot regions of a CPW transmission line and
shunt connected strips between the central strip and the
ground planes, a CRLH transmission line results (Figure 14)
[59]. The circuit model of these CRLH lines (unit cell) is
shown in Figure 15(a), where L and C are the per-section
inductance and capacitance of the line, Lp models the
inductance of the shunt strips, and the SRRs are described
by the resonant tank Ls − Cs, and their coupling to the line
through the mutual inductance, M [60] (the circuit model of
SRR-loaded lines was first published in [59], and later revised
in [60]). The circuit model can be transformed to the one
depicted in Figure 15(b), with the indicated transformation
equations. Indeed, the model of the SRR-loaded CPW is not
identical to the canonical model of a CRLH transmission

line depicted in Figure 5. The series branch is an inductor in
series with a parallel resonator. However, the CRLH behavior
of the line is accounted for by this model, as can be derived
from the dispersion relation obtained from (5):

cos
(
βl
) = 1 +

L′

L′p

(

1− ω2

ω2
p

)(

1 +
L′s/L′

1− L′sC′sω2

)

(29)

with ωp given by

ωp = 1
√
CL′p/2

. (30)

The main difference is the presence of a transmission zero to
the left of the first (left handed) transmission band given by
the resonance of the parallel resonator of the series branch.
Notice that according to the transformation equations of
Figure 15, this transmission zero does not exactly correspond
to the resonance frequency of the SRR. The characteristic
impedance is similar to that depicted in Figures 6(b) or
7(b) (depending on whether the structure is unbalanced or
balanced).

(2) CSRR-Based Metamaterial Transmission Lines. Reso-
nant-type CRLH transmission lines in microstrip technology
can be implemented by etching CSRRs in the ground plane,
beneath the conductor strip, and series gaps in the conductor
strip, as illustrated in Figure 16 [48, 61, 62]. The circuit
model of these lines is depicted in Figure 17(a), where L and
CL model the line inductance and capacitance, respectively,
and the gap is modeled by a π-circuit consisting of a series
capacitance, Cs, and two fringing capacitances, Cf . Finally,
the CSRR is modeled by the resonant tank, Lc − Cc [63]
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Figure 16: Photograph of a CRLH CSRR-based microstrip trans-
mission line.

(The circuit model of CSRR-loaded lines was first published
in [61], and then revised in [63]). This circuit model can be
transformed to the model depicted in Figure 17(b), where
the indicated equations have been applied. The circuit model
of Figure 17(b) explains also the CRLH behavior of CSRR-
loaded microstrip lines. In this case, the transmission zero
present to the left of the first band is given by

fz = 1
2π
√
Lc(C + Cc)

. (31)

The dispersion relation and the characteristic impedance are
given by

cosβl = 1−
(
CLω2/2

)(
1− ω2

s /ω
2
)(

1− ω2
p/ω

2
)

(
1− ω2

p/ω2 + CLcω
2
p

) ,

ZB =
√√
√
√
√

L

Cc

(
1− ω2

s /ω
2
)

(
1− ω2

p/ω2
) − L2ω2

4

(

1− ω2
s

ω2

)2

+
L

C

(

1− ω2
s

ω2

)

,

(32)

where ωs and ωp are the series and shunt resonances of the
circuit of Figure 17(b). For the balanced case, ωs = ωp = ωo,
and the previous expression simplifies to

ZB =
√√
√
√ L

Cc
− L2ω2

4

(

1− ω2
o

ω2

)2

+
L

C

(

1− ω2
o

ω2

)

. (33)

Expression (33) is very similar to (20). The difference is the
presence of the last term in the square root of (33). As for
the balanced transmission line based on the canonical CRLH
circuit model of Figure 5, the characteristic impedance of
balanced CSRR-based lines is null at the extremes of the
allowed band, and it varies continuously in between. How-
ever, in resonant-type balanced lines loaded with CSRRs,
the impedance is maximum above the transition frequency,
fo. Nevertheless, the impedance variation in the vicinity of
the transition frequency is smooth and this is interesting
to preserve matching in a wide band. The variation of
Zp, Zs, and ZB with frequency for the transmission line
model of Figure 17(b) in the balanced case is depicted
in Figure 18. Figure 19 shows a designed balanced CRLH
CSRR-based microstrip transmission line unit cell [15].
The interdigital capacitor has been necessary to achieve
the required capacitance for balancing the structure. The
dispersion relation and the frequency response are also
depicted in the figure, where it can be appreciated that the
balance condition is roughly achieved. At high frequencies,
the model of Figure 17 is no longer valid, and the predictions
of this model deviate from electromagnetic simulation and
measurement.

