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Preface

Metamaterials have made a significant impact in all areas of electromagnetics. In the last
decade, a wide range of theories, models, and novel devices have been published by re‐
searchers. It is likely that modern and future generations of communication systems may
benefit from the main advantages of metamaterial technology and incorporate devices with
improved properties. Metamaterials offer the possibility to engineer the fundamental char‐
acteristics of the propagating media made of subwavelength components. By these means,
devices with enhanced responses in terms of impedance, phase constant, and dispersion
control can be achieved. The use of metamaterials enables to develop new structures and
applications beyond those realizable with natural materials.

This book aims to report on novel research and concepts established within the metamateri‐
al field. It provides an opportunity for researchers to identify developments, compare per‐
formances with conventional devices, specify trends, and find potential applications where
metamaterials could be employed. This book will be beneficial for the graduate students,
teachers, researchers, engineers, and other professionals, who are interested to fortify and
expand their knowledge related to metamaterial concepts and research.

The book is composed of 11 chapters from multiple contributors around the world, includ‐
ing China, Iran, the United Kingdom, Algeria, Spain, and the United States. It covers a wide
variety of topics from different domains including polarization conversion, asymmetric
transmission, transmission lines, filters, plasmonic lenses, tunable metamaterials, light ma‐
nipulation, absorbers, and antennas, among others.

I would like to deeply thank all the authors for the submission of their encouraging chapters
and their patience during the review processes, making thus possible the publication of this
book in the present form. In addition, I take the opportunity to express my acknowledgment
and gratitude to Dr. Ángel Belenguer, Prof. Joaquin Cascon, and Prof. Vicente Boria for their
helpful discussions and comments related to the content of the chapters. Finally, I offer my
special thanks to InTech Open Access Publisher for the opportunity to edit this book and
Ms. Romina Skomersic, Publishing Process Manager, for her assistance and help during the
whole publication process.

Dr. Alejandro Lucas Borja
Departamento de Ingeniería Eléctrica, Electrónica, Automática y Comunicaciones

Escuela Politécnica de Albacete
Universidad de Castilla-La Mancha

Spain





Chapter 1

Effects of Dielectric Substrate on Polarization
Conversion Using Coupled Metasurfaces With and
Without Tunneling

Andriy E. Serebryannikov, Mehmet Mutlu and
Ekmel Ozbay

Additional information is available at the end of the chapter
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Provisional chapter

Effects of Dielectric Substrate on Polarization
Conversion Using Coupled Metasurfaces
With and Without Tunneling

Andriy E. Serebryannikov, Mehmet Mutlu and

Ekmel Ozbay

Additional information is available at the end of the chapter

Abstract

Dielectric substrates are technologically necessary components of various microwave
and optical structures and devices, and may strongly affect their performance. For
metasurfaces composed of subwavelength resonators, placing dielectric components in
the proximity of resonators can lead to strong modification of subwavelength reso-
nances and related transmission regimes. We focus on the effects exerted by material
and geometrical parameters of such a dielectric substrate on linear-to-linear polarization
conversion that appears in quasiplanar structures containing two coupled metasurfaces
and enabling chirality. It is shown that spectral locations of the polarization conversion
resonances and transmission efficiency at these resonances are strongly sensitive to the
substrate parameters, whereas the ability of polarization conversion and related asym-
metry of transmission can be preserved in wide ranges of parameter variation. The
effects of a substrate are considered in detail for the mechanisms with and without
tunneling, indicating a route to compact designs of quasiplanar structures for single-
and multiband polarization conversion.

Keywords: metasurface, polarization conversion, subwavelength resonator, permittivity

1. Introduction

It is well known that material parameters of the components of an entire structure can
strongly affect dispersion, transmission, and scattering characteristics. For some classes of
the structures, such as the idealized lossless cavities and waveguides, effects of variation of
the material parameters can be easily quantified. In particular, the rule of ε−1=2, being applica-
ble to eigenfrequencies of the closed cavities filled with a linear isotropic dielectric, is com-
monly known. The quantifying of resonances becomes much more complicated in the case of

© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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open resonance structures, where the resonance fields can be strong beyond the resonators
[1]. In this case, an a priori estimate of the strength of the effect of dielectric is very compli-
cated and, moreover, one cannot predict the principal possibility of obtaining of a desired
transmission regime. It can be even more difficult to preserve the same strength of some
effects, e.g., efficiency of conversion of the incident wave energy to a certain diffraction order
or polarization state, simultaneously with the shift of resonance frequencies, while only
varying characteristics of the dielectric layer(s) adjacent to the resonators. Nevertheless,
stacking resonant or nonresonant arrays with dielectric layers and placing dielectric compo-
nents inside individual resonators are known as effective tools to control resonance frequen-
cies and transmission and scattering characteristics [2–5].

Theory and technology related to subwavelength resonators have extensively been developed
since the early 2000s. Initially, the interest to them has been stimulated by the possibility of
obtaining artificial magnetism and negative refraction [6]. Later, a chiral way to negative
refraction has been proposed, which is realized with the aid of planar metamaterials [7].
Artificial bianisotropic [8] and, in particular, electrically thin chiral structures based on
metasurfaces composed of subwavelength resonators [9] have extensively been studied. The
latter suggest efficient solutions for polarization conversion problem. Circular dichroism and
polarization rotation belong to the most distinguished properties of the artificial chiral mate-
rials. One of the basic features is that electric and magnetic dipoles are strongly coupled and
excited simultaneously, so that chirality originates from the collinear excitation of the effective
electric and magnetic responses. Moreover, these responses can be switched at a fixed fre-
quency by changing polarization of the incident electromagnetic wave. It is noteworthy that
manipulation by polarization states can be achieved, in addition to the chiral structures, which
are based on two coupled metasurfaces, with the aid of various other schemes and classes of
the structures. In particular, high-contrast gratings, advanced quarter-wave plates, and struc-
tures with a single or multiple (anisotropic) metasurfaces can be mentioned [10–15].

In the coupled arrays of subwavelength resonators, conversion of the incident linear polariza-
tion to the circular polarization [16–21] and to the orthogonal linear polarization [22, 23] has
been demonstrated. These conversions are directly related to asymmetric transmission, a Lorentz
reciprocal phenomenon that enables strong forward-to-backward transmission contrast
between two opposite incidence directions [22, 24–28]. Since reciprocity forbids one-way
transmission in two-port reciprocal systems, asymmetric transmission requires breaking of
spatial inversion symmetry and, hence, new transmission and reflection channels. For the
twisted metasurfaces, they can be obtained by involving polarization states different from the
incident one [16–18, 22, 29]. Diodelike asymmetric transmission with reflections vanishing for
one of two opposite incidence directions has been theoretically predicted in the zero-loss
approximation for both diffraction [30] and polarization conversion [1, 23] inspired mecha-
nisms. The principal possibility of the perfect polarization conversion in a generalized double-
layer structure has been demonstrated [31].

In one of the recent studies, linear-to-linear polarization conversion and diodelike asymmetric
transmission in a thin chiral structure with 4-U unit cells have been obtained [23]. It was shown
that the problem of their perfectness is an eigenstate, phase propagation, and impedance
matching. It can be reached due to the coexistence of tunneling, optimization of the axial ratio
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of the eigenwaves, and optimization of transmission phases of the eigenwaves that destruc-
tively interfere in one direction and constructively interfere in the opposite one. Recently,
similar mechanisms have been realized in the structures with U-type unit cells, with and
without an evanescent-wave metallic mesh and, thus, with and without tunneling [1]. More-
over, perfect multiband linear-to-linear polarization conversion and asymmetric transmission
can be obtained with the aid of the coupled arrays of U-shaped apertures [32]. Besides, many
recent studies should be mentioned which are dedicated to dual-band and broadband conver-
sions of polarization that involve linear and circular states [1, 20, 21, 33–36].

In this chapter, the emphasis is put on the effects exerted by variations of the dielectric
substrate parameters on subwavelength resonances and related regimes of linear-to-linear
polarization conversion and asymmetric transmission. Consideration is restricted to
quasiplanar structures containing two coupled metasurfaces that represent arrays of
subwavelength split-ring resonators (SRRs) enabling simple U-type unit cells with resonant
behavior at microwave frequencies, and to the case of normal incidence. Zero-loss approxima-
tion is utilized to clarify the main components of the underlying physical mechanisms. Two
mechanisms will be discussed, which are realized in the structures with and without a metallic
mesh (small-hole array) placed between the SRR arrays, i.e., tunneling either appears and
contributes or does not. The focus will be on sensitivity of the subwavelength resonances in
the studied structures with chirality to the variations in permittivity and thickness of the
dielectric substrate layers located between the SRR arrays and the metallic mesh, or simply
between two SRR arrays. Indeed, in the both cases, the resonance characteristics of individual
resonators and those of the coupled metasurfaces can be strongly affected, because the resona-
tors are placed directly on the dielectric layer(s). Perfect transmission that originates from the
perfect matching of real impedances can be obtained in the mesh-free structures in some
ranges of parameter variation. These ranges either coincide or do not coincide with the ranges,
in which matching can appear for the structures with a mesh as a result of fulfillment of certain
phase conditions. The role of the choice of permittivity and thickness of the dielectric layers can
be very important for preserving the features related to the matching and perfect polarization
conversion. While variations of substrate characteristics give big freedom in design without
changes in SRR arrays, it can be further extended by a proper selection of an array period.
Simulation results are obtained by using CST Microwave Studio, a full-wave commercial
solver based on the finite integration method (see www.cst.com for software details). The same
methodology can be applied to study the effects of a substrate for linear-to-circular and
circular-to-circular polarization conversion in various structures based on metasurfaces. This
chapter presents a review of the basic effects achievable by variations of substrate parameters
in the structures with U-type assembly, while a comparative study of the existing and
suggested performances for multi-/broadband polarization conversion is beyond its scope.

2. Polarization conversion, asymmetry in transmission and tunneling

First, let us briefly describe the structures to be studied that may enable polarization conver-
sion and related asymmetry in transmission. Schematic of a unit cell and perspective view of
the studied periodic structure are presented in Figure 1. Each of two SRR arrays has period of a

Effects of Dielectric Substrate on Polarization Conversion Using Coupled Metasurfaces With and Without Tunneling
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in the x and y directions. The metallic mesh with thickness d and period p is obtained by periodic
arrangement of the square holes, i.e., a > p; p is assumed to be the same over x and y. For the basic
configuration with the metallic mesh [1], we take a = 22 mm, p = 4.4 mm, h = 2.2 mm,
L1¼ L2 ¼ 1:25 mm, d = 0.5 mm, s1¼ s2 ¼ 10 mm, s3 ¼ 1:5 mm, and w = 3 mm. Hence, the total
thickness of the structure is S ¼ dþ 2s3þL1þL2. The back-side SRR array represents the front-
side SRR array rotated by 90∘ in the clockwise direction. Such a location of the SRR arrays can
create chirality and, thus, the ability of polarization conversion. The stronger the conversion, the
stronger asymmetry in the transmission. In fact, the ability of asymmetric transmission originates
from the fact that conversion of the incident wave is distinguished at front-side illumination and
at back-side illumination, so that the different channels (e.g., that associated with the orthogonal
polarization in transmission mode for the former, and that associated with the same polarization
in reflection mode for the latter) are the main acceptors of the incident wave energy.

The use of the layers with ε < 0 (metallic mesh) and ε > 0 (dielectric substrate) in the same
structure should allow one obtaining destructive interferences of the waves reflected at the
interfaces between the layers from A to E and those between air and the layers A and E. This
can result in zero reflection and, accordingly, in perfect tunneling. Generally, the operation is
based on wave interference, and, thus, the phase is a critical parameter. However, a negative-ε
layer is not necessary for obtaining of zero reflections, if input impedances at the interfaces of
the individual layers are properly adjusted. This is a reason why similar regimes of polariza-
tion conversion can be obtained in the structures with and without a metallic mesh and, thus,
the mechanisms with and without tunneling are worth comparing [1].

In the general case, a linearly polarized incident wave changes its polarization state when

passing through such a coupled system. The complex amplitudes of the incident (Ef ,b
xi and Ef ,b

yi )

and transmitted (Ef ,b
x and Ef ,b

y ) waves are expressed through each other with the aid of the

T-matrix as follows [22, 23]:

Ef ,b
x

E f ,b
y

 !
¼ T f ,b

xx T f ,b
xy

T f ,b
yx T f ,b

yy

 !
Ef ,b
xi

E f ,b
yi

 !
, (1)

where Ef ,b
xi and Ef ,b

yi are the x and y components of the incident wave; Tf ,b
xx and Tf ,b

yy are the

copolarized transmission coefficients, and Tf ,b
xy and Tf ,b

yx are the cross-polarized transmission

Figure 1. (a) Schematic of a complex unit cell (side view): A—SRR, B and D—dielectric layers with permittivity ε1 and ε2,
respectively, C—metallic mesh, E—rotated SRR. (b) Metallic mesh with square holes seen from the frontside and backside
at a = 2p. (c) SRR seen from the backside (denoted by E in the side view). (d) (3a) · (3a) fragment of the basic configuration
at a = 5p (perspective view).
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coefficients, f and b stand for the forward and the backward transmission cases, which corre-
spond to front-side and back-side illumination, respectively.

The amplitudes in these two cases are related to each other, depending on the structural symme-

tries. For the structures showing the same symmetries as the studied one, Tf
xy ¼ −Tb

yx, T
f
yx ¼ −Tb

xy

and Tf
xx ¼ Tb

xx ¼ Tf
yy ¼ Tb

yy, provided that ε ¼ ε1 ¼ ε2. According to references [23, 29], if the

structure parameters can be adjusted so that Tf ,b
xx ¼ 0, Tf ,b

yy ¼ 0, Tf
yx ¼ Tb

xy ¼ 0 and

jTf
xyj ¼ jTb

yxj ¼ 1 at some resonances, then perfect linear-to-linear polarization conversion is

achieved. This regime is schematically illustrated in Figure 2(a), where transmission, reflec-
tion, and polarization conversion are explained by using a four-port system. Perfect polariza-
tion conversion and perfect asymmetry in transmission may occur when either y-polarized
plane wave is incident from the frontside, or x-polarized plane wave is incident from the
backside. In turn, if either y-polarized wave is incident from the backside, or x-polarized
wave is incident from the frontside, perfect reflection takes place. As a result, transmission
may be strong at either front-side or back-side illumination, depending on which of two
incident linear polarizations is utilized. At the same time, it vanishes at the opposite-side
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It may occur that at the other polarization conversion resonances the above-described opera-

tion regime appears when Tf ,b
xx ¼ 0, Tf ,b

yy ¼ 0, Tb
yx ¼ Tf

xy ¼ 0 and jTb
xyj ¼ jTf

yxj ¼ 1. In this case,

the schematic in Figure 2(a) should be modified, i.e., the ports with perfect reflection and those
with perfect transmission replace each other.

For the circularly polarized (CP) waves, we have, instead of Eq. (1),

Figure 2. (a) Schematic of perfect polarization conversion and asymmetric transmission regime. (b) Schematic of tunnel-
ing in ABA-type stack with propagating-wave layers A and evanescent-wave layer B; red line shows possible (simplified)
variation of the field magnitude in the propagation (normal) direction.
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−þ. Efficient polarization conversion and asymmetry in transmission
can also be obtained for the CP waves [18, 19, 21, 36]. However, the focus in this chapter is
related to the effects arising for the linearly polarized waves.

For a part of the structures considered here, tunneling is an important component of the
resulting polarization conversion mechanism that has initially been suggested in reference
[23]. Previously, a similar tunneling-based mechanism has been utilized for obtaining perfect
transmission through the sandwiched structures comprising evanescent-wave layers, which
do not enable polarization conversion [37–39]. In particular, it was shown that arrays of
subwavelength resonators may play two roles: either work as positive-ε layers in the tunneling
mechanism or contribute to the effective negative-index behavior.

The general idea of matching in case of the presence of evanescent-wave components can be
explained in terms of transmission through isotropic AB type (bilayer) and ABA type (trilayer)
stacks, in which A and B stand for propagating-wave and evanescent-wave layers, respec-
tively, see Figure 2(b). According to reference [37], the criterion of the perfect transmission for
AB stack can be written as follows:

ðk1=k0 � k0=k1Þtanðk1d1Þ � ðα2=k0 þ k0=α2Þtanhðα2d2Þ þ iðk1=α2 þ α2=k1Þtanðk1d1Þtanhðα2d2Þ ¼ 0,
(3)

where k1 and d1 are wave number and thickness of the layer A, k2 = iα2 and d2 are wave number
and thickness of the layer B. This criterion cannot be satisfied, since the second term is
imaginary, i.e., the waves scattered by the layers A and B, being in different phase planes,
cannot entirely cancel each other. Then, if we add one more layer A, as shown in Figure 2(b),
the criterion can be rewritten as follows:

ðk1=k0 � k0=k1Þ2tanðk1d1Þ � ðα2=k0 þ k0=α2Þtanhðα2d2Þ−½k21=ðα2k0Þ
þðα2k0Þ=k21�tan2ðk1d1Þtanhðα2d2Þ ¼ 0:

(4)

Now, both the first and the second term are real and, thus, Eq. (4) has a solution that corre-
sponds to the perfect transmission. This model enables a qualitative but physically correct
prediction of the perfect transmission also for complex anisotropic structures with the polari-
zation conversion ability, including the case of coupled metasurfaces with a metallic mesh [23].
For the structures without a mesh and, hence, without tunneling, conditions of the perfect
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transmission can easily be obtained from matching of impedances. For an ABA-type stack, this
yields

tanðk1d1Þ ¼ 0 and tanðk2d2Þ ¼ 0, (5)

where k2 is real wave number of the layer B. In the next sections, the existence, efficiency, and
generality of polarization conversion achievable in ABA-type stacks at variations of substrate
parameters will be discussed.

3. Varying characteristics of dielectric substrate

3.1. Basic effects of substrate permittivity

Here, we demonstrate how the choice of a dielectric substrate material can affect the ability
and manifestations of polarization conversion in the structures based on coupled
metasurfaces. Let us consider the case of an intermediate distance between metasurfaces and
vary ε from 1 (substrate-free case) to 40 (some types of ceramics, e.g., see reference [40]). In
Figure 3, results are presented for the structures with and without a mesh. In the latter case, it
is assumed that the mesh is simply removed from the mesh-containing structures, and a
homogeneous dielectric layer fully occupies the region between two metasurfaces. Then, its
thickness is L ¼ dþ L1 þ L2. To better illustrate the basic features, we first consider the case of
ε = 1, see Figure 3(b, c). For the mesh-free structure in Figure 3(b), polarization conversion is
observed between 6 and 8 GHz. However, all of the diagonal and nondiagonal components of
the T-matrix are of the same order, so that a nearly perfect one-way linear-to-linear polariza-
tion conversion and relevant diodelike transmission cannot be obtained. At the same time,
conversion into polarization states being different from a linear one can be quite strong. The
twin maxima like those shown in Figure 3(b) are typical for the coupled SRR arrays. They may
appear regardless of whether polarization conversion is possible or not, and can be explained
by using Lagrange (hybridization) formalism [9, 41–43]. The strength of coupling can be
utilized to control optical activity and polarization conversion. In particular, either two narrow
bands of polarization conversion, which are well separated from each other, or a wide band
with two weak maxima might be obtained.

Each SRR can approximately be presented as an LC circuit, with inductance L and capacitance

C, and resonance angular frequency ω0 ¼ ðLCÞ−1=2. Accordingly, the Lagrangian of a single
SRR can be written as Γ ¼ ðL=2Þð _q2−ω2

0q
2Þ, where q stands for a charge that is considered as a

generalized coordinate. In the case of two coupled SRRs that belong to different metasurfaces,
the Lagrangian represents the sum of the Lagrangians of two individual SRRs plus the cou-
pling term, i.e.

Γ ¼ ðL=2Þð _q21−ω2
0q

2
1Þ þ ðL=2Þð _q22−ω2

0q
2
2Þ þM _q1 _q2, (6)

where q1 and q2 correspond to the first and the second SRR, respectively, and M is mutual
inductance arising due to the magnetic coupling of two SRRs. Magnetic coupling is considered
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to be independent of the angle of rotation of the second SRR [43]. The eigenfrequencies are

given by ω� ¼ ω0½1∓ðM=LÞ�−1=2, where ωþ and ω− correspond to an antisymmetric and a
symmetric charge distribution, respectively [41]. Hence, a spectral distance between the
eigenfrequencies is

Δω ¼ ωþ−ω−≈ðM=LÞω0: (7)

Mutual inductance quickly decreases while the distance between SRRs is increased and, thus,
the spectral separation becomes smaller. Electric coupling of two SRRs, which depends on the
rotation angle, can be easily involved into this model [9, 43].

Figure 3. (a) Front, back, and side view of a unit cell, and transmission for the basic configuration (b, d, f, h) without and

(c, e, g, i) with metallic mesh; (b, c) ε = 1, (d, e) ε = 2.1, (f, g) ε = 5.8, (h, i) ε = 11.4; solid blue line – jTf
xyj ¼ jTb

yxj, dashed green

line – jTf
yxj ¼ jTb

xyj, and dotted red line – jTf
xxj ¼ jTb

xxj ¼ jTf
yyj ¼ jTb

yyj.
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For the structure with the metallic mesh in Figure 3(c), the diagonal components and one of the
nondiagonal components of the T-matrix are suppressed, as desired. As a result, one-way
polarization conversion can be obtained. However, a nearly perfect transmission is again not

reached: maxjTf
xyj ¼ 0:54 and maxjTb

yyj ¼ 0:067 at f = 6.59 GHz. On the contrary to the mesh-

containing structure with 4U-type unit cells [23] and the mesh-free structure in Figure 3(b), the
unwanted components of the T-matrix are well suppressed, enabling strong directional selec-
tivity in a wide frequency band. Note that the mesh alone only allows one obtaining a very
weak transmission in this band, i.e., evanescent-wave regime is evident. In this case, Lagrange
formalism in the above-presented form is not applicable, since additional modifications are
required to properly take into account the effects of the mesh.

Placing a low-ε layer between two metasurfaces in the mesh-free configurations and between
each metasurface and the mesh in the mesh-containing configurations results in that all of the
basic transmission and polarization conversion features observed in Figure 3(b, c) are pre-
served, while the resonance frequencies are redshifted. This is quite expectable, although the
obtained shift is weaker than it would be when the rule of ε−1=2 is valid. In Figure 3(d, e), we
use a material with ε = 2.1 that belongs to the ε-range, to which many materials that are widely
used at microwave and optical frequencies (e.g., polytetrafluoroethylene/Teflon, SiO2) do

belong. In particular, the first maximum of jTf
xyj in the case of the mesh-containing structure

is redshifted from f = 6.59 to f = 5.29 GHz, compare Figure 3(c, e). In turn, two first maxima of

jTf
yxj in the case of the mesh-free structures are redshifted from f = 6.35 and f = 7.3 GHz to f =

5.27 and f = 6.09 GHz, respectively, see Figure 3(b, d) for comparison. Moreover, the maximal

values of jTf
yxj shown in Figure 3(d) are several times larger than the values of jTf

xyj at the same

frequencies. The maximal values of jTf
xyj in Figure 3(d, e) become closer to unity, so the nearly

perfect conversion regime is approached.

The above-discussed features can be enhanced at a further increase of ε. In Figure 3(f, g), the
results are presented for ε = 5.8 (e.g., some types of glass and diamond). Now, we obtain

maxjTf
yxj > 0:8 at f = 3.67 and f = 4.22 GHz, and maxjTf

xyj > 0:89 at f = 7.22 and f = 7.49 GHz for

the mesh-free structure in Figure 3(f), and maxjTf
xyj > 0:8 at f = 3.6 GHz, and maxjTf

xyj > 0:995

near f = 7.9 GHz for the mesh-containing structure in Figure 3(g), while the second cross-
polarized component is well suppressed. Higher resonances are redshifted so that dual-band
operation with a large distance between the bands is possible at f < 8.5 GHz. Note that
S=λ < 0:17 and a=λ < 0:62 at f < 8.5 GHz, where λ is the free-space wavelength.

What can be even more important for practical applications is that the high-frequency polari-
zation conversion band at f > 7 GHz is wider than those connected with the maxima near f = 4
GHz, in Figure 3(f, g). If single-band operation is sufficient, design can be optimized based on
the trade-off between the bandwidth and electrical size. It is worth noting that a part of the
near-unity transmission scenarios is realized by using the y-polarized incident wave, while the
other part does with the aid of the x-polarized incident wave. In particular, for the mesh-free
structure in Figure 3(f) we obtain different directions of near-unity transmission for the first
two maxima and for the high-frequency band, while this direction is the same for the both
bands in the mesh-containing structure in Figure 3(g).
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While the maxima twinning is a general feature shown by the mesh-free structures, there is no
twinning for the mesh-containing structures. The absence of twinning may originate from the
merging of the maxima, which correspond to different but very weakly separated resonances.
An additional study based on Lagrange formalism or other models of resonance coupling is
required to clarify this difference. Due to the Lorentz reciprocity, a nearly perfect polarization
conversion is a one-way effect. Indeed, if the same polarization state is used at both frontside
and backside illumination, we obtain the perfect reflection for illumination from the side being
opposite to that one, at which a nearly perfect polarization conversion is obtained. A key
feature is that the copolarized components are well suppressed in a wide frequency range,
including the polarization conversion bands. Up to now, the mesh free and the mesh-
containing performances that contain the dielectric layers with ε = 5.8 have been the best
among the discussed ones in terms of conversion efficiency, suppression of the unwanted
components, and number of the achievable conversion bands.

Next, we investigate whether we have more flexibility in choice of ε, i.e., whether the basic
features observed in Figure 3(f, g) can be kept when a higher-ε material (i.e., with ε > 5.8) is
used for the dielectric layers. Indeed, since the resonance frequencies are expected to be further
redshifted, the desired values of impedances, phases, and efficiency of one-way polarization
conversion are not guaranteed. Figure 3(h, i) present the transmission results for the two
structures at ε = 11.4. The chosen value of ε corresponds to the range, to which many materials
such as graphite, Si, and GaAs are belonging. By comparing to Figure 3(f, g), the spectra shown
in Figure 3(h, i) are very similar but are much denser. For instance, the dependences in Figure 3
(f) at f < 8.5 GHz are similar to those in Figure 3(h) at f < 6.3 GHz, so that changing a scale at the
abscissa axis would make these dependences almost identical. The same remains true for the
dependences in Figure 3(g) at f < 8.5 GHz and those in Figure 3(i) at f < 6.3 GHz. In Figure 3(h),

we obtain maxjTf
yxj ¼ 0:885 and maxjTf

yxj ¼ 0:88 at f = 2.76 and f = 3.14 GHz, respectively,

whereas jTf
xyj ¼ 0:87 and jTf

xyj ¼ 0:96 for two maxima in the vicinity of f = 5.5 GHz. Thus, the

cross-polarized components with magnitudes higher than 0.9 can be obtained even without a
metallic mesh and tunneling, i.e., only due to matching of the real input impedances. In spite of
that the copolarized components are still significant, high-efficiency transmission and polari-
zation conversion are possible for this structure at two different incident polarizations.

From the broadband operation perspective, bringing the neighboring resonances together might
be useful, as shown in Figure 3(i) around 5.76 GHz for the structure with the mesh. Indeed,
such a coupling of two resonances can be obtained that the dip between the neighboring

maxima is very weak and two neighboring bands are merged. In this regime, jTf
xyj > 0:99 at

the maxima, whereas minjTf
xyj ¼ 0:88 between them. Thus, the vicinity of f = 5.76 GHz can be

suggested for broadband operation. One more high-efficiency polarization conversion band

occurs at f = 2.66 GHz, where maxjTf
xyj≈0:94. Note that a=λ≈0:2 and S=λ≈0:05, and a=λ≈0:42 and

S=λ≈0:12 at f = 2.66 GHz and f = 5.76 GHz, respectively.

Based on the obtained results, one can conclude that the main functions of the high-ε layers
include redshift of the resonances, at which polarization conversionmay occur, and improvement
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of the phase and/or real impedance matching, which results in that the regime of perfect one-way
polarization conversion is approached. The functions of the mesh include suppression of the
unwanted components of the T-matrix and the collaborative effect with the high-ε layers and
SRR arrays in the tunneling mechanism. In turn, the coupled SRR arrays enable polarization
conversion, on the one hand, and contribute to the resulting transmission mechanism due to
either tunneling or real impedance matching, on the other hand. The role of the SRR arrays here is
similar, in principle, to that in the structures with 4U-type unit cells [23]. However, wideband
suppression of the unwanted components has not been reached therein, in contrast with the
results shown in Figure 3. To compare, transmission for the structures obtained from those in

Figure 3(c, e, g, i) by removing the SRR arrays remains low, i.e., jTf
xxj ¼ jTf

yyj < 0:1 and

jTf
xyj ¼ jTb

yxj ¼ 0. Hence, the roles of the different structural components in obtaining of the nearly

perfect matching and tunneling are clear.

The above-discussed features are kept even in wider ranges of variation of the problem
parameters, including very high values of ε. For example, for the mesh-free structure similar

to those in Figure 3 but with ε = 35.4, we obtain the maxima of jTf
yxj ¼ 0:96 and jTf

yxj ¼ 0:94 at

f = 1.63 and f = 1.87 GHz, respectively. The values of jTf
xyj that are equal to 0.86, 0.97, 0.88, 0.86,

0.92, and 0.98 correspond to the well-separated peaks located at 3.11, 3.4, 3.72, 4.32, 4.49, and
4.69 GHz, respectively. Among them, there are four narrow bands, in which either

jTf
xyj > 0:99 (jTb

xyj≈0) or jTf
yxj > 0:99 (jTb

yxj≈0). More than five bands of high-efficiency, one-

way polarization conversion can be easily obtained in one structure at subwavelength scale,
i.e., at a=λ < 0:5 and S=λ < 0:5. This structure is really very thin as compared to λ, e.g.,
S=λ≈0:03 at f = 1.63 GHz and S=λ≈0:09 at f = 4.69 GHz. Note that ε1=2L=λ≈0:095 and
ε1=2L=λ≈0:28, respectively. Thus, classical Fabry-Perot resonances in the dielectric layer are not
expected to contribute to the resulting transmission mechanism that distinguishes our struc-
tures from those studied by Markovich et al. [31]. For the mesh-containing structure with ε =

35.4, we obtain four maxima, at which either jTf
xyj > 0:99 (Tb

xy≈0), or jTf
yxj > 0:99 (Tb

yx≈0),

whereas S=λ < 0:11 and a=λ < 0:4. Although the total number of the polarization conversion
bands (within the same frequency range) is usually larger for the mesh-free structures, those
with the mesh often allow a better approaching to the case of perfect polarization conversion.

The resonance frequencies corresponding to the first maxima of jTf
xyj in Figure 3(c, e, g, i) are

approximated by

f¼ f ð0Þε
−0:36, (8)

where f ð0Þ stands for the resonance frequency at ε = 1. If a wider range of ε variation is considered

(i.e., εmax > 11:4), 0.36 in Eq. (8) must be replaced with a larger value, e.g., with 0.39 [1]. For a
more accurate approximation, subranges of larger ε and smaller ε should be considered sepa-

rately. In turn, for the both maxima of jTf
yxj from the first pair in Figure 3(b, d, f, h), the following

approximation can be used:
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f¼ f ð0Þε
−0:33: (9)

Thus, comparing with the classical scaling rule of ε−1=2, one obtains similar rules for the
basic configuration, so that the effect of variations in ε can be quantified. Surprisingly, the
appropriate exponent values differ from the classical rule not strongly, although a large part
of the resonance field energy may correspond to the exterior of subwavelength resonators.
Moreover, not only locations of the maxima but also separation between them, Δ f, can be
predicted for different values of ε. In terms of the Lagrange model, a decrease in Δ f at larger
ε indicates a weaker coupling that might be connected with a larger electrical thickness of
the dielectric substrate and a larger phase difference at the opposite sides of a dielectric
layer.

A simultaneous widening of two polarization conversion bands can be achieved in the basic
configuration just by modification of the metallic mesh parameters. Figure 4 presents an
example, in which the mesh has a larger period than that shown in Figure 3. In fact, this
structure differs from that in Figure 3(i) only in the values of p and h. One can see that the

second band of jTf
xyj ¼ jTb

yxj≈1 in the vicinity of f = 6.4 GHz is similar to such bands shown in

Figure 3(g, i). However, the first band (at f = 2.8 GHz) has now two neighboring maxima with a
very weak dip between them, so that our guess regarding a possible nature of the single
maxima observed in the structures with the mesh in Figure 3 may be correct. Note that the

values of jTf
yxj ¼ jTb

xyj can also be quite large within the bands of jTf
xyj ¼ jTb

yxj≈1, as shown in

Figure 4(b) at f = 6.5 GHz. In this case, nearly perfect two-way polarization conversion is
obtained, i.e., it occurs for both incident linear polarizations. Thus, both one-way and two-
way polarization conversion bands can appear in one structure. Besides, it is interesting to
compare locations of the maxima in Figures 3(i) and 4(b), while p is varied but the total volume
occupied by a metal is fixed. The first band is shifted from f = 2.66 GHz to the vicinity of f = 2.8
GHz (two close maxima at 2.78 and 2.84 GHz, with a weak dip between them). The second
band is shifted from the vicinity of f = 5.75 GHz to the vicinity f = 6.4 GHz. Hence, the
introduced modification of the mesh geometry leads to the enhancement of the capacitive
effect for the both broadbands.

Figure 4. (a) Front, back, and side view of a unit cell, and (b) transmission for the basic configuration with a modified

metallic mesh, p = 11 mm and h = 6 mm: solid blue line – jTf
xyj ¼ jTb

yxj, dashed green line – jTf
yxj ¼ jTb

xyj, and dotted red line

– jTf
xxj ¼ jTb

xxj ¼ jTf
yyj ¼ jTb

yyj; ε = 11.4.
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3.2. Thin and thick configurations

Next, we consider the structures with a smaller and a larger distance between the coupled
metasurfaces. Results for the structures with L1¼ L2 ¼ 0:25mm, s3 ¼ 0:5mm, and the same
remaining parameters as for the basic configuration are presented in Figure 5. Now, we
have S ¼ 2mm, so that we refer to it as thin configuration. First, one should notice that
separation of the resonances is here stronger pronounced than for the basic configuration.
Generally, it may occur because each metasurface strongly affects the resonance field of the
other in the thin configuration, leading to a stronger coupling. For example, the difference
in location of the maxima observed in Figure 5(b) for the mesh-free structure with ε = 2.1 is
larger than 2 GHz. In this case, the maximal values for two cross-polarized components are
close to each other, while the copolarized components are not suppressed at the resonances.

Introducing a metallic mesh between the metasurfaces results in that the distance between the
maxima dramatically decreases. Indeed, the center frequency f 0¼ ðf u þ f lÞ=2, where f u and f l
are the upper and the lower frequencies in a pair of the coupled (neighboring) resonances, is

Figure 5. (a) Front, back, and side view of a unit cell, and transmission for the thin configuration (b, d, f) without and (c, e, g)

with metallic mesh; (b, c) ε = 2.1, (d, e) ε = 5.8, (f, g) ε = 11.4; solid blue line – jTf
xyj ¼ jTb

yxj, dashed green line – jTf
yxj ¼ jTb

xyj,
and dotted red line – jTf

xxj ¼ jTb
xxj ¼ jTf

yyj ¼ jTb
yyj.
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equal to 5.16 and 4.99 GHz in Figure 5(b) and Figure 5(c), respectively, i.e., the shift is not very
strong. At the same time, Δf ¼ f u−f l is 2.45 and 0.23 GHz, i.e., the difference between two
structures in terms of resonance separation is very strong. For the mesh-free structures in
Figure 5(b, d, f), these features are in agreement with the predictions based on the Lagrange
model (f u and f l correspond to ωþ and ω−): stronger coupling appears at smaller distances
between the SRRs [41, 42]. On the other hand, assuming that the spectral separation of the
neighboring maxima is connected with the strength of resonance coupling for a wider class of
the structures, one may expect that in the mesh-containing structures in Figure 5(c, e, g), the
coupling is substantially weaker because of the effect exerted by the mesh. This feature
probably originates from the fact that the mesh prevents direct coupling of nonevanescent
waves at two sides of the entire structure. Similarly to Figure 3, nearly perfect polarization
conversion and related diodelike transmission are obtained for the mesh-containing structures

in Figure 5. Moreover, on the contrary to Figure 3, jTf
xyj > 0:99 is achieved in a very wide range

of variation of ε, while other components of the T-matrix are weak.

An increase of ε only leads to the resonance redshift, so that a larger number of narrow bands of
polarization conversion might appear at the subwavelength range. Four nearly perfect maxima

of jTf
xyj are observed in Figure 5(g) at ε = 11.4. Accordingly, Δf is decreased for each pair of the

coupled resonances. For instance, for the first pair of resonances, we obtain Δf ¼ f u−f l
¼ 0:15GHz and 1:64GHz in the structures with and without mesh at ε = 5.8, see Figure 5(d, e)
and Δf ¼ 0:11GHz and 1:14GHz for similar structures at ε = 11.4, see Figure 5(f, g). Hence, a
strong effect of the metallic mesh on coupling and location of high-Q resonances is typical at
small distances between metasurfaces. Whereas obtaining nearly perfect polarization conver-
sion does not need a special choice of substrate materials in the mesh-containing structures with
small distance between metasurfaces, obtaining a near-unity cross-polarized component in
similar mesh-free structures is a more challenging task.

The resonance frequencies corresponding to the first maxima of jTf
yxj in Figure 5(b, d, f) can be

approximated by Eq. (9) but with the exponent of -0.375 instead of -0.33. For the first and

second maxima of jTf
xyj (in the first pair) in Figure 5(c, e, g), it is recommended to use Eq. (8)

with -0.42 instead of -0.36. Note that the difference in the exponent required in the case of mesh
free and mesh-containing structures is increased as compared to the basic configuration.
Qualitatively, a better approaching to the value of -1/2 that is observed for the thin structures
with the mesh means that the resonance fields are strongly localized and, thus, they may
correspond to larger values of Q. Indeed, one can see that the resonances are sharper in
Figure 5 than in Figure 3. One should keep in mind that high-Q resonances can be more
sensitive to the Ohmic losses, leading to undesired absorption enhancement and suppression
of the transmission maxima [16].

Now, we consider thick configuration, which differs from the basic one in that L1¼ L2 ¼ 2:5mm
and, thus, S ¼ 8:5mm, see Figure 6. Compared to Figures 3 and 5, the mesh-containing
structures seem now less appropriate for high-efficiency polarization conversion. Indeed,
conversion is typically far from the perfect one, whereas reflections are quite strong. For
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instance, in Figure 6(e) we obtain jTf
xyj≈0:11 and jTf

xyj≈0:33 at f = 3.65 and f = 7.55 GHz. In

Figure 6(g), jTf
xyj≈0:14 and jTf

xyj≈0:51 at f = 2.74 and f = 5.57 GHz, respectively, and jTf
yxj > 0:96

at the two narrow maxima near f = 7.12 GHz (separation is about 25 MHz). At the same time,
the mesh-free structures enable high-efficiency conversion and rather wide bands already at ε

= 5.8 and, thus, can be more useful. For example, jTf
yxj≈0:79 and jTf

xyj > 0:96 at f = 3.9 and f = 7.2

GHz in Figure 6(d). To compare, in Figure 6(f), jTf
yxj > 0:8 at f = 2.89 GHz and jTf

xyj > 0:95 at f =
5.29 GHz, for ε = 11.4.

As follows from the comparison of Figure 6(b, d, f) with Figure 6(c, e, g), the case of a large
distance between metasurfaces in combination with the evanescent-wave regime of the metal-
lic mesh is less appropriate for the practical use. At the same time, polarization conversion can
be obtained in such structures for two different polarization states of the incident wave, see
Figure 6(g). Hence, this is not a unique property of the mesh-free structures, compare to

Figure 6. (a) Front, back, and side view of a unit cell, and transmission for the thick configuration (b, d, f) without and

(c, e, g) with metallic mesh; (b, c) ε = 2.1, (d, e) ε = 5.8, (f, g) ε = 11.4; solid blue line – jTf
xyj ¼ jTb

yxj, dashed green line

– jTf
yxj ¼ jTb

xyj, and dotted red line – jTf
xxj ¼ jTb

xxj ¼ jTf
yyj ¼ jTb

yyj.
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Figures 3 and 5. Regardless of this, the combination of variations in ε with those in L1 and L2
gives a big freedom for design. Also in this case, a scaling rule can be introduced, in the

analogy with the rule of ε−1=2 and Eqs. (8) and (9). For instance, for the first maximum of jTf
xyj

in Figure 6(c, e, g) one can use Eq. (8), in which 0.36 is replaced with 0.23. This approximation
is very rough, and the use of other functions than the exponential one may give a much better
result in this case. However, it demonstrates the main trend quite correctly: the thicker the
dielectric layers, the stronger the deviation from the rule of ε−1=2.

Let us check whether an increase of L up to the values, at which classical Fabry-Perot reso-
nances may appear in the dielectric layers, can improve the performance in terms of polariza-
tion conversion and asymmetric transmission. As an example, Figure 7 presents the results for
the structure, which is distinguished from those in Figures 3(b, d, f, h) and 6(b, d, f) only in the
values of ε and L. Transmission is shown for a high-frequency range, in which the multiple

bands of one-way polarization conversion are located. For instance, the maxima of jTf
xyj≈0:98

and jTf
xyj≈0:975 are observed at f = 4.93 and f = 5.32 GHz,where S/λ = 0.164 and ε1=2L=λ ¼ 0:68,

and S/λ = 0.178 and ε1=2L=λ ¼ 0:74, respectively. Hence, Fabry-Perot type interferences may, in
principle, contribute to the resulting polarization conversion mechanism, although analytical
description of this regime would require taking into account the effective contribution of SRRs.

One can see that the maxima of jTf
xyj, at which diodelike asymmetric transmission is well

pronounced, are connected with the different resonances whose Q-factors may be strongly
distinguished from each other. It follows from the obtained results in Figure 7 that the mesh-
free structures with thick dielectric layers may enable a nearly perfect multiband polarization
conversion.

3.3. Role of array period

In addition, the effects exerted by variations of the substrate parameters on transmission and
polarization conversion are sensitive to the array period, a. Changing the period, we change
the distance between the neighboring subwavelength resonators in each metasurface. The
same is related to the resonators belonging to the adjacent unit cells and different
metasurfaces. Thus, it may be expected that such changes affect coupling and, hence, locations
and manifestations of polarization conversion resonances. In Figure 8, the results are

Figure 7. (a) Front, back, and side view of a unit cell, and transmission for the thick configuration with

L ¼ dþ L1 þL2 ¼ 11mm and S ¼ 14mm, and (b) transmission in the case without metallic mesh, ε = 35.4; solid blue

line – jTf
xyj ¼ jTb

yxj, dashed green line – jTf
yxj ¼ jTb

xyj, and dotted red line – jTf
xxj ¼ jTb

xxj ¼ jTf
yyj ¼ jTb

yyj.
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presented for four structures, which differ from the basic configuration in that now a = 3p,
while the remaining parameters are the same. Accordingly, a/λ < 0.5 at f < 11.3 GHz. Surpris-
ingly, the obtained dependences are similar to the case of thick dielectric layers in Figure 6.
This occurs for both the mesh-free and the mesh-containing structures. Thus, the former allow
one obtaining high-efficiency polarization conversion starting from smaller values of ε than the
latter. At the same time, as seen in Figure 8(d, e), ε=11.4 is large enough for obtaining efficient
polarization conversion and asymmetric transmission in the structures both with and without
a mesh.

Finally, we consider the case of a larger array period, a = 7p, while the remaining parameters
are the same as for the basic configuration in Figure 3. The results are presented in Figure 9.
Now, a/λ < 0.5 at f < 4.87 GHz. Thus, higher diffraction orders may propagate at normal
incidence starting from 9.74 GHz. The basic features are not changed, as compared to Figures 3
and 6. High-efficiency polarization conversion is observed in the mesh-containing structures
with ε = 2.1 and ε = 11.4, see Figure 9(c, e), and in the mesh-free structures at ε = 11.4, see

Figure 9(d). In particular, the first and second maxima with jTf
yxj > 0:8 can be achieved in the

mesh-free structure in Figure 9(d). In the mesh-containing structures, jTf
xyj > 0:96 and

jTf
xyj > 0:99 is obtained for the first maximum in Figure 9(c) and Figure 9(e), respectively.

Hence, high-efficiency transmission may occur even when the distance between the neighbor-
ing SRRs of the same metasurface is rather large. Thus, the energy can be harvested from a large

Figure 8. (a) Front, back, and side view of a unit cell, and transmission at a small array period, a = 3p, in cases (b, d)

without and (c, e) with metallic mesh; (b, c) ε = 2.1, (d, e) ε = 11.4; solid blue line – jTf
xyj, dashed green line – jTf

yxj, and
dotted red line – jTf

xxj ¼ jTf
yyj.
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area and then converted into the orthogonal polarization. In other words, the coupled
metasurfaces work like an array of energy concentrators. It is interesting that the harvesting
occurs in the structures with and without a mesh. A detailed study is needed to clarify possible
connection of this regime with (spoof) surface plasmons.

The effect of an array period on transmission is illustrated by the data shown in Table 1. One
can see that spectral locations of the polarization conversion bands/maxima are rather weakly
affected by the period. This indicates the dominant role of subwavelength resonances of the
complex unit cells and coupling of metasurfaces owing to the resonators located at the front of
each other. The array period strongly affects manifestations of the resonances, e.g., due to the
difference in the value of Q. The presence of the mesh may lead to strong polarization
conversion at the other incident polarization than in the corresponding mesh-free structures
for all three values of the period. Nevertheless, the dominant effect of subwavelength reso-
nances of the unit cells on the location of the polarization conversion bands/maxima remains in
all of the cases studied.

Figure 9. (a) Front, back, and side view of a unit cell, and transmission at a large array period, a = 7p, in cases (b, d)

without and (c, e) with the metallic mesh; (b, c) ε = 2.1, (d, e) ε = 11.4; solid blue line – jTf
xyj, dashed green line – jTf

yxj, and
dotted red line – jTf

xxj ¼ jTf
yyj.
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4. Concluding remarks

To summarize, dielectric substrate parameters can strongly affect polarization conversion and
asymmetric transmission regimes achievable in low-profile structures comprising two coupled
metasurfaces that represent arrays of subwavelength resonant elements. The comparison has
been carried out for the structures with and without metallic mesh and, thus, with and without
tunneling. It has been demonstrated that sometimes the former and sometimes the latter can be
preferable for the practical use. Perfect polarization conversion usually means that asymmetry
in transmission is also perfect, and vice versa. This remains true at least if higher diffraction
orders in the hosting air space are evanescent. The obtained results illustrate the main similar-
ities and differences of the cases of a low-ε and high-ε substrate, a thin and thick dielectric
layer, and a large and small array period. The role of a dielectric substrate that is directly
adjusted to the subwavelength resonators is to modify the resonances that are located in the
subwavelength range and shift more resonances to this range. Thus, it is far beyond of being
just a mechanical support for metallic elements. In the case of small thickness of dielectric
layers, the ability of preserving the secondary electromagnetic characteristics related to trans-
mission and polarization is very general. This means that the required phase-matching condi-
tions that may result in a nearly perfect transmission in the structures with a mesh can be
satisfied in a wide range of ε-variation. This enables a scaling rule, which differs from the
classical rule of ε−1=2, while the polarization and transmission characteristics are preserved.
The same remains true for the impedance-matching conditions in the structures without a
mesh. Generally speaking, tunneling as a part of the resulting conversion mechanism is not
necessary but desirable in many cases. For the fabrication reasons, structures with rather thick
dielectric layers might be preferable. Moreover, thick layers help to obtain wider bands of

Small array period, a = 3p Basic array period, a = 5p Large array period, a = 7p

Structure without mesh, ε = 2.1

Band of jTf
yxj around 5.58 GHz Two maxima of jTf

yxj at
5.27 and 6.09 GHz

Two maxima of jTf
yxj at 5.15 and

6.04 GHz

Structure with mesh, ε = 2.1

Maximum of jTf
xyj at 5.1 GHz Maximum of jTf

xyj at 5.31
GHz

Maximum of jTf
xyj at 5.32 GHz

Structure without mesh, ε = 11.4

Band of jTf
yxj around f = 2.95 GHz Twomaxima of jTf

yxj at 2.76
and 3.17 GHz

Two maxima of jTf
yxj at 2.71 and

3.15 GHz

Structure with mesh, ε = 11.4

Two maxima of jTf
xyj at 2.66 and 6.1 GHz Maximum at 2.66 GHz and

twin maximum at 5.72/5.82

GHz for jTf
xyj

Twin maximum at 2.701/2.717 GHz
and twin maximum at 5.8/5.91

GHz for jTf
xyj

Table 1. Comparison of the bands/transmission maxima at which polarization conversion takes place, for a = 3p, a = 5p,
and a = 7p; p = 4.4 mm.
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polarization conversion, which are however not perfect. Unfortunately, conditions of nearly
perfect polarization conversion are not satisfied for these structures in a wide ε-range, while
thickness is fixed. Hence, more accurate adjustment of geometrical parameters is needed for a
given material. In spite of this, variations in ε remain an efficient tool for manipulation by
subwavelength resonances and related polarization conversion. The presented results give one
useful guidelines, which are hopefully sufficient at least for initial-stage design. It is notewor-
thy that the resulting structures are electrically thin, e.g., S/λ < 1/10 and even S/λ < 1/30 for the
selected operation regimes, when a substrate with ε > 5 is utilized. Although the zero-loss
approximation has been used here, the basic effects are expected to remain when the actual
Ohmic losses are taken into account, at least if Q-factor is not very high (i.e., resonances in
zero-loss approximation are not very sharp). In particular, substrate parameters should exert a
strong effect on the resulting performance at microwave, terahertz, and, probably, infrared
frequencies. Finally, it should be noted that polarization conversion regimes that involve
circular polarization can also be efficiently controlled by variations of the substrate parameters,
while the individual metasurfaces are kept without change.
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Abstract

In this chapter, we will first present the research progress on the active and tunable meta
materials based on different realization methods, such as varactor diodes, liquid crystals, 
superconductivity, and structural-shifting structures. Then we focus on the achievements 
in our research group for the tunable metamaterials by using the ferrite as the substrate 
of metamaterials. We will present the designs and theories of single-, dual-, and triple-
band tunable metamaterials based on the ferrite and the design of metamaterial absorb
ers based on the ferrite. It will indicate that the proposed tunable metamaterials have 
many advantages compared with other active and tunable metamaterials.

Keywords: tunable metamaterials and absorbers, ferrite

1. Introduction

Metamaterial [1] is a kind of artificial material. When the unit cell of a metamaterial is much 
smaller than the working wavelength, it can be considered as a homogeneous medium. 
Metamaterial exhibits many novel electromagnetic properties [2–7] and has important poten
tial applications [8–12], and has attracted wide research attention. However, there are many 
unsolved problems and bottlenecks, including the large loss, narrow bandwidth, and untun
able frequency band. The active tunable metamaterials have shown novel advantages for 
solving the issues that appeared in the conventional metamaterial.

Here we conclude the recently developed active and tunable metamaterials based on the 
varactor diodes, liquid crystals, superconductivity, and structural-shifting structures. First, 
the tunable metamaterial based on the varactor diodes is proposed by Gil et al. [13] and Velez 
et al. [14]. As shown in Figure 1(a), the diodes are integrated in the regular split ring resona
tors (SRRs), the resonance of the structure can be adjusted by controlling the DC bias acting 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



on the diodes. After that, various magnetic negative metamaterials and negative index meta
materials based on such varactor diodes are reported and experimentally demonstrated. For 
instances, researchers experimentally verified that the refractive index of S-shaped metamate
rial loaded with diodes (Figure 1b) can be changed via altering the magnitude of DC bias [15]. 
By investigating one SRR unit loaded with a capacitor located at different position or loaded 
with capacitor with different capacitances (Figure 1c), the resonance can also be shifted [16]. 
Another similar design is achieved by integrating the BST capacitor into the SRR as shown in 
Figure 1(d) [17]. This kind of design can be flexibly integrated in the regular microstrip circuits 
to achieve the tunable band-pass/band-stop filters, antennas, and nonlinear devices [18, 19].

It is well known that the dielectric permittivity of liquid crystal can be adjusted by changing 
the magnitude and direction of external electric field and magnetic field, and/or the tempera
ture [20, 21]. Therefore, one can integrate the liquid crystal into the conventional metamateri
als to realize the tunable designs. For example, researchers experimentally investigated the 
SRR and Omega-shaped magnetic negative metamaterials infiltrated with the liquid crystals 
as shown in Figure 2(a) and (b) [22, 23]. Then the tunability is achieved by controlling the 
direction of external magnetic field. At the same time, other researcher exhibited a similar SRR 
magnetic negative metamaterials loaded with the liquid crystals (see Figure 2c) and the tun
ability is obtained by changing the external electric field strengths [24]. At higher operating 
frequencies, it works as well for the liquid crystal-based tunable metamaterials. Researchers 

Figure 1. Tunable metamaterials based on varactor diodes. (a) SRR loaded with diodes [13], (b) S-shaped resonator 
loaded with diodes [15], (c) SRR loaded with capacitor [16], and (d) SRR loaded with BST capacitor [17].
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numerically investigated the reconfigurable index of refraction from negative through zero 
to positive values by changing equivalently the index of liquid crystal for the kind of tunable 
metamaterial operating at near-infrared wavelength [25], as shown in Figure 2(d). Another 
tunable fishnet metamaterials infiltrated by liquid crystals operated at optical ranges was 
numerically demonstrated as well recently as shown Figure 2(e) [26]. It has shown that the 
liquid crystal can be used to realize the tunable metamaterials and several external control 
methods can adjust and tune the properties of such metamaterials. However, the tuning range 
is not wide enough as observed in the previously mentioned references.

Recently, other kinds of tunable metamaterials were also proposed by using, e.g., supercon
ductivity and MEMS structures [27, 28] as shown in Figure 3(a) and (b). For the supercon
ductivity-based metamaterial, the tunability is obtained by changing the external DC or RF 
magnetic field [27]. For the MEMS metamaterial, the tunability is achieved by heating the 
nanostructure with rapid thermal annealing method to alter the direction of the SRR [28]. 
Another two similar structurally shifted metamaterials operated at microwave and THz 
range are shown in Figure 3(c) and as well, and these two designs can alter the electromag
netic responses by mechanically changing the relative positions for part of the SRRs in the 
array vertically and/or horizontally [29, 30].

Figure 2. Tunable metamaterials based on liquid crystals. (a) Circular SRR structure [22], (b) Omega-shaped resonator 
[23], (c) square SRR structure [24], (d) near-infrared structure [25], and (e) fishnet structure [26].
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On the other hand, some researchers proposed ferrite-based metamaterials, that is, substituting 
ferrites such as yttrium iron garnets (YIG) for the SRR structures to obtain the negative permea
bility [31–38]. Dewar first proposed the ferrite-based metamaterial as shown in Figure 4(a) and 
gave the theoretical expressions of the effective parameters and analyzed the interactions of the 
ferrites and wires [31, 32]. Rachford et al. and Cai et al. numerically investigated the electro
magnetic wave propagation properties of such metamaterials [33, 34] with minor modification 
(see Figure 4b) for the easy fabrication. He et al. and Zhao et al. fabricated the metamaterial 
samples and investigated experimentally the negative transmission and tunability characteris
tics [35, 36] at different frequencies as shown in Figure 4(c) and (d). In our previous works, we 
also analyzed the theoretical parameters, investigated the negative refractive index character
istics, and discussed the different refractive characteristics in a broad frequency band [37, 38].

Similarly, due to the magnetic properties of the ferrites, it can be controlled with the applied 
DC field. The ferrites can be embedded into the conventional resonant structure metamateri
als in order to realize the tunability. The experimental studies on the SRR metamaterial loaded 
with ferrite was carried out. The tunable characteristics of working frequency band for the sin
gle magnetic negative metamaterial and the double negative metamaterials are demonstrated 
as shown in Figure 5(a) and (b) [39, 40]. Our research has also shown that the ferrite embed
ded into the conventional metamaterials can not only realize the tunable frequency band, but 
also can realize the dual or even tri-band tunable characteristics (as shown in Figure 5c) [41]. 
This will be discussed in details in the next section. At the same time, researches used two dif
ferent kinds of ferrites to realize the tunable dual-band metamaterials (as shown in Figure 5d) 
[42]. This realization process is simple, and its working frequency band can be adjusted in a 
wide frequency band with the applied DC magnetic field.
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Figure 4. Tunable metamaterials based on the ferrite. (a) Original design [31, 32], (b) modification achievements [34], and 
(c and d) experimental demonstrations [35, 36].

Figure 5. Tunable metamaterials loaded with ferrite as the substrate. (a) Magnetic negative structure [39], (b) double 
negative structure [40], and (c and d) dual-band structures [41, 42].
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2. Theoretical analysis

Here the theoretical analysis of the proposed ferrite-inspired metamaterials is presented. As 
shown in Figure 6(a), when a transverse electromagnetic (TEM) wave acts on the ferrite slabs 
along the y-axis (the electric field along the z-axis), and a DC magnetic bias acts on the ferrite 
slabs along the z-axis, the effective permeability of ferrite has the following property: μeff = (μ2 
− κ2)/μ, where μ = 1 + ωmω0/(ω0

2 − ω2), κ = ωmω/(ω0
2 − ω2) [43], and ω0 = γH0 stands for ferromag

netic resonance (FMR) frequency, γ denotes the gyromagnetic ratio, ωm = 4πMsγ represents 
the characteristic frequency of the ferrite slabs, ω is the angular frequency, and H0 indicates 
the DC magnetic bias. For the ferrite slabs used here (TT1-3000 series of Trans-Tech Ltd., the 
saturation magnetization 4πMs = 3000 G, εr = 12.9, tan δ = 0.0005, and resonance beamwidth 
ΔH = 228 Oe), the damping describing loss of ferrite should be taken into consideration. In 
that case, the FMR frequency can be revised to ω0 +jαω, where α stands for the damping of the 
ferromagnetic precession. As a result, the effective permeability has changed to

   μ  eff   = 1 −   
 ω  m  
  ___________________   

   ω   2  ______  ω  0   +  ω  m     −  ω  0   − jαω    ω   2  _________  ( ω  0   +  ω  m   )   2  + 1  
    (1)

The higher order infinitesimal α is usually ignored due to the very low loss in ferrite slabs.

The effective permeability is calculated under different magnetic biases based on Eq. (1), as 
shown in Figure 6(b). It can be seen that the effective permeability of ferrite slabs exhibits all typ
ical resonant characteristics with different DC magnetic biases. The negative Re(μeff) is achieved 
above the resonant frequencies. For one condition as an example, the Re(μeff) is negative in the 
frequency range of 9.5–14 GHz and changes to positive after 15 GHz when H0 = 2.2 kOe. So, 
when combining the ferrite slabs into the classic magnetic metamaterial structures which exhibit 
negative permeability frequency band below or above the negative band of ferrite slabs, one 
can expect to achieve two negative Re(μeff) frequency band. On the other hand, for the continu
ous wires of the classic SRR-wires [2] and short wire pairs [44] structures (the Ω-like structures 
[45] can be also considered as continuous wires), the negative permittivity frequency band is 
wide enough which can cover the two negative permeability frequency bands. Therefore, the 
ferrite-based metamaterials have the ability to achieve the dual-band negative refractive index 
properties.

Moreover, as shown in Figure 6(b), the magnetic resonant frequency of ferrite slabs is shifted 
from 9.5 to 12 GHz when H0 increases from 2.2 to 3 kOe. So the negative permeability frequency 
band of ferrite slabs can be shifted arbitrarily and reversibly by controlling the magnetic bias. 
Furthermore, as shown in Figure 6(b), the positive part of Re(μeff) is decreased when increas
ing of the magnetic bias. So the resonance frequencies of the SRR, Ω-like resonators and short 
wire pairs can be altered, resulting in the changing of the second operating band. Then we 
numerically investigate the above-mentioned three types of dual-band metamaterial to dem
onstrate the theoretical expectations. We also investigate the tunable triple-band realization 
and a single-band THz ferrite-based tunable metamaterials. Lastly, by using the ferrite, we 
propose two kinds of tunable and broadband metamaterial absorbers (MAs) in details.
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3. Numerical demonstrations for ferrite-based tunable metamaterials

3.1. Tunable dual-band configurations

The tunable dual-band metamaterial composed of ferrite slabs and SRR-wires is numeri
cally discussed first. The schematic view of such structure with unit cell dimension of 2 
mm is designed and shown in Figure 7(a). As can be seen, the SRR and wire are placed in 
a 0.6-mm Rogers RT/duroid 5880 (εr = 2.2, tan δ = 0.0009) substrate and separated by 0.25 
mm, and then two 0.7-mm TT1-3000 ferrite slabs are placed on the two sides of such sub
strate. In simulations, the structure is excited by a TEM wave with propagation vector (k) 
along the y-axis, and electric field vector (E) along the z-axis, as shown in Figure 7(a). A DC 
magnetic bias acts on the ferrite slabs along the z-axis to excite the negative permeability 
property.

First, the single-band SRR-wires metamaterial and ferrites-wires metamaterial are demon
strated, respectively, to show the negative operating bands. The dimensional values of the 
two single-band metamaterials are optimized. For the SRR-wires structure, we have w1 = 0.4 
mm, d1 = 1.6 mm, d2 = 1.2 mm, w2 = 0.1 mm, and w3 = 0.3 mm. In this structure, a fictitious media 
(εr = 12.9, tan δ = 0.0005) is used to compare the ferrite media. The results shown in Figure 7(b-i) 
indicate that the single-band SRR-wires metamaterial has a negative operating band centered 
at 14.1 GHz. The transmission peak is −0.44 dB at 13 GHz. For the ferrite-wire structure, the 
fictitious media is replaced by ferrite media and the SRR is deleted. A 2-kOe magnetic bias 
acts on the ferrite slabs along the z-axis. The results shown in Figure 7(b-ii) indicate that the 
single-band ferrite-wire metamaterial has a negative operating band centered at 8.5 GHz. The 
transmission peak is −6.6 dB at 8.2 GHz.

Figure 6. (a) A sample presentation of the ferrite under a DC magnetic bias, and (b) theoretical effective permeability of 
ferrite slab under different DC magnetic biases [41].
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Then the combined dual-band metamaterial is investigated numerically. When the applied 
DC magnetic bias is set as 2 kOe, as shown in Figure 7(b-iii), it clearly shows that there are 
two passbands centered at 8.4 and 15.3 GHz, respectively. The two transmission peaks are 
−5.6 and −1 dB at 8 and 14.6 GHz. Comparing the two single-band metamaterials and the 
dual-band metamaterial, the first passband contributed by ferrite slabs is not changed, while 
the second passband contributed by SRR in the combined dual-band metamaterial has a few 
blueshift. This is because that the positive part of the effective permeability is less than 1, as 
shown in Figure 6, so the resonance frequency of the SRR within the ferrite media is larger 
than the condition in the dielectric fictitious media.

To demonstrate the dual negative refractive index properties, the effective impedance and 
refractive index are obtained from the simulated S-parameters by using the retrieval method 
[46], and shown in Figure 8(a). In Figure 8(a), we see that the EM waves can be transmitted in 
the metamaterial in the above-mentioned two passbands. The real part of effective refractive 
index is below zero in such two passbands with very low loss due to the small imaginary part 
of effective refractive index.

To show the tunable property of the ferrite-based dual-band metamaterial, the transmis
sion characteristics of such structure at different DC magnetic biases ranging from 2.2 
to 3 kOe are numerically investigated and shown in Figure 8(b). It can be seen that both 
the passbands are shifted accordingly. Specifically, the first passband is shifted from 8.5 
to 10 GHz with tuning rate of about 1.875 MHz/Oe and the second passband is shifted 
from 14.6 to 15.8 GHz with tuning rate of about 1.5 MHz/Oe. The transmission peaks and 
bandwidths for the first operating band are not changed and the second operating band is 
narrowed when increasing the magnetic bias. As shown in Figure 6, this is because when 
increasing the magnetic bias, the negative permeability near the magnetic resonance is 
shifted rapidly; however, the positive permeability of the upper negative region is shifted 
slowly. Therefore, the resonance frequency of SRR within the ferrite media is shifted 
slowly.

Figure 7. (a) The schematic of dual-band metamaterial composed of ferrite slabs and SRR-wires structure and (b) 
simulated transmission and reflection characteristics for the discussed configurations [41].
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Then the second kind of ferrite-based tunable dual-band metamaterial is discussed. We add the 
ferrite slabs to the Ω-like resonator [45] to achieve dual-band property. As shown in Figure 9(a), 
the Ω-like resonators are placed in a 0.6-mm Rogers RT/duroid 6010 (εr = 10.2, tan δ = 0.0023) sub
strate and separated by 0.25 mm, and then two 0.7-mm TT1-3000 ferrite slabs are placed at the 
two sides of the substrate. The dimension of this dual-band metamaterial unit is 2 × 2 × 3 mm3. 
The other structural values are optimized numerically: w1 = 0.4 mm, r = 1.6 mm, and w2 = 0.2 mm.

As shown in Figure 9(b), the results indicate that the single-band Ω-like metamaterial has a 
negative operating band centered at 12.1 GHz, and the transmission peak is −0.2 dB at 12.6 
GHz. The ferrite-based metamaterial under a magnetic bias of 2 kOe has two passbands, cen
tered at 7 and 13.9 GHz, respectively. The transmission peaks are −6 and −1.6 dB at 8 and 13.5 
GHz, accordingly. Also, the second passband contributed by Ω-like resonators in the combined 
dual-band metamaterial is larger than the condition in the single-band Ω-like metamaterial.

Figure 8. (a) Retrieved effective impedance and refraction, and (b) simulated tunability of the ferrite-based SRR-wire 
metamaterial [41].

Figure 9. (a) The schematic of dual-band metamaterial composed of ferrites and Ω-like resonators, and (b) simulated 
transmission and reflection characteristics of the Ω-like metamaterial alone and loaded with ferrite [41].
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The retrieved effective impedance and refractive index of such dual-band metamaterial, 
shown in Figure 10(a), indicate that the EM waves can be transmitted in such metamaterial in 
the above-mentioned two passbands. The transmission properties of the structure are further 
simulated in different magnetic biases ranging from 2.2 to 3 kOe and shown in Figure 10(b). 
It is seen that the two operating bands are shifted as well. Specifically, the first passband is 
shifted from 8.4 to 9.8 GHz with tuning rate of about 1.75 MHz/Oe, and the second passband 
is shifted from 13.7 to 15.3 GHz with tuning rate of about 2 MHz/Oe.

We now discuss the last kind of tunable dual-band metamaterial composed of ferrites and 
short wire pairs. As presented in Figure 11(a), the short wire pairs are placed on a 0.25-mm 
Rogers RT/duroid 6010 substrate. Two TT1-3000 ferrite slabs are placed on the two sides of the 
substrate with air gaps, and then two other ferrite slabs are put on the other side of the sub
strate. The dimension of this dual-band metamaterial unit is 3 × 2 × 4 mm3. The other structure 
values are optimized numerically: w1 = 0.2 mm, w2 = 0.4 mm, d = 3.4 mm, and w3 = 0.6 mm.

As shown in Figure 11(b), the results indicate that the single-band metamaterial has a negative 
passband centered at 16.5 GHz. The transmission peak is −0.2 dB at 15.9 GHz. The ferrite-based 
dual-band metamaterial under a magnetic bias of 2 kOe has two passbands centered at 7.9 and 
16.5 GHz, respectively. The two transmission peaks are −7.3 and −0.5 dB at 8 and 16.2 GHz, 
respectively. The second passband contributed by short wire pairs in the combined dual-band 
metamaterial is larger than the condition in the single-band short wire pairs metamaterial.

As shown in Figure 12(a), the retrieved effective impedance and refractive index of such 
metamaterial indicate that the EM waves can be transmitted in the metamaterial in the above-
mentioned two passbands. The transmission properties of the dual-band metamaterial are 
further simulated in different magnetic biases ranging from 2.2 to 3 kOe, and are shown in 
Figure 12(b). It can be seen that such two operating bands are shifted as well. Specifically, 
the first passband is shifted from 8.5 to 10.7 GHz with tuning rate of about 2.75 MHz/Oe. 
However, the second passband is shifted slightly, from 16.2 to 16.5 GHz with tuning rate of 
about 0.375 MHz/Oe. The second passband is narrowed when increasing the magnetic bias.

Figure 10. (a) Obtain effective impedance and refraction, and (b) numerical demonstrated tunability for the ferrite-based 
Ω-like metamaterial [41].
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From the above theoretical analysis and numerical investigations, the three dual-band metama
terials with different structures exhibit the same transmission characteristics and negative refrac
tion. The two passbands of all the three metamaterials can be shifted arbitrarily and reversibly 
by easily changing the magnetic bias. Therefore, we can conclude that embedding the ferrites 
in the conventional resonance structure can fabricate the dual-band and tunable metamaterials.

3.2. Tunable triple-band configuration

The tunable triple-band negative permeability metamaterial is proposed by merging the fer
rite slabs into the previously published dual-band negative permeability metamaterial based 

Figure 11. (a) The schematic of dual-band metamaterial composed of ferrites and short wire pairs, and (b) simulated 
transmission and reflection characteristics for the single-band short wire pair metamaterial and combined dual-band 
ferrite-based short wire pair metamaterial [41].

Figure 12. (a) Obtained effective impedance and refraction, and (b) the numerically demonstrated tunability for the 
ferrite-based short wire pair metamaterial [41].
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on single-loop resonator (SLR) [47]. The SLRs provide two separate magnetic resonances, and 
the ferrite slabs under an applied DC magnetic bias exhibit the third magnetic resonance. All 
the three magnetic resonances can be controlled by adjusting the intensity of the magnetic bias.