(3) OSRR- and OCSRR-Based Metamaterial Transmission
Lines. Resonant type CRLH transmission lines can also
be implemented by combining open SRRs (OSRRs [49])
and open CSRRs (OCSRRs [51]). The typical topology
and circuit model of a OSRR and an OCSRR loading a
CPW structure are depicted in Figures 20 and 21 [16].
Essentially, the OSRR and the OCSRR are described by
a series and parallel resonator, respectively. However, the
host line introduces some phase shift that must be taken
into account for an accurate modelling of the structures.
According to Figures 20 and 21, the models of the structures
are composed of the resonators, plus a parasitic capacitance
and a parasitic inductance for the OSRR-loaded CPW and for
the OCSRR-loaded CPW, respectively. Due to the presence
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actually the reactances. The transition frequency has been set to
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permission.

of these parasitics, the implementation of canonical CRLH
structures (modelled by the circuit of Figure 5), by cascading
OSRR and OCSRR-loaded CPW sections, is not possible.
However, these parasitics are small and, in practice, the
OSRR- and OCSRR-based lines exhibit a canonical CRLH
behaviour to a good approximation. The main difference as
compared to SRR- or CSRR-loaded lines is the absence of
the transmission zero to the left of the left-handed band.
Another important aspect concerns the accuracy of the
circuit models. Due to the smaller electrical size of the open
particles (OSRRs and OCSRRs), the circuit models of the
OSRR- and OCSRR-based structures provide an accurate
description of them up to higher frequencies, as compared to
the models of SRR- or CSRR-loaded lines. Figure 22 depicts

a typical OSRR and OCSRR CRLH CPW transmission lines.
The frequency response, the characteristic impedance, and
the dispersion diagram are also depicted in Figure 22. The
structure is quasibalanced as derived from the small gap in
the dispersion diagram (discrepancies with measurement are
due to fabrication-related tolerances). It can be seen that the
model describes the structure to a good approximation in the
frequency range shown.

The implementation of higher order CRLH transmission
lines has been mainly done by combining semilumped and
lumped elements [64, 65]. Nonetheless, fully planar order-
4 CRLH structures implemented by means of OSRRs and
OCSRRs have been demonstrated [22].

The advantages of metamaterial transmission lines
mainly concern the fact that thanks to the presence of the
reactive elements, both the characteristic impedance and the
phase constant can be engineered with further flexibility
than in conventional lines. Thus, metamaterial transmission
lines are useful for the design of microwave components
on the basis of impedance and dispersion engineering.
Miniaturization is another key aspect of these artificial lines.
Finally, as long as metamaterial transmission lines exhibit
pass bands and stop bands, they are also useful for microwave
filter design. These advantages will be fully appreciated in the
next sections, devoted to the applications.

3. Applications of Metamaterial
Transmission Lines (Part I): Broadband
Filters and Multiband Components

Metamaterial transmission lines have found numerous appli-
cations in wireless communications, including guided wave
components and antennas. Among guided wave compo-
nents, metamaterial transmission lines have been applied
to the design of enhanced bandwidth components [66–73],
multiband components [16, 22, 64, 65, 74–80], tightly cou-
pled couplers [81–85], resonators [86], filters and diplexers
[16–18, 44, 49–52, 56, 87–104], and so forth. In the field of
antennas, the design of leaky wave antennas with scanning
capability has been a notable contribution [14, 105–112]
(however, novel antennas based on metamaterial concepts
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Figure 19: Balanced CRLH cell based on a microstrip line loaded with CSRRs (inset) and dispersion diagram (a), and frequency response
(b). The structure has been implemented in the Rogers RO3010 substrate with dielectric constant εr = 10.2 and thickness h = 1.27 mm.
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Figure 20: Layout (a), circuit model (b), and simplified circuit model (c) of a CPW transmission line loaded with a pair of OCSRRs, where
C′p = 2Cp + 2C and L′p = Lp/2. The backside strips (in dark grey) connecting the different ground plane regions are necessary to prevent the
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and metamaterial resonators have also been proposed in
recent years [7, 113–125]). Let us consider in certain detail
the application of CRLH transmission lines to the design of
broadband filters and multiband components.

3.1. Broadband Filters. As long as metamaterial transmission
lines exhibit pass band and stop bands, their application to
the implementation of filters seems to be straightforward.
The first stop band filters were simply implemented by
loading a host transmission line with SRRs or CSRRs or
with other related resonators [52]. For the design of band
pass filters, a new approach was presented in [17], and

subsequently used in [18] for the design of broadband
filters. Essentially, the filters reported in [17, 18] are periodic
structures based on the so-called hybrid approach, where a
host line (microstrip line) is loaded with CSRRs, series gaps,
and shunt stubs. The presence of shunt stubs provides further
design flexibility and the frequency response of the filter can
be tailored. For more details on the design of these filters, the
author recommends papers [17] and [18]. Nevertheless, for
completeness, we depict in Figure 23 a band pass filter with
moderate bandwidth, compared to a conventional coupled
line band pass filter with comparable performance (the filter
response is also depicted in the figure). This design strategy
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combines good filter performance with small size, but filter
synthesis is complex.