The unit cell of the proposed tunable triple-band metamaterial is shown in Figure 13(a) [48]. 
A 0.03-mm-thick copper SLR is printed on one side of a Rogers TMM 4 substrate (εr = 4.5, 
loss tangent tan δ = 0.002). A commercial ferrite slab (G-4256 series, Trans-Tech Ltd.), with 
saturation magnetization 4πMs = 1600 Gs, resonant beamwidth ΔH = 84 Oe, εr = 15.1, and 
loss tangent tan δ = 0.0002 is deposited on the other side of the TMM 4 substrate. As men
tioned in Refs. [31, 32], the ferrite would damage the resonances of the metallic resonators if 
these two elements are directly touched. Therefore, a dielectric substrate should be inserted 
between the ferrite and the SLR structure (as shown in Figure 13a) to decouple this strong 
interaction.

In our simulations, the unit cell of the proposed ferrite-based metamaterial is placed in the 
center of a waveguide (with cross section of 4 mm × 4 mm) with perfect electric boundaries 
along the z-axis and perfect magnetic boundaries along the x-axis. The applied DC magnetic 
bias H0 is set on the ferrite slab along the z-axis and the two wave ports placed in the front 
and back of the metamaterial along the y-axis. The geometric parameters of the metamaterial, 
obtained by numerical optimization, are shown as follows: a = 3.4 mm, b = 0.3 mm, d = 4 mm, 
g = w = 0.1 mm, and t1 = t2 = 0.5 mm.

The transmission and reflections of the SLR array with and without ferrite under the DC 
magnetic bias of 1.4 kOe are computed, and the results are shown in Figure 13(b). In order 
to make a fair comparison, in the case without ferrite slab, a same sized fictitious medium 
which has the relative dielectric constant of 15.1 and a loss tangent of 0.0002 is used. 
Figure 13(b-i) shows the case for dual-band SLR structure. There are three  transmission 
deeps appearing at 7.5, 8.7, and 10.2 GHz, respectively. The first two transmission deeps 

Figure 13. (a) Schematic representation of the tunable triple-band metamaterial unit cell and (b) numerical results of the 
transmission/reflection of the dual-band SLR structure metamaterial and the triple-band metamaterial [48].
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which has the relative dielectric constant of 15.1 and a loss tangent of 0.0002 is used. 
Figure 13(b-i) shows the case for dual-band SLR structure. There are three  transmission 
deeps appearing at 7.5, 8.7, and 10.2 GHz, respectively. The first two transmission deeps 

Figure 13. (a) Schematic representation of the tunable triple-band metamaterial unit cell and (b) numerical results of the 
transmission/reflection of the dual-band SLR structure metamaterial and the triple-band metamaterial [48].
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correspond to the magnetic resonances and the last one corresponds to the electric reso
nance, which have been numerically demonstrated in [47]. As shown in Figure 13(b-ii), 
when a ferrite slab is merged, four transmission deeps appear at 5.7, 7.6, 8.7, and 10.2 GHz, 
respectively. Intuitively, the lowest deep results from the ferrite slab and the other three 
deeps come from the SLR structure. As we can see, the presence of ferrite has little influ
ence on the three transmission deeps of the SLRs (only very slight frequency shifts), and 
the resonant frequency of the ferrite slab in simulation also agrees well with the theoreti
cal result in Figure 6.

For better understanding the resonant behaviors of the ferrite-based metamaterial, in Figure 14 
we investigate the surface current distribution on the metallic SLR at each resonant frequency. 
It is clearly found that for the first transmission deep at 5.7 GHz, almost no surface currents are 
observed and so we can conclude that this resonance is contributed by the ferrite slab. For the 
other three transmission deeps—at 7.6, 8.7, and 10.2 GHz—the characteristics of surface cur
rents are similar to that analyzed in [47].

The effective constitutive parameters of the ferrite-based metamaterial are further determined 
from the numerically computed S-parameters by using the retrieval method [46]. As shown 
in Figure 15, the effective permeability curve exhibits three negative magnetic resonances 

Figure 14. The simulated surface current distributions of the SLR structure at four resonant frequencies: (a) 5.7 GHz, (b) 
7.6 GHz, (c) 8.7 GHz, and (d) 10.2 GHz. All the subplots use the same scale as shown in the right [48].
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around 5.7, 7.5, and 8.5 GHz, where three μ-negative bands are obtained in 5.7–5.9, 7.5–7.7, 
and 8.5–9.0 GHz, respectively. It is also shown that a weak electric resonance appears at 10.2 
GHz, which is not strong enough to obtain a ε-negative band. Comparison of theoretical per
meability of ferrite medium (Figure 6) and the numerically retrieved effective permeability 
of the ferrite slab (inset of Figure 15b) shows that the intrinsic resonant frequencies of the 
ferrite in these two conditions agree very well. However, the μ-negative band in the simula
tion is much narrower than that of the theoretical analysis, because the theoretical result cor
responds to a bulk ferrite medium, while the numerical one corresponds to a finite ferrite slab. 
Through this comparison, we can conclude that the intrinsic resonant frequency of the ferrite 
slab is not affected significantly by the magnetic resonances of the metallic SLR structure.

Now, let us investigate the tunability of this metamaterial under different DC magnetic biases. 
The tunable properties of transmissions as shown in Figure 16(a) indicate that increasing the 
DC magnetic bias from 1.2 to 1.6 kOe increases the first transmission deep sharply from 5.2 to 
6.3 GHz; the second transmission deep increases very slowly; contrarily, the third transmis
sion deep decreases from 8.8 to 8.6 GHz, because adjusting the DC magnetic bias in a small 
range cannot lead to an obvious shift of the second resonance which is very closely above the 
resonance of the ferrite slab. The third resonance decreases when increasing the DC magnetic 
bias in a small range because the theoretical |Re(μeff)| of the ferrite slab changes to bigger 
values as shown in Figure 6.

The effective permeability curves under different DC magnetic biases are also determined 
from the simulated S-parameters, and the results are shown in Figure 16(b). It is found that 
when increasing the DC magnetic bias, the first resonance increases sharply; the second 
resonance increases very slowly; and contrarily, the third resonance decreases. In all the 
cases under different DC magnetic biases, three μ-negative bands are obtained. We have also 
numerically found that when further increasing the intensity of the DC magnetic bias, first 
the frequencies of all the three resonances increase, then the resonance of the ferrite slab will 

Figure 15. Retrieved effective media parameters: (a) effective permittivity and (b) effective permeability of the triple-
band metamaterial. The inset figure in (b) corresponds to the retrieved permeability of the ferrite slab simulated at the 
same condition [48].
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overlap with the two resonances of the SLR, and lastly the resonance of the ferrite slab will 
be above the two resonances of the SLR.

3.3. Tunable THz ferrite-based metamaterial

Now we discuss the tunable THz ferrite-based metamaterial by using the well-developed fer
rite film and metallic films technique [49]. Special ferrite films [such as the Lu Bi Fe O (LuBiIG) 
garnet film (see Figure 17a) [50] prepared by liquid phase epitaxy (LPE) method on a gadolin
ium gallium garnet (GGG) substrate] are used to achieve negative permeability. For the ferrite 
film used (saturation magnetization 4πMs = 1750 Gs, resonant beamwidth ΔH = 1 Oe, εr = 3), 
the negative permeability band with very low magnetic loss can be obtained at the THz region. 
The silver films deposited on polyimide (Kapton 500HN, Krempel, Vaihingen/Enz, Germany) 
substrates using inkjet printing techniques (see Figure 17b) [51] are utilized to achieve nega
tive permittivity. The substrate polyimide, with a relative permittivity of εr = 2.2, and loss tan
gent of tan δ = 0.0002, decouples the interactions between the ferrite films and the silver films.

Figure 16. (a) Simulated transmissions and (b) retrieved effective permeability of the triple-band metamaterial under 
different dc magnetic biases ranging from 1.2 to 1.6 kOe [48].
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Figure 17(c) shows the schematic view of the LuBiIG–silver–LuBiIG tunable metamaterial. The 
silver strip is deposited first on one of the two polyimide substrates, and such two substrates 
are placed close to the two LuBiIG films. The TEM wave propagates along the y-direction with 
the electric field along the z-direction. The applied DC magnetic field acts on the LuBiIG film 
along the z-direction. Figure 17(d) shows the theoretically calculated effective permeability 
and it exhibits typical resonant characteristics as well. When the applied DC magnetic field 
is set as 50 kOe, the real part of effective permeability is below zero in the frequency range of 
0.142–0.145 THz. The imaginary part is much smaller than the real part and it means very low 
magnetic loss and thus can be ignored. Noticeably, the resonant frequencies of the ferrite film 
increase from 0.1397 to 0.1453 THz as the magnetic bias increases from 49 to 51 kOe.

After the physical parameters of LuBiIG film, substrate, and silver are determined above, we 
now optimize the size of each film. The previous theoretical analysis results indicate that the 
effective permeability of LuBiIG film under 50 kOe is below zero in the frequency range of 
0.142–0.145 THz, and the plasma frequency of silver strip array is about 1.5 THz when the 
periodicity d is about 100 μm. Based on these results, the optimized transmission results are 
depicted in Figure 18. The optimized parameters are found to be the following: a = 140 μm, 

Figure 17. (a) Surface pattern images of the LuBiIG thin film [50], (b) photo of the silver SRR film [51], and (c and d) the 
tunable THz ferrite metamaterial unit and theoretical permeability of the ferrite film [49].
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b = c = 100 μm, d = 18.4 μm, e = 16 μm, and f = 2 μm. From the simulation results as shown 
in Figure 18, the THz metamaterials have a passband centered at 0.1413 THz. The operating 
bandwidth (S21 > 8 dB) is about 2.4 GHz.

The effective refractive index values of the metamaterial are retrieved from the simulated param
eters by using the retrieval method [46] and are shown in Figure 19(a). It is seen that the metama
terial has negative refractive index in the range of 0.1401–0.1434 THz. Comparing the frequency 
bands of negative permeability (Figure 17d) and negative refractive index (Figure 19a) at same 
applied DC magnetic bias, a few frequency shifts appear because of the integrated dielectric 
substrate. Moreover, the real part of effective refractive index has a fixed value close to 10 at the 
frequency below 0.1401 THz and above 0.1434 THz.

Figure 18. Simulated transmission and reflection characteristics LuBiIG–silver–LuBiIG structure metamaterials. (a) 
Magnitude. (b) Phase [49].

Figure 19. (a) Effective refractive index retrieved from S-parameters, and (b) tunability characteristics of metamaterials 
numerically demonstrated [49].
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The tunability property is demonstrated earlier by tuning the applied DC magnetic field. 
As shown in Figure 19(b), the transmission band shifts from 0.1385 to 0.1442 THz, when the 
applied DC magnetic bias is increased from 49 to 51 kOe. The tunability of such metamaterial 
depends on the tunability of the ferrite film. And the silver strip has a negative permittivity 
within a wide frequency region just below the plasma frequency. Therefore, the operating 
band of the proposed metamaterials can be tuned in a wide frequency band. Moreover, the 
shifted operating bandwidth and transmission peak do not vary strongly when the applied 
magnetic field is changed. This is mainly because of the fix saturation magnetization of the 
ferrite film.

4. Demonstrations for ferrite-based tunable metamaterial absorbers

Metamaterial absorbers (MAs) [52] have received most research attention due to the flexible 
design, subwavelength thickness, and high absorbing performance. MAs can be achieved at 
most of the frequency region by selecting the unit cell dimensions accordingly. The existence 
of such a huge operating spectral range enables the applications of MAs in various fields such 
as energy harvesting and thermal emitting and sensing [53–55]. Recently, various designs 
have been reported for MAs [56–60] and the corresponding numerical analysis and theory 
methods can be referred to, e.g., in [61–64].

However, the unique properties of MAs can be attributed to associated resonances, and thus 
MAs typically have narrow operating bandwidths. Researchers have proposed different 
methods to expand the operating bandwidths of MAs [65–69], while the flexible control of 
the MAs is still an intractable issue. Recent reports have shown that the absorbing frequencies 
of MAs can be dynamically adjusted by integrating tunable media (e.g., varactor diodes [70], 
liquid crystals [71], graphene [72], or phase-change materials [73]) to the traditional passive 
MAs. In some specific designs, researchers have advised to use oxide films [74] or film-cou
pled colloidal nanoantennas [75] as superstrate/substrate to adjust the absorbing frequencies. 
At the same time, we also designed a mechanic-tunable MA with moveable dielectric cover 
layer [76]. However, most of the reported designs have limited tuning range (e.g., [71–76]). 
Here we will first theoretically demonstrate that a properly geometrically configured ferrite-
based metamaterial [77] has the ability to achieve high absorptivity with the added possibility 
to magnetically tune the absorption band, and then further demonstrate that by integrating 
a ferrite (the resonance bandwidth characteristic is not crucial any more) as the substrate or 
superstrate into a conventional planar MA, magnetic biased frequency-tunable absorption 
can also be achieved [78].

4.1. Tunable broadband metamaterial absorber based on ferrite and wire

The ferrite-wire MA unit cell is shown in Figure 20(a). A 0.017-mm continuous copper 
wire is placed in the center of FR4 (εr = 4.4, tan δ = 0.02) substrate. Then two ferrite slabs 
(TT1-390, 4πMs = 2150 Gs, εr = 12.7, ΔH = 648 Oe) are placed on the two sides of the FR4 
substrate. The applied DC magnetic bias is applied on the ferrite slabs along the z-axis. 
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When an incident TEM wave propagates along the y-axis with electric field along the z-axis 
(shown in Figure 20(a)), the theoretical effective permeability of the ferrite slabs has been 
already analyzed as represented in Eq. (1).

The effective permeability of the ferrite slab used here under a magnetic bias of 3.2 kOe is 
calculated based on Eq. (1) and the results are shown in Figure 20(b). It is seen that there is 
a magnetic resonance at 12 GHz and the real part of effective permeability is negative when 
frequency is larger than the magnetic resonance frequency. With the enlarged ΔH, the effective 
magnetic loss tangent tan δμ = Im(μ)/|Re(μ)| increases strongly in the negative permeability 
frequency band. Specifically, the tan δμ here has a value larger than 2.5 in the frequency region 
of 12.3–14.3 GHz. It indicates that the ferrite slabs can absorb most of the incident magnetic 
field component. Moreover, as shown in Figure 20(c), the magnetic resonance of the ferrite slab 
can be shifted by adjusting the applied DC magnetic bias. When the magnetic bias increases 
from 2.6 to 3.4 kOe, the obtained magnetic resonance shifts from 10 to 12.5 GHz. And the big 
tan δμ is kept very well in the process of altering the applied DC magnetic bias.

Figure 20. (a) Schematic diagram of the ferrite-wire MMA unit cell, (b) calculated theoretical effective permeability of 
the ferrite slabs with different resonance beamwidth ΔH and under a magnetic bias of 3.2 kOe, (c) calculated theoretical 
effective permeability of the ferrite slabs under different magnetic biases, and (d) calculated theoretical effective 
permittivity and effective dielectric loss tangent of the wire embedded in the ferrite slabs [77].
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On the other hand, the effective permittivity of wires embedded in the ferrite slabs can be 
obtained as [31, 32]

   ε  eff   =  ϵ  f   −   
  
 σ  eff  
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where εf is the permittivity of the ferrite slab, σeff is the effective conductivity of the wire, r1 and r2 
are the effective radii of the wire and the substrate layer, respectively, and a is the periodic lattice 
constant. As a result, the effective permittivity of wires can be calculated as shown in Figure 20(d). 
It can be known that the real part of the effective permittivity is negative in a wide frequency 
region from DC to 17 GHz. And the effective dielectric loss tangent tan δε = Im(ε)/|Re(ε)| has a 
very large value (tan δε > 1) in the range of 10–13 GHz, also shown in Figure 20(d). Therefore, the 
continuous wires can absorb most of the incident electric field component. Lastly, we can expect 
that the ferrite-wire MA can absorb the incident EM waves with a very high absorptivity.

Next, based on the above theoretical analysis, we numerically discuss the absorption properties 
by optimizing the structural parameters to achieve the perfect impedance match and the highest 
absorption. As shown in Figure 21(a), the powers of transmission T(ω), reflectance R(ω), and 
absorptivity A(ω) = 1 − T(ω) − R(ω) are presented respectively. The final structure parameters 
are obtained: d = 2 mm, w1 = 0.959 mm, w2 = 0.909 mm, and w3 = 0.585 mm. It can be seen that both 
the transmission T(ω) and reflectance R(ω) have very small values in the X-band (8–12 GHz) and 
as a result the absorptivity A(ω) can achieve near-uniform value. Specifically, the smallest reflec
tance R(ω) is about 0 at 9.9 GHz. The peak absorptivity A(ω) is about 98.2% at 9.9 GHz, and the 
frequency band of A(ω) over 90% is about 2.3 GHz. It should be noted that the high performance 
absorbing frequency band in simulation is lower than the frequency band of theory. This is due 
to the fact that the theoretical results discussed previously are under ideal conditions [31, 32]. 
That means the theoretical expressions in this chapter only provide the design guidance, and 
the numerical optimizations are more accurate and useful for the proposed ferrite-based MA.

Figure 21. (a) Simulated transmission, reflectance and absorptivity characteristics of the ferrite-wire MMA under a 
magnetic bias of 3.2 kOe, and (b) absorptivity characteristic of ferrite-wire MA as a function of the number of layers [77].
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Moreover, the absorptivity can be further enhanced by adding more layers. For instance, 
Figure 21(b) shows the absorptivity property as a function of the layers. As can be seen, A(ω) 
rises quickly with the increased layers and approaches asymptotically to 1. Two MA layer can 
achieve an absorptivity of about 99.92%. At this condition, the entire MA thickness is only λ/5 
for the center operating frequency of 9.9 GHz.

In order to demonstrate the tunability of the operating frequency, Figure 22(a) shows the 
simulated shift property of the MA in different magnetic biases. As can be seen, the peak 
absorptivity and the bandwidth are not changed, the frequency of the peak absorptivity A(ω) 
shifts from 6.75 to 11.75 GHz as the applied DC magnetic bias changes from 2 to 4 kOe with 
a near-linear tuning rate of 2.625 MHz/Oe. We can further expect that the proposed ferrite-
wire MA can operate at higher frequencies, such as terahertz region based on the discussed 
techniques [49].

4.2. Tunable ferrite-based metamaterial absorbers

The new ferrite inspired MAs are schematically shown in Figure 23(a). Similar to [76], we 
use the electric-LC (ELC) resonators with a metallic plate to achieve a conventional MA. The 
ELC array is printed on one side of the FR4 substrate and a full-sized metallic plate is covered 
on the other side of the FR4. For the purpose of achieving tunable property, we design two 
strategies by integrating ferrite into the passive MA. In the first case (MA1), the ferrite slab is 
inserted between the FR4 and ground plane [see the left plot of Figure 23(b)]. Both the ferrite 
and the FR4 layers service together as a substrate. In the second case (MA2), the ferrite layer 
is employed as a superstrate [see Figure 23(b), right plot] and another FR4 layer is placed 
between the ferrite and the passive MA. The two MAs are analyzed and measured in an 
X-band rectangular waveguide closed measurement system as shown in Figure 23(c).

Figure 22. Peak shift properties of the absorptivity of the ferrite-wire MMA under different magnetic biases. (a) The 
absorption band characteristics under different magnetic biases, and (b) the frequency of the peak absorptivity as a 
function of the magnetic bias [77].
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The relative permittivity of ferrite used in this chapter is 13.8 (loss tangent is 0.0002), and 
4πMs = 1830 Gs, ΔH = 22 Oe. As shown in Figure 24, when the applied DC magnetic bias 
increases from 1.1 to 1.9 kOe, the permeability of ferrite shows blueshift with shift rate of 
about 20 MHz/Oe. At the frequency band of interest (X-band), it can be seen that the effec
tive permeability changes from positive to negative when the magnetic field increases. This 
changing feature can be used for dynamical tunability of the host media of ELC. Different 
from our previous work [77] where the ferrite’s tunable permeability is employed for syn
thesizing magnetically controllable metamaterials, the frequency band we are interested in is 
outside the intrinsic resonant band of ferrite. Therefore, the required ferrite is not limited by 
its narrow resonant bandwidth and can be generally substituted by any other types of ferrites.

Now we optimize the ELC geometrical parameter by employing numerical simulations (CST). 
Due to the lab-experimental restriction, the thicknesses of the metallic patterns, FR4, and fer
rite slab are fixed to be 0.034, 0.5, and 1 mm, respectively. The geometrical parameters for 

Figure 23. (a) Unit cell of the ferrite-based tunable MA, (b) side views of two MA models, and (c) schematic representation 
of measurements [78].

Figure 24. Permeability dispersion of the ferrite under different magnetic fields, where solid and dashed curves denote 
real and imagery parts, respectively. Zoomed plot shows the permeabilities of ferrite in the frequency range of interest 
(8–12 GHz) [78].
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MA1 are optimized to be a = 2.94 mm, b = 1 mm, w = g = 0:2 mm, and d = 4.5 mm. For the case 
of MA2, the additional FR4 layer would result in the red-shift of the resonance outside of 8–12 
GHz. To avoid this problem, it should slightly reduce the size of the ELC resonator to a = 2.82 
mm. The applied DC magnetic bias is preset as 1.55 and 1.6 kOe in simulations for both struc
tures. The two MA samples are fabricated and measured in an X-band rectangular waveguide 
measurement system by using Agilent N5230A vector network analyzer (VNA). Specifically, 
the FR4 with ELC resonators and ferrite slab are put into the waveguide sequentially for MA1; 
the ferrite slab, FR4, and passive MA are staked one over the other within MA2. For these two 
structures, a metallic plate tightly covers the waveguide port to prevent any energy leakage. 
A tunable z-directed DC magnetic field generator is applied on the MA samples. Finally, the 
rectangular waveguide filled with MA samples is connected to the coaxial cable of VNA by 
using a waveguide-to-coaxial converter.

As shown in Figure 25(a) and, (b) each MA indicates a clear near-uniform absorption peak. 
The measured peak frequencies are higher than the simulated ones slightly. This is because the 
ferrite slabs are difficult to be placed seamlessly to the FR4 inside the waveguide. However, 
it should be noticed that this does not affect the tunability property of the ferrite-based MAs.

The absorptivity of the MAs can be dynamically controlled by changing the applied magnetic 
bias. In Figure 26, it can be seen that when the magnetic field is increased gradually, the 
absorption peaks blueshift for both MAs. Particularly, see Figure 26(a) and (b), an absorp
tion peak appears at 10.75 GHz with peak absorptivity of 85.5% for MA1 free of magnetic 
field in simulation. When the magnetic field is gradually increased from 1.15 to 1.95 kOe, 
the absorbing frequency moves from 10.99 to 11.29 GHz in simulation (11.17 to 11.45 GHz in 
measurement). Meanwhile, the absorptivity increases from 97.8% to nearly 100% and then 
drops to 93.3% in simulation (increases from 85% to nearly 100% and then descends to 80% 
in measurement). Similar frequency shift and absorptivity change performance can be found 
in Figure 4(c) and (d) for MA2, as well. It is easy to conclude that the frequency shift rates of 
MA1 and MA2 are about 0.36 and 0.18 MHz/Oe, respectively.

Figure 25. Simulated and measured reflectivity and absorptivity properties for the (a) MA1 and (b) MA2 [78].
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When closely looked at the measured results and the corresponding simulations at the same 
magnetic bias, the absorbing frequencies for both MAs have higher measured values com
pared with simulations. Moreover, compared to the two MA configurations, the shift rate of 
MA1 is larger than MA2. This is because the resonance-induced localized electromagnetic 
fields are mainly located in the substrates rather in the superstrates, and therefore the chang
ing features of the MAs are more sensitive on the substrates.

In the above discussions, both thicknesses of the ferrite slab and the FR4 are fixed at 1 and 0.5 
mm, respectively. Now we further discuss the effects of the thicknesses of the ferrite and the 
FR4 on the absorbing performances of the tunable MAs. For examples, we fix the thickness of 
one layer (either ferrite or FR4) and change the other layer to see the tunable absorptions of 
the two MAs. For MA1, the FR4 (ferrite) slab is fixed to be 0.5 mm (1 mm) and the ferrite (FR4) 
layer is changed from 0.6 to 1.4 mm (0.1 to 0.7 mm). The corresponding numerical results 
are concluded in Figure 27(a) and (b). For MA2, the FR4 (ferrite) layer is fixed to be 0.5 mm 
(1 mm) and the ferrite (FR4) layer is tuned from 0.8 to 1.1 mm (0.3 to 0.6 mm), and the results 

Figure 26. (a and c) Simulated and (b and d) measured absorptivity properties under different magnetic fields for MA1 
and MA2, respectively. Insets show the zoom-in plots [78].
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are shown at Figure 27(c) and (d). For MA2, it should be noted that we only change one FR4 
layer which acts as a superstrate and the FR4 substrate between the ELC and ground plane is 
kept unchanged.

More specifically, when the magnetic field is increased, the resonant frequencies of the MAs 
blueshift. This is in accordance to the theoretical results shown in Figure 24. For a larger thick
ness of the FR4 or ferrite slab, a larger magnetic bias is required to ensure a nearly uniform 
absorptivity (represented as stars in Figure 27) and the magnetic field for a high absorptivity 
(>98.5%) is reduced (see the bold part of each curve). Fortunately, one can also increase the 
magnetic bias to reduce the effective permeability of the ferrite. The impedance matching 
can be regained at a certain magnetic field at that case. Moreover, the shift rate of the absorb
ing frequency is nearly linear when the magnetic field is weak, and becomes strongly non
linear when the magnetic field increases, especially for the MA2 [see Figure 27(c) and (d)]. 
On the other hand, some unfavorable properties can also be obtained when the thickness of 
the FR4 or the ferrite slab is increased. Specifically, for thicker FR4, the initial peak absorp
tivity frequencies increase, and meanwhile the frequency shift rates decrease for both MAs. 
Contrarily, as shown in Figure 27(b) and (d), inverse trends are found when the thicknesses 
of the ferrite layers are increased.

Figure 27. Simulated absorbing frequencies of MAs for MA1 when the thicknesses of (a) FR4 and (b) ferrite layers are 
changed, and for MA2 when the thicknesses of (c) FR4 and (d) ferrite layers are changed. The star and bold part at each 
curve correspond to the nearly uniform absorptivity and the band of absorptivity larger than 98.5%.
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From previous discussions, we know that the resonant frequency of the MA becomes more 
sensitive to the magnetic field for thinner FR4, but the high absorptivity band is reduced as 
well. As a result, it is important to get an equilibrium such that the frequency shift range is 
relatively large and at the same time the MA has a uniform absorptivity in the tuning range. 
As an example, we choose FR4 between the ELC and ground plane to be 0.65-mm thick for 
MA2, and for the other FR4 to be 0.1-mm thick. For this condition, the ferrite slab is close 
enough to the ELC and so can give more contributions on the tunability, and at the same time, 
the other enlarged FR4 can offset the impedance mismatching between MA and background 
medium. In Figure 28 we see that the resonant frequency of the MA can be shifted from 8.6 
to 9.65 GHz and the absorptivity at each resonance can be kept higher than 98.5%, when the 
magnetic field increases from 0 to 1.9 kOe. The obtained shift range is as large as 11.5%. This 
is a very wide frequency tuning range (more than three times larger than those reported in 
previous works [71, 72, 74]).

5. Conclusions

In this chapter, we presented the recent achievements in our research group for the tunable 
metamaterials by using the ferrite as the substrate of metamaterials. We presented the designs 
and theories of single-, dual-, and triple-band tunable metamaterials based on the ferrite, and 
the design of metamaterial absorbers based on the ferrite. It indicates that the proposed tunable 
metamaterials have many advantages compared with other active and tunable metamaterials.
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61371047, 61601093), and the Science and Technology Planning Project of Guangdong Province 

Figure 28. Simulated absorptivity of MA2 under different magnetic biases with optimized dimensional parameters. The 
middle plot presents the absorptivity spectra as a function of magnetic field and frequency. The left and right plots show 
the absorptivities at magnetic field of 0 and 1900 Oe, respectively [78].
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Abstract

Light manipulation means that one can take advantages of different physical dimen‐
sions of lightwaves to realize flexible light control. Light manipulation over subwave‐
length  propagation  distances  can  be  realized  using  metasurfaces.  There  are  two
categories  of  metasurfaces  divided by  the  material  type  of  unit  structure,  that  is,
plasmonic and dielectric metasurfaces. For plasmonic metasurfaces, they are made on
the basis of metallic meta‐atom whose optical responses are driven by the plasmon
resonances supported by metallic particles. For dielectric metasurfaces, unit structure
is constructed with high refractive index dielectric resonators such as silicon, germani‐
um, or tellurium, which can support electric and magnetic dipole responses based on
Mie resonances. The responses of plasmonic and dielectric metasurfaces are all relevant
to the characteristics of unit structure. One can manipulate the electromagnetic field of
lightwave scattered by the metasurfaces through designing the dimension parameters
of each unit structure in the metasurfaces. In this chapter, we review our recent research
progress  in  light  manipulation  using  plasmonic  and  dielectric  metasurfaces.  It  is
believed that metasurfaces based nanophotonic devices are one of the most potential
devices  applied  in  various  fields  such  as  beam  steering,  spatial  light  modulator,
nanoscale‐resolution  imaging,  sensing,  quantum  optics  devices,  and  even  optical
communication networks.

Keywords: light manipulation, metamaterials, metasurfaces, plasmonic metasurfaces,
dielectric metasurfaces, orbital angular momentum, vector beams, Bessel beams,
space‐division multiplexing

1. Introduction

The fundamental properties of lightwaves can be described from the basic electrical field
expression  of  electromagnetic  waves,  (, , , ) = (, ) ⋅ (, , ) ⋅ (, ) ⋅ (, ) ⋅ exp
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[(𝀵𝀵𝀵𝀵 𝀵𝀵 𝀵𝀵𝀵𝀵) + ], as displayed in Figure 1, where (𝀵𝀵, 𝀵𝀵) is the polarization, (, , 𝀵𝀵) is related
to the spatial structure, (𝀵𝀵, 𝀵𝀵)  is the amplitude, (𝀵𝀵, 𝀵𝀵) is the phase, (𝀵𝀵, 𝀵𝀵) = (𝀵𝀵, 𝀵𝀵) ⋅ (𝀵𝀵, 𝀵𝀵)
is the complex amplitude, 𝀵𝀵 is the frequency of the lightwave, 𝀵𝀵 is the wave vector,  is the
initial phase, 𝀵𝀵 is the propagation distance and 𝀵𝀵 is the time [1]. Light manipulation means that
one can take advantages of these physical dimensions (wavelength/frequency, time, complex
amplitude, polarization, spatial structure) of lightwaves to realize flexible control of electro‐
magnetic waves. Utilizing different physical dimensions of lightwaves, light manipulation has
been widely applied in various areas such as wavelength‐division multiplexing (WDM) [2],
polarization‐division multiplexing (PDM) [3], time‐division multiplexing (TDM) [4], space‐
division multiplexing (SDM) [5], advanced modulation format [6], sensing [7], imaging [8],
optical tweezers [9], optical knots [10], optical trapping [11], and so on. In order to realize light
manipulation on the physical dimensions of lightwaves, there have been lots of approaches
such as modulators (e.g.  intensity,  phase,  I/Q modulators,  spatial  light modulators,  etc.),
conventional  optical  elements  (e.g.  lens,  waveplate,  polarizer,  optical  coupler,  etc.),  and
metamaterials and metasurfaces, as listed in Figure 2 [4–11]. The spatial structure physical
dimension has recently attracted increasing interest in wide research areas. In this chapter, we
mainly  focus  on  the  recent  progress  in  light  manipulation  on  spatial  structure  physical
dimension using metasurfaces.

Figure 1. Schematic illustration of physical dimensions of lightwaves.
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Figure 2. Schematic illustration of approaches and applications of light manipulation.

Figure 3. Schematic illustration of meta‐atom, 1D chain, 2D metasurface, and 3D metamaterial. Inserts are the repre‐
sentation of the parameter space for permittivity ε and permeability μ and the typical examples of applications of met‐
amaterials.

“Metamaterial” can be defined as a man‐made material whose properties can be attained by
designing the unit structure. It has been widely focused for a dozen years since it was firstly
reported by Smith et al. in 2000 [12]. The unit structure in metamaterial called as meta‐atoms
or meta‐molecules, must be considerably smaller than the operating wavelength, and the
distance between neighboring meta‐atoms also has subwavelength scale [13]. This subwave‐
length scale in homogeneity makes the whole metamaterial uniform on the macro of perform‐
ance, and this phenomenon makes this artificial structure essentially a “material” rather than
a device. Therefore, one can arbitrarily arrange the so‐called meta‐atoms into periodic arrays
to build one‐dimensional (1D) materials (chains), two‐dimensional (2D) materials (metasur‐
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faces), and three‐dimensional (3D) materials (metamaterials), as shown in Figure 3 [14]. For
metamaterial, one can even manipulate its macroscopical properties such as permittivity ε and
permeability μ. The researches of metamaterial are essentially related to the exploitation of the
electromagnetic parameter space for better control of electromagnetic waves, as depicted in
Figure 3. Utilizing metamaterials, one can enter regions of the electromagnetic parameter space
that are not observed in conventional material but are not forbidden by Maxwell's equations
such as third quadrant of the parameter space (negative‐index materials), zero‐index materials
and space far away from the non‐magnetic line [15]. Taking advantage of these attractive
features, as shown in Figure 1, metamaterials have been widely applied in optical negative
index materials [16], nonlinear optics [17], optical magnetism [18], super resolution [19], giant
artificial chirality [20], electromagnetic cloaks [21], and so on.

Besides 3D materials, 2D metasurfaces are also widely focused for their ability of flexible light
manipulation (phase, amplitude, polarization) over subwavelength propagation distances
[22]. Most of the metasurfaces can be divided into two categories by the material type of unit
structure: plasmonic and dielectric, as displayed in Figure 4. For plasmonic metasurfaces, they
are made on the basis of metallic meta‐atom whose optical responses are driven by the plasmon
resonances supported by metallic particles. When a metallic particle is placed in an electric
field, the conduction electrons are escaped from their equilibrium positions with respect to the
core ions, resulting in a polarization of the particle and generating a depolarizing field. In a
time‐varying external field, this collective motion in the metallic particle can be seen as a
Lorentzian oscillator whose characteristic peak in the displacement amplitude is around the
resonance frequency and accompanied by a phase shift of π over the spectral width of the
resonance [14]. For dielectric metasurfaces, unit structure is constructed with high refractive
index dielectric resonators such as silicon, germanium or tellurium, which can support electric
and magnetic dipole responses based on Mie resonances [23]. When a dielectric particle is
illuminated by a light wave whose frequency is below or near the bandgap frequency of the
material of particle, both the magnetic dipole (first Mie resonance) and electric dipole reso‐
nances (second Mie resonance) are excited. The magnetic and electric Mie resonance can then
enhance the magnetic and electric field at the particle's center at optical frequencies, respec‐
tively, and this enhancement is related to the intrinsic properties of dielectric particles [24].
Therefore, the responses of plasmonic and dielectric metasurfaces are all relevant to the
characteristics of unit structure such as dimensions and materials. One can manipulate the
electromagnetic field of light wave scattered by the metasurfaces through designing the
dimension parameters of each unit structure in the metasurfaces [25].

To produce the designed metasurfaces, many attractive previous works have reported the
fabrication techniques such as electron‐beam lithography [16], focused‐ion beam [26], inter‐
ference lithography [27], and nanoimprint lithography [28]. Electron‐beam lithography is a
standard method that can fabricate the metasurface with high nanoscale resolution. Focused‐
ion beam is a more appropriate method for rapid prototyping. Interference lithography can
provide a solution for realizing large‐scaled metasurface fabrication. Nanoimprint lithography
is a more promising technique for combining many advantages of the formers such as high‐
resolution, large‐scaled producing, and low processing cost [28, 29]. The unique properties
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and the development of fabrication techniques have made metasurfaces applied in various
fields such as flat optics [30–41], nonlinear effects [42, 43], photonic Hall effects [44], electro‐
magnetically induced transparency [45], cloaking [46], and so on as shown in Figure 4. For
instance, the applications of metasurfaces in the field of flat optics mainly include anomalous
wave plates [30], reflection/refraction [31, 32], flats lens/axicons [33], mirrors [35], hologram
[37], filters [38], optical vortex generation [39, 40], polarization beam splitter [41], and so on.
The applications of metasurfaces in the field of nonlinear effects mainly include second/third
harmonic generation [42] and enhanced absorbing [43].

Figure 4. Schematic illustration of classification, fabrication and applications of metasurfaces.

In this review article, we go over our recent progress in light manipulation using plasmonic
and dielectric metasurfaces, including metasurfaces‐based broadband and selective genera‐
tion of orbital angular momentum (OAM)‐carrying vector beams [47, 48], N‐fold OAM
multicasting using V‐shaped antenna array [49], metasurface on conventional optical fiber facet
for linearly polarized mode (LP11) generation [50], OAM beams generation using nanopho‐
tonic dielectric metasurface array [51], and Bessel beams generation and OAM multicasting
using dielectric metasurface array [52].

2. Light manipulation using plasmonic metasurfaces

Plasmonic metasurfaces are composed of metal nanoparticles based on the plasmon resonan‐
ces. Several typical types of plasmonic metasurfaces and previous works are reported: (1) metal
V‐shaped nanoantennas are designed and fabricated on silicon substrate using electron‐beam
lithography method to manipulate the phase of scattering light and generate OAM beams [22];
(2) Au patch antennas separated from a metal back plane by a MgF2 spacer are designed and
fabricated using electron‐beam evaporation electron‐beam lithography technique to realize
anomalous reflections [31]; (3) metal H‐shaped nanoantenna arrays are designed and fabri‐
cated using printed circuit boards to realize high efficiency conversion from propagating waves
to surface waves in microwave regime [32]; (4) metal nanorods are deposited on the glass
substrate to generate hologram [37]; (5) freestanding nanofabricated fishnet metasurfaces are
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designed and fabricated using electron‐beam lithography method to realize broadband band
pass filter [38]; (6) metal rectangular apertures are arranged into an array with rotational
symmetry in metal film to generate OAM beams [39]; (7) metal nanorods are designed and
fabricated on glass substrate with a standard electron‐beam lithography and lift‐off process to
generate broadband OAM beams [40]; (8) metal split‐ring resonators are designed and
fabricated on glass substrate with a standard electron‐beam lithography to enhance second
harmonic generation [42]. All these works are based on manipulating the plasmon responses
of nanoresonators by altering the dimensions, directions and even arrangement of unit
structures. Recently, we have also made some progresses in plasmonic metasurfaces on the
basis of previous works.

2.1. Metasurfaces‐based broadband and selective generation of OAM‐carrying
vector beams [47, 48]

We propose and design compact metal‐assisted metasurfaces to enable broadband generation
of OAM‐carrying vector beams. Figure 5(a) and (b) depicts the structure and geometric
parameters of metal‐assisted metasurfaces. We design two concentric rings in a gold film with
a thickness of h = 200 nm. Each ring is composed of 42 rectangular apertures with gradually
varied orientation. The rectangular aperture array in the gold film can enhance the transmis‐
sion of linearly polarized light (perpendicular to the aperture direction), which might be
explained as follows: (1) the localized waveguide resonance (each air aperture can be regarded
as a truncated rectangular waveguide with four metal walls and two sides open to air); (2) the
property of the surface plasmon resonance due to the aperture array. Hence, each rectangular
aperture can be regarded as a localized linear polarizer. By controlling the orientation angle
of rectangular apertures, we can construct desired spatially variant polarizers to generate
OAM‐carrying vector beams with right or left circularly polarized input light beam. Figure 5(c)
shows an example of phasefront and spatial polarization after passing though the metasurfa‐
ces, which indicates the generation of OAM‐carrying vector beam from circularly polarized
beam.

Figure 6 plots spatial phase, power and polarization distributions of output beams under the
excitation of input left circularly polarized light (Ein = [1 i]T). We set the wavelength at 1550 nm
to characterize the properties of generated OAM‐carrying vector beams. The employed
metasurfaces has an orientation angle of α(ϕ) = lϕ + α0, where l varies from +3 to −3 and α0 = 0.
We use E1 and E2 to represent the electric field components along directions of e1(ϕ) and e2(ϕ)
in Figure 5(b), respectively. The first row in Figure 6 shows spatial phase distribution of E1,
indicating that output beams carry OAM with a charge number of l from +3 to −3. The second

and third rows in Figure 6 show spatial power distributions (P1∞ 1 2, P2∞ 2 2) along
directions of e1(ϕ) and e2(ϕ), respectively. It is found that the power component P1 is much
larger than P2. The extinction ratio (ER), defined by 10 × log10(P1/P2), exceeds 20 dB. Hence, the
electric field component E2 along the direction of e2(ϕ) can be ignored. The fourth and fifth
rows in Figure 6 show spatial power distributions (Px, Py) along x and y axes, respectively. The
alternative bright and dark power distribution implies that the polarization state rotates with
the azimuthal angle ϕ. Distributions of spatial polarization are shown in Figure 6 (sixth row),
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indicating the vector beams producing with a polarization order of l changing from +3 to −3.
Generation of vector beams carrying OAM utilizing the proposed metal metasurfaces is
successfully confirmed in the simulated results.

The operation bandwidth is also studied. We considered the rectangular apertures in the metal
film with orientation angle expression of α(ϕ) = lϕ+α0 (l = 1, 2, 3). We choose input optical beam

Figure 5. (a) Schematic diagram of metasurfaces for generating vector beams carrying OAM. (b) The radii of two con‐
centric rings are ri = (i+6.3) × 700 nm (I = 0, 1) and the orientation angle respect to the x axis is α(ϕ) = lϕ + α0 (e.g., l = 2, α0

= 0). The dimension of rectangular aperture is 600×140 nm. (c) Concept of generating vector beam carrying OAM
(OAM charge number is 2; polarization order is 2) [47].

Figure 6. Spatial distributions of phase, power and polarization of generated OAM‐carrying vector beams (σ = 1:left
circularly polarized input beam, α0 = 0:along the direction of e1(ϕ)) [47].
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of left circular polarization light as the stimulating source. ER and purity are used to analyze
the quality of produced vector beams carrying OAM. Figure 7(a) shows the relationship
between ER and wavelength. One can see that the produced vector beams carrying OAM have
high quality in broadband regime of wavelength from 1000 to 2500 nm, covering parts of near‐
infrared band and mid‐infrared band. For topological charge number l of 1 and 2, the ER is
maintained above 20 dB covering the wavelength of 1000–2500 nm. For topological charge
number l of 3, we achieve ER > 16 dB covering the wavelength of 1000–2500 nm and ER > 20
dB covering the wavelength of 1000–1800 nm. The purity as a function of wavelength of vector
beam carrying OAM of l = 3 is plotted in Figure 7(b), achieving values above 0.85 covering the
wavelength of 1000–2500 nm. The inset pictures show the relationship between weight spectra
and topological charge numbers of OAM and polarization order at 1550 nm. The results show
that we achieve high‐values purities.

Figure 7. Wavelength‐dependent (a) extinction ratio (ER) and (b) purity for the generation of OAM‐carrying vector
beams. Insets in (b) show weight as functions of OAM charge number (left) and polarization order number (right) at
1550 nm [47].

Figure 8. (a) Schematic diagram of proposed metasurfaces. (b) Details of rectangular aperture in the metasurface [48].

In Figure 5(a), two concentric rings are used to excite a single OAM‐carrying vector beam.
Actually, one ring can also enable the generation of one OAM‐carrying vector beam. Hence, it
is possible to generate multiple OAM‐carrying vector beams by forming multiple concentric
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is possible to generate multiple OAM‐carrying vector beams by forming multiple concentric
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rings in a gold film as shown in Figure 8, where each ring contains a rectangular aperture array
with each aperture acting as a localized polarizer. In particular, it is expected to selectively
generate different orders of OAM‐carrying vector beams by shining the circularly polarized
light source onto different concentric rings.

Figure 9(a) shows ER as a function of wavelength. One can see broadband operation from 1000
to 1550 nm with an extinction ratio above 20 dB, which indicates high‐quality broadband (∼500
nm) generation of OAM‐carrying vector beams. The fabrication tolerance of the proposed
metasurface is also studied by analyzing the relationship between characteristic dependence
and the initial orientation angle αi0 of each rectangular aperture. The relationship between the
extinction ratio and the initial orientation angle α20 of each rectangular aperture in the metal
film of the second ring is shown in Figure 9(b). When the value of α20 is changed from −1 to 7
degrees, the extinction ratio is maintained over 20 dB. The initial orientation angle range is
obtained near 8 degrees, indicating a favorable fabrication tolerance of the proposed metasur‐
faces. We use E1i and E2i to denote the electric field components on the directions of e1i (ϕ) and
e2i (ϕ) (similar to e1(ϕ) and e2(ϕ) in Figure 5(b)), respectively. We calculate the phase of E1i and
the power components on directions of e1i (ϕ), e2i (ϕ), x and y axes, which are presented by P1,
P2, Px, and Py, respectively. We also calculated the state of spatially variant polarization of the
vector beams carrying OAM. All these simulated results are displayed in Figure 9(c). One can
clearly indicate that the components of power on the direction of e1i (ϕ) has a larger value than
that of e2i(ϕ). In Figure 9(c), the phase distributions indicate that the component of electric field
E1i has OAM with a topological charge number of m = i (i =1, 2, 3). Spatial distribution of Px,
Py and the polarization state confirm that the vector beams carrying OAM have a number of
polarization order of l = i (i =1, 2, 3) can be confirmed by the spatial distributions of the
polarization and power.

Figure 9. (a) Wavelength‐dependent extinction ratio for three OAM‐carrying vector beams. (b) The dependence of ex‐
tinction ratio on the initial orientation angle α20 (second ring). (c) Spatial distributions of phase, power components and
polarization [48].
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2.2. N‐fold OAM multicasting using V‐shaped antenna array [49]

We design a V‐shaped antenna array to realize on‐chip multicasting from a single Gaussian
beam to four OAM beams. The concept and schematic diagram of N‐fold optical multicasting
of beams carrying OAM utilizing V‐shaped antennas is displayed in Figure 10. At the side of
multiple OAM multicasting, a specially designed V‐shaped antenna array can be seen as a
complex phase pattern that can manipulate the wavefront of the input Gaussian beam and
then produce multiple OAM beams of collinearly superimposed propagation direction. Then
the V‐shaped antenna array can duplicate the messages carried by the input Gaussian beam
and deliver to multiple optical beams carrying OAM of different topological charge number.
Due to the phase singularity of optical beams carrying OAM, the intensity of superimposed
multiple optical beams carrying OAM has a dark center. At the side of optical beams carrying
OAM demultiplexing, the superimposed multiple optical beams carrying OAM are
respectively distributed to multiple end users. At the side of each end user, the helical phase
front of the desired optical beam carrying OAM is removed using an inverse phase pattern,
resulting in a bright center in the intensity distribution, which can be conveniently separated
from other optical beams carrying OAM using spatial filtering.

Figure 10. Concept and principle of N‐fold multicasting of OAM beams using V‐shaped antenna phase array [49].

To enable on‐chip OAM multicasting, a pattern search assisted iterative (PSI) algorithm is
employed to prepare a specific phase pattern for the simultaneous generation of multiple
collinearly superimposed OAM beams. Figure 11(a) displays the calculated phase pattern
using PSI algorithm to generate four collinearly superimposed OAM beams with charge
values of l = 1, 4, 7, 10, respectively. Considering discrete unit of V‐shaped antenna array,
replace the simulated continuous complex phase pattern with a discrete one is necessary.
The right picture of Figure 11(a) displays the simulated discrete phase pattern that discre‐
tizes the previous continuous complex phase pattern into 32 different values along the azi‐
muthal direction. We then evaluate the degradation of performance of produced collinearly
superimposed optical beams carrying OAM caused by the simulated discrete phase pattern
by calculating and comparing power distributions of channels of optical beams carrying
OAM produced by both continuous and discrete complex phase patterns, as depicted in
Figure 11(b). Here the crosstalk for all channels of optical beams carrying OAM is defined
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by the power ratio of the desired channel of OAM beam (e.g. l = 4) to its neighboring ones
(e.g. l = 3 and l = 5). The crosstalk degradation of less than 2 dB is obtained for all four
channels of OAM beam after passing through the discrete complex phase pattern. Then we
design and simulate the V‐shaped antenna array to achieve multicasting from a Gaussian
beam to four optical beams carrying OAM by replacing the designed discrete complex
phase pattern with corresponding V‐shaped antennas, as plotted in Figure 11(c)–(d).

Figure 11. (a) Simulated continuous and discrete phase patterns. (b) Power distributions of channels with different
topological charge number of OAM produced by continuous discrete phase patterns. (c) and (d) Top view of designed
metal V‐shaped antenna array to generate multicasting of optical beams carrying OAM [49].

The simulated intensity distribution of the multicasting optical beams carrying OAM pro‐
duced by the designed V‐shaped antenna array has a dark center, as plotted in Figure 12(a).
Figure 12(b) and (c) show the intensity distributions of channels of optical beams carrying
OAM after demultiplexed by the inverse phase pattern. One can see that multicasting channels
have bright spots in the center of the beams (Figure 12(c)), while undesired channels have dark
centers in the intensity distributions (Figure 12(b)). We also simulate the power distribution
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of channels with different topological charge number produced by the designed V‐shaped
antenna array, as displayed in Figure 12(d). The cross talks of less than −15 dB for all multicast
channels are obtained, as plotted in Figure 12(d).

Figure 12. (a) Simulated intensity profiles of produced multicast four optical beams carrying OAM. (b) Simulated in‐
tensity profiles of undesired channels after demultiplexed by inverse phase pattern. (c) Simulated intensity profiles of
multicasting channels after demultiplexed by inverse phase pattern. (d) Power distributions of channels with different
topological charge number of OAM produced by designed V‐shaped antenna array compared with that of continuous
phase pattern [49].

2.3. Metasurface on conventional optical fiber facet for linearly polarized mode (LP11)
generation

We design and fabricate metasurface on the facet of conventional G.652 single mode fiber
(SMF) [50]. Here we choose metal rectangle resonator as a unit structure of metasurface.
The working principle of a metal rectangle resonator can be explained as follows: the polari‐
zation of incident light is along x polarized, which can be decomposed into two perpendicu‐
lar components corresponding to the long and short edge of the resonator, respectively; the
transmission amplitudes of response for a resonator in both components are almost the
same while the relative phase retardation is around π, where the linear polarization conver‐
sion occurs, resulting in a y‐polarized transmitted light. Finite‐difference time‐domain
(FDTD) method is also used to simulate the amplitude and phase response of proposed
metal rectangle resonator and its mirror image. The amplitude responses of y‐polarized
transmitted light of this resonator and its mirror image are almost the same while the phase
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responses of them have a difference of π. Therefore, this feature can be used to generate
higher‐order LP mode in the optical fiber. When an x polarized Gaussian beam is irradiat‐
ing on the metasurface on the facet of G.652 SMF at wavelength of 632.8 nm, it can generate
two kinds of transmitted beams with orthogonal polarization. Transmitted beam with x po‐
larization called normal refractive beam that is not influenced by the metasurface can gener‐
ate LP01 mode. Meanwhile, transmitted beam with y polarization called abnormal refractive
beam that is influenced by the metasurface can generate LP11 mode. Owing to the orthogo‐
nal polarization of generated LP01 and LP11 modes, it is significantly convenient to separate
these two modes in optical fiber. Figure 13(a) and (b) shows the fabricated metasurface on
the facet of G.652 SMF to generate LP11 mode. The experimental results can be seen in Fig‐
ure 13(d)–(g). When the polarization direction of incident light is set along x‐axis, the LP01

mode is x‐polarized and LP11 mode is y‐polarized, as plotted in Figure 13(d) and (e). When
the polarization direction of incident light is changed to y‐axis, the polarization directions of
LP01 and LP11 mode exchange, as seen in Figure 13(f) and (g).

Figure 13. (a) and (b) SEM images of top view of a fabricated metasurface on the facet of SMF to generate LP11 mode:
(b) details of the metasurface array. (c) Experimental setup for LP11 mode generation using the fabricated metasurface.
Pol.: polarizer; HWP: half‐wave plate; OL: objective lens; Col.: collimator. (d)–(g) Measured intensity profiles of gener‐
ated LP11 mode and LP01 mode using the fabricated metasurface on the facet of SMF [50].

3. Light manipulation using dielectric metasurfaces

Dielectric metasurfaces are composed of high refractive index dielectric nanoparticles based
on the Mie resonances. Several typical types of dielectric metasurfaces and previous relevant
researches have been reported: (1) Er‐doped Si‐rich silicon nitride nanopillar array is designed
and fabricated using RF magnetron sputtering, electron beam lithography, and reactive ion
etching methods for enhanced omnidirectional light extraction and OAM beams generation
[34]; (2) Si‐based metasurfaces are designed and fabricated using electron‐beam lithography
and reactive ion etching techniques to possess sharp electromagnetically induced–transpar‐
ency‐like resonances in the near‐infrared regime [41]; (3) silicon nanobeams antennas are
designed and fabricated using low‐pressure chemical vapor deposition (LPCVD), electron‐

Metasurfaces for Spatial Light Manipulation
http://dx.doi.org/10.5772/66319

69



beam lithography, and reactive ion etching techniques to generate Bessel beams [29]; (4)
amorphous‐silicon nanoridges are designed and fabricated using standard electron‐beam
lithography, and reactive ion etching techniques to realize polarization beam splitting in pixel‐
level [36]; (5) silicon nanodisks are designed and fabricated using chemical vapor deposition,
electron‐beam lithography, and reactive ion etching methods to achieve high transmission and
full‐phase control in visible wavelength [53]; (6) silicon cut‐wires array in combination with a
silver ground plane are designed and fabricated using chemical vapor deposition, electron‐
beam lithography, and reactive ion etching techniques to achieve high linear polarization
conversion efficiency in the near‐infrared band [54]; (7) silicon nanopillar array is designed
and fabricated using electron‐beam lithography and reactive ion etching techniques to realize
low loss micro‐lenses in the near‐infrared band [55]; (8) dielectric metasurface with a tailored‐
phase gradient is designed to achieve carpet cloaking at microwave frequencies [56]. All these
previous works are based on manipulating the Mie responses of dielectric nanoparticles by
altering the dimensions, directions, arrangement of unit structures and even combining
multiple resonators with different shapes. Recently, we have also made some progresses in
dielectric metasurfaces on the basis of previous works.

3.1. OAM beams generation using nanophotonic dielectric metasurface array

We design and fabricate a kind of chip‐scale dielectric metasurface array on silicon‐on‐
insulator (SOI) platform. Figure 14 shows the schematic drawing of the proposed dielectric
metasurface units, consisting of rectangle or ellipse silicon resonators with various dimensions.
The working principle of these proposed dielectric resonators can be explained as follows: the
polarization of incident light is along x‐axis, which can be decomposed into two perpendicular
components corresponding to the long and short axis of the resonator, respectively; the
reflection amplitudes of response for a resonator in both components are almost the same while
the relative phase retardation is around π, where the linear polarization conversion occurs,
resulting in a y‐polarized reflected light [51].

Figure 14. Schematic diagram of top view of designed reflective dielectric rectangle/ellipse metasurface units based on
silicon‐on‐insulator (SOI) platform.

Then we simulate the amplitude and phase responses of the near‐field of reflected light of a
rectangle dielectric metasurface unit with various dimensions using FDTD method at the
wavelength of 1064 nm. The simulated results indicate that the response of the proposed
resonator can cover a full phase varying over 0–2π and wide shift of amplitude. It is relatively
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easy to find out a series of resonators covering full‐phase control while maintaining approxi‐
mately constant amplitude, which is considerably important for OAM beams generation. Then
eight kinds of resonators with different geometric dimensions are chosen to provide an equal‐
spacing phase shift from 0 to 2π and nearly constant amplitude, as plotted in Figure 15.
Figure 16 plots the simulated intensity and phase distributions of OAM beams of topological
charge number l = 1–4 generated using the rectangle dielectric metasurface array consisted of
the eight chosen resonators. The results indicate that the generated OAM beams match the
theoretical ones well.

Moreover, we also design the dielectric ellipse metasurface arrays at the wavelength of
632.8nm. Figure 17 shows the concept of OAM beams generation through dielectric ellipse

Figure 15. Schematic of eight dielectric rectangle resonators chosen to generate OAM beams, providing a phase shift
from 0 to 2π and nearly constant amplitude.

Figure 16. Simulated intensity and phase distributions of generated OAM beams by proposed rectangle dielectric met‐
asurface array at the wavelength of 1064 nm.
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metasurface array consisting of a series of resonators covering a full‐phase modulation. When
a Gaussian beam of vertical polarization is incident to the metasurface, the reflected beam can
be transformed into OAM beams of horizontal polarization. In view of polarization conver‐
sation happened on the proposed metasurface, one can easily separate the incident and
reflected lights. Figure 18 plots the simulated intensity and phase distributions of OAM beams
of topological charge number l = −4 to 4 generated using the dielectric ellipse metasurface array
consisted of the eight chosen resonators at the wavelength of 632.8 nm. The results indicate
that the generated OAM beams match the theoretical ones well.

Figure 17. Concept of OAM beams generation using dielectric ellipse metasurface array.

Figure 18. Simulated intensity and phase distributions of generated OAM beams by proposed dielectric ellipse meta‐
surface array at the wavelength of 632.8 nm [51].

We further fabricate and test the designed dielectric ellipse metasurface arrays at the wave‐
length of 632.8 nm. Figure 19 shows the experimental results of fabricated dielectric ellipse
metasurface arrays. The first line in Figure 19 plots the measured intensity profiles of generated
OAM beams of l = −4 to 4 using the fabricated metasurface arrays. The second line in Figure 19
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exhibits the measured intensity profiles of generated OAM beams after interfered by Gaussian
beam. One can clearly see from Figure 19 that the number of the helical arms in the distribution
of interference intensity is equal to the topological number l of OAM beam, indicating the
favorable results.

Figure 19. Experimental intensities of generated OAM beams of l = −4 to 4 by proposed dielectric metasurface array at
the wavelength of 632.8 nm (first line). Experimental intensities of generated OAM beams after interfered by Gaussian
beam with l = 0 (second line) [51].

3.2. Bessel beams generation and OAM multicasting using dielectric metasurface array

We propose and design dielectric ellipse metasurfaces to realize Bessel beams generation and
OAM multicasting at the wavelength of 1550 nm, as displayed in Figure 20(a) [52]. Figure 20(b)
and (c) respectively depict the simulated amplitude and phase responses of y‐polarized
reflected light using FDTD method. Then we choose eight kinds of resonators with different
geometric dimensions as shown in Figure 21(a), providing a phase shift from 0 to 2π and nearly
constant amplitude. The method of phase pattern replacing axicon is used to generate Bessel
beams. By replacing the phase patterns with the eight chosen resonators, simulated Bessel
beams are achieved as plotted in Figure 21(b). The purities of generated Bessel beams with
different indices are also analyzed. As shown in Figure 21(c), the purities of generated Bessel
beams with different indices of l = −20, −19, …, 19, 20 are all higher than 0.93.

Figure 20. (a) Schematic diagram of designed dielectric ellipse metasurface with a period of 1 μm and silicon height of
500 nm. Inset is the top view of a dielectric elliptical resonator. (b) and (c) are simulated near‐field amplitude and
phase of y‐polarized reflected light as functions of half of long axis length a and short axis length b [52].
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Figure 21. (a) Schematic of eight resonators chosen to generate Bessel beams, providing a phase shift from 0 to 2π and
nearly constant amplitude. (b) Simulated intensity of four Bessel beams (l = 0, 1, 10, 20) by replacing the corresponding
phase patterns with the eight chosen resonators. (c) Purities of generated Bessel beams with different indices versus
topological number l with varied propagation length L [52].

Moreover, sixfold OAM multicasting using the designed dielectric ellipse metasurfaces is also
simulated. The ideal phase pattern to generate collinearly superimposed six OAM beams (l =
1, 4, 7, 10, 13, 16) is plotted in Figure 22(a). By replacing the ideal phase pattern with corre‐
sponding resonators, we design the dielectric ellipse array shown in Figure 22(b). The intensity
profile of the superimposed six OAM modes produced by the proposed ellipse array with a
trigonal dark center is depicted in Figure 22(d). Figure 22(e) and (f) shows the intensity profiles
of OAM channels after demulticasting. For desired OAM channels, a bright light spot emerges
at the center of beam (Figure 22(f)), while for needless channels, dark region will come out at
the beam center (Figure 22(e)). The power ratios of the needed OAM channels (e.g. l = 16) to
its neighboring ones (e.g. l = 15 and l = 17) are defined as cross talks, which are approximately
less than −14 dB as plotted in Figure 22(c).

Figure 22. (a) Ideal phase pattern to generate sixfold OAM multicasting (l = 1, 4, 7, 10, 13, 16). (b) Top view of designed
dielectric ellipse array to generate sixfold OAM multicasting by replacing the ideal phase pattern with corresponding
resonators. (c) Power distributions of OAM channels generated by ideal phase pattern and dielectric ellipse array. (d)
Intensity distribution of collinearly superimposed six OAM beams. (e) Intensity distribution of undesired OAM chan‐
nels after demultiplexing. (f) Intensity distribution of multicasting OAM channels after demultiplexing [52].
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4. Discussion

Although metasurfaces composed of plasmonic and dielectric units have only recently
emerged as an active area of research, their potential as an approach to realize light manipu‐
lation devices has already been successfully implemented in flat optics such as OAM beams
generator, lens, wave plates, holograms, and so on, for its superiorities of compact and flexible
design. For instance, convenient optical elements are based on refraction, reflection or
diffraction of light. Their ability of wavefront shaping is relay on propagation through media
whose refractive indices can be designed to control the light path. As a consequence, those
conventional optical elements suffer from thick materials, large volume, long diffraction
distance and even low optical manipulation accuracy that they are difficult to be compatible
with compact systems. Metasurface‐based flat optical elements can potentially replace
traditional ones. They are able to modulate wavefront of light beam by introducing a variety
of nanoscaled electric dipole resonators replacing conventional propagation effect and
therefore considerably reduce the whole volume of systems. Besides, the responses of meta‐
surfaces rely on the characteristics of unit structures such as structure dimensions and
materials types. It is relatively convenient to flexibly control the amplitude, phase and
polarization of scattering light.

However, there are still some challenges of metasurfaces. For plasmonic metasurfaces, they
suffer from ohmic loss at optical wavelength. One common solution to loss compensation is
to introduce a gain medium in or around the plasmonic material. This solution can partially
or fully compensate the loss in metals, but the incorporation of such active materials is very
challenging [57]. Another challenge for plasmonic metasurfaces is that noble metals have large
plasma frequency and cannot be adjusted, making tunable or switchable metasurface devices
hard to realize [57]. What is more, noble metals are not compatible with the standard semi‐
conductor fabrication technologies, restricting metasurface devices to the proof‐of‐concept
stage only. To deal with those issues, some recent researches focus on new materials platforms
defined new, intermediate carrier density materials as the best candidates that perform low
loss, excellent tuning, and modulation capabilities and that are compatible with established
semiconductor processing technologies and integration procedures [57, 58]. In addition,
metasurfaces are also facing the challenge of reconfigurable. For metasurface, the unit
structures must be subwavelength‐scaled optical switches with a fraction of a square micro‐
meter footprint and a volume of only approximate 10‐19 m3. The optical switches are desired
to be fast and energy saving. It is challenging for unit structures to satisfy the former two
conditions. To solve the problem, one can alter the dimensions of individual unit structures,
or manipulate the near‐field interactions between them. The nanomechanical devices platform
can provide one possible ideal solution. There are several impressive works reported recently
focusing on the tunable and reconfigurable metasurfaces [57, 58]: (1) by combining the Fano
resonant metal nanoparticles with a single layer graphene, obviously electrically controlled
damping are observed in the Fano resonances in the near‐infrared regime; (2) by positioning
a thin graphene sheet over asymmetric silicon nanobars, transmission spectrum of the
proposed device can be efficiently adjusted at the near‐infrared frequencies; (3) a metal
nanomechanical metasurface is fabricated on the nanoscale‐thickness dielectric membrane,
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and the displacement of metamolecules can be controlled by light illumination; (4) using
differential thermal expansion and Lorentz force, electrothermal tuning and magnetic modu‐
lation are achieved in a reconfigurable metal metasurface; (5) using a vanadium dioxide
metasurface lens, the amplitude spectrum and the focal intensity can be adjusted by changing
the temperature in the terahertz regime; (6) utilizing a heating‐induced vanadium dioxide
planar metamaterial, the device is able to be switched between capacitive and inductive
responses; (7) by combing metal nanoantenna array with indium tin oxide, phase and ampli‐
tude of reflected light can be controlled at near infrared wavelengths.

In spite of facing many challenges, metasurfaces are still one of the most potential devices
applied in beam‐steering, spatial light modulator, nanoscale‐resolution imaging, sensing, and
novel quantum optics devices. Besides, the increasing demand for large capacity of data
transmission and fast signal processing promotes to eliminate the bottleneck between optical
fiber communication networks and electronic data handling. Achieving this goal will require
strong and fast nonlinearities for switching light with light, and much improved manipulation
of the electromagnetic fields with external stimuli such as electric signals in compact space.
Metasurfaces‐based devices can considerably enhance these functionalities by exploiting the
characteristics of metasurfaces [58]. In the future, metasurfaces‐based devices would be in
developing tunable, reconfigurable, nonlinear, switchable, gain and quantum metasurfaces,
which might be achieved by adopting new materials (such as superconductors or graphene)
and hybridizing plasmonics metal nanostructures with other functional materials such as
nanocarbon, organics, nanosemiconductors, organic polymers and phase‐change media [58].

5. Conclusion

In summary, we have reviewed our recent works in light manipulation on the dimension of
spatial structure using metasurfaces: (1) metasurfaces consisting of multiple concentric rings
in a gold film are designed to generate broadband OAM carrying vector beams in the regime
from near infrared to mid infrared band; (2) a metal V‐shaped antenna array is designed to
realize multicasting from a single Gaussian beam to four OAM beams assisted by PSI algo‐
rithm, achieving a low‐crosstalk of near −15 dB; (3) a kind of gold metasurface is designed and
fabricated on the facet of a G.652 SMF to generate LP11 mode at the wavelength of 632.8 nm;
(4) a kind of dielectric metasurface is designed and fabricated on SOI platform, realizing OAM
beams generation; (5) a kind of dielectric metasurface is designed on SOI platform at the
wavelength of 1550 nm, achieving Bessel beams generation with high purity and multicasting
from a single Gaussian beam to six OAM beams with a relatively low crosstalk less than −14
dB. The designed and fabricated metasurfaces in these works have nanoscaled dimensions and
the generated beams carrying OAM have favorable qualities, which are promising for compact
and effective beam‐steering system and space‐division multiplexing (SDM)‐assisted optical
communication systems. In the future, the metasurface devices to generate optical beams
carrying OAM can combine with tunable and reconfigurable functions reported in Refs. [57–
58], which makes robust spatial light manipulation possible and facilitates more interesting
applications.
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Abstract

First, the chapter presents a novel design of electromagnetic bandgap (EBG) absorber 
with the characteristics of broad bandwidth, low profile, and polarization‐independence 
to a normal incident electromagnetic wave. The absorber is composed of three consecu‐
tive octagon or decagon loops, and highly‐resistive frequency selective surface (FSS) 
layers. Second, based on the feature of the designed absorber unit, a broadband, meta‐
material absorber‐bounded, wireless inter/intrachip (WIIC) communication channel is 
constructed at the center frequency of 60 GHz. Third, in order to validate the developed 
methodology used in WIIC analysis, a wired channel on a conventional PCB has been 
measured, simulated, and analyzed. Fourth, with the extracted S‐parameters of the WIIC 
system and wired PCB channel, the system impulse responses and transfer functions of 
the investigated channels have been further extracted, which are used for validation and 
BER analysis of the WIIC system. Finally, it has been shown that based on the derived 
BER results, the performance of the designed WIIC channel is close to that of an additive 
Gaussian white noise (AWGN) channel when the WIIC transceivers are built in with the 
functionalities of forward error control (FEC), channel estimation, and equalization.

Keywords: metamaterial EBG, wireless inter/intra chip communication, channel design, 
absorber, bit error rate

1. Introduction

As the dramatic development of high speed integrated circuits and the fast increment of 
operating frequency of computer systems, the dimensions of complementary metal‐oxide 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



semiconductor (CMOS) transistors have reached at the nanoscale. The very large scale inte‐
grated circuits, interconnecting communication channels and devices, and I/O pins have been 
becoming extremely complex, highly dense, and compact by using multilayer and compli‐
cated routing PCB technologies [1]. When the frequency of the computer system operation 
is greater than 20 GHz or higher, the signal integrity (SI) bottlenecks have been becoming 
increasingly protuberant, which are particularly resulted in signal reflection, crosstalk, trace 
loss and delay, parasitic resistance, inductance, and capacitance [2–4].

In order to resolve these serious SI issues, several methods have been recently investigated to 
improve the interconnection communication systems. For example, using a low‐resistivity con‐
ductor or a low dielectric constant material, as well as multilayer stacked structures, improves 
the interconnection communication [5, 6]. Meanwhile, various approaches are used to elimi‐
nate traditional trace interconnection issues that have been explored for improving SI systems, 
including optical interconnects, electromagnetic wave solution, and radio frequency wireless 
communication technologies [7–11].

This chapter presents an innovative wireless inter/intrachip (WIIC) communication channel, 
as shown in Figure 1, where the major concept of the WIIC communication is illustrated to 
distinguish the existing high‐density trace communication‐based PCB and the wireless com‐
munication version developed in the chapter.

The rationale and motivation of this research are mainly resulted from the following 
considerations:

• The WIIC system can greatly reduce the cost of PCB boards as the number of PCB layers is 
reduced from 10 of layers to less than 5 layers.