Balanced CSRR-based CRLH lines for the realization of
broad band filters have also been proposed [18]. In such
filters, selectivity at the lower edge of the pass band is good,
but the upper band is scarcely controllable, as it can be
appreciated in Figure 24.

Indeed, the circuit model of the unit cell of a canonical
CRLH transmission line (Figure 5) is also the canonical
circuit of an order-3 band pass filter. Based on this idea,
we have implemented broad band filters by combining
OSRRs and OCSRRs. The OSRRs account for the series
resonators, whereas the OCSRRs account for the shunt-
connected parallel resonators. These open resonators are
wideband resonators by nature and therefore are specially
suited to obtain broadband responses. Several papers report
the design of broadband filters based on the combination
of these open resonators [16, 102, 103]. To illustrate the
potential of the approach, we report here the design of a
Chebychev band pass filter with central frequency at 2 GHz,
50% fractional bandwidth and 0.05 dB ripple (Figure 25)
[19]. Good agreement between the circuit simulation, the
electromagnetic simulation, and the measured frequency
response is achieved in the region of interest. Dimensions are
0.24 λ× 0.17 λ. Measured in-band insertion losses (−1.09 dB
at the transmission band center) are mainly due to conductor
losses and are caused by the critical dimensions of the
structure (conductor and dielectric losses have been excluded
in the electromagnetic simulation to ensure a proper design).
More details on the design of this type of filters can be found
in [16].

3.2. Multiband Components. Conventional lines are single-
band structures by nature. That is, they exhibit the required
phase at a single frequency. Typically, distributed circuits
make use of transmission lines and stubs of certain electrical
length and, therefore, these circuits do also exhibit their
functionality at a single frequency. However, as long as

metamaterial transmission lines exhibit a controllable dis-
persion diagram and characteristic impedance, the previous
limitation can be circumvented, and dual-band and multi-
band microwave devices can be implemented. Specifically,
by adding reactive elements to the line, it is possible to
force the required characteristic impedance and phase at
more than one frequency. To illustrate the potentiality
of CRLH transmission lines to the design of multiband
components, let us consider the unit cell of Figure 5 and
force a certain characteristic impedance and electrical length
at two frequencies (dual band functionality). In many
applications, the sign of the electrical length is not an issue.
Therefore, we can use the first (left handed) band for the
lower frequency and the second (right handed) band for
the upper frequency. Moreover, many microwave circuits
are based on 90◦ transmission lines; thus, we will consider
the synthesis of transmission lines exhibiting a characteristic
impedance and phase (electrical length) of ZA, −90◦ at f1,
and ZA, +90◦ at f2. Using expressions (5) and (6), the series
and shunt reactances of the T-circuit of Figure 5 are found to
be

χs(ω1) = −ZA, (34a)

χp(ω1) = ZA, (34b)

χs(ω2) = ZA, (34c)

χp(ω2) = −ZA (34d)

with Zs(ω) = jχs(ω) and Zp(ω) = jχp(ω). From
(34a)–(34d), the elements of the circuit model can be easily
inferred. Indeed, expressions (34a)–(34d) can be generalized
for a multiband structure as follows:

χs(ωn) = (−1)nZA, (35a)

χp(ωn) = (−1)n+1ZA, (35b)
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where n = 1, 2, 3, 4 . . . is the frequency index. Obviously,
(35a)-(35b) can be solved if the number of elements of the
series and shunt branch coincides with the frequency index.

To illustrate the potential of CRLH transmission lines
to the design of multiband components, let us consider the
design of a dual band Y-junction power divider based on a
structure similar to that depicted in Figure 22, that is, based
on OSRRs and OCSRRs. The power divider is based on a
35.35Ω impedance inverter functional at f1 = 2.4 GHz and
f2 = 3.75 GHz. Hence, the artificial line has been designed
with an electrical length of −90◦ at f1 and +90◦ at f2. The
details of the inverter design, using expressions (34a)–(34d)
and the models reported in Figures 20 and 21, are given
in [16]. Figure 26 depicts the designed inverter, its disper-
sion diagram, and its characteristic impedance (the target

characteristic impedance and phase at the design frequencies
have been achieved). To implement the divider, two output
access lines have been added, as shown in Figure 27. The
characterization of this device is also depicted in Figure 27,
where the functionality at the operating frequencies is
achieved.

Other dual-band components based on CSRR-loaded
lines and CL-loaded lines (lines loaded with series capac-
itances and shunt inductances) have been reported in
[74–80]. We would like also to mention that quad-band
components (power dividers and branch line couplers) based
on a fully planar approach, by using open resonators and
other planar resonators, have been demonstrated [22]. A
quad-band power divider operating at the GSM ( f1 =
0.9 GHz, f4 = 1.8 GHz) and the GPS ( f2 = 1.17642 GHz,
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Figure 23: Layout of a designed and fabricated band pass filter based on the hybrid approach (a), simulated (b), and measured (c) insertion
and return losses. Total device length excluding access lines is 4.56 cm. In (b), the simulated insertion loss for a conventional order-3 coupled
line filter with similar performance is depicted (dashed line). From [17]; copyright © 2006 IEEE; reprinted with permission.

(a)

0 1 2 3 4 5 6

2 cells filter
3 cells filter

4 cells filter
Measurement (3 cells)

S 1
1

(d
B

)

−60

−40

−20

0

0

−60

−40

−20

S 2
1

(d
B

)

Frequency (GHz)

(b)

Figure 24: Layout of a microstrip filter formed by three balanced CRLH CSRR-based cells (a) and measured frequency response (b). In (b)
are also depicted the simulated insertion and return loss for a two-, three-, and four-stage device filters. The metallic parts are depicted in
black in the top layer, and in grey in the bottom layer. Dimensions are total length l = 55 mm, line width W = 0.8 mm, external radius of
the outer rings r = 7.3 mm, rings width c = 0.4 mm, and rings separation d = 0.2 mm; the interdigital capacitors are formed by 28 fingers
separated 0.16 mm. From [18]; copyright © 2007 IEEE; reprinted with permission.
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Figure 26: (a) Layout of the dual-band impedance inverter based on a combination of series connected OSRRs in the external stages and a
pair of shunt-connected OCSRRs in the central stage; (b) circuit and electromagnetic simulation. The substrate is the Rogers RO3010 with
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IEEE, reprinted with permission.
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Figure 27: Photograph of the fabricated dual-band power splitter (a) and frequency response (b). From [16]; copyright © 2009 IEEE,
reprinted with permission.

f3 = 1.57542 GHz) frequency bands is depicted in Figure 28
as an illustrative example. Finally, SIW technology seems to
be a good candidate for the implementation of quad-band
components [126].

4. Applications of Metamaterial Transmission
Lines (Part II): UHF-RFID Tags

Radiofrequency identification (RFID) is a method for iden-
tification and gathering information of objects, consisting
of a reader (interrogator) and a tag (transponder) [127–
131]. Ultrahigh frequency (UHF) passive tags, which are
attached to the identifying objects, contain the antenna
and an integrated circuit (where the information related to
the object is stored), both supported by a plastic substrate
(inlay). The UHF-RFID band covers the frequency span
from 840 MHz up to 960 MHz, but the regulated operating
frequencies worldwide are different. Thus, for instance,
Europe operates at f1 = 867 MHz, whereas in USA the
regulated frequency is f2 = 915 MHz. In UHF-RFID tags,
conjugate matching between the antenna and the chip is
important in order to obtain a good figure of merit of the
tag, that is, the read range, which is given by [132]

r = λ

4π

√
EIRPGrτ

Pchip
, (36)

where λ is the wavelength, Gr is the gain of the receiving
tag antenna, τ is the power transmission coefficient, Pchip

is the threshold activation power of the chip, and EIRP
is the equivalent isotropic-radiated power, which is deter-
mined by local country regulations. Conjugate matching has
direct influence on the power transmission coefficient, and
therefore in the read range. Typically, the input impedance

of the chip is modelled by a parallel combination of a
resistance and a capacitance. Therefore, conjugate matching
means to cancel the reactive part of the chip impedance
with the impedance seen from the chip port (i.e., that
corresponding to the antenna cascaded to the impedance
matching network, if it is present), see Figure 29. Obviously,
conjugate matching cannot be achieved in the whole UHF-
RFID band. However, by means of a matching network, it
is possible to achieve conjugate matching in more than one
band. Specifically, it has been demonstrated that conjugate
matching at the European and USA bands can be achieved by
using a metamaterial-based structure, that is, a transmission
line loaded with an SRR [133]. Once the impedance of
the antenna and the chip impedance at the operating
frequencies are known, the requirements for the artificial
transmission line (impedance matching network) are also
known. Let us consider that the impedance of the antenna
at the design frequencies is Za( f1) = 1.65 − j67.7Ω and
Za( f2) = 1.13 − j59.6Ω, and that the considered chip
exhibits an input impedance of ZIC( f1) = 22 − j404Ω and
ZIC( f2) = 16− j380Ω, at the design frequencies. With these
values, the requirements of the artificial transmission line
are characteristic impedance ZB1 = 91.18Ω and electrical
length φ1 = βl = 113.9◦ at f1, and ZB2 = 84.67Ω and φ2 =
βl = 112.6◦ at f2. These values can be achieved by means of
a transmission line loaded with an SRR. The procedure to
design such artificial line consists of designing a microstrip
line with the mean value of impedance and phase shift at
the central frequency. The introduction of the SRR causes
a perturbation in both the characteristic impedance and the
phase shift in the vicinity of their resonance frequency (tuned
at the central frequency between f1 and f2), and as long as
the two operating frequencies are close, and the phase and
characteristic impedance requirements at these frequencies
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Figure 29: Schematic of a typical UHF-RFID tag in the most
general case. An impedance matching network is located in between
the chip (modeled as a RC parallel load) and the tag antenna. |s|2
is the power reflection coefficient, which is related to the power
transmission coefficient according to τ = (1− |s|2).