• The WIIC system can fully take the advantage of the advanced and well‐developed wire‐
less and mobile communication systems.

• The wireless interconnect channel will be more convenient and flexible for layout chip 
distribution and for computer architecture design without concerning about wiring and 
routing of complicated vias and traces.

Figure 1. The concept of WIIC communication developed in this research. (a) Traditional high density, trace‐based inter‐
connect PCB, and (b) the concept of the proposed WIIC communication channel bounded by EBG absorber layers.
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• There is no crosstalk, low distortion, dispersion, and time delay, although interferences 
between transceivers are unavoidable on this designed WIIC board.

• The long cycle process in designing and testing PCB trace wiring and routing will be com‐
pletely eliminated.

2. Broadband EBG absorber design

2.1. Configuration of EBG absorber

The unit cell of the firstly proposed metamaterial EBG absorber, which is designed at the 
center frequency of 25 GHz, is displayed in Figure 2. The absorber unit includes a resistive 
layer, a dielectric substrate layer, and a ground layer. The octagon‐shaped resistive layer 
consists of three consecutive loops of highly resistive frequency selective surface (FSS). The 
material of the three loops is tantalum nitride with the relative dielectric constant of εr = 1, the 
relative permeability of μr = 1, and the conductivity of σ = 7400 S/m. The board substrate is 
foam‐characterized with εrf = 1.05, μrf = 1, and the loss tangent of tan δ = 0.005. The ground is 
made from copper with a conductivity of σ = 5.8 × 107 S/m.

Similarly, the proposed 60 GHz absorber unit is built with the substrate of foam characterized by 
the dielectric constant   ε  

r
   = 1.0 . The dimensions of the absorber unit are about 4.2 × 4.2 × 1 mm [13]. 

The absorber unit consists of three consecutive decagon loops in order to achieve a broadband 
frequency band centered at 60 GHz. The thickness of the resistive metal layer is 0.02 mm, the 
width of the loop traces is 0.08 mm, the edge‐to‐edge spacing is 0.08 mm, and the side lengths of 
three loops are 0.3245, 0.2503, and 0.2256 mm, respectively.

Figure 2. Side and top views of the 25 GHz EBG absorber unit, where d1 = 3.69, d2 = 3.13, d3 = 2.57, w = 0.18, g = 0.1, h = 1, 
t = 0.02, a = 4.2, all in mm.
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2.2. Broadband absorption performance

The absorber unit has been built into an HFSS (high frequency structure system) environment, 
as presented in Figure 3, where the boundary surfaces of the unit cell are curtailed with the HFSS 
built‐in master and slave boundary conditions (BCs) in addition to two Floquet port excitations 
placed at the top and bottom as a wave port. In this case, the setting of the absorber unit can be 
considered as an equivalent, periodic, infinitely large absorbing configuration. Electromagnetic 
plane waves are placed to be incident onto the top surface of the absorber unit in the normal 
direction polarized as a transverse electric (TE) or a transverse magnetic (TM) wave.

The absorptance A(f) is a measure of the absorber's EM wave power absorption, which is 
precisely given as

  A(f )   =  1 −   |   S  11   |     
2
  −   |   S  21   |     

2
   (1)

where S11 and S21 are the reflection and transmission coefficients estimated in the two‐port 
network system, respectively. Because the absorber is essentially shielded by the copper 
ground, the EM wave cannot penetrate the structure, i.e., S21 = 0.

As shown in Figure 4, it is found that the proposed design of the absorptance A(f) of the 
25 GHz EBG absorber unit is about 90% or greater in the frequency band of 19.9–31.2 GHz. 
The relative bandwidth of the designed absorber unit is approximately 44% centered at the 
frequency of 25.6 GHz. The predicted A(f) has been verified by an FDTD (finite difference 
time domain) simulation, which shows a higher agreement between those developed from 
the FDTD and HFSS methods [12].

Figure 3. EBG absorber unit assessment system in an HFSS environment.
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2.3. Equivalent circuit analysis

It is very often to develop an equivalent circuit model for evaluating the absorptance A(f) of an 
EBG absorber speedily and efficiently in electrical engineering research and electronic engi‐
neering practice. An equivalent circuit for the EBG absorber unit has been presented using a 
transmission‐line model as displayed in Figure 5, where Ci, Li, and Ri (i=1, 2, 3) are the capaci‐
tance, inductance, and resistance for the ith one of the three resistive loops (i=1, 2, 3), and Cij, 
Lij, and Rij (i, j =1, 2, 3, i≠j) are correspondingly the mutual capacitance and inductance as well 
as resistance between the ith and jth resistive loops.

Figure 4. The simulated absorptance of the proposed 25GHz EBG absorber.

Figure 5. Equivalent circuit model for the absorber unit.
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By neglecting the fringing effect, the capacitance of the parallel‐plate capacitor is approxi‐
mated as [14]

  C =   
 ε  0    ε  r   wl

 _____ h    (2)

where l is the perimeter of the resistive loop, w is the width of the trace, and εr is the relative 
permittivity of the substrate. C1, C2, and C3 are approximately evaluated by this relation.

Subsequently, the self‐inductance of a microstrip etched on the substrate can be expressed as [15]

  L = 2 ×  10   −13  × l ×   (  ln   (    2l _ w + h   )    + 0.5 + 0.2235 ×   w + h _ l   )     (3)

where the above relation is used for gauging L1, L2, and L3, respectively, for the equivalent circuit.

The resistance introduced by the transmission‐line conductors can be approximated by [16]

    
⎧

 
⎪

 ⎨ 
⎪

 
⎩

   
 R  L   =   l _ σwt                         (δ ≥ t ) 

    
 R  H   =   l _ w    √ 

_

   
π  μ  0    μ  r   f _ σ         

 
 
 
            (δ < t ) 

    (4)

where t is the thickness of the resistive layer, σ is the conductivity of the resistive layer, and 
δ is the skin depth of the conductor at the specified frequency of f. The skin depth of the 
resistive layer in the frequency band of 10– 40 GHz is within the range of 0.0292–0.0585 mm. 
Because the skin depth is greater than the resistive layer thickness t, RL in Eq. (4) should be 
used to calculate the resistances of the three loops. As shown in Figure 5, Rg, the resistance of 
the ground layer is also evaluated by employing Eq. (4).

The mutual capacitances and inductances among the resistive loops of the EBG absorber unit 
are approximated by employing the following relations [17]:

   C  m   =   
π  ε  0    ε  r   ___________  ln (4(w + g ) / w )   × l  (5)

   L  m   =   
 μ  0    μ  r2   ____ π   ×   w ____ w + g   × l  (6)

where Cij and Lij (i, j = 1, 2, 3) are evaluated using the above two relations. In this absorber 
design, due to the small gaps between any two neighboring loops, the resistances R12 and R23 
are approximately equal to the characteristic impedance of air; while due to that Loop2 sepa‐
rates Loop1 and Loop3, and R13 is very small and simply neglected here.

Given the permittivity εd, permeability μd, and conductivity σd of the dielectric substrate, by 
using the relations for the loss tangent, propagation constant and characteristic impedance [16]

   ε  d   =   ε   ′   d   − j   ε   ″   d    (7a)

  tan  δ   ′  =   
ω   ε   ″   d   +  σ  d  

 _______ ω   ε   ′   d      (7b)

  γ = jω  √ 
________

  μ  d    ε  d   − j  σ  d      (7c)

   η  d   =   
jω  μ  d  

 ____ γ    (7d)
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The characteristic impedance in the substrate can be written as [18]

   η  d   =   
 μ  d  
 _________________  

 √ 
___________________

    μ  d    ε  d   − jω(  ε   ′   d   tan  δ   '  −   ε   ″   d   )  
    (8)

where the permittivity and permeability of substrate εd' = ε0εr, μd = μ0μr2,d” = 0, and tanδ’ = 0.005. 
The ground‐equivalent resistance and inductance shown in Figure 5 are initially set as Rd = 
Re(ηd), and Ld = Im(ηd)/jω, which can be easily evaluated using Eq. (8) for contribution from 
the substrate.

The equivalent circuit model of the EBG absorber unit has been established in the ADS with 
the configuration of components, as shown in Figure 5. The values of these circuit components 
are finely tuned and optimized, and the achieved results are listed in Table 1. The absorptance 
A(f) simulated from the equivalent circuit model in ADS is compared to that arrived from 
the corresponding HFSS full wave field solver as shown in Figure 6. In the frequency band 
of 18–40 GHz, A(f) results obtained from ADS equivalent circuit and HFSS field approach 
remain a fairly good consistent.

Similarly, for the 60 GHz EBG absorber, an equivalent circuit of the designed absorber unit 
has also been developed as shown in Figure 7.

By using the transmission line model, the self and mutual inductances, capacitances, and 
resistances are derived and put into a schematic in an ADS window. The values of the compo‐
nents are tuned in ADS as listed in Table 2.

The absorptance of the designed decagon absorber obtained in HFSS and the one derived 
from the equivalent circuit simulated in ADS are displayed in Figure 8, where the absorp‐
tion bandwidths for both cases are approximately 20 GHz. They are fairly consistent, except 
a frequency shift in the front and back edges of the band. It is apparent that for this designs 
both the central frequency (60 GHz) and the absolute bandwidth (50–70 GHz) are the highest 
among the recent metamaterial EBG absorbers [19–24].

R1 (Ω) C1 (pF) L1 (nH) R2 (Ω) C2 (pF) L2 (nH)

40.76 0.20 0.45 37.69 0.13 0.26

R3 (Ω) C3 (pF) L3 (nH) R12 (Ω) C12 (pF) L12 (nH)

26.45 0.09 0.18 371.89 1.71 23.53

R23 (Ω) C23 (pF) L23 (nH) R13 (Ω) C13 (pF) L13 (nH)

334.71 1.66 27.35 1.44 8.82

Rd (Ω) Ld (nH) Rg (Ω)

371.81 0.24 0.0025

Table 1. Equivalent circuit components for 25 GHz EBG absorber.
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Figure 6. The equivalent circuit‐simulated A(f).

Figure 7. Equivalent circuit of the 60 GHz EBG absorber.

R1 (Ω) C1 (pF) L1 (nH) R2 (Ω) C2 (pF) L2 (nH)

55.97 0.0046 0.36 1183.45 0.081 0.061

R3 (Ω) C3 (pF) L3 (nH) R12 (Ω) C12 (pF) L12 (nH)

997.31 0.67 0.04 278.80 0.040

R23 (Ω) C23 (pF) L23 (nH) R13 (Ω) C13 (pF) L13 (nH)

0 0.14 0.65 278.80 0.081 0.20

Rd (Ω) Ld (nH) Rg (Ω)

0.0045 0.32 0.72

Table 2. Equivalent circuit components for 60 GHz absorber.
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3. Wireless WIIC channel design

3.1. Construction of broadband wireless channel

Based on the design of the metamaterial absorber, a metamaterial‐absorbing layer bounded 
WIIC channel has been further designed [13]. In the designed channel, two layers of the meta‐
material EBG absorbers are placed on the top and bottom of the PCB board. Also, three anten‐
nas are placed on the top layer of the channel to perform the transceivers of chips in the WIIC 
system. The transceivers are used to transmit and receive signals operating at a 60 GHz fre‐
quency band. The WIIC channel is modeled in HFSS as shown in Figure 9.

The WIIC channel is designed with the total dimensions of 60 × 80 × 5 mm, which has been 
equipped with total 249 and 252 (14 × 18) absorber units on the top and bottom layers, respec‐
tively. The substrate dielectric material is filled with Foam in the designed in the WIIC chan‐
nel. Three microantennas are placed on the top layer, which are fed with the coaxial lines. The 
antennas are about 30 mm apart from each other.

The HFSS‐simulated S‐parameters for the wireless PCB channel and a comparable structure, 
parallel plate system, are shown in Figure 10. As seen from the figure, the 10 dB bandwidth 
with acceptable insertion loss approximately ranges from 50 to 70 GHz. The insertion loss 
between the two transceivers ranges approximately from 22 to 35 dB in the frequency band 
from 50 to 70 GHz. The return loss is about ‐13 dB at the central frequency, with a minimum 
frequency of ‐32.06 dB at 49.62 GHz. It is noticed that the S‐parameters for the corresponding 
parallel plates are also fluctuated to meet the bandwidth requirement, and the insertion loss 
is much lower in the frequency band of interest.

Figure 8. Absorbtance of the designed 60 GHz absorber and the equivalent circuit.

Development of Metamaterial EBG Absorbers for Application of Wireless Inter/Intrachip Communication Systems
http://dx.doi.org/10.5772/67018

91



Figure 9. WIIC channel built with the metamaterial EBG absorber units: the geometry of the WIIC channel and its side 
view.

Figure 10. Extracted S‐parameters for the designed 60 GHz WIIC channels with the EBG absorber layers and ground 
plates.
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3.2. Numerical extraction of impulse responses and transfer functions

To characterize the WIIC channel and to simplify the channel performance analysis, the 
impulse response is then extracted in ADS. The schematic for impulse response extraction and 
the time domain waveform of the input unit impulse are, respectively, shown in Figure 11.

Figure 11. Impulse response extraction techniques. (a) Schematic for impulse response extraction, and (b) the input unit 
impulse.
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The generated unit impulse is numerically determined to satisfy its definition as follows:

   ∫ −∞  ∞     δ  W    (  t )   dt =   1 __ 2    (  Δ  t  1   + Δ  t  2   )    V  H   = 1 (V ⋅ s )  (9)

where   V  
H
    is the magnitude of the pulse,  Δ  t  

1
    and  Δ  t  

2
    are the total pulse widths at the pulse top 

and bottom, respectively.

To compare the wireless PCB channel analysis to the existing wired trace approach, a wired 
PCB channel with a number of vias, striplines, microstrip lines, through whole pins, and con‐
nectors has been analyzed and measured. A motherboard, which includes a CPU on the top 
layer, is shown in Figure 12. The dimensions of the motherboard are 508 × 218 × 2.54 mm. 
There are a total of 22 layers on this PCB board, including eight stripline layers, two microstrip 
line layers, 10 ground planes, and two power planes. The size of the boards is much larger 
than the simulated wireless WIIC PCB, because the wired PCB channels consist of hundreds 
of traces at different layers to reduce the crosstalk among these traces.

The highlighted part of the board to be studied consists of a 300‐mil microstrip, two vias, 
a 5.3‐inch stripline, a through whole pin, and a connector. The wired PCB channel is mea‐
sured using both TDR (time domain reflectometry) and TDT (time domain transmission) 
signals. The S11 and S12 can be approximately generated from the measured TDR and TDT 
signals, respectively. The reason for why not directly measuring the S‐Parameters using a 
Vector Network Analyzer (VNA) to extract the S‐Parameters is primarily due to that the cost 

Figure 12. Wired PCB channel consisting of vias, microstrip, and striplines.
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of the VNA capable for the desired high frequency band of 50‐70 GHz is too expensive. It was 
unavailable when doing the measurement for the wired PCB channel. The TDR/TDT signals 
will be used for extraction of the impulse response and transfer function of the channel. The 
wired PCB channel schematic diagram is displayed in Figure 12. The S‐parameter models 
of via, through whole pin, microstrip and stripline simulated in HFSS, and the connector 
S‐parameters model provided by the vendor are cascaded in ADS to generate the overall S‐
parameters and to obtain the simulated TDT/TDR for the wired PCB channel.

The extracted impulse responses of the WIIC channel, measured and simulated wired PCB 
channels are shown in Figure 13. It is clearly seen that the measured and simulated impulse 
responses match very well.

As the frequency response of a system can be easily generated in MATLAB by performing an 
FFT to the impulse response. The discrete frequencies and the sampled time points have to 
satisfy the following relation [25]:

  Δf =   1 ____ ΔtN    (10)

where Δt is the sampling time interval of the impulse response, and N is the total samples of 
the impulse response in the time domain.

Figure 13. Extracted impulse responses.
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The extracted system transfer functions for the measured and simulated wired and wireless 
PCB channels are shown in Figure 14. It is clearly seen that the transfer functions of the simu‐
lated and measured PCB channels are very consistent, and they are almost cutoff from 15 GHz. 
However, the proposed wireless WIIC PCB channel performs very well for the desired fre‐
quency band around the neighborhood of 60 GHz. In other words, with an identical input to 
the channels, the bandwidth of the wireless WIIC PCB channels will be much larger than that 
of the wired PCB channel. The transfer function for the wireless WIIC PCB channel with the 
absorbers is relatively flat in the frequency range of 45–65 GHz. It is also noticed that this band‐
width is not completely consistent with that of the insertion loss resulted from HFSS.

4. System and channel performance analysis

4.1. WIIC transceivers

In this chapter, various advanced wireless and mobile technologies are implemented in the 
proposed WIIC system, including the orthogonal frequency division multiplexing (OFDM), 
quadrature phase shift keying (QPSK), quadrature amplitude modulation (QAM), and mul‐
tiple input multiple output (MIMO). Herein, an ideal 4 × 4 antenna array with the four identi‐
cal channels is assumed, which correspondingly will lead to the upper bond data rate of the 

Figure 14. Transfer functions (dB) for the WIIC, measured and simulated wired PCB Channels.
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system. As the result of employing the technologies of OFDM, MIMO, and QPSK/QAM, the 
data rate and spectrum utilization of the system are dramatically improved.

The WIIC system in this work also includes forward error control (FEC), and interference miti‐
gation to diminish the error brought by the channel and interferences from the channel and 
other transmitters. In this system, FEC mainly includes cyclic redundancy check (CRC) and 
channel coding, and interference mitigation features the techniques of scrambling and inter‐
leaving. For the FEC scheme, the system employs 16‐bit CRC and 1/3 code rate tail‐biting con‐
volution coding. The WIIC system employs cyclic prefix (CP) to deal with the timing problem, 
and OFDM‐UWB (ultra wide‐band) to achieve low power consumption. The system block 
diagram is shown in Figure 15.

4.2. OFDM symbol decoding

MIMO demapping, demodulation, descrambling, deinterleaving, and channel decoding are all 
equipped in the OFDM symbol decoding scheme in this WIIC system [26–28]. Demodulation 
is able to automatically diminish the mistakes brought by the noise from the channels, and 
channel decoding can correct some errors in the receiving signals. Correctly MIMO demap‐
ping, demodulation, descrambling, deinterleaving, and channel decoding will provide the 
receiver the correct output bits, which can be used for comparison with the transmitted sig‐
nals, and can accurately calculate the system BER.

Figure 15. WIIC system block diagrams for transmitter and receiver.
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As the precoding matrices employed by MIMO are orthogonal matrices, correspondingly, 
the inverse matrices, in other words, the deprecoding matrices are simply that are used for 
transposed precoding matrices. Thus, the deprecoding procedure will be the received signal 
matrix multiplied by the correct transposed precoding matrix. Besides, after deprecoding, the 
delayer mapping is the inverse procedure of the layer mapping, which is a procedure for col‐
lection and rearrangement of deprecoded data.

The constellation improvement of the SDM brought by precoding is simulated in MATLAB. 
The constellation diagrams collected at the receiver of a system without precoding, and that 
with precoding are displayed in Figures 16 and 17, respectively. The simulation includes 
2,048,000 bits, under the AWGN channel, with SNR 5 dB.

4.3. WIIC system performance analysis

In the system and channel performance analysis, four different channels are investigated in 
MATLAB, which are the additive white Gaussian noise (AWGN), Rayleigh, the designed 
WIIC, and the measured PCB channels. The relationships of bit error rate (BER) and signal‐to‐
noise rate (SNR) with four different channels are shown in Figure 18. In each SNR condition, 
a random binary of 441,600,000 bit stream is input to these four different channels and the 
BER is obtained by acquiring the number of bits in which the input and output are different.

Figure 16. Constellation at receiver without MIMO.
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Figure 17. Constellation at receiver with MIMO.

Figure 18. BER versus SNR in different channels.
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Herein, BERs are extracted by directly comparing the input and output, so that the results 
are more reliable than obtaining BER by calculation using CRC‐checking results. Besides, 
in the simulation 0 dB antenna gain is assumed, and without including any low‐noise 
amplifier (LNA), as the worst‐case analysis of the simulated channels. Also, AWGN and 
Rayleigh channels provide the best or worst case for wireless channels, which cannot vali‐
date the designed system, but can also be compared to the proposed WIIC and wired PCB 
channels.

As predicted in the previous analysis, the BER reaches to be less than 10‐5 at SNR of 3, 3.4, and 
5.4 dB for AWGN, WIIC, and Rayleigh channels, respectively. Also, when SNR is greater than 
3.6, 3.4, and 5.6 dB, none of the single error bit is found in BER analysis, with AWGN, WIIC, 
and Rayleigh channels, respectively. In contrast, it is not surprising that the BER for the wired 
PCB channel is much higher than the other channels due to its cutoff in the frequency band 
of interest.

5. Conclusion

In this chapter, based on the design of an EBG absorber unit, a WIIC channel has been 
designed and validated in the WIIC system. Also, as a reference system, a wired PCB chan‐
nel is measured, simulated, and analyzed for extracting its S‐parameters and system transfer 
functions. It is found that the wired PCB boards are no longer qualified for transmitting sig‐
nals at a 60 GHz band for the case studied, while the designed WIIC channel works properly 
in this band. With the extracted WIIC S‐parameters, its impulse responses and the normalized 
transfer functions are obtained in ADS and MATLAB. The BER analysis shows that the per‐
formance of the proposed WIIC channel is close to a simple AWGN channel when the WIIC 
transceivers are characterized with channel coding, channel sounding, channel estimation, 
and channel equalization.
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Abstract

The purpose of this chapter is to convey a message that the variety of applications of the
classical (and the novel ones, such as Mie resonance based) metamaterials are going far
beyond the originally proposed applications such as geometrical optics and antennas. In
addition, it is important to mention that most of these applications are just an idea or a
first proof of principle. Hence, an additional message of this chapter is that a lot of
further research is required to implement these scientifically sound ideas. It is also a
hope that this chapter will trigger the reader's curiosity and interest to pursue this
exciting field, which will yield additional applications that have never been imagined.

Keywords: MWand THz metamaterials, NDE, chem/bio detection, dielectric proper-
ties characterization, complex oxide thin films

1. Introduction

Multiple applications of a new range of materials called metamaterials have been developed
since their evolution, suggested by Veselago [1], to the development of their design, first
proposed by Pendry et al. [2, 3]. Most notably, the proposed applications included antennas
[4] and geometrical optics [5]. Indeed, the proposed metamaterial-based structures were
designed to enhance the antenna properties such as bandwidth, or geometrical optics proper-
ties such as reduced aberrations and enhanced focusing by the metamaterial lens [6].
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In the years to follow, extensive research in the field of metamaterials yielded novel metamaterial
classes (metamaterials based on dielectric resonators, for example) [7] and configurations [8] in
addition to the “classical” ones in the form of metallic split ring and a wire designed by Shelby
et al. [5] that are shown in (Figure 1).

In their original definition, the metamaterials are artificial materials that respond to impinging
electromagnetic waves by exhibiting negative values of the permittivity (ɛ) and/or the perme-
ability (μ). Typically, the metamaterials are divided into double-negative when both values of
ɛ and μ are negative or single-negative when one of these values is negative.

In this chapter, we discuss utilization of the “classical” and other metamaterial devices for a
number of applications that go beyond the antenna and geometrical optics application. This
approach will demonstrate the extent to which the field of metamaterial applications has grown
in recent years, taking this exciting discovery one step further to implementation in real-life
devices. Both single-negative and double-negative metamaterial devices are discussed in this
chapter. Most of the ideas that are to be discussed here are on the level of proof-of-concept and
some of them have a good chance to become real life application in the nearest future.

It is our desire to discuss these concepts in the context of their applications. Hence, it is prudent
to provide the background for the application in order to give a complete picture of the
concrete capability gaps and how the proposed metamaterial devices can address these short-
comings.

When the “classical” metamaterials are discussed, we refer to each metallized-structure unit
cell as to an artificial atom that “reacts” to impinging electromagnetic wave. The dimensions
of these structures and their features will determine the resonant frequency of the device.

Figure 1. Optical image of a classical metamaterial structure that operates at a resonant frequency of 10.5 GHz[8]
(Reproduced with permission of American Association for the Advancement of Science via Copyright Clearance Center).
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Typically, such a unit cell measures to about 1/10 to 1/20 of a resonant wavelength and consists
of a wire and a split ring (either together for double-negative or one of the two for single-
negative). An example of a two-dimensional (2D) double-negative and one-dimensional (1D)
metamaterial model and transmission results obtained from the operation of the metamaterial
fabricated based on this model [9] are shown in Figure 2.

Figure 2. A few unit cells modeled in HFSS Ansoft © for (a) 2D metamaterial and (b) 1D metamaterial slab, (c)
dimensions of the metallized components of the designed unit cell are as follows: FR4 (ɛ = 4.4, tan δ = 0.02), metallic
structures—copper (30 μm thick), r = 1.6 mm, d = t = 0.2 mm, w = 0.9mm, a = 9.3 mm, h = 0.9 mm. PCB sheets were 1.8 mm
thick, (d) transmission scan from the structure depicted in (a) and e) transmission scan of a structure depicted in (b) [9].
(Reproduced with permission of ELSEVIER S.A. via Copyright Clearance Center).
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From Figure 2(d) and (e), one can see that the resonant frequency of this double-negative
metamaterial is 3.65 GHz, which corresponds to a wavelength of about 8.2 cm. Figure 2(c)
indicates that the largest dimension of the designed structure is the size of the unit cell and,
hence, the length of the metallic wire which measures 9.3 mm is about 1/10 of the resonant
wavelength.

The same rule of thumb can be applied to alternative metamaterial structures such as an array
of TiO2 oxide cubes used as a metamaterial in low THz range of frequencies [10] which have
dimensions of about 1/10 of the lowest resonant frequency measured for this metamaterial
system. The model and the transmission scan of this metamaterial structure are depicted in
Figure 3.

Simulations of the metamaterial system can be used to predict the resonant frequency and
hence, the operational frequency of a device.

It is important to keep in mind the dimensions of the metamaterial surface for a particular
application/frequency. For example, it may be technically challenging (due to their dimensions
and configuration) to implement somemetamaterial devices for THz and optical applications [11].

In this chapter, we review the examples of metamaterial device applications in microwave
(MW) and terahertz (THz) spectra of radiation. We will look into both single-negative and
double-negative metamaterial devices, as well as into active and passive devices. This review
is not meant to be an exhaustive list of potential metamaterial applications outside of the
antenna and geometrical optics, but just a few ideas of how the very novel concept of artificial
materials can be applied in a wide variety of ways.

The remainder of the chapter is divided into individual applications where the background for
the application, its configuration, advantages, and limitations will be discussed.

Figure 3. (a) Designed metamaterial structure in the low THz regime, (b) transmission scan showing negative index of
refraction for this configuration [10] (reprinted with permission from Shibuya, K., K. Takano, N. Matsumoto, H. Miyazaki,
K. Izumi, Y. Jimba, and M. Hangyo,“Terahertz metamaterials composed of TiO2 cube arrays”. Proceedings of the Second
International Congress on Advanced Electromagnetic Materials in Microwaves and Optics - Metamaterials, Pamplona,
Spain 2008, Copyright 2008 Metamorphose IV).
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2. Novel nondestructive evaluation (NDE) detector based on a
metamaterial lens

The first application that we are going to discuss is a novel NDE detector based on a meta-
material lens. The proposed detector is capable of operating in a low GHz range of frequencies.

2.1. Background

There are many instances where it is important to detect a flaw or inclusion that is not visible
to human eye as it is covered by a layer of nonconducting material. Detection through conduc-
tive surfaces is limited as they will reflect the waves in the radiation ranges that are typically
utilized by metamaterial devices (excluding, probably, acoustical [12]). However, some work
has been done to investigate carbon-fiber-reinforced structures with microwaves [13]. One of
the examples where the application of such a detector could be highly beneficial is a system
where a thick layer of thermal insulation covers a metallic surface (you can think of a space
shuttle tile covering shuttle skin, for example). The thermally insulating layer is attached by an
adhesive and we do not want to remove in order to determine whether the onset of corrosion
had occurred underneath the insulating layer. In order to successfully detect this flaw, two
conditions need to be satisfied: (a) the resolution of our detector has to be good enough to
detect the flaw and (b) the wave that we are using has to be “strong” enough to penetrate the
insulating layer to reach the flaw and to reflect back through the layer to the detector. Here we
arrived at a contradiction, though longer wavelengths penetrate further, the resolution of the
image will be limited by the wavelength, due to the diffraction limit. Indeed, we could defy the
diffraction limit if we investigate the same flaw using the near-field detector, but in many
cases, this approach is not realistic since the thickness of the insulator might be larger than the
distance that will define the true near field. Additionally, it might not be realistic for real-life
devices to maintain the tip of the detector so close to the surface of the sample. As an example,
Tabib-Azar et al. demonstrated the resolution of 0.4 μm with 1 GHz wavelength but the tip of
their detector was maintained at a very small distance away from the surface of the metal [14].

Pendry [6] analytically demonstrated that a metamaterial lens defies the diffraction limit and,
in an ideal case, can transmit all the information emitted from the source. This approach can be
utilized when an NDE detector is designed based on a metamaterial lens [15]. Realistically, the
detector can serve as a “middle ground” between a far-field and a near-field detector where
the standoff distance can be manipulated by the distance of the source from the metamaterial
lens and the thickness of the lens, as can be seen from Figure 4 where the focus spot of the
resonant frequency will be significantly smaller than predicted by the diffraction limit.

The equation that shows the distance to the image in the case of an ideal metamaterial lens can
be written as:

d1 þ d2 ¼ t: (1)

Although Eq. (1) represents the case of an ideal lens which is extremely hard to achieve, the
equation gives a very good approximation for the design of such a device.
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2.2. Experiment and results

Indeed, the original results are promising. It has been demonstrated [15] that a hole in a
fiberglass block with the diameter of 3 mm that is perpendicular to the propagation direction
of the electromagnetic wave (Figures 5 and 6) can be detected with a device operating at a
resonant frequency of 3.65 GHz (8.2 cm). Therefore, the resolution of such a device is deter-
mined to be 0.037 λ, which is far below the diffraction limit predictions.

The detection of the location of the hole and of a shift in the hole location are shown in Figure 6.

To better understand the effect of the metamaterial lens that was utilized in this proof-of-
concept experiment, one can observe that at the frequency of 6 GHz, the location of the holes
is not detectable at all as the same lens does not exhibit metamaterial properties, and therefore
the electromagnetic wave just passes through the structure and reflects back from the sample
into the detector (although the wavelength at this frequency is shorter than at 3.65 GHz). The
results of this experiment are shown in Figure 7.

It is also important to mention that a lot of thought should be dedicated to the design of the
metamaterial lens when considering the inevitable trade-offs. As it was mentioned before, the
metamaterial structures are typically very lossy. Therefore, when an NDE detector is designed
based on a double-negative metamaterial lens where a high-strength transmitted signal is
needed to maintain an adequate signal-to-noise ratio, one should keep in mind the limitations
of the system in terms of losses. Sometimes, it is possible to trade off the resolution of the
system for better transmission. For example, a 1D structure of parallel (in the direction of the

Figure 4. Ray diagram of a metamaterial lens [9] (Reproduced with permission of ELSEVIER S.A. via Copyright
Clearance Center).
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electromagnetic wave propagation) plates with metallized metamaterial unit cells (Figure 2(b))
could be used instead of a 2D wine-crate structure for the metamaterial lens. The comparative
losses obtained through a power scan are depicted in Figure 2(d) and (e). The transmission

Figure 5. Sketch of the NDE sensor system used to detect the hole defect [15] (Reproduced with permission of ELSEVIER
S.A. via Copyright Clearance Center).

Figure 6. Relative power scan of a sample with one hole andwhen two holes were sealedwith a filler alternately (f = 3.65 GHz).
The second hole was drilled 3 cm away from the first one [15] (Reproduced with permission of ELSEVIER S.A. via
Copyright Clearance Center).
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peak for a 2D lens is at −20 dB compared to the transmission through the same lens at
frequencies where the lens does not exhibit metamaterial properties (at about 6 GHz). In
contrast the same peak for a 1D lens is at −9 dB.

Another trade-off to be considered is how much penetration we really need into the sample to
successfully perform the nondestructive evaluation versus the required resolution. In other
words, maybe, an NDE detector could be designed to work at a higher frequency, hence, it
might not penetrate as far into the dielectric, but the resolution of the metamaterial lens
operating at the appropriate frequency will be much better. In that case, we need to consider
the fabrication limitations of the metamaterial lens since it is possible that the designed
operating frequency of our metamaterial device forces the use of more complicated fabrication
methods, such as those that are utilized for devices operating in the THz spectrum.

Also, as we previously mentioned, one can consider alternative metamaterial structures such
as oxide metamaterials for these applications where the losses are smaller.

In conclusion, utilization of a metamaterial lens as a tool to significantly enhance capabilities of
the nondestructive evaluation detectors has been demonstrated to be successful. This initial
proof-of-concept can serve as a very solid foundation from which intensive research and devel-
opment can build upon to bring these detectors to wide acceptance. The main advantage of these
detectors would be a significantly higher resolution at the frequencies that can penetrate rela-
tively far into dielectric materials, while maintaining a comfortable standoff distance for the user.

3. Detection of chem/bio hazards with a metamaterial-based device in THz
spectrum

One of the important benefits of the recently discovered THz spectrum of radiation is that most
large chemical molecules are resonant in this spectrum as shown, for example, in [16]. There is
a significant body of work dedicated to the characterization of DNA molecules [17] in the THz
spectrum. In fact, it was suggested that these molecules have multiple unique resonant fre-
quencies in the THz spectrum [18]. Hence, it is possible to uniquely identify these chemical

Figure 7. Relative power scan of a sample with a hole and when two holes were filled alternately (f = 6 GHz). The second
hole was drilled 3 cm away from the first one [15] (Reproduced with permission of ELSEVIER S.A. via Copyright
Clearance Center).

Metamaterials - Devices and Applications110



peak for a 2D lens is at −20 dB compared to the transmission through the same lens at
frequencies where the lens does not exhibit metamaterial properties (at about 6 GHz). In
contrast the same peak for a 1D lens is at −9 dB.

Another trade-off to be considered is how much penetration we really need into the sample to
successfully perform the nondestructive evaluation versus the required resolution. In other
words, maybe, an NDE detector could be designed to work at a higher frequency, hence, it
might not penetrate as far into the dielectric, but the resolution of the metamaterial lens
operating at the appropriate frequency will be much better. In that case, we need to consider
the fabrication limitations of the metamaterial lens since it is possible that the designed
operating frequency of our metamaterial device forces the use of more complicated fabrication
methods, such as those that are utilized for devices operating in the THz spectrum.

Also, as we previously mentioned, one can consider alternative metamaterial structures such
as oxide metamaterials for these applications where the losses are smaller.