are similar, it is possible to achieve the required values by
introducing the SRR. The detailed procedure, based on a
perturbation method, is reported in [133]. Figure 30 depicts
the layout of the fabricated antenna and matching network.
The antenna is a slot antenna with the input impedance at
f1 and f2 given above. In this implementation, the chip has
not been included; hence, it has been modeled with a port
with frequency-dependent impedance. This structure has
been simulated through the Agilent Momentum commercial
software and the prototype has been measured by means
of the Agilent E8364B vector network analyzer. Since the
impedance of the measuring probes is 50Ω (i.e., do not
correspond to the chip impedance), a renormalization of

the port impedance has been necessary. This procedure
has been carried out by means of a deembedding process
and resimulation with the chip impedance by means of the
commercial software Agilent ADS. Specifically, we obtained
the measured return loss, S11, seen from the input of the
impedance matching network (see Figure 30(a)), obviously
with a 50Ω reference impedance. These results were then
exported to the Agilent ADS, from which it was possible
to infer the power wave reflection coefficient, s, [134, 135]
by considering the impedance of the integrated circuit
as reference impedance of the input port. Figure 30(b)
illustrates the simulated (electromagnetic simulation with
losses) and measured (through the explained procedure)
reflection coefficient for the fabricated structure, where it can
be appreciated that functionality at the design frequencies is
achieved.

The procedure to achieve conjugate matching at two
frequencies is efficient, but it requires a matching network.
Alternatively, we can directly couple the resonator to the
antenna and thus modify the antenna impedance in order to
achieve nearly conjugate matching at the required frequen-
cies [23]. This strategy has been carried out by considering
meander line antennas (MLAs) and folded dipoles. Figure 31
shows the photograph of a designed dual-band tag (including
the chip) based on a MLA loaded with a spiral resonator.
The read range has been measured through the experimental
setup available in our laboratory, according to the procedure
reported in [23]. It can be appreciated that the read range
at the European and USA frequencies is above 6 m for the
dual-band tag, whereas for the tag without the coupled
resonator, the read range at the operating frequency is
severely degraded (this conventional single-band tag has
been designed to exhibit maximum read range at the central
frequency between the European and USA frequencies).

Other dual-band tags are present in the literature, but
the reported implementations have been mainly oriented
to be operative at different spectral bands (for instance
HF and UHF, or UHF and microwave) [136–138], rather
than being considered for operating at different frequencies
within a certain band [23, 139–141]. In the latter case,
there are few experimental works available in the literature
[23, 139]. Even though the dual-band approach is potentially
viable, the detuning problem (frequency variations caused
by the attached objects) is still present in dual-band tags,
and hence broadband (global band) tags seem to be the
more convenient solution if detuning effects appear. There
are available global band commercial tags, but there are
intrinsic limitations for bandwidth enhancement (this aspect
is discussed in [142]).

To end this section, we would like to mention that
chipless RFID tags do also exist [143–149] and have lower
cost. Two strategies are mainly used: (i) time-domain
reflectometry, where data is stored in defects placed in a
delay line, or (ii) RF bar codes, where data is stored in
a transmission line by coupling to it resonators tuned at
different frequencies. Metamaterial concepts have also been
used for the implementation of this type of tags [148, 149].
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5. Applications of Metamaterial Transmission
Lines (Part III): Sensors

Many different sensor types inspired on metamaterial con-
cepts have been reported in the last years (see [150] and
references therein). Many of them are based on the split
ring resonator (SRR) [24, 151–159], and many others on
the CRLH transmission line [160–174], mainly reported by
the Group of Professor R. Jakoby at Darmstadt (Germany).

In this paper we report SRR-based microwave sensors,
that is, sensors operating in the microwave region of the
electromagnetic spectrum. Typically, the operation principle
of SRR-based sensors relies on the detuning of one or several
resonators due to dielectric loading, strain, displacement,
and so forth. For sensing, the change in resonance frequency
and/or loss due to detuning is used for determination of
the quantity of interest. This principle can be applied to
very different sensing applications for mechanical, electrical,
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Figure 32: (a) Cross-sectional view of a CPW loaded with a symmetrically etched SRR, and electric field distributions for the fundamental
(or even) mode (a) and for the parasitic slot mode (b). For the odd mode the CPW structure exhibits an electric wall in the symmetry plane
and it is expected that the SRR causes a notch for this mode if it is symmetrically etched.
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Figure 33: Layout (a) and photograph (b) of a CPW transmission line loaded with a symmetric SRR. Dimensions are CPW length L =
12.4 mm, CPW strip width W = 1.67 mm, CPW slot width G = 0.2 mm, c = d = 0.2 mm, SRR length l1 = 12 mm, and SRR width
l2 = 1.67 mm. The substrate is the Rogers RO3010, with dielectric constant εr = 10.2, thickness h = 127μm, and loss tangent tan δ = 0.0023.

or chemical quantities, for instance, strain [156, 168] or
displacement [152], dielectric properties of biological sub-
stances [154, 155], and the detection of molecules [158],
among others.

In this paper we report SRR-based sensors, but rather
than based on detuning, such sensors rely on the symmetry
properties of SRRs or other metamaterial resonators. Let
us consider for instance a CPW transmission line loaded
with a symmetrically etched single SRR (Figure 32). With
this configuration, due to symmetry, there is not a net
axial magnetic field in the SRR (for the fundamental or
even mode), this particle is not excited, and the line is
transparent. The symmetry plane of the CPW transmission
line is a magnetic wall for the fundamental mode, whereas
the SRR exhibits an electric wall at this plane if it is
symmetrically etched in the CPW. This is an alternative

explanation of the transparency of the symmetric SRR-
loaded CPW. However, by rotating or laterally displacing
the resonator, symmetry is truncated, and a notch in the
transmission coefficient appears. The magnitude of this
notch depends on the deviation from symmetry and hence
we can detect displacement or rotation. An advantage of this
configuration is that the sensor is insensitive to variations
in ambient conditions, since the sensing variable is not
the resonator frequency. Based on this principle, prototype
sensors have been developed (Figure 33) [24]. Figure 34
depicts the variation of the notch magnitude with lateral
displacement and rotations of the SRR. As can be seen,
significant sensitivity is achieved. Hence, these symmetric
structures are useful for sensing and are of special interest for
displacement and rotation sensors, alignment sensors, and so
forth.
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The symmetry properties of transmission lines loaded
with symmetric resonators have also been applied to the
design of differential (balanced) lines with common mode
suppression [175], and to the design of radiofrequency bar
codes [149].

6. Conclusions

In summary, it has been shown that metamaterial trans-
mission lines, consisting of host lines loaded with reactive
elements, exhibit further design flexibility as compared to
conventional lines. In these artificial lines, both the charac-
teristic impedance and the dispersion can be engineered or
tailored, and many advantages are derived from this fact.
Indeed, metamaterial transmission lines have opened the
path to a novel design approach of planar microwave circuits
based on dispersion and impedance engineering. Compact
size, high performance, and novel functional devices are
some of the benefits of metamaterial transmission lines. In
this paper, it has been shown that these lines can be applied
to the design of broadband filters, multiband components,
dual-band tags for UHF-RFID, and sensors based on the
symmetry properties of SRR-loaded lines. However, many
other applications have been demonstrated, and others are
expected in the near future.
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in metamaterial transmission lines based on split rings,”
Proceedings of the IEEE, vol. 99, pp. 1701–1710, 2011.

[20] J. B. Pendry, “Negative refraction makes a perfect lens,”
Physical Review Letters, vol. 85, no. 18, pp. 3966–3969, 2000.

[21] V. G. Veselago, “The electrodynamics of substances with
simultaneously negative values of ε and μ,” Soviet Physics
Uspekhi, vol. 10, pp. 509–514, 1968.

[22] M. Duran-Sindreu, G. Siso, J. Bonache, and F. Martin,
“Planar multi-band microwave components based on the
generalized composite right/left handed transmission line
concept,” IEEE Transactions on Microwave Theory and Tech-
niques, vol. 58, no. 12, pp. 3882–3891, 2010.

[23] F. Paredes, G. Zamora, F. J. Herraiz-Martı́nez, F. Martı́n, and
J. Bonache, “Dual-band UHF-RFID tags based on meander
line antennas loaded with spiral resonators,” IEEE Antennas
and Wireless Propagation Letters, vol. 10, pp. 768–771, 2011.

[24] J. Naqui, M. Durán-Sindreu, and F. Martı́n, “Novel sensors
based on the symmetry properties of split ring resonators
(SRRs),” Sensors, vol. 11, no. 8, pp. 7545–7553, 2011.