In conclusion, utilization of a metamaterial lens as a tool to significantly enhance capabilities of
the nondestructive evaluation detectors has been demonstrated to be successful. This initial
proof-of-concept can serve as a very solid foundation from which intensive research and devel-
opment can build upon to bring these detectors to wide acceptance. The main advantage of these
detectors would be a significantly higher resolution at the frequencies that can penetrate rela-
tively far into dielectric materials, while maintaining a comfortable standoff distance for the user.

3. Detection of chem/bio hazards with a metamaterial-based device in THz
spectrum

One of the important benefits of the recently discovered THz spectrum of radiation is that most
large chemical molecules are resonant in this spectrum as shown, for example, in [16]. There is
a significant body of work dedicated to the characterization of DNA molecules [17] in the THz
spectrum. In fact, it was suggested that these molecules have multiple unique resonant fre-
quencies in the THz spectrum [18]. Hence, it is possible to uniquely identify these chemical

Figure 7. Relative power scan of a sample with a hole and when two holes were filled alternately (f = 6 GHz). The second
hole was drilled 3 cm away from the first one [15] (Reproduced with permission of ELSEVIER S.A. via Copyright
Clearance Center).

Metamaterials - Devices and Applications110

hazards by the combination of these unique resonant frequencies in the THz spectrum. It is
also desired to detect these substances in very low concentrations. It was suggested [18] that
one approach that exhibits the highest sensitivity is a detector constructed with a single-
negative metamaterial surface. This single-negative metamaterial surface, where the metallic
split-ring resonators (SRRs) are resonating at the same frequency as the molecule under
investigation, could have the effect of overlapping resonances when this molecule “lands” in
the gap of the SRR. The overlapping resonance has a nonlinear effect and, hence, could
enhance the sensitivity of the method by 106–107. The original metamaterial structure for this
approach is depicted in Figure 8.

Figure 8. A set of structures designed to act as a metamaterial detector in the THz spectrum for bio substances [18]
(Reproduced with permission of OSA).
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The simulated and experimental transmission spectra clearly demonstrate a shift in the reso-
nant frequency of the metamaterial device when the design of the metamaterial unit cell is
changed. Introduction of a metamaterial surface that contains all three designs will yield
multiple resonant peaks.

The issue that the proposed approach faces when a metamaterial structure is designed for real
applications is that, as was mentioned before, the classical metamaterial SRRs are resonant in a
very narrow band of frequencies. Hence, in order to uniquely detect even one substance (based
on the measured values of resonant frequencies) we need to fabricate a device containing a few
unique SRR designs.

However, the proposed structure could be optimized if the dielectric properties of the sub-
strate surface (where the SRRs are fabricated on) can be tuned by the application of a simple
electrical bias.

It could be suggested that tunable complex oxide thin films can be used to address this
challenge. Indeed, the tunability of these films that are typically about 200 nm thick is over
50% [19] when a bias field of about 500 kV/cm is applied. For practical purposes we are
restricted to utilize the film of 200 nm or similar thickness as the fields required for the
tunability effect are prohibitively high (about 600 kV/cm [20]) and, therefore, thin films are
necessary so that practical voltages of about 5–10 V can be used. Fabrication of the tunable
complex oxide thin films is not trivial and their dielectric properties are much more challeng-
ing to stabilize when compared to bulk materials due to the dependence of these properties
(such as dielectric constant, tunability, losses, and leakage current) on factors as coefficient of
thermal extension (CTE) mismatch between the substrate and the film yielding a stress that
affect the dielectric properties [21]. In addition, proper bias electrodes must be used in such a
structure. For example, transparent conductive oxide electrodes such as indium tin oxide (ITO)
can be used, however, certain measures have to be taken during the thin film growth to extend
the transparency of this material into the THz spectrum from the optical. A typical response
(frequency scan) from a single-negative metamaterial is presented in Figure 9.

If the resonant frequency of the metamaterial surface could be matched with the resonant
frequency of a molecule resulting in the overlapping resonance, we anticipate an even stronger
response on the frequency scan at the resonant frequency, which will indicate the presence of a
substance under investigation.

Alternative metamaterial structures such as ceramic metamaterials [10] could be considered
for the same purpose. Again, the benefit of using these novel structures could be reduced
losses and, therefore, a possible “sharper” reaction to the overlapping resonances.

Alternative methods for metamaterial device utilization in the THz spectrum for detection and
analysis of chem/bio molecules have been proposed in [22]. Ding et al. suggested the use of
asymmetrical split-ring resonators as a unit cell for a single-negative metamaterial surface
(Figure 10).

This approach produced a metamaterial device that, in a response to an impinging THz wave,
yielded simultaneously high Q quadrupole and Fano resonances. Both are ultra-sharp reso-
nances and could be used in highly sensitive detection of chem/bio substances (Figure 11).
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asymmetrical split-ring resonators as a unit cell for a single-negative metamaterial surface
(Figure 10).

This approach produced a metamaterial device that, in a response to an impinging THz wave,
yielded simultaneously high Q quadrupole and Fano resonances. Both are ultra-sharp reso-
nances and could be used in highly sensitive detection of chem/bio substances (Figure 11).
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Again, it can be suggested that applying a layer of easily tunable complex oxide thin film can
significantly enhance the agility of the proposed device since such a device would be capable
of handling multiple resonant frequencies on the same surface due to the dependence of the
resonance response of the device on dielectric properties of the substrate.

Metamaterial surfaces have a high potential to detect chem/bio substances in the THz spec-
trum. As it was mentioned before, many of these substances exhibit at least three characteristic
resonant frequencies in the THz spectrum. This would make it possible to uniquely identify
many materials. Unfortunately, there is no library yet compiled that can identify these unique
resonant frequencies for the materials of interest.

Figure 10. The front and oblique views of the unit cell of the metamaterial with asymmetrical gaps g1 ¼ g2 ¼ g3≠g4 [22]
(Reprinted with permission from Elsevier via Copyright Clearance Center).

Figure 9. Computational (left) and experimental (right) measurements of the n = 3 hexagonal metamaterial, and the n = 2
square checkerboard metamaterial, compared to experimental measurements of the molecule biotin. Simulated and
experimental transmission spectra of the hexagonal metamaterial has been shifted up by 20% for clarity and T(ω) of biotin
is in arbitrary units [18] (Reproduced with permission of OSA).
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4. Determination of dielectric properties of complex oxide thin films in THz

Recent developments in the field of communications require higher data transmission speeds
[23]. This cannot be achieved at the frequencies in which current 4G wireless systems are
operating. Instead, frequencies in the range of 100 GHz are required to meet this requirement.
Applications where high data transmission speeds are crucial and include holographic

Figure 11. (a) The simulated transmission spectra of the metamaterial with (the wine line) and without (the dark cyan
line) a 16 μm thick photoresist overlay. (b) and (c) The surface current distributions of the metamaterial at 1.236 and 1.408 THz,
respectively [22] (Reprinted with permission from Elsevier via Copyright Clearance Center).

Metamaterials - Devices and Applications114



4. Determination of dielectric properties of complex oxide thin films in THz

Recent developments in the field of communications require higher data transmission speeds
[23]. This cannot be achieved at the frequencies in which current 4G wireless systems are
operating. Instead, frequencies in the range of 100 GHz are required to meet this requirement.
Applications where high data transmission speeds are crucial and include holographic

Figure 11. (a) The simulated transmission spectra of the metamaterial with (the wine line) and without (the dark cyan
line) a 16 μm thick photoresist overlay. (b) and (c) The surface current distributions of the metamaterial at 1.236 and 1.408 THz,
respectively [22] (Reprinted with permission from Elsevier via Copyright Clearance Center).

Metamaterials - Devices and Applications114

teleconferences, improved medical sensor implants, and fast internet of things. Hence, transition
to a 5G wireless system is anticipated. While optical frequencies could be a choice in terms of
energy transmission in open space, this is generally not acceptable due to the eye safety concerns,
power limitations, atmospheric effects, challenges in maintaining alignment between the trans-
mitter and receiver, and, in the case of a free-space optical (FSO) communications system, the
very large size of some proposed components. In a recent design, the optical front end for such a
system had dimensions of 12 cm ×12 cm ×20 cm, and a weight of almost 1 kg. Therefore, low THz
would be a natural choice for these applications. Indeed, Facebook © has already deployed the
first experimental 5G system in a neighborhood in San Jose [24] that operates at 60 GHz.
However, as an example of the difficulties associated with these frequencies, it is worthwhile to
mention that the receivers for the home units are located outside the house as the low-power
signal penetrate the house walls. Also, the transducers for this system were needed on each light
pole in the neighborhood due to maintenance of the strength of the signal.

There are two main technical challenges that need to be overcome to make 5G widely accept-
able. First, there are no sources that are capable to emit a powerful enough signal. Second, the
attenuation in the air for the electromagnetic waves in the frequencies of interest is very
significant [25]. Clearly, in order to overcome these issues, a lot of thought is invested in
developing more powerful sources for the electromagnetic waves at low THz frequencies.

One of the obvious ways to enhance the power of a low THz source is to design and implement
suitable phased array antennas. A phased array antenna consists of multiple single antennas
that operate at the same frequency, but at different phases. These antennas are used in broad-
casting, radars, space probes, weather research, and other applications. A suitable design
would need to be compact enough to be deployed in multiple locations at relatively short
distances, but large enough to contain multiple individual antennas that operate at different
phases to generate a tight “focused” beam (Figure 12) [26].

This approach allows the beam to be condensed (as shown in Figure 12), maintain certain
radiation pattern, and the ability to steer the beam if necessary. It was suggested [20] that thin
tunable complex oxide films such as BaSrTiO3 (BST) can be used in the design and fabrication
of a new generation of the phased array antenna components, such as phase shifters and filters.
Indeed, such films exhibit substantial tunability of their dielectric constant upon application of
a simple electrical bias (Figure 13).

One can see from Figure 13 that the required fields in these materials are very high, hence, thin
films with the thickness of about 200 nm must be implemented to operate with the low
voltages found in realistic applications.

In order to utilize these thin film components in low THz applications such as 5G, one needs
to know with a very high fidelity the dielectric properties of the films in the low THz regime.
Unfortunately, it is uncertain if the methods that are used to determine the dielectric proper-
ties of the tunable complex oxide thin films at lower frequencies, such as MW probes, are
going to be relevant in THz range of the electromagnetic spectrum. For example, when these
thin films have been investigated at low GHz, it was necessary to replace the metal-insulator-
metal (MIM) structure which was used to determine the dielectric and other properties of the
complex oxide thin films at lower frequencies, with a different configuration [27]. In
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addition, the equipment required to perform all necessary measurements is currently very
expensive. In addition, free space measurements in the THz range can help to determine the
dielectric properties of thin films that are 400 nm or thicker. Therefore, a new method to
measure the dielectric constant and tunability of complex oxide thin films needs to be
developed. It was demonstrated in [28] that the dielectric constant of an 800 nm BaSrTiO3

Figure 13. (a) Schematic cross section image of a BST thin film deposited on a sapphire substrate and (b) tunability plot of
the BST thin film biased up to 6 V [20] (Reproduced from “Cole, M., et al., Dielectric properties of MgO-doped composi-
tionally graded multilayer barium strontium titanate films. Appl. Phys. Lett., 2008. 92(7): p. 72906–72906”, with the
permission of AIP Publishing).

Figure 12. A model of a phased array antenna in Ansoft HFSS © commercially available software [26] (copyrighted
material is reprinted with the permission of ANSYS INC©).
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(BST) film at low THz can be determined when a metamaterial structure is implemented on
the surface of the complex oxide thin film. To do this, the resonant response of the
metamaterial surface on top of the thin film is matched with a numerical model that predicts
the location of this resonant peak on the frequency axis as a function of the dielectric constant
of the complex oxide thin film. By matching the resonance with the numerical model, the
dielectric properties (specifically, the dielectric constant) of this complex oxide thin film
(Figure 14) can be predicted.

However, the characterization parameters that are important for the applications discussed
above also include the tunability of the thin film. For the purposes of phase shifting, we need to
know how much we are able to tune the dielectric properties of the complex-oxide thin films,
namely, the percentage of change in the dielectric constant as a function of the applied electri-
cal bias. A potential path to obtain this information has been demonstrated through the design
and fabrication of an active metamaterial [29]. The schematics of the device are presented in
Figure 15. One can notice that the BaSrTiO3 thin film is sandwiched between two bias elec-
trodes and, hence, “inserted” in the capacitor gap of the standing split-ring resonator (SRR) by
the bottom bias electrode (Figure 15). The dielectric constant of the inserted BST film can be
tuned by the applied bias and the resonant frequency of this single-negative metamaterial
device is shifted as a function of the dielectric properties of the thin film.

Again, the model has been developed to determine the dependence of the resonant frequency
of the proposed device on the dielectric properties of the BaSrTiO3 thin film situated in the SRR
gap. The developed model has been adjusted to match the experimental data from the fabri-
cated sample (Figures 16 and 17).

From Figure 17, one can conclude that the frequency shift demonstrated by the fabricated
metamaterial device when the BaSrTiO3 thin film is biased by up to 6 V corresponds to the
change of the dielectric constant of the BaSrTiO3 thin film from 180 to 170. The result is based

Figure 14. Schematic diagram and SEM image of a SRR unit cell with structural parameters and simulated transmission
spectra of the SRRs with different dielectric constants [28] (Reproduced with permission of AMERICAN CERAMIC
SOCIETY via Copyright Clearance Center).
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Figure 15. (a) Schematics of a tunable three-dimensional (3D) THz metamaterial unit cell with a complex oxide film as a
tunable capacitor (inset: SEM image of the BaSrTiO3 thin film deposited over the bias electrode). (b) 3D illustration of a
complete tunable THz metamaterial device [29].

Figure 16. Left: microscopy image of the split-ring arrays focused on the bottom tunable capacitor with metal contact
line; right: 3D optical microscope picture of the split-ring metamaterial device [29].
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Figure 17. (a) Experimental and (b) modeled results for the metamaterial device shown in Fig. 16. A 2 GHz shift in the
resonant frequency of the device is demonstrated upon application of the 6 V electrical bias [29].
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on a comparison of the experimental data with the model of the single-negative metamaterial
structure in HFSS© Ansoft software. This result is even more remarkable when we take into
consideration the fact that in the fabricated structure (Figure 16), the bottom bias Pt electrode
has been fabricated to the height of only 50 nm, as opposed to anticipated 200 nm to fill the gap
in the metamaterial SRR completely. Hence, the fabricated metamaterial device did not operate
to its utmost capacity.

The proposed approach presents an attempt to resolve an important problem of how to
determine the dielectric properties of thin, tunable, complex oxide films in the THz region
of radiation. Clearly, other ways to obtain this information are the source of on-going
research by the scientific community. However, this approach provides a means to design
devices in the frequencies of interest and serve as a standard when evaluating the fidelity of
other methods, such as on-probe measurements. It was mentioned above, that alternative
characterization methods exhibit certain fidelity challenges that need to be resolved in order
to utilize these methods for the design and development of components operating in THz
frequencies.

In addition, the presented structure constitutes an active single-negative metamaterial device.
The design of the device enables reconfiguration of the structure into a double-negative
metamaterial device with relative ease as opposed to other active metamaterial structures.
Such a device could be used for possible THz communications or imaging applications.

5. Conclusions

This chapter attempts to expose the reader to a broader spectrum of potential metamaterial
device applications, beyond antennas and geometrical optics. We have demonstrated just three
potential applications that include nondestructive evaluation, chem/bio detection, and 5G
communications. The intent was not to present a complete list of potential applications of
metamaterial devices, as many more exist, but to give an idea of how vast the potential
application space is. Metamaterials are slowly maturing from simply interesting science to
becoming a very useful tool to help address multiple technical challenges in real life. Again, the
presented application ideas are still at their initial point of development—either a proof-of-
concept or just an idea that has been substantiated by some data. Hence, a lot of additional
effort has to be invested in these areas described above to fully realize them in real-life
applications. Clearly, the presented effort requires a multidisciplinary approach where fields
such as electrical engineering, physics, materials science, biology, chemistry, and others are
intertwined to produce a viable product.

This chapter does not attempt to present metamaterial devices as an area in which all problems
have been resolved. These materials have many unresolved issues, requiring significant
research investment, such as reducing transmission losses of dual-negative metamaterials.
However, it is our hope that the variety of potential applications presented in this chapter will
convey to the reader the extent of the impact that metamaterials can make in the future on
multiple areas of technology research and development.
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Abstract

Antennas are essential for wireless communication systems. The size of a conventional 
antenna is dictated mainly by its operating frequency. With the advent of ultra-wideband 
systems (UWB), the size of antennas has become a critical issue in the design of portable 
wireless devices. Consequently, research and development of suitably small and highly 
compact antennas are challenging and have become an area of great interest among 
researchers and radio frequency (RF) design engineers. Various approaches have been 
reported to reduce the physical size of RF antennas including using high permittivity 
substrates, shorting pins, reactive components, and more recently, metamaterials (MTM) 
based on composite right-/left-handed transmission-lines (CRLH-TLs). MTM exhibit 
unique electromagnetic response that cannot be found in the nature. In this chapter, the 
properties of CRLH-TL are used to synthesize novel and highly compact planar UWB 
antennas with radiation properties suitable for wireless mobile devices and systems.

Keywords: antennas, ultra-wideband, metamaterials, composite right-/left-hand 
transmission-lines, microstrip

1. Introduction

Electronic circuitry in portable wireless devices is incorporated inside a small and highly 
integrated transceiver unit [1–4]. Miniaturization of such a system is precluded by the size of 
the antenna as its dimensions are related to the operating frequency. The most challenging 
aspect in the development of such systems is the design of miniature antennas [5–8]. In this 
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chapter, this issue is addressed by using metamaterial technology. Several different antenna 
configurations are presented based on CRLH-TL/MTM unit cells [9–22].

In part 2, antenna designs are described based on simplified CRLH-TLs that are imple-
mented using F-shaped and T-shaped dielectric slits embedded on the antenna’s ground-
plane and radiating arms, respectively. This antenna is shown to operate across 0.65–9.2 GHz 
with a maximum gain and radiation efficiency of 3.5 dBi, and 70% at 4.5 GHz, respectively. 
This antenna has dimensions of 25 × 15 × 1.6 mm3. In another example, how size reduction 
and bandwidth extension can be achieved using CRLH-TL unit cells that are composed of 
a U-shaped slit and grounded spiral microstrip stub are shown.

In part 3, the antenna is implemented by cascading together in series several identical MTM unit 
cells. The unit cell is composed of a transmission line that has engraved on its patch a mirror image 
of E-shaped slits and high impedance spiral stub that is grounded through a metal via-hole. 
Two antennas implemented using this technique have dimensions of 0.017λ0 × 0.006λ0 × 0.001λ0 
and 0.028λ0 × 0.008λ0 × 0.001λ0, where λ0 is free space wavelength at 500 and 650 MHz, respec-
tively. The respective antennas have bandwidths of 850 MHz (0.5–1.35 GHz) and 1.2 GHz 
(0.65–1.85 GHz), which correspond to fractional bandwidths of 91.9% and 96.0%, respectively. 
Besides the small dimensions and wide bandwidth characteristics, the measured gain and effi-
ciency of one antenna at 1 GHz are 5.3 dBi and 85%, respectively; and the second antenna has a 
gain and efficiency of 5.7 dBi and 90%, respectively, at 1.4 GHz.

In part 4, antenna size reduction and bandwidth extension is realized with MTM unit cells that are 
composed of U-shaped dielectric slit and spiral conductor that is grounded using via-holes. The 
design of the antenna presented here functions over the frequency range of 5.8–7.3 GHz, i.e. it has 
a fractional bandwidth of 23%. The antenna’s performance was measured to verify it has a wide 
bandwidth, high gain, and high radiation efficiency properties. At 6.6 GHz, the antenna is shown to 
exhibit a radiation gain of 4.8 dBi, fractional bandwidth of 23%, and efficiency of 78%. Furthermore, 
the proposed antenna is very compact and has dimensions of 0.39λ0 × 0.13λ0 × 0.015λ0.

In part 5, the MTM unit-cell is composed of T-shaped dielectric slit that is etched on the 
radiating patch and includes a grounded conductive spiral stub. The T-shaped slit antenna 
is shown to operate over 1.1–6.85 GHz (fractional bandwidth ~ 145%) with a maximum gain 
and efficiency of 7.1 dBi and 91%, respectively, at 3.7 GHz. This antenna has an electrical size 
of 0.05λ0 × 0.02λ0 × 0.002λ0.

The aforementioned MTM antennas exhibit superior performance compared to conventional 
antennas in terms of fractional bandwidth, gain, and efficiency. These antennas are suitable 
for UWB wireless communication systems, portable microwave handsets, and transceivers.

2. UWB antenna based on simplified CRLH-TL

The simplified composite right-/left-handed transmission-lines (SCRLH-TL) used here in the 
design are a novel planar antenna. The SCRLH-TL is implemented by loading the radiation 
patch and ground-plane with dielectric T-shaped and F-shaped slits, respectively, as shown 
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in Figure 1. With the assistance of 3D full-wave electromagnetic simulator (HFSS™), the 
dimensions of the dielectric slits can be optimized. The design of Antenna#1 consists of two 
identical structures that can be considered to be a mirror image, where one of the structures 
has been flipped sideways, as shown in Figure 1(a). The F-shaped dielectric slits embedded 
in the ground-plane essentially behave like left-handed series capacitance; and the T-shaped 
dielectric slits embedded in the radiation patch are used to enhance the radiation characteris-
tics of the antenna. To improve the impedance matching of the feed-line to the antenna, it is 
necessary to load the feed-line with an H-shaped microstrip stub, as shown in Figure 1. The 
two SMA connectors on the opposite sides of antenna are used to excite the antenna through 
the conductor-backed coplanar waveguide (CPW) transmission-lines.

The gain and radiation efficiency of any antenna can be improved by simply increasing the 
aperture of the antenna. To increase the magnitude of these two characterizing parameters, 
the number of patches in the proposed design was increased from two to four, as shown in 
Figure 1(b). The advantage of the technique presented here in comparison to conventional 
methods is that it does not affect the physical size of the antenna as the additional patches are 
contained within the antenna structure. To enhance the antenna’s impedance bandwidth, the 
number of F-shaped slits in the ground-plane was halved from four to two, thus effectively 
reducing the left-handed series capacitance.

The antennas were fabricated on RD/duroid® RO4003 substrate with dielectric constant of 3.38, 
thickness of 1.6 mm, and tanδ of 22 × 10−4. The dimensions of the two antennas are: 25 × 15 × 1.6 mm3  
which is equivalent to an electrical size of 0.054λ0 × 0.032λ0 × 0.003λ0, where λ0 corresponds to 

Figure 1. Antenna configurations, (a) Antenna#1 and (b) Antenna#2. Design parameters of both antennas are identical. 
Dimensions (in mm) are annotated.
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0.65 GHz. The antenna’s reflection-coefficient response (simulated and measured) is shown in 
Figure 2. The antenna’s frequency of operation and bandwidth is given in Table 1. Antenna#1 
has a measured bandwidth of 7.4 GHz and Antenna#2 has a bandwidth of 8.55 GHz. The 
fractional bandwidth of Antenna#2 is 16% greater than Antenna#1. Figure 3 shows the mea-
sured antenna gain and efficiency response of both antennas. The antenna gain and efficiency 
values at spot frequencies are also tabulated in Table 2. Results show that Antenna#2 has a 
maximum gain and radiation efficiency of 3.5 dBi and 70% at 4.5 GHz, which is higher than 
Antenna#1 by 25% and 27%, respectively.

Figure 2. Simulated and measured reflection-coefficient response of the two antennas.

Operating frequency range (fractional bandwidth)

Simulated Measured

Antenna#1 0.82–8.6 GHz (165.2%) 1–8.4 GHz (157.4%)

Antenna#2 0.5–9.45 GHz (179.9%) 0.65–9.2 GHz (173.6%)

Table 1. Operating frequency range and impedance bandwidth of the proposed antennas.

Figure 3. Measured gain and efficiency response of both antennas.
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Radiation characteristics (copolarization and crosspolarization) of the two antennas in the 
E-plane and H-plane at 2.5 GHz, 4 GHz, and 4.5 GHz are shown in Figure 4. The results show 
both antennas radiate omnidirectionally in the E-plane and bidirectionally in the H-plane. 
The low profile UWB antennas facilitate easy integration in wireless systems and can be flush 
mounted on various structures.

3. Wideband antenna using E-shaped slit MTM unit cells

The goal in this section is to design antennas that can fit within an area of 15 × 5 mm2 for flush 
mounting on various structures including vehicles and portable wireless devices, and possess 

Antennas Gain (dBi) Efficiency (%)

Ant.#1 @ 1, 4, and 8.4 GHz 0.4, 2.8, and 1.5 15, 55, and 40

Ant.#2 @ 0.65, 4.5, and 9.2 GHz 0.2, 3.5, and 1.7 12, 70, and 42

Table 2. Gain and radiation characteristics of the two antennas.

 Figure 4. Measured radiation patterns at 2.5, 4, and 4.5 GHz.

Metamaterial Based Ultra-Wideband Antennas for Portable Wireless Applications
http://dx.doi.org/10.5772/66674

129



characteristics of wide operational bandwidth with good radiation properties. The unique 
antenna design is based on MTM unit cell, shown in Figure 5, and comprises a microstrip patch 
on which is etched mirror image of E-shaped dielectric slits and the unit cell is grounded using 
a conductive spiral stub. The E-shaped slits and spiral stub act as left-handed (LH) capacitance 
(CL) and shunt inductance (LL), respectively, corresponding to the negative permeability (μ < 0) 
and the negative permittivity (ε < 0), respectively, and are represented by [23–26]:

 ` μ =   Z __ jω   =   1 ____  ω   2   C  L  
   `+  L  R    (Z :  series impedence )  (1)

    ε =   Y __ jω   =   1 ____  ω   2   L  L  
   +  C  R    (Y :  shunt admittance )  2)

Surface current flow on the patch constituting the unit cell introduces right-handed (RH) 
series inductance (LR), and the gap between patch and the ground plane introduces shunt RH 
capacitance (CR), which are related to positive permeability (μ > 0) and positive permittivity 
(ε > 0), respectively, defined by Eqs. (3) and (4). The loss in the unit cell structure can be mod-
eled by series RH resistance (RR), shunt LH resistance (RL), shunt RH conductance (GR), and 
series LH conductance (GL). The equivalent circuit model of the unit cell is shown in Figure 6. 

The values for the electrical parameters CL, LL, CR, LR, RR, RL, GR, and GL are 4.2 pF, 5.4 nH, 
2.1 pF, 2.9 nH, 1.2 Ω, 1.85 Ω, 0.85 Ω, and 1.15 Ω, respectively.

Figure 5. MTM unit cell geometry.

Figure 6. Equivalent circuit model of the MTM unit cell.
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  μ =   Z __ jω   =  L  R   −   1 ____  ω   2   C  L  
    (3)

  ε =   Y __ jω   =  C  R   −   1 ____  ω   2   L  L  
    (4)

Restriction in the antenna size required its characteristics to be optimized by full wave simulators, 
i.e., Keysight Technologies Advanced Design System (ADS) and Ansys High Frequency Structure 
Simulator (HFSS™). The antenna’s characteristics were tuned by modifying the dimensions of 
the E-shaped slit, the gap between slits, the dimensions of the spiral, and the number of spiral 
turns. The optimized MTM unit cell is shown in Figure 5. The two antenna designs use two and 
three MTM unit cells, respectively, that are cascaded together in series. The antennas are con-
structed using standard manufacturing techniques on FR4 substrate with dielectric constant of 
4.6, thickness of 0.8 mm, and tanδ of 0.01. The prototype antenna designs are shown in Figure 7. 
Port 1 is used to excite both antennas, and port 2 is matched to 50 Ω load impedance (SMD1206).

The physical size of the Antenna#3 (two unit cell) is 10.2 × 3.9 × 0.8 mm3 (0.017λ0 × 0.006λ0 × 
0.001λ0, where λ0 is the free space wavelength at 500 MHz); and the size of the Antenna#4 
(three unit cell) is 13.2 ×3.9 × 0.8 mm3 (0.028λ0 × 0.008λ0 × 0.001λ0, where λ0 is the free space 
wavelength at 650 MHz. The simulated and measured bandwidth of both antennas is given in 
Table 3, and its reflection coefficient response is shown in Figures 8 and 9.

The simulated and measured gain and efficiency response of the Antenna#3 and Antenna#4 
are shown in Figures 10 and 11, as well as tabulated in Tables 4 and 5. The results show the 
three unit cell antenna offers better gain and efficiency than the two unit cell; however, this 
is at the cost of slightly larger antenna size. The radiation pattern of both antennas in the E- 
and H-planes at various spot frequencies is shown in Figure 12. Both antennas radiate power 
omnidirectionally; however, Antenna#4 radiates bidirectionally at 1.85 GHz. The radiation 
properties were measured using a network analyzer in a standard microwave anechoic cham-
ber. Properties of the two antennas are compared with other planar MTM antennas in Table 6. 

Figure 7. Fabricated MTM antennas.
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Table 6 shows that Antennas#3 and #4 are smaller in size and have a high gain and efficiency 
than other reported antennas.

Figure 8. Simulated and measured S11 of Antenna#3.

Figure 9. Simulated and measured S11 of Antenna#4.

Antenna#3 Antenna#4

ADS 1.4 GHz (200 MHz–1.60 GHz) 1.6 GHz (400 MHz–2 GHz)

HFSS™ 1.2 GHz (350 MHz–1.55 GHz) 1.55 GHz (350 MHz–1.9 GHz)

Measured 0.85 GHz (500 MHz–1.35 GHz) 1.2 GHz (650 MHz–1.85 GHz)

Table 3. Simulated and measured impedance bandwidth for Antenna#3 and #4.
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Figure 10. Gain and efficiency of Antenna#3.

Figure 11. Gain and efficiency of Antenna#4.

Freq. (GHz) 0.5 1 1.35

ADS 3.1 dBi/53% 5.8 dBi/88% 4.9 dBi/75%

HFSS™ 2.8 dBi/51% 5.5 dBi/90% 5.1 dBi/79%

Measured 2.6 dBi/48% 5.3 dBi/85% 4.7 dBi/73%

Table 4. Radiation characteristics (gain/efficiency) of Antenna#3.
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Freq. (GHz) 0.65 1.4 1.85

ADS 3.2 dBi/57% 5.9 dBi/94% 5.3 dBi/81%

HFSS™ 3.0 dBi/55% 6.1 dBi/93% 5.2 dBi/80%

Measured 2.8 dBi/51% 5.7 dBi/90% 4.9 dBi/78%

Table 5. Radiation characteristics (gain/efficiency) of Antenna#3.

Figure 12. Measured E- and H-plane co- and cross-polarization radiation patterns.

Reference Dimensions Bandwidth Gain (max) Eff. (max)

[27] b-shaped 
antenna with 4 × UC

ES: 0.047λ0 × 0.021λ0 × 
0.002λ0 at 1GHz
PHS: 14.2 × 6.32 × 0.8 mm3

104.76% 
(1–3.2 GHz)

2.3 dBi 62%

[27] b-shaped 
antenna with 6 × UC

ES: 0.051λ0 × 0.016λ0 × 
0.002λ0 at 800 MHz
PHS: 19.2 × 6.32 × 0.8 mm3

123.8% 
(0.8–3.4 GHz)

2.8 dBi 70%

[28] J-shaped antenna 
with 8 × UC

ES: 0.564λ0 × 0.175λ0 × 
0.02λ0 at 7.5GHz
PHS: 22.6 × 7 × 0.8 mm3

84.23% 
(7.25–17.8 GHz)

2.4 dBi 48.2%
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4. Wideband antenna using U-shaped slit MTM unit cells

A novel and compact planar antenna is described that promotes size reduction and band-
width extension. The antenna is essentially a rectangular patch which is loaded with six MTM 
unit cells, where each unit cell consists of a U-shaped dielectric slit and a spiral conductor that 
is grounded using a metallic via-hole, as shown in Figure 13. The antenna is terminated on 
the right-hand side to a matched load of 20 Ω using SMD1206. The load is terminated to the 
ground-plane through a via-hole.

The U-shaped slit and spiral act like left-handed series capacitance (CL) and shunt inductance 
(LL), respectively. The current flow on the antenna structure and the voltage gradient created 
between the antenna and the ground-plane induces parasitic right-handed (RH) series induc-
tance (LR) and shunt capacitance (CR), respectively. The equivalent circuit model of the MTM 
unit-cell is shown in Figure 14. In addition to the four reactive components (CL, LL, LR, and CR), 

Reference Dimensions Bandwidth Gain (max) Eff. (max)

[28] I-shaped antenna 
with 7 × UC

ES: 0.556λ0 × 0.179λ0 × 
0.041λ0 at 7.7GHz
PHS: 21.7 × 7 × 1.6 mm3

87.16% 
(7.8–19.85 GHz)

3.4 dBi 68.1%

E-shaped slit antenna 
with 2 × UC

ES: 0.017λ0 × 0.006λ0 × 
0.001λ0 at 500 MHz
PHS: 10.2 × 3.9 × 0.8 mm3

91.89% 
(0.5–1.35 GHz)

5.3 dBi 85%

E-shaped slit antenna 
with 3 × UC

ES: 0.028λ0 × 0.008λ0 × 
0.001λ0 at 650 MHz
PHS: 13.2 ×3.9 × 0.8 mm3

96% 
(0.65–1.85 GHz)

5.7 dBi 90%

UC, unit cells; ES, electrical size; PHS, physical size.

Table 6. Antenna characteristics.

Figure 13. Fabricated prototype MTM antenna.
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right-handed lossy components RR and GR and left-handed lossy components GL and RL are 
included, which account for the dielectric loss associated with CL and the ohmic loss associ-
ated with LL. The metamaterial antenna was fabricated on a RT/duroid™ RO4003 substrate 
with dielectric constant of 3.38, thickness of 0.8 mm, and tanδ = 0.0022. The magnitudes of the 
unit-cell parameters were determined from simulation and these are: CL = 3.2 pF, LL = 4.5 nH, 
CR = 1.5 pF, LR = 3.44 nH, GL = 5.6 S, GR = 3.2 S, RL = 6 Ω, and RR = 4.2 Ω.

Trade-off between the antenna size, bandwidth, and radiation properties was used to deter-
mine the number of MTM unit cells. In the example presented here, the aim was to design and 
construct an antenna that had a length of 20 mm and operated over a wide frequency range 
with good unidirectional radiation characteristics. It was necessary to use HFSS™ to optimize 
the antenna design. The antenna’s reflection-coefficient response as a function of number of 
unit cells is shown in Figure 15. Six unit cells provide the widest impedance bandwidth of 
1.75 GHz for a reflection-coefficient of 10 dB. Therefore, six unit cells were used here in the 
antenna design.

The antenna’s reflection-coefficient (simulated and measured) is shown in Figure 16. The 
impedance bandwidth of the antenna is 29%, 26.8%, and 26.6% using ADS, HFSS™, and CST 
MWS, respectively. The measured impedance bandwidth is 1.5 GHz (5.8–7.3 GHz) for |S11| 
<−10 dB, which corresponds to 23.7%. There is 13.7% differential between the averaged simu-
lation and measurement results.

Figure 14. Reflection-coefficient response of the MTM antenna for various number of unit cells.
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MWS, respectively. The measured impedance bandwidth is 1.5 GHz (5.8–7.3 GHz) for |S11| 
<−10 dB, which corresponds to 23.7%. There is 13.7% differential between the averaged simu-
lation and measurement results.

Figure 14. Reflection-coefficient response of the MTM antenna for various number of unit cells.
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Future wireless systems require antennas that possess good radiation characteristics such as 
gain and efficiency in addition to compact size and wide bandwidth. The effective aperture 
of the antenna determines its gain and radiation efficiency. The magnitude of these two char-
acterizing parameters can be improved simply by increasing the antenna’s effective cross-
sectional area. However, this traditional technique increases the dimensions of the antenna 
which is undesirable. Figure 17 shows the effective aperture of the antenna can be increased 

Figure 15. Equivalent circuit model of the MTM unit cell.

Figure 16. Measured and simulated of |S11| of the MTM antenna.
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by loading it with several MTM unit cells without increasing the antenna size. Results show 
that with four unit cells the gain and efficiency of the antenna at 7 GHz are 4.94 dBi and 74%, 
respectively. In fact, by increasing in the number of MTM unit cells from four to six improves 
the gain to 6.1 dBi and the efficiency to 85%. Table 7 provides the parameters of the optimized 
antenna and its equivalent electrical circuit. The measured E-plane and H-plane radiation 
pattern at 5.8 GHz, 6.6 GHz, and 7.3 GHz is shown in Figure 18. The antenna radiates unidi-
rectionally with 3 dB angular beamwidth of 90 degrees.

Figure 17. Gain and efficiency performance as a function of number of MTM unit cells.
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5. UWB antenna using T-shaped slit MTM unit cells

In this section, a miniature and compact antenna design is described for integration in UWB 
wireless systems. The antenna exhibits good overall performance in terms of radiation pat-
terns, gain, and efficiency. The proposed antennas are based on metamaterial unit cells that are 
implemented using T-shaped dielectric slits that were etched directly on the radiating patch, 
and include a spiral stub which is grounded using a via-hole. The T-shaped slit behaves as a 
left-handed series capacitance, and the grounded spiral acts as a left-handed shunt inductance. 
Results show just two unit cells were sufficient to realize the desired antenna performance.

The equivalent circuit model of the T-shaped slit antenna is based on the composite right-/
left-handed transmission-line structure shown in Figure 19. Standard printed circuit board 
manufacturing techniques were employed in the fabrication of the left-handed series 

Figure 18. E- and H-plane radiation patterns at 5.8, 6.6, and 7.3 GHz.

Number of unit cells 6

GR 3.2 S

RL 6.0 Ω

RR 4.2 Ω

Table 7. Dimensions of the MTM antenna and parameter values.
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capacitors (CL) and the left-handed shunt inductors (LL). The T-shaped dielectric slits and 
the spiral-shaped conductors were implemented on the radiation patch. The MTM unit-cell 
consists of two T-shaped dielectric slits etched on a rectangular patch with a conductive 
spiral located between the two slits. The spiral is grounded using a metallic via-hole. This 
technique substantially reduces the size of the UWB antenna because, unlike conventional 
antennas, its size is not dependent on the operating wavelength. The parasitic right-handed 
series inductance (LR) and shunt capacitance (CR) result from the current flowing over the 
antenna and the voltage gradient created between the microstrip and the ground-plane.

Figure 19. (a) Equivalent circuit model of the T-shaped slit MTM unit cell (b) Simulation model of the T-shaped slit  
antenna (c) Fabricated antenna prototype.
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The proposed antenna was designed and fabricated on RT/duroid® RO4003 substrate with 
dielectric constant of 3.38 and 0.8 mm thickness. Figure 19(c) shows the configuration of the 
antenna, which is excited from left-hand side through a 50 Ω microstrip feed-line. The right-
hand side of the patch is terminated with a matched load of 50 Ω (SMD1206) that is connected 
to the ground-plane through a metallic via-hole. The total electrical length, width, and height 
of antenna are 0.05λ0, 0.02λ0, and 0.002λ0, which correspond to 15.5 mm, 6.9 mm, and 0.8 mm, 
respectively. The optimized parameters of the antenna are given in Table 8, whose equivalent 
circuit parameters are CL, LL, CR, and LR are 5 pF, 6.4 nH, 1 pF, and 2.8 nH, respectively.

The antenna resonates at three frequencies, i.e., 2, 3.7, and 5.8 GHz, as shown in Figure 20. 
The measured gain and efficiency of antenna have a maximum value of 7.1 dBi and 91%, 
respectively, at 3.7 GHz.

The measured radiation patterns at three spot frequencies in Figure 21 show the antenna 
radiates directionally. The measured gain and efficiency response of the antenna in Figure 22 
show the antenna operates from 0 to 7 GHz with a maximum gain and efficiency of 7.1 dBi 
and 91%, respectively, at 3.7 GHz.

Length of T slits 3.0 mm

Width of T slits 0.4 mm

Distance between slits 0.4 mm

Width of spirals 0.2 mm

Spacing of spirals 0.2 mm

Turns of spirals 2

Height of via-hole 0.8 mm

Length of 50 Ω load (SMD1206) 4.2 mm

Table 8. T-shaped slit MTM antenna parameters.

Figure 20. Simulated and measured reflection-coefficient response of the T-shaped slit antenna.
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Comparison of the proposed antennas with other conventional antennas is given in Table 9. 
It is evident the T-shaped antenna offers superior performance.

The effect of the slit dimensions on the antenna characteristics was investigated. It is evident 
from Figure 23 that increasing the length and width of slits improves the antenna’s imped-
ance bandwidth and matching performance. In fact, the bandwidth improves by 25% from 
119 to 149% for increase in slit length from 1 to 3 mm, and width from 0.2 to 0.4 mm.

Figure 22. Measured gain and efficiency response of the T- shaped slit MTM antenna.

Figure 21. Measured radiation patterns of the T-shaped slit antenna.
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Comparison of the proposed antennas with other conventional antennas is given in Table 9. 
It is evident the T-shaped antenna offers superior performance.

The effect of the slit dimensions on the antenna characteristics was investigated. It is evident 
from Figure 23 that increasing the length and width of slits improves the antenna’s imped-
ance bandwidth and matching performance. In fact, the bandwidth improves by 25% from 
119 to 149% for increase in slit length from 1 to 3 mm, and width from 0.2 to 0.4 mm.

Figure 22. Measured gain and efficiency response of the T- shaped slit MTM antenna.

Figure 21. Measured radiation patterns of the T-shaped slit antenna.

Metamaterials - Devices and Applications142

The number of slits and spiral were also investigated. By increasing the number of slits in 
each unit-cell, the number of spirals had a positive impact on the antenna’s bandwidth and 
matching properties, as shown in Figure 24. It is also observed that by increasing the number 
of slits causes the number of resonance frequencies to increase as well as its bandwidth. The 
gain and radiation efficiency of the antenna as a function of slit dimensions, the number of 
slits in the unit-cell, and number of spirals were also investigated. From Figures 25 and 26, it 
is evident that by increasing the length and width of the slits, and increasing the number of 
slits, the gain and radiation efficiency increase considerably. This is attributed to increase in 
the antenna aperture.

Figure 23. Effect of slit length and width on the antenna bandwidth.

 

Ref. Dimensions Fractional bandwidth Max. gain Max. eff.

[27]-a 0.04λ0 × 0.021λ0 × 
0.002λ0

105% 2.3 dBi 62%

[27]-b 0.05λ0 × 0.01λ0 × 
0.002λ0

124% 2.8 dBi 70%

[28]-a 0.45λ0 × 0.17λ0 × 
0.02λ0

74% 2.1 dBi 44%

[28]-b 0.42λ0 × 0.17λ0 × 
0.041λ0

83% 3.1 dBi 59%

[19] 0.44λ0 × 0.22λ0 × 
0.008λ0

18% 2.2 dBi 17%

[29] 0.24λ0 × 0.3λ0 × 
0.009λ0

8% 1.5 dBi 58%

T-slit ant. 0.05λ0 × 0.02λ0 × 
0.002λ0

144% 7.1 dBi 91%

Table 9. Comparison of the proposed antennas.
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Figure 25. Gain and radiation efficiency as a function of slit dimensions.

Figure 26. Gain and radiation efficiency as a function of number of slits and number of spirals.

Figure 24. Impedance bandwidth as a function of number of slits in each of the unit cells and number of spirals.
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Figure 25. Gain and radiation efficiency as a function of slit dimensions.

Figure 26. Gain and radiation efficiency as a function of number of slits and number of spirals.

Figure 24. Impedance bandwidth as a function of number of slits in each of the unit cells and number of spirals.
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Abstract

The wave propagation in structures involving metamaterials can be described owing to
homogenization approaches which allow to replace the material structured at the
subwavelength scale by an equivalent and simpler, effective medium. In its simplest
form, homogenization predicts that the equivalent medium is homogeneous and aniso-
tropic and it is associated to the usual relations of continuity for the electric and mag-
netic fields at the boundaries of the metamaterial structure. However, such prediction
has a range of validity which remains limited to relatively thick devices and it is not
adapted to more involved geometries (notably three-dimensional). The following two
aspects are considered: (i) we study how the homogenization at the leading order can be
improved when the thickness of the device becomes small and (ii) we propose a heuris-
tic extension of the solution given by the leading order homogenization in order to deal
with a complex geometry; in the latter case, an application to a demultiplexer device is
proposed.

Keywords: metamaterial, homogenization, surface waves, spoof plasmons, guided
waves, multiplexing, subwavelength devices

1. Introduction

Metamaterials are artificial materials composed by the periodic arrangement of a unit cell;
among the different materials in the unit cell, stratified or layered media involving metallic
layers have been extensively studied and throughout this chapter, metallic material is thought
in the far infrared, thus in a frequency range where metal behaves as an opaque medium, at
the boundaries of which Neumann boundary condition applies. Such metallic arrays enter in
the design of metallo-dielectric structures, as the artificial magnetic conductors used in the
design of antenna and there is currently renewed interest in such array since they are the key
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piece of so-called metasurfaces (with a typical resonant behavior as in the mushroom structure
of Sievenpiper [1]). In addition to be able to produce unexpected scattering of electromagnetic
waves, these structures can support guided waves and it is for this property that they have
been proposed by Pendry et al. [2]. In this context, these guided waves have been called “spoof
plasmons” since they mimic, in the far infrared regime, the behavior of plasmons observed in
the visible range (plasmons are the wave guided at the flat interface between air and metal and
this requires a negative permittivity).

Because of their periodic subwavelength structuration, homogenization approaches are ideal
tools to predict within a rigorous mathematical framework the scattering properties of these
devices. In this chapter, we will present results coming from homogenization techniques. Our
starting point is the simplest homogenization; owing to the small parameter η = kh, with k the
wavenumber and h the typical spacing of the periodic structuration, we call simplest homogeni-
zation the homogenization performed at the leading order in η, which is the 0 order. Such
homogenization predicts that a stratified medium can be replaced by an equivalent homoge-
neous and anisotropic medium associated to the usual conditions of continuity of the electro-
magnetic fields at the boundaries between two media; it has been used for the practical
realization of several metamaterial devices, notably in the context of cloaking [3, 4]. Starting from
this classical homogenization, which regards the effect of wave propagation in the bulk of the
stratified medium, we will focus on two refinements that may be needed to get accurate results:
(i) the case of a metallic array of small thickness for which boundary layer effects can become
significant or even dominant when compared to the effect of propagation in the bulk; this case
requires to conduce the homogenization up to order 1, which does not affect the equation of
propagation in the bulk but makes new conditions at the boundaries to appear (these new
conditions are called jump conditions), (ii) the case where the metamaterial device is composed
of a succession of metallic elements arranged in a three-dimensional geometry. Although homog-
enization techniques could be used considering the whole device, the resolution may become
tricky. Rather, a heuristic extension of the result coming from the classical homogenization is
proposed, based on the analysis of the dispersion relations in each part of the whole device.

These two aspects are presented theoretically and the main theoretical results (in terms of the
scattering properties or in terms of the dispersion relations of guided waves) are supported by
experimental results. As a practical application, the realization of a demultiplexer is proposed,
allowing for the frequency selection of an incoming large band signal into different “colored”
channels.

2. The starting point: homogenization of metallic arrays at the leading
order (order 0)
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x3 (thus, ∂x3 ¼ 0). In the harmonic regime, the time dependence of H is e−iωt and it is omitted in
the following.

For a succession of layers made of transparent media, the wave equation reads

div
1
ϵ
∇H

� �
þ k2μH ¼ 0; (1)

with k ¼ ffiffiffiffiffiffiffiffiffi
ϵ0μ0

p ω the wavenumber in the air (ðϵ0;μ0Þ are the permeability and permittivity of
the air and ω the frequency). In Eq. (1), ðϵ;μÞ denote the relative permeability and permittivity
and they are spatially dependent. At each boundary between two layers, the continuities of H
and of 1=ϵ ∂nH apply (with ∂n the normal derivative).

Next, Eq. (1) can be written in an equivalent form, introducing the field C

divCþ k2μH ¼ 0; C ≡
1
ϵ
∇H; (2)

with boundary conditions being the continuity of H and of C.n at the boundaries between two
layers (note that the field C is linked to the electric field, see [5]).

2.1. The asymptotic analysis

The idea is to define three regions where different asymptotic expansions will be used, Eq. (3),
with respect to the small parameter η ¼ kh (with h the periodic spacing of the layers). The inner
region contains the boundary between the stratified medium and the air. The two outer
regions for x1 > 0 and x1 < 0 are the regions far enough the interface, where the evanescent
field can be neglected, while the inner region contains the evanescent field. Next, the inner
region and the outer regions are connected using so-called matching conditions, which will
constitute the boundary conditions for the outer solutions (see Figure 1).

2.1.1. The outer and inner expansions

The asymptotic expansions are thought with spatial dependences on amacroscopic coordinate x
associated with low variations of the fields (with the typical scale 1/k of the wave) and a

Figure 1. On the left, configuration in the real space with x ¼ ðx1;x2Þ coordinate; the periodicity along x2 is h; the inner
region corresponds to the neighborhood of the boundary between the stratified medium (which occupies the half-space x1
< 0) and the substrate, being the air (x1 > 0). On the right, the unit cell (inner region) in y ¼ ðy1;y2Þ coordinate, with
y ¼ x=η. The size of the unit cell along y2 is h=η with η ≡ kh.
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microscopic coordinate y associated with rapid variations (with the typical scale h of the layers)
and in each region, we keep the coordinates that are relevant to describe the variations of the
field. To do so and with η ≡ kh ≪ 1, we define y ≡ x=η and we assume that (H, C) can be
expanded by using the following asymptotic expansions

outer region x1 > 0; H ¼ H0ðxÞ þ ηH1ðxÞ þ…;

C ¼ C0ðxÞ þ ηC1ðxÞ þ…;

outer region x1 < 0; H ¼ H0ðx;y2Þ þ ηH1ðx;y2Þ þ…;

C ¼ C0ðx;y2Þ þ ηC1ðx;y2Þ þ…;

inner region; H ¼ h0ðx2;yÞ þ ηh1ðx2;yÞ þ…;

C ¼ c0ðx2;yÞ þ ηc1ðx2;yÞ þ…;

8>>>>>>>>>>><
>>>>>>>>>>>:

(3)

with the outer terms (Hn, Cn) for x1 < 0 and the inner terms (hn, cn) being periodic w.r.t. y2. The
differential operator reads, in the different regions, as

x1 > 0; ∇ ! ∇x;

x1 < 0; ∇ ! ∇x þ 1
η

∂
∂y2

e2;

inner region; ∇ ! ∂
∂x2

e2 þ 1
η
∇y:

8>>>>><
>>>>>:

(4)

2.1.2. The matching conditions

The inner and outer problems have to be associated with boundary conditions or radiation
conditions which ensure that the problems are well-posed. Since the outer expansions hold
true only far away from the interface, the outer terms do not have to satisfy the continuity
conditions at x1 = 0. Reversely, the conditions at infinity satisfied by the inner terms are
unknown a priori. These missing conditions are provided by the matching conditions, which
read at leading order

H0ð0þ;x2Þ ¼ lim
y1!þ∞

h0ðx2;yÞ, (5a)

H0ð0−;x2;y2Þ ¼ lim
y1!−∞

h0ðx2;yÞ, (5b)

C0ð0þ;x2Þ ¼ lim
y1!þ∞

c0ðx2;yÞ; (5c)

C0ð0−;x2;y2Þ ¼ lim
y1!−∞

c0ðx2;yÞ: (5d)

2.2. The homogenized wave equation at the leading order

We want to establish the wave equation satisfied by the mean fields 〈H0〉ðxÞ and 〈C0〉 ðxÞ for
x1 < 0, where we have defined the average over y2∈Y ¼ ð−1=2; 1=2Þ. The homogenized wave
equation is sought for x1 < 0, only. For x1 > 0, the wave equation is obviously
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divxC
0 þH0 ¼ 0; C0 ¼ ∇xH0; for x1 > 0; (6)

being the same at each order and the fields equal their averages. Eq. (2), at leading order (1/η),
read ∂y2C

0
2 ¼ 0 ¼ ∂y2H

0, whence

〈H0〉ðxÞ ¼ H0ðxÞ; 〈C0
2〉 ðxÞ ¼ C0

2ðxÞ: (7)

Now, we establish the relation between 〈C0〉 and H0 (this latter being equal to its average).
Eq. (2) at order η0 in the outer problems x1 < 0 give

C0ðx;y2Þ ¼
1

ϵðy2Þ
∇xH0ðxÞ þ ∂H1

∂y2
ðx;y2Þe2

� �
; (8)

and

divxC
0ðx;y2Þ þ

∂C1
2

∂y2
ðx;y2Þ þ μðy2ÞH0ðxÞ ¼ 0: (9)

Averaging both equations, with C0ðx;y2Þ ¼ C0
1ðx;y2Þe1 þ C0

2ðxÞe2 and owing to the periodicity

of H1 and of C1
2 w.r.t. y2 (thus, 〈∂y2H

1〉 ¼ 0 ¼ 〈∂y2C
1
2〉), we easily get the homogenized wave

equation at the first order

〈C0〉 ðxÞ ¼ 1
ϵ

� �
∂H0

∂x1
ðxÞe1 þ 〈ϵ〉−1

∂H0

∂x2
ðxÞe2;

divx〈C0〉 þ 〈μ〉H0 ¼ 0:

8><
>:

(10)

2.3. The continuity relations at the leading order

To the homogenized wave equation (10), we have to associate continuity (or discontinuity)
conditions at the interface x1 = 0. To that aim, we have to consider the inner solution and its
matching with the two outer solutions. We are looking for the quantities ⟦H0⟧ and ⟦〈C0

1〉⟧.

Eq. (2) for the inner problem tell us, at the leading order (in 1/η), that ∇yh0 ¼ 0 from which h0

does not depend on y. From the previous section, we already know that H0(x) does not depend
on y2, from which the matching conditions, Eqs. (5a) and (5b), give

H0ð0þ;x2Þ ¼ H0ð0−;x2Þ ¼ h0ðx2Þ; and ⟦H0⟧ ¼ 0: (14)

Next, Eq. (2) in the inner region gives also, at the leading order, divyc0 ¼ 0; by integrating this
equation on Y × �−∞;þ ∞½, we get

ð

Y
dy2½c01ðx2;þ ∞;y2Þ−c01ðx2;−∞;y2Þ� ¼ 0; (11)

(we have used the periodicity of c0 w.r.t. y2). From the matching conditions Eqs. (5c) and (5d)
integrated over Y, we get
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C0
1ð0þ;x2Þ ¼ 〈C0

1〉 ð0−;x2Þ; and ⟦〈C0
1〉⟧ ¼ 0: (12)

At the first order, the usual continuities of the electromagnetic fields are found.

2.4. The homogenized problem for metallic layers in the far infra red

For rigid layers in the air and denoting ϕ the filling fraction of air within the stratified medium,
we have: in the air ϵ ¼ 1 ¼ μ; the metal in the far infrared regime can be considered as an
opaque medium at the boundaries of which Neumann boundary condition applies; this is
correctly accounted for by considering the limiting values 1=ϵ ¼ 0 ¼ μ (see e.g., [6]). Thus, the
homogenized problem reads

Homogenization at order 0

divCþ k2ϕH ¼ 0; C ¼ ϕ 0
0 0

� �
∇H;

H and C:n continuous at the boundary of the metallic array:

8<
:

(13)

It is worth noting that the above continuity relation means notably that (i) at the interface with
the air, ϕ∇H:njarray ¼ ∇H:njair while (ii) at the boundary with a ground plane, the usual
Neumann boundary condition applies ∇H:njarray ¼ 0.

3. Weakness of the first-order homogenization for small thickness devices

In this section, we inspect the validity of the homogenized problem, Eq. (14). This is done in the
configuration of Figure 2, where a metallic array is placed in the air and illuminated by a plane
wave at oblique incidence θ. We measured experimentally the transmission coefficient Texp for
the array of thickness e (and the array structuration is characterized by ϕ and h) and compared
Texp to the transmission coefficient T obtained in the homogenized problem. To anticipate, we

Figure 2. Scattering of an incident plane wave on a slab of stratified medium (the layers are metallic); the homogenization
process produces an equivalent slab, described by Eqs. (14) and (18) at order 0 and at order 1, respectively.
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shall see that the leading order homogenization may become unsatisfactory for small thick-
nesses of the array and going up to the homogenization at order 1 is necessary. Thus, the
derivation of the scattering coefficients in these homogenized problems is presented first,
afterwards comparisons with those measured experimentally are presented.

3.1. The scattering coefficients in the homogenized problems

Let us start with the first-order homogenization, for which the explicit solution of Eq. (14) read

x1 < −e=2; HðxÞ ¼ eik cos θðx1þe=2Þ þ Re−ik cos θðx1þe=2Þ� �
eik sinθx2 ;

jx1j < e=2; HðxÞ ¼ aeikx1 þ be−ikx1
� �

eik sinθx2 ;

x1 > e=2; HðxÞ ¼ Teik cos θðx1−e=2Þþik sinθx2 :

8><
>:

(14)

We used the dispersion relations coming from the wave equations ΔH þ k2H ¼ 0 in the air and
∂2x21

H þ k2H in the homogenized stratified slab. Next, applying the relations of continuity

applying at x1 ¼ �e=2, we get the scattering coefficients

R ¼ −
z1z�2e

ike−z1z2e−ike

z21eike−z
2
2e−ike

;

T ¼ jz1j2−jz2j2
z�12eike−z

2
2e−ike

;

8>>>><
>>>>:

(15)

where z�i denotes the complex conjugate of zi, i ¼ 1; 2. In fact, for the leading order homogeni-
zation, ðz1;z2Þ are real with

z1 ≡ 1−
cosθ
ϕ

� �
; z2 ≡ 1þ cosθ

ϕ

� �
; (16)

and cosθ=ϕ is the effective impedance mismatch between the two media. As previously said,
the leading order homogenization will fail and the next order homogenization is required. This
homogenization at order 1 has been considered in [7] and it has been shown that the same
equation in the bulk (see Eq. (14)) is obtained, but instead of the continuities of H and C.n as
boundaries conditions, jump conditions are obtained. Specifically, the homogenization at order
1 read

Homogenization at order 1

divCþ k2ϕH ¼ 0; C ¼ ϕ 0
0 0

� �
∇H;

⟦H⟧ ¼ hB
2

ðC− þ CþÞ:n and ⟦C⟧:n ¼ hC
2

∂2H−

∂x22
þ ∂2Hþ

∂x22

� �
:

8>><
>>:

(17)

In the above equations, it appears that both H and C.n are now discontinuous (the obtained
conditions are jump conditions at the boundaries of the stratified medium). This is why H±

(same for C) are defined, as the limit values of H at the boundary. In this case, the expressions
of (R, T) in Eq. (16) are still valid, but we get
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z1≡ 1−
cosθ
ϕ

� �
þ ikh B cosθþ C

sin 2 θ
ϕ

� �
−ðkhÞ2 sin 2θ

BC
4

1þ cosθ
ϕ

� �
;

z2≡ 1þ cosθ
ϕ

� �
−ikh B cosθ−C

sin 2 θ
ϕ

� �
þ ðkhÞ2 sin 2θ

BC
4

1þ cosθ
ϕ

� �
:

8>>>><
>>>>:

(18)

The parameters B and C, that we could call boundary parameters, depend only on the filling
fraction of air in the layered medium and they are given by

B ¼ −
1
π

log sin
πϕ
2

� �
; C ≃

π
16

ϕ2: (19)

In principle, (H, C) in the homogenization at order 0, Eq. (14), approximate the solution of
the actual problem up to O(η) and (H, C) in the homogenization at order 1, Eq. (18), approx-
imate the solution of the actual problem up to O(η2). Thus, we could expect that the differ-
ence between both remains incidental. We will see that it is not the case. The reason is that
the jump conditions obtained at order 1 encapsulate the effect of the boundary layers at the
entrance and at the exit of the stratified slab and these effects may become dominant
compared to the effect of the propagation in the bulk of the slab. This is what we inspect
below.

3.2. Experimental measurements of the scattering coefficients for varying slab thicknesses e

To test the ability of the leading order homogenization to capture the scattering properties of a
metallic array, we realized six arrays of different thicknesses e = 30 μm and 0.25, 1, 4, 14 and 20
mm. Otherwise, h = 6 mm and ‘ ¼ 5 mm for the six arrays. We performed the measurements of
the transmission coefficients Texp using two X-band frequency horn antennas at both extremi-
ties of an electromagnetic chamber (Figure 3). The arrays were amounted on a plate able to
rotate in order to realize varying incidence angles θ (and the incidence wave is polarized in TM
polarization).

We start by reporting in Figure 4 the spectra jTexpj2 measured for the two arrays of thickness
e = 30 μm and e = 20 mm (right panels). For frequencies in the range [8,12] GHz, the thinnest
array realizes ke ∈ ½5; 7:5� � 10−3 and the thickest array ke ∈ ½3; 5�. On the two left panels, the

corresponding spectra jTj2 given by Eq. (16) using the leading order homogenization (ðz1;z2Þ
given by Eq. (17)) and using the homogenization at order 1 (ðz1;z2Þ given by Eq. (19)) are
reported for comparison. For e = 30 μm, the leading order homogenization predict jTj≃1 in
the whole ranges of frequencies and incidence angles. This is clearly not the case for |T|
given by the homogenization at order 1 and this latter appears to be in good agreement with
jTexpj (we get jT−Texpj=jTexpj~3% averaged over all f and θ).

For the thicker array, the transmission predicted by the homogenization at order 0 is closer to
the measured transmission; in this case, although the spectra obtained using the homogeniza-
tion at order 1 reproduces better the form of the measured spectra, the relative errors are in
both cases about 15% (these highest discrepancies are due to highest relative errors for trans-
missions close to 0).
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Figure 3. On the top, examples of two metallic arrays; on the bottom, schema of the measurement technique (see text).

Figure 4. Spectra of transmission as a function of the frequency f∈½8; 12� GHz and the incidence angle θ. The left and
central panels refer to the results coming from the homogenizations at the order 0 and at the order 1, to be compared with
the measured transmission jTexpj2 (right panel). Spectra are given for the thinner and thicker slabs (see text).
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Next, we inspect the variations of the transmission coefficient as a function of ke for the six
arrays, Figure 5. Each plot corresponds to a fixed frequency (f = 8, 10 and 12 GHz) and we

reported jTexpj2 in blue symbols (each blue point corresponds to one of the six arrays) and jTj2
coming from the homogenization at order 0 (dotted gray lines) and coming from homogeniza-
tion at order 1 (plain gray lines).

It is visible that thin arrays are not correctly described by the homogenization at order 0. More
specifically, it largely underestimates the scattering strength of thin arrays (small e produces
systematic large errors in the prediction) and it becomes accurate only when ke > 1. To the
contrary, the homogenization at order 1 is able to describe the scattering strength of thin and
thick arrays.

In conclusion, the homogenization at leading order is valid for ke < 1 and kh < 1 and thus
helpful to predict the behavior of metallic arrays as used in the design of many metamaterial
devices (see also [6]). However, care has been taken when using arrays with vanishing thick-
nesses, typically ke < 1. In such cases, the homogenization at order 1 has to be considered. As
previously said, this is because the leading order homogenization does not account for the
scattering effects of the wave at the entrance and at the exit of the array (these are boundary
layer effects) which are correctly accounted for in the homogenization at order 1 through the—
boundary—parameters ðB;CÞ. For even thinner array, the boundary layer effects at both
extremities of the array may interact and another homogenization strategy has to be

Figure 5. Transmission coefficients as a function of e; jTexpj2 measured for the six arrays (blue symbols), jTj2 coming from
the homogenization at order 0 (dotted gray lines) and coming from the homogenization at order 1 (plain gray lines),
(a) f ¼ 8 GHz, (b) f ¼ 10 GHz and (c) f ¼ 12 GHz.
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considered; it is called interface homogenization [7] and a practical application of this interface
homogenization has been proposed for metallo-dielectric device [5].

4. Use of the results coming for the first-order homogenization for
metamaterials with complex geometry

In this section, we investigate another configuration of wave propagation where predictions
provided by the homogenization are useful. We consider the ability of periodic structures to
present a band structure, with frequency ranges where the wave propagation is forbidden
(band gaps) and frequency ranges where the propagation of guided waves is allowed (pass-
bands). We study a structure based on such principle. First, the dispersion relation of guided
waves within a periodic media (made of metallic plates or metallic rods) is discussed and it is
shown that the leading order homogenization is able to reproduce the real dispersion relation.
Next, a system of waveguides is thought, based on the band structures of the periodic media,
in the waveguide and in the surrounding medium. The application of demultiplexing RF
signals is proposed and experimentally validated.

4.1. Dispersion relation of waves guided in a periodic medium

Let us start with the derivation of the wave guided in a 2D stratified medium (the famous
“spoof plasmon,” Figure 6a). In the homogenized problem, Eq. (14), this wave corresponds to
the solution of the homogeneous problem (solution in the absence of source), for which the
solution reads

0 < x1 < e; HðxÞ ¼ cos kx1
cos ke

eiβx2 ;

x1 > e; HðxÞ ¼ e−
ffiffiffiffiffiffiffiffi
β2−k2

p
ðx1−eÞ eiβx2 :

8><
>:

(20)

Figure 6. (a) 2D geometry of metallic layers between a ground plane and the air, spoof plasmons can propagate according
to Eq. (22), (b) 3D geometry of a structured waveguide of width w, guided modes can propagate according to Eq. (27).

Homogenization of Thin and Thick Metamaterials and Applications
http://dx.doi.org/10.5772/66035

159



In the above expression, the field H for 0 < x1 < e has been written in order to satisfy the
Neumann boundary condition on the ground plane (∂x1Hð0;x2Þ ¼ 0) and the continuity of
Hðe;x2Þ. It is easy to see that applying the second relation of continuity, namely
ϕ∂x1Hðe−;x2Þ ¼ ∂x1Hðeþ;x2Þ coming from Eq. (14), we obtain the dispersion relation of the
guided waves

β2 ¼ k2 1þ ϕ2 tan 2ke
� �

; tan ke > 0; (21)

with ϕ the filling fraction of air and e the length of the layers in the stratified medium. This
dispersion relation has been established previously using approximate modal method [2] and
it is easily obtained by considering the equivalent homogenized problem.

It is worth noting that such guided wave propagates in the homogenized medium described
by the wave equation

∂2H
∂x21

þ k2H ¼ 0; (22)

(according to Eq. (14)) and basically, the wave equation (23) tells us that the wave inside the
grooves can only propagate along one direction (the x1-direction). While in principle the upper
frequency fþc of the band gap is obtained for ke ¼ π=2, from Eq. (22), it is in practice limited by
the first Brillouin zone β ¼ π=h, whence

fþc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ϕ2 tan 2 2πe f

þ
c

c

s
¼ c

2h
; fþc <

c
4e

: (23)

Now, we want to go toward a 3D structuration (Figure 6b), where rods are considered, with
radius r, periodic spacing h along x2 and x3 and height e. The extension of the homogenization
results (Eq. (14)) to three dimensions is easy and we find that a periodic structuration of rods
produce an equivalent transverse isotropic medium, with the axis of anisotropy along e1 (the
two other directions are equivalent, now ϕ the volume fraction of air in the rods, whence
ϕ ¼ 1−πr2=a2). Let us consider that these rods forms a waveguide surrounded by a set of
higher rods with height es (the surrounding rods form the surrounding medium SM) and
imagine that we work in a frequency range such that

f >
c
4es

; (24)

that is in the band gap of the surrounding medium, from which H≃0 (for x3 < 0 and x3 > w).
Thus, it sounds reasonable to impose H = 0 at x3 ¼ 0;w; as boundary conditions for the field in
the waveguide with the rods of height e. Looking for the existence of guided wave in the
waveguide, we extend the homogenization result to this 3D configuration assuming a solution
of the form
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0 < x1 < e; HðxÞ ¼ cos kx1
cos ke

eiβx2 sin
πx3
w

� �
;

x1 > e; HðxÞ ¼ e−
ffiffiffiffiffiffiffiffi
β2−k2

p
ðx1−eÞ eiβx2 sin

πx3
w

� �
:

8>><
>>:

(25)

In the simple form thought above, we added heuristically dependence in the x3 direction
which accounts for Dirichlet boundary conditions at x3 ¼ 0;w; when working in the band gap
of the surrounding medium.

Otherwise, Eq. (26) accounts for the continuity of H at the interface with the air and for the
Neumann boundary condition at the ground plane; as previously, the additional condition
ϕ∂zHðL−Þ ¼ ∂zHðLþÞ yields the new dispersion relation

β2 ¼ k2 1þ ϕ2 tan 2 ke
� �

−
π
w

� �2
: (26)

In Eq. (27), the band gap above fþc still exists and it does not significantly differ from Eq. (24) (it

is sufficient to replace c=ð2hÞ in the right-hand side term of Eq. (24) by c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðh=wÞ2

q
=ð2hÞ); but

now, a new band gap has appeared below the cut-off frequency f −c (given from Eq. (27) for
k tan ke ¼ π=ðwϕÞ), whence

f −c tan
2πf −c
c

¼ c
2wϕ

: (27)

The existence of the resulting finite pass band operating in the frequency range ½f −c ;fþc � is the
key to realize filtering; in the following, we denote

FRð waveguideÞ ¼ ½f −c ;fþc � (28)

this frequency range and we refer to wn, with n an integer, a waveguide obtained when n lines
of rods have been shortened (with resulting height e) with respect to the rods of height es
forming the surrounding medium (SM); the wn waveguide has a width w ¼ ðnþ 1Þh.

4.2. Experimental validation of the homogenized dispersion relation

To begin with, we validate experimentally the existence of the pass band and check the validity
of our predictions of the FR with bounds fþc , f

−
c in Eqs. (24) and (28) and of the associated

wavenumbers Eq. (27). Structures containing a waveguide w1 (w ¼ 2h) and a waveguide w3

(w ¼ 4h) have been realized. The surrounding medium is in both cases made of rods with h = 7
mm, r = 3 mm and es = 30 mm. The shortened rods have e = 17 mm.

First, we report measurements of the electric field in the range [2.1– 4] GHz (Figure 7 for w1).
This has been done in a semianechoic chamber using an Agilent 8722ES network analyzer; an
S-band coaxial-to-waveguide transition has been used as an excitation source and an electric
near-field probe mounted on a motorized two-dimensional scanning system has been used to
measure the field distribution at a distance of about 1 mm above the structure. The wave
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guided within the waveguide w1 is visible at f = 3.7, 3.8 and 3.9 GHz, as expected from the
frequency range FR(w1) = [3.6–4] GHz (see Table 1) .

To go further, we report the transmission in the w1 and w3 waveguides as a function of the
frequency (Figure 8). This has been done by placing a second coaxial-to-waveguide transi-
tion at the end of the waveguide and by implementing a normalization to the free air
transmission between the emitter and the receptor. In both cases, the existence of a finite
pass band is confirmed (the waveguide is called colored) and the observed bounds of the FR
are in good agreement with our predictions (the theoretical dispersion relations are reported,
with FR(w3) = [3.1–4]). One can notice here the importance of the attenuation for the spoof-
plasmon modes providing the smallest wavelengths. These wavelengths correspond to the
highest frequencies in the transmission bands. This phenomenon, known in plasmonics,
happens due to intrinsic losses in the considered materials for the high-wave-vector compo-
nents.

4.3. Application to the design of a demultiplexer

This validation being performed, a multichannel demultiplexer is easy to design; the principle
of the demultiplexing is shown in Figure 5. A main waveguide, called white guide, is built
in order that the FR(white) covers the working frequency range; this is done by choosing:
(i) w large enough to produce a small enough f −c (see Eq. (28)) and (ii) e small enough to
produce a large enough fþc (see Eq. (24)). By setting w ¼ 10h ¼ 70 mm and e = 15 mm, we
expect FR(white) [2.5–4.5] GHz.

Figure 7. Wavefields of the guided wave in the w1 waveguide at f = 3.7, 3.8 and 3.9 GHz.

f (GHz) 3.7 3.8 3.9

measured λGW (mm) 42 30 21
λGW ¼ 2π=β from Eq. (26) 43 28 20

Table 1. Wavelength λGW of the guided wave in the w1 waveguide, measured experimentally and given by Eq. (27).
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Next, three-colored waveguides (red, green and blue) are thought in order to support guided
mode propagation in three different frequency ranges with no overlapping (see Figure 9).
Again from Eqs. (23) and (27), thin FR are obtained for small w and we set w ¼ 2h ¼ 14 mm.
By choosing L = 17, 19 and 21 mm, we expect this condition to be fulfilled with

FRð red Þ ¼ ½3 − 3:3� FRð green Þ ¼ ½3:3 − 3:6�
FRð blue Þ ¼ ½3:6 − 4:0�:

�
(29)

The efficiency of the demultiplexer has been tested experimentally and it is illustrated in
Figure 10. The frequency selection of the colored channel are visible, with the red channel

Figure 8. Theoretical dispersion relations of the guided wave in the w1 (left panel) and w3 (center panel), given by the
plain blue curves, given by Eq. (27). The dispersion relation of the surrounding medium is indicated in plain gray lines,
defining a band gap for f > 2.35 GHz. Dotted blue lines show the usual dispersion relations of spoof plasmons, Eq. (22), for
the periodic array of rods alone (with e = 17 mm). Right panel: experimental measurement of the transmission for the w1

and w3 waveguides in the range [2.1–4] GHz.

Figure 9. (a) Design of the demultiplexer, the large channel supports guided waves in the whole working frequency range
[2.5–4.5] GHz, while each colored channel supports guided waves in a limited frequency range, with no overlapping of
the three ranges. (b) Corresponding dispersion relations given by the homogenization, Eq. (27). The gray line shows the
dispersion relation of the surrounding medium (all channels work in the band gap of the surrounding medium); the
dotted black line shows the light line.
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being active for f ¼ 3:1 GHz, the green channel for f ¼ 3:4 GHz and the blue channel for
f ¼ 3:8. Also as expected, the white channel is active for the three considered frequencies.

5. Conclusion

The design of devices made of subwavelength periodic structure can be helped using the
various theoretical predictions provided by homogenization approaches. Among the different
homogenization technique, the one presented in this chapter has the advantage to be devel-
oped within a rigorous mathematical framework and it yields predictions in a deductive way,
that is without any adjustable parameters. We illustrate the ability of such techniques for the
scattering properties of metamaterial devices (underlying the limit of the simplest homogeni-
zation) and for the ability of certain metamaterial devices to support guided waves of “spoof
plasmon” type.

As indicated throughout this chapter, alternative forms of homogenizations can be used,
which are more adapted to thin devices. These theoretical tools can be used in order to realize
the control of light propagation in a desired way.

Figure 10. Electric fields scanned above the structure at 3 frequencies chosen respectively in the red (f = 3.1 GHz), in the
green (f = 3.4 GHz) and in the blue (f = 3.8 GHz) frequency range ½f c−; f cþ�.
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Abstract

In recent years, we have witnessed a rapid expansion of using metamaterials to manipu-
late light or electromagnetic (EM) wave in a subwavelength scale. Specially, metamaterials
have a strict limitation on element dimension from effective medium theory with respect
to photonic crystals and other planar structures such as frequency selective surface (FSS).
In this chapter, we review our effort in exploring physics and working mechanisms for
element miniaturization along with the resulting effects on element EM response. Based
on these results, we afford some guidelines on how to design and employ these compact
meta-atoms in engineering functional devices with high performances. We found that
some specific types of planar fractal or meandered structures are particularly suitable to
achieve element miniaturization. In what follows, we review our effort in Section 1 to
explore novel theory and hybrid method in designing broadband and dual band planar
devices. By using single or double such compact composite right-/left-handed (CRLH)
atom, we show that many microwave/RF circuits, i.e., balun, rat-race coupler, power
divider and diplexer, can be further reduced while without inducing much transmission
loss from two perspectives of lumped and distributed CRLH TLs. In Section 2, we show
that a more compact LH atom can be engineered by combining a fractal ring and a
meandered thin line. Numerical and experimental results demonstrate that a
subwavelength focusing is achieved in terms of smooth outgoing field and higher imaging
resolution. Section 3 is devoted to a clocking device from the new concept of superscatterer
illusions. To realize the required material parameters, we propose a new mechanism by
combining both electric and magnetic particles in a composite meta-atom. Such deep
subwavelength particles enable exact manipulation of material parameters and thus facil-
itate desirable illusion performances of a proof-of-concept sample constructed by 6408
gradually varying meta-atoms. Finally, we summarize our results in the last section.

Keywords: metamaterials, fractal, electrically small, effective medium, broadband,
CRLH TL, microwave/RF circuits, super lens, cloaking
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1. Miniaturized CRLH atoms for compact microwave/RF circuits

Compact metamaterial element exhibits versatile features and merits over its conventional
counterparts. One of the most important and direct features is that it enables more compact
microwave/RF circuits. In this section, we will show this first benefit through a set of compact
metamaterial transmission lines (TL), i.e., compact composite right/left-handed (CRLH) TLs.
For a comprehensive study, two types of compact CRLH TLs, namely, lumped and distributed
CRLH TLs, are investigated according to the realization manner. Of particular relevance and
importance is the established design guideline, which paves the way for any microwave and
millimeter wave integrated circuits and devices with high performances.

1.1. CAD design method for fractal lumped CRLH TL

To begin with, we first derive a general design mythology for the design of any compact CRLH
element with fractal or meandered sections. Figure 1 depicts the CAD design flowchart of such
CRLH TLs. For analysis convenience, the general circuit model (CM) of any CRLH TL is
reproduced in Figure 1(a). The CRLH TL, with characteristic impedance of Zc at angular
frequency ω and element number of N, consists of left-handed (LH) contribution associated
with LL, CL, and right-handed (RH) part with LR, CR. This CM topology can be easily converted
to T-type circuit with LR/2 and 2CL. In practical realization, the RH part is designed by
microstrip line (ML) in meandered topology, whereas the chip components based on surface
mount technology (SMT) are utilized to realize the LH part of CRLH atom. As such, the circuit

Figure 1. (a) Circuit topology and (b) CAD design flowchart of fractal or meandered CRLH TL.
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element with fractal or meandered sections. Figure 1 depicts the CAD design flowchart of such
CRLH TLs. For analysis convenience, the general circuit model (CM) of any CRLH TL is
reproduced in Figure 1(a). The CRLH TL, with characteristic impedance of Zc at angular
frequency ω and element number of N, consists of left-handed (LH) contribution associated
with LL, CL, and right-handed (RH) part with LR, CR. This CM topology can be easily converted
to T-type circuit with LR/2 and 2CL. In practical realization, the RH part is designed by
microstrip line (ML) in meandered topology, whereas the chip components based on surface
mount technology (SMT) are utilized to realize the LH part of CRLH atom. As such, the circuit

Figure 1. (a) Circuit topology and (b) CAD design flowchart of fractal or meandered CRLH TL.
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miniaturization and weakened susceptibility of meandering effects on the characteristic
impedance are simultaneously engineered by taking advantages of both space-filling fractals/
meanderings and CRLH technology. The design procedures, which mainly concentrate on
phase, are described as follows.

(1) Determine and derive the circuit parameters of any CRLH TL according to the required
phase response at operation frequency f0 based on circuit theory. Here, the desired phase
response is synthesized based on the realized functionality.

(2) Given the computed values of LR and CR, the required electrical length of straight RH line
(ML) for CRLH TL is determined by

ϕðω0Þ ¼ −Nω0

ffiffiffiffiffiffiffiffiffiffiffi
LRCR

p
(1)

Therefore, the physical length L0 and width w are directly obtained referring to the ϕ(ω0) and
characteristic impedance in circuit simulation package of Ansoft Serenade.

(3) Design any fractal ML with specified phase shift. Since many chamfered bends are gener-
ated in iterative meandered process, the nonnegligible discontinuity reactance results in phase-
shifting effect of RH line which should be properly evaluated and compensated. Here, a phase-
equalizing method is developed. A slight physical length Δb corresponding to the phase shift
generated by each bend is applied to model the effect. Consequently, the L0 should be added
by Δb per bend for compensation. The value of Δb in millimeter is determined by [1]:

Δb ¼ 19:2πhffiffiffiffiffiffiffiεef f
p ZC

½2−ðf 0h=0:4ZCÞ2� (2)

Here, εeff, h are effective dielectric constant and height of the substrate in millimeter, respec-
tively.

(4) Design the overall CRLH TL by taking into account the parasitic inductances and capaci-
tances of SMT elements and soldering pad. This can be implemented by a close-loop precise
optimization through dynamically comparing the phase response of real and ideal CRLH TLs.
Here, the parasitic effects are evaluated through a direct comparison of measured transmission
response of MLs with and without soldered SMT elements.

1.2. Broadband and dual band balun

1.2.1. Broadband balun using fully artificial fractal-shaped CRLH TL

In this subsection, a compact balun with bandwidth enhancement is realized based on the
design methodology established in Section 1.1.

Balun, a three-port network, was commonly used to transfer the input unbalanced signal to
two output balanced ones with 180° phase difference. It has been extensively studied for
active amplifiers, balanced mixers, passive filter [2] and even antennas [3]. Several types of
baluns are available among the open literature, such as the Marchand balun [4–6], power-
divider balun [7, 8], branch-line balun [9] and metamaterial balun [10]. Highly integrated
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circuits with stable communication quality strongly require wideband and miniaturized RF/
microwave devices. In this regard, several strategies have been proposed for miniaturiza-
tion, e.g., by integrating coupled transmission line (TL) [4], using low temperature cofired
ceramic technique [5] or fractal/meandered branches [9–11]. Although baluns achieved sig-
nificant miniaturization in [4, 5], the multilayer design suffered thick profile, complicated
structure and high-cost fabrication. As to the bandwidth enhancement of baluns, we have
also witnessed several approaches such as using broadband Schiffman phase shifter [3], slot-
coupled microstrip lines [6], substrate integrated waveguide [8], phase-adjusting CRLH TL
[7] and metamaterial TL [10]. Nevertheless, these baluns occupy a large circuit area. The lack
of techniques regarding simultaneous bandwidth and miniaturization make the design of
compact broadband balun a pressing task. Here, a compact broadband balun is proposed
using fully artificial fractal-shaped CRLH TL [12] and we will begin with the theorem of
CRLH TL for broadband objective.

Figure 2 shows the scheme of proposed balun along with the phase response of corresponding
dual CRLH branches. Different from branch-line balun with two –90° and two –180° branches,
our balun contains one +90° and three –90° TL branches. The characteristic impedance of +90°
branch is denoted as Zc1 and that of –90° branch as Zc2. To engineer a good impedance match,
Zc1 and Zc2 are related with port impedance Z0 as [9]

ZC1 ¼ ZC2ffiffiffi
2

p
ZC2−Z0

Z0 (3)

For simplicity, we select ZC1 ¼ ZC2 ¼
ffiffiffi
2

p
Z0 and Z0 = 50 Ω. The above four TL branches with

specified phase response tailored at a given band can be easily realized through CRLH TL. For
convenience, we denote the +90° CRLH branch as CRLH TL1 while the –90° one as CRLH TL2.
The phase shifts ϕCRLH TL1 and ϕCRLH TL2 are explicit functions of the angular frequency ω:

Figure 2. (a) Scheme topology of proposed balun and (b) phase response of dual branches. The derived circuit parameters
are: LR1 = 0.62 nH, CR1 = 0.125 pF, LL1 = 8.63 nH, CL1 = 1.73 pF, LR2 = 6.5 nH, CR2 = 1.3 pF, LL2 = 89.9 nH, and CL2 = 18 pF.
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ϕCRLH:TLðωÞ ¼ −N½ω
ffiffiffiffiffiffiffiffiffiffiffi
LRCR

p
−

1
ω
ffiffiffiffiffiffiffiffiffiffiffi
LLCL

p �, (4)

Here, N is the number of adopted CRLH atoms and is chosen as 2 in this work. For good
impedance match, the following conditions are compulsorily satisfied:

ffiffiffiffiffiffiffiffi
LR1
CR1

r
¼

ffiffiffiffiffiffiffiffi
LL1
CL1

r
¼

ffiffiffiffiffiffiffiffi
LR2
CR2

r
¼

ffiffiffiffiffiffiffiffi
LL2
CL2

r
¼

ffiffiffi
2

p
Z0 (5)

To maximize the bandwidth around f0 = 1.5 GHz, identical slope of phase response between
CRLH TL1 and CRLH TL2 must be fulfilled, which indicates that the phase difference ϕdiff is
minimum at angular frequency ω0:

ϕdiff ¼ −N½ω
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LR1CR1

p
−

1
ω
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LL1CL1

p � þN½ω
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LR2CR2

p
−

1
ω
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LL2CL2

p � (6)

To mathematically guarantee above requirement, the first-order derivative of ϕdiff with respect
to ω should be zero whereas the second-order one should be positive, this yields

N½
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LR2CR2

p
−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LR1CR1

p
þ 1
ω2

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LL2CL2

p −
1

ω2
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LL1CL1

p � ¼ 0 (7)

2
ω3

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LL1CL1

p −
2

ω3
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LL2CL2

p > 0 (8)

The second derivative ensures the extremum of Eq. (5) to be a minimum. We have seven
individual equations from Eqs. (4), (5) and (7) but have eight unknowns. Therefore, it is
impossible to exclusively determine a group of solution. This additional degree of freedom
can be utilized for other purpose in design of the broadband balun with fully artificial TLs.

Here, CL2 is first chosen as a marketable chip capacitor with discrete capacitance of 18 pF.
Then, residual elements are obtained by solving above equations conducted in mathematical
software Matlab. Since many groups of solution (typically 16) would exist due to the square
root equations, we rule out all solutions with negative values and followed by a proof-test
process to select the physically meaningful one. To conceptually validate the proposal, we
adopted the lumped elements derived by this method to calculate the phase response of CRLH
TL1 and CRLH TL2, see Figure 2(b). As is shown, the slope of both transmission phases is
almost the same over a wide frequency region in vicinity of 1.5 GHz. Therefore, the phase
difference is almost with a flat response around 180° across a wide band.

For verification, we designed, fabricated and measured a proof-of-concept sample on F4B
substrate with thickness of h = 1 mm, dielectric constant of εr = 2.65 and loss tangent of tan
δ = 0.001. The basic structure we used is trapezoidal Koch curve (T-Koch), see Figure 3(a), which
is determined by its iteration factor (IF = 1/4), Hausdorff dimension (ln5/ln4) and iteration order
(IO). It should be highlighted that the T-Koch is very beneficial to load SMT capacitors at its
horizontal fractal segments. Since the ML of CRLH TL1 is too short to be constructed in fractal,
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we only considered changing the orientation of several chamfered bends outlined in the black
dashed of the T-Koch2 to maximize the miniaturization. The straight length (Ln) and the number
of fractal segments (Pn) after n iterations are Ln = (4/5)n L0 and Pn = 5n, respectively, where L0 is
the initial length. Since T-Koch with higher IO contributes less to the miniaturization while
inversely more to fractal segments, the applied T-Koch curve is limited to IO = 2. To load three
chip capacitors, five segments outlined in the red dashed of T-Koch2 are removed. Using the
established methodology, the ML length of CRLH TL1 and CRLH TL2 is eventually obtained as
3.6 and 40.9 mm, respectively. In the fabricated prototype shown in Figure 3(b), two T-type cells
with chip capacitors and inductors of 0805 and 0603 packages provided byMurata Manufactur-
ing Company Ltd. are cascaded to build the LH part of two-cell CRLH TL. For easy impedance
match and enhanced transmission performance, the CRLH TL is terminated in two capacitors of
2CL. The size of the balun is only 29 + 30.5 mm2, corresponding to 24.5% of π + 33.9 + 33.9
mm2 that conventional rat-race balun occupies and to 56.4% of the 32 + 49 mm2 that CRLH
balun without fractal perturbation occupies.

The performance of developed balun is characterized through the dynamic links and solver of
planar EM and circuit cosimulation in MOM-based Ansoft Designer and is measured by the
Anritsu ME7808A network analyzer. Figure 4 shows the simulated and measured S-parame-
ters along with amplitude and phase imbalance, which are in good consistency. Slightly larger
amplitude imbalance in measurements is mainly attributable to the nonideal SMT chip

Figure 3. (a) T-Koch curves with zeroth, first and second iteration order and (b) fabricated prototype of the developed
balun.
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components with inductance or capacitance variation of ±10% and is partially to the tolerances
inherent in fabrications.

Measurement results reveal that return loss |S11| is better than –10 dB from 1 to 2.25 GHz (a
bandwidth of 83.3%), over which the amplitude imbalance varies within 1 dB and the phase
differences ranges from 177.3° to 183.4° (180° ± 3.4°). Moreover, the insertion loss |S21| varies
between –2.9 and –3.6 dB while |S31| between –2.8 and –3.8 dB. The bandwidth of balun using
bare T-Koch fractal is obtained only 10% which is far insufficient relative to proposed design
using hybrid technique. To our best knowledge, the proposed balun exhibits comparable
performance in broadband and compact size among the available data using double-layer
printed circuit board.

To sum up, the insertion loss mainly induced by fractal bends is moderate within the operation
band. The hybrid technology of fractal and CRLH TL does not pose severe penalty on device
performances but allows additional degree of freedom in developing devices with high inte-
gration, promising an elegant alternative for compact and multifunctional devices with high
performances.

1.2.2. Dual band rat-race coupler

Rat-race coupler (RRC), see the circuit topology shown in Figure 5(a), is one type of 180°
hybrids and one of the most important microwave passive devices. The four-port lossless
reciprocal network consists of three –90° branches and one –270° branch with characteristic

impedance of
ffiffiffi
2

p
Z0, where Z0 is the port impedance 50 Ω. A RRC commonly exhibits two

functionalities, namely, a power divider and a power combiner. As a power divider, it can
work in two cases of in-phase and 180° out-of-phase state. In the former case, a signal inputted
in port 1 divides equally into ports 2 and 3 with identical phase and port 4 is isolated, whereas
in the latter case a signal injected into port 4 separates evenly in ports 2 and 3 with 180° phase
difference and port 1 is isolated. As a power combiner, two signals with 0°/180° phase differ-
ence are input simultaneously at ports 2 and 3 and the sum of signals will be formed at port 1/

Figure 4. (a) Simulated and measured S-parameters of the proposed balun and (b) simulated and measured amplitude
and phase imbalance.
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port 4. The RRC with four pairs of transmission channel and two pairs of isolation channel
(ports 1 and 4, ports 2 and 3) can be modeled by the following scatting matrix [S].

½S� ¼ jffiffiffi
2

p
0 1 1 0
1 0 0 −1
1 0 0 1
0 −1 1 0

2
664

3
775 (9)

Multiband components with miniaturized dimensions have aroused a wide of interest since
they enable low cost, high reliability and integrity. Up to date, numerous approaches have
been developed for compact RRCs, e.g., using capacitor [13] and periodic slow-wave loading
[14], using periodic stepped-impedance ring resonators [15], T-shaped photonic bandgap
(PBG) structures [16] and fractal strategy [17–19]. Although above RRCs feature compact, the
lack of dual band (DB) performances deserves further improvements. To date, much fewer
literatures were devoted to DB applications, e.g., using tri-section branch-line [20], stepped-
impedance-stub units [21] and two T-shape open-stub units [22]. However, the design and
realization were tedious and typically featured large circuit size. The lack of literature
concerning both the DB performance and size reduction makes the design of a compact DB
RRC a pressing task.

In this work, we proposed a novel DB RRC based on the hybrid approach of fractals and
CRLH TLs [23]. A new scheme for DB design is proposed by combining two circuit topologies
with different phased branches. We noticed that another two RRCs with topologies shown in
Figure 5(b) and (c) also exhibit the same functionality. To develop a DB RRC, we consider
combing two of them in one circuit board. Among all three possible combinations, the two
networks shown in Figure 5(a) and (c) are examined as the exclusive solution for DB perfor-
mance. Two types of CRLH branches with specified phases at two arbitrary frequencies are
necessary to integrate these networks. This distinguishes our design from any previous DB
synthesis for other devices [24, 25] which only required one set of CRLH branch. Consequently,
DB RRC design is less direct and more complicated than any other DB device design, giving
rise to the rarely reported work. In this particular design, the operation frequencies are
designed at fL = 0.75 GHz and fH = 1.8 GHz, respectively.

Figure 5. Circuit schematics of the RRCs: (a) conventional one; derivative ones with (b) one +90° branch, and (c) three
+90° branches.
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In what follows, we begin with the dispersion of CRLH TL to briefly derive the fundamental
DB theory. At fL, the RRC works at the state in Figure 5(c) with three +90° branches and one –
90° branch, whereas at fH it operates at the state in Figure 5(a) with three –90° branches and
one –270° branch. For convenience, we denote the CRLH branch with +90° at fL while –90° at fH
as CRLH TL1, whereas CRLH TL2 is the CRLH branch with –90° at fL while –270° at fH.
Consequently, the DB RRC is formed by three CRLH TL1 and one CRLH TL2. Here, ϕL and
ϕH are the required phases at fL and fH, respectively:

ϕCRLHðω ¼ ωL ¼ 2πf LÞ ¼ ϕL (10a)

ϕCRLHðω ¼ ωH ¼ 2πf HÞ ¼ ϕH (10b)

Combining Eqs. (4), (5) and (10), we can readily obtain explicit expressions of four circuit
parameters as [25]

LR ¼ Zc½ϕLðf L=f HÞ−ϕH�
2πNfH½1−ðf L=f HÞ2�

, (11a)

CR ¼ ϕLðf L=f HÞ−ϕH

2πNf HZc½1−ðf L=f HÞ2�
, (11b)

LL ¼ NZc½1−ðf L=f HÞ2�
2πf L½ϕL−ϕHðf L=f HÞ�

, (11c)

CL ¼ N½1−ðf L=f HÞ2�
2πf LZc½ϕL−ϕHðf L=f HÞ�

: (11d)

To preserve LR and CR positive, the following condition should be satisfied:

ϕLf L ≥ ϕHf H (12)

Following Eq. (12), the possible solution by combining circuit topologies shown in Figure 5(b)
and (c) can ruled out for DB synthesis. Given determined circuit parameters, see Table 1, we
can readily design the final RRC layout using the approach described in Section 1.1. The

TL type LL (nH) CL (pF) 2CL (pF) LR (nH) CR (pF) φRH (deg) P W

CRLH TL1 TC 11.1 2.2 4.4 8.42 1.68 –64.3 49.1 1.5

PU 12 2 4.7

CRLH TL2 TC 63.1 12.6 25.2 15.3 3.1 –117.2 89.6 1.5

PU 56 + 6.8 12 12 + 12

Note: TC means theoretically computed and PU means practically used, P and W are length and width of the ML in mm.

Table 1. Detailed circuit parameters and dimensions of ML of the designed CRLH TLs.
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designed RRC is built on F4B substrate with εr = 2.65, h = 1 mm and tan δ = 0.001 based on
standard printed circuit board (PCB) fabrication process.

Figure 6 shows the finally engineered layout of the fractal-shaped RRC. Again, we consider
realizing the RH and LH part of the 70.7 Ω CRLH branches by MLs and SMT chip elements,
respectively. In the former case, the MLs are configured in Koch shape of IF = 1/4 and IO = 2 to
facilitate a super compact size. The middle fractal sections are removed to load SMT capacitors
and the right-angle bends are replaced by chamfered ones to minimize current discontinuity.
In the latter case, two cascaded T-networks depicted in Figure 6(c) are adopted. Since the
necessary space accommodating CRLH TL1 is much smaller than that of CRLH TL2, we
changed orientations of several chamfered bends of CRLH TL2 to facilitate a super compact
circuit. As appreciated from Figure 6(a) and (b), the proposed DB RRC occupies a square area
of 52.2 + 39.4 mm2 and is only 10.2% of 150 + 135 mm2 that its conventional circular
counterpart occupies. Therefore, our hybrid technology shrinks the circuit by 89.8%.

For characterization, the eventually designed DB RRC is analyzed through the dynamic links
and solver of planar EM and circuit cosimulation in Ansoft Designer. For verification, the
fabricated RRC sample, see Figure 6(d) is measured by Anritsu ME7808A vector network
analyzer. The SMT chip capacitors and inductors with 0805 and 0603 packages are adopted in
prototype fabrication. Figures 7 and 8 portray the S-parameters for in-phase and out-of-phase
operation, respectively. In both cases, a reasonable agreement of results between simulation
and measurement is observed across the entire frequency band of interest, confirming the
effectiveness of our design. The DB performance occurs clearly around 0.75 and 1.8 GHz. For
in-phase operation at 0.75 GHz, the measured |S11| is 24.2 dB, |S21| and |S31| are 3.4 and 3.1
dB and |S41| is 28.3 dB, whereas at 1.8 GHz, the measured |S11| is 19.9 dB, |S21| and |S31| are
3.2 and 3.5 dB and |S41| is 28.5 dB. The out-of-phase performance at 0.75 and 1.8 GHz is
similar to the in-phase case and is not discussed for brevity of contents. The slight frequency

Figure 6. Circuit configuration of the RRCs: (a) conventional design, (b) novel design, (c) circuit topology for LH part of
two-cell CRLH TLs, and (d) fabricated prototype.
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effectiveness of our design. The DB performance occurs clearly around 0.75 and 1.8 GHz. For
in-phase operation at 0.75 GHz, the measured |S11| is 24.2 dB, |S21| and |S31| are 3.4 and 3.1
dB and |S41| is 28.3 dB, whereas at 1.8 GHz, the measured |S11| is 19.9 dB, |S21| and |S31| are
3.2 and 3.5 dB and |S41| is 28.5 dB. The out-of-phase performance at 0.75 and 1.8 GHz is
similar to the in-phase case and is not discussed for brevity of contents. The slight frequency

Figure 6. Circuit configuration of the RRCs: (a) conventional design, (b) novel design, (c) circuit topology for LH part of
two-cell CRLH TLs, and (d) fabricated prototype.
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shift of the first band toward higher frequencies in the measurement case is the same as that
discussed in Section 1.2.1. Nevertheless, the discrepancy is within an acceptable range.

Tables 2 and 3 detail the simulated and measured results for both in-phase and out-of-phase
operation. In the former case, measured results indicate that |S11| > 15 dB, |S21| and |S31| < 5
dB, |S41| > 20 dB and magnitude and phase imbalances varying within 1 dB and 5° are
obtained from 0.73 to 0.92 GHz. Therefore, a fractional bandwidth (FBW) of 190 MHz (a
relative bandwidth of 25.3%) is achieved around fL, whereas a FBW of 26.7% is obtained from
1.56 to 2.04 GHz around fH. In the latter case, a FBW of 32% characterized by |S44| > 15 dB, |
S24| and |S34| < 5 dB, |S14| > 20 dB and magnitude and phase imbalances varying within 1 dB
and 5° is acquired from 0.69 to 0.93 GHz around fL while a FBWof 28.3% from 1.59 to 2.1 GHz
is achieved around fH. In general, the developed DB RRC demonstrated with a modest opera-
tion bandwidth and excellent in-band performances in terms of low insertion loss and return
loss should be highlighted.

Figure 7. Comparison of S parameters between simulation and measurement for in-phase operation: (a) magnitude and
(b) output magnitude imbalance and phase imbalance.

Figure 8. Comparison of S parameters between simulation and measurement for 180° out-of-phase operation: (a) magni-
tude and (b) output magnitude imbalance and phase imbalance.
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To sum up, a super compact CRLH RRC is successfully engineered with good DB perfor-
mances based on proposed DB strategy and hybrid approach. The RRC features low insertion
loss, modest operation bandwidth and good isolation between output ports. The 89.8% size
reduction is believed to be one of the best miniaturizations in the open literature which should
be highlighted.

1.3. Analysis and characterization of novel distributed CRLH atoms

Although lumped-element CRLH TL exhibits the merit of easy design and high degree of
freedom, it is rigorously restricted to low-frequency operation due to self-resonant effects of
chip components at high frequency. In this subsection, we will introduce a set of distributed
resonant-type CRLH TLs made of novel complementary split ring resonators (CSRRs). Three
types of CSRRs are involved in terms of compactness, namely complementary single split ring

RL IL Isolation MI PI

CF1 Sim. 18.2 2.9 and 3.3 33.1 0.35 –0.3

Meas. 24.2 3.4 and 3.1 28.3 –0.4 –4.2

FBW1 Sim. 0.66–0.94 0.61–0.99 0.57–0.97 0.62–0.87 0.66–0.99

Meas. 0.7–0.92 0.64–1.01 0.54–1.1 0.63–1 0.73–1.1

CF2 Sim. 29.3 3.1 and 3.2 33.3 0.15 0.5

Meas. 19.9 3.2 and 3.5 28.5 0.6 –0.15

FBW2 Sim. 1.58–2.14 1.48–2.29 1.45–2.31 1.57–2.44 1.4–2.36

Meas. 1.56–2.16 1.46–2.3 1.11–2.33 1.5–2.4 1.37–2.04

Table 2. Detailed in-phase performances of the proposed RRC.

RL IL Isolation MI PI

CF1 Sim. 21.6 3.27 and 2.97 33.1 –0.29 –0.29

Meas. 28.4 3.25 and 3.7 28.4 0.43 –3.3

FBW1 Sim. 0.66–0.91 0.62–0.96 0.56–0.96 0.62–0.86 0.66–0.96

M 0.68–0.93 0.63–1 0.54–1.12 0.58–0.99 0.69–1.09

CF2 Sim. 34.8 3.2 and 3.1 33.3 –0.15 –0.34

M 31.7 3.89 and 3.22 28.57 –0.67 0.6

FBW2 Sim. 1.58–2.11 1.49–2.29 1.46–2.31 1.57–2.28 1.34–2.39

M 1.59–2.13 1.46–2.28 1.36–2.33 1.47–2.31 1.31–2.1

Note: RL/IL is return/insertion loss in dB, while MI and PI are magnitude imbalance in dB and phase imbalance in degree.
FBW1 and FBW2 are bandwidth around fL and fH in GHz characterized by |S11|/|S44| ≥ 15 dB, |S21 |and |S31| ≤ 5 dB or |
S24 |and |S34| ≤ 5 dB, |S41| ≥ 20 dB, |MI| ≤ 1 dB, and |PI| ≤ 5°.

Table 3. Detailed out-of-phase performances of the proposed RRC.

Metamaterials - Devices and Applications178



To sum up, a super compact CRLH RRC is successfully engineered with good DB perfor-
mances based on proposed DB strategy and hybrid approach. The RRC features low insertion
loss, modest operation bandwidth and good isolation between output ports. The 89.8% size
reduction is believed to be one of the best miniaturizations in the open literature which should
be highlighted.

1.3. Analysis and characterization of novel distributed CRLH atoms

Although lumped-element CRLH TL exhibits the merit of easy design and high degree of
freedom, it is rigorously restricted to low-frequency operation due to self-resonant effects of
chip components at high frequency. In this subsection, we will introduce a set of distributed
resonant-type CRLH TLs made of novel complementary split ring resonators (CSRRs). Three
types of CSRRs are involved in terms of compactness, namely complementary single split ring

RL IL Isolation MI PI

CF1 Sim. 18.2 2.9 and 3.3 33.1 0.35 –0.3

Meas. 24.2 3.4 and 3.1 28.3 –0.4 –4.2

FBW1 Sim. 0.66–0.94 0.61–0.99 0.57–0.97 0.62–0.87 0.66–0.99

Meas. 0.7–0.92 0.64–1.01 0.54–1.1 0.63–1 0.73–1.1

CF2 Sim. 29.3 3.1 and 3.2 33.3 0.15 0.5

Meas. 19.9 3.2 and 3.5 28.5 0.6 –0.15

FBW2 Sim. 1.58–2.14 1.48–2.29 1.45–2.31 1.57–2.44 1.4–2.36

Meas. 1.56–2.16 1.46–2.3 1.11–2.33 1.5–2.4 1.37–2.04

Table 2. Detailed in-phase performances of the proposed RRC.

RL IL Isolation MI PI

CF1 Sim. 21.6 3.27 and 2.97 33.1 –0.29 –0.29

Meas. 28.4 3.25 and 3.7 28.4 0.43 –3.3

FBW1 Sim. 0.66–0.91 0.62–0.96 0.56–0.96 0.62–0.86 0.66–0.96

M 0.68–0.93 0.63–1 0.54–1.12 0.58–0.99 0.69–1.09

CF2 Sim. 34.8 3.2 and 3.1 33.3 –0.15 –0.34

M 31.7 3.89 and 3.22 28.57 –0.67 0.6

FBW2 Sim. 1.58–2.11 1.49–2.29 1.46–2.31 1.57–2.28 1.34–2.39

M 1.59–2.13 1.46–2.28 1.36–2.33 1.47–2.31 1.31–2.1

Note: RL/IL is return/insertion loss in dB, while MI and PI are magnitude imbalance in dB and phase imbalance in degree