[25] D. M. Pozar, Microwave Engineering, Addison Wesley, 1990.
[26] B. C. Wadell, Transmission Line Design Handbook, Artech

House, 1991.
[27] J. C. Freeman, Fundamentals of Microwave Transmission

Lines, John Wiley & Sons, New York, NY, USA, 1996.
[28] I. Bahl and P. Barthia, Microwave Solid State Circuit Design,

John Wiley & Sons, New York, NY, USA, 2nd edition, 2003.
[29] T. C. Edwards and M. B. Steer, Foundations of Interconnect

and Microstrip Design, John Wiley, 3rd edition, 2000.
[30] A. K. Iyer and G. V. Eleftheriades, “Negative refractive

index metamaterials supporting 2-D waves,” in IEEE-MTT
International Microwave Symposium, vol. 2, pp. 412–415,
Seattle, Wass, USA, June 2002.

[31] A. A. Oliner, “A periodic-structure negative-refractive-index
medium without resonant elements,” in URSI Digest, IEEE-
AP-S USNC/URSI National Radio Science Meeting, p. 41, San
Antonio, Tex, USA, June 2002.

[32] C. Caloz and T. Itoh, “Application of the transmission line
theory of left-handed (LH) materials to the realization of a
microstrip ‘LH line’,” in Proceedings of the IEEE Antennas and
Propagation Society International Symposium, vol. 2, pp. 412–
415, San Antonio, Tex, USA, June 2002.

[33] S. Ramo, J. R. Whinnery, and T. Van Duzer, Fields and Waves
in Communication Electronics, John Wiley & Sons, 1994.

[34] J. A. Kong, Electromagnetic Wave Theory, EMW, 2000.
[35] C. Caloz and T. Itoh, “Invited—novel microwave devices and

structures based on the transmission line approach of meta-
materials,” in Proceedings of the IEEE MTT-S International
Microwave Symposium Digest, pp. 195–198, Philadelphia, Pa,
USA, June 2003.

[36] C. Caloz, “Dual Composite Right/Left-Handed (D-CRLH)
transmission line metamaterial,” IEEE Microwave and Wire-
less Components Letters, vol. 16, no. 11, pp. 585–587, 2006.
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Jelinek, “On the resonances and polarizabilities of split ring
resonators,” Journal of Applied Physics, vol. 98, no. 3, Article
ID 033103, 9 pages, 2005.

[43] J. D. Baena, R. Marqués, F. Medina, and J. Martel, “Artificial
magnetic metamaterial design by using spiral resonators,”
Physical Review B, vol. 69, no. 1, Article ID 014402, 2004.

[44] F. Falcone, F. Martı́n, J. Bonache et al., “Stop-band and band-
pass characteristics in coplanar waveguides coupled to spiral
resonators,” Microwave and Optical Technology Letters, vol.
42, no. 5, pp. 386–388, 2004.

[45] R. Marqués, F. Medina, and R. Rafii-El-Idrissi, “Role of
bianisotropy in negative, permeability and left-handed meta-
materials,” Physical Review B, vol. 65, no. 14, Article ID
144440, 2002.

[46] M. Shamonin, E. Shamonina, V. Kalinin, and L. Solymar,
“Resonant frequencies of A split-ring resonator: analytical
solutions and numerical simulations,” Microwave and Optical
Technology Letters, vol. 44, no. 2, pp. 133–136, 2005.

[47] F. Falcone, T. Lopetegi, J. D. Baena, R. Marqués, F. Martı́n,
and M. Sorolla, “Effective negative-ε stopband microstrip
lines based on complementary split ring resonators,” IEEE
Microwave and Wireless Components Letters, vol. 14, no. 6, pp.
280–282, 2004.

[48] F. Falcone, T. Lopetegi, M. A. G. Laso et al., “Babinet principle
applied to the design of metasurfaces and metamaterials,”
Physical Review Letters, vol. 93, no. 19, paper 197401, 2004.

[49] J. Martel, R. Marqués, F. Falcone et al., “A new LC series
element for compact bandpass filter design,” IEEE Microwave
and Wireless Components Letters, vol. 14, no. 5, pp. 210–212,
2004.

[50] J. Martel, J. Bonache, R. Marqués, F. Martı́n, and F. Medina,
“Design of wide-band semi-lumped bandpass filters using
open split ring resonators,” IEEE Microwave and Wireless
Components Letters, vol. 17, no. 1, pp. 28–30, 2007.

[51] A. Vélez, F. Aznar, J. Bonache, M. C. Velázquez-Ahumada,
J. Martel, and F. Martı́n, “Open Complementary Split Ring
Resonators (OCSRRs) and their application to wideband cpw
band pass filters,” IEEE Microwave and Wireless Components
Letters, vol. 19, no. 4, pp. 197–199, 2009.

[52] F. Martı́n, F. Falcone, J. Bonache, R. Marqués, and M. Sorolla,
“Miniaturized coplanar waveguide stop band filters based on
multiple tuned split ring resonators,” IEEE Microwave and
Wireless Components Letters, vol. 13, no. 12, pp. 511–513,
2003.



ISRN Electronics 25

[53] F. Falcone, F. Martin, J. Bonache, R. Marqués, and M.
Sorolla, “Coplanar waveguide structures loaded with split-
ring resonators,” Microwave and Optical Technology Letters,
vol. 40, no. 1, pp. 3–6, 2004.

[54] J. Garcı́a-Garcı́a, J. Bonache, F. Falcone et al., “Stepped-
impedance lowpass filters with spurious passband suppres-
sion,” Electronics Letters, vol. 40, no. 14, pp. 881–883, 2004.

[55] J. Garcı́a-Garcı́a, F. Martı́n, F. Falcone et al., “Spurious
passband suppression in microstrip coupled line band pass
filters by means of split ring resonators,” IEEE Microwave and
Wireless Components Letters, vol. 14, no. 9, pp. 416–418, 2004.

[56] I. Gil, J. Garcı́a-Garcı́a, J. Bonache, F. Martı́n, M. Sorolla,
and R. Marqués, “Varactor-loaded split ring resonators for
tunable notch filters at microwave frequencies,” Electronics
Letters, vol. 40, no. 21, pp. 1347–1348, 2004.

[57] J. Garcı́a-Garcı́a, J. Bonache, I. Gil et al., “Comparison of
electromagnetic band gap and split-ring resonator microstrip
lines as stop band structures,” Microwave and Optical Tech-
nology Letters, vol. 44, no. 4, pp. 376–379, 2005.

[58] J. Garcı́a-Garcı́a, F. Martı́n, F. Falcone et al., “Microwave
filters with improved stopband based on sub-wavelength
resonators,” IEEE Transactions on Microwave Theory and
Techniques, vol. 53, no. 6, pp. 1997–2004, 2005.

[59] F. Martı́n, J. Bonache, F. Falcone, M. Sorolla, and R. Marqués,
“Split ring resonator-based left-handed coplanar waveguide,”
Applied Physics Letters, vol. 83, no. 22, pp. 4652–4654, 2003.

[60] F. Aznar, J. Bonache, and F. Martı́n, “Improved circuit model
for left-handed lines loaded with split ring resonators,”
Applied Physics Letters, vol. 92, no. 4, paper 043512, 2008.

[61] J. D. Baena, J. Bonache, F. Martı́n et al., “Equivalent-circuit
models for split-ring resonators and complementary split-
ring resonators coupled to planar transmission lines,” IEEE
Transactions on Microwave Theory and Techniques, vol. 53, no.
4, pp. 1451–1460, 2005.

[62] M. Gil, J. Bonache, I. Gil, J. Garcı́a-Garcı́a, and F. Martı́n,
“On the transmission properties of left-handed microstrip
lines implemented by complementary split rings resonators,”
International Journal of Numerical Modelling, vol. 19, no. 2,
pp. 87–103, 2006.

[63] J. Bonache, M. Gil, O. Garcı́a-Abad, and F. Martı́n, “Paramet-
ric analysis of microstrip lines loaded with complementary
split ring resonators,” Microwave and Optical Technology
Letters, vol. 50, no. 8, pp. 2093–2096, 2008.

[64] A. C. Papanastasiou, G. E. Georghiou, and G. V. Eleft-
heriades, “A quad-band wilkinson power divider using
generalized NRI transmission lines,” IEEE Microwave and
Wireless Components Letters, vol. 18, no. 8, pp. 521–523, 2008.

[65] M. Studniberg and G. V. Eleftheriades, “A dual-band band-
pass filter based on generalized negative-refractive-index
transmission-lines,” IEEE Microwave and Wireless Compo-
nents Letters, vol. 19, no. 1, pp. 18–20, 2009.

[66] H. Okabe, C. Caloz, and T. Itoh, “A compact enhanced-
bandwidth hybrid ring using an artificial lumped-element
left-handed transmission-line section,” IEEE Transactions on
Microwave Theory and Techniques, vol. 52, no. 3, pp. 798–804,
2004.

[67] M. A. Antoniades and G. V. Eleftheriades, “A broadband
series power divider using zero-degree metamaterial phase-
shifting lines,” IEEE Microwave and Wireless Components
Letters, vol. 15, no. 11, pp. 808–810, 2005.
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[168] C. Mandel, M. Schüßler, and R. Jakoby, “A wireless passive
strain sensor,” in Proceedings of the IEEE Sensors Conference,
pp. 207–210, Limerick, Ireland, 2011.

[169] M. Puentes, B. Stelling, M. Schüßler, A. Penirschke, C.
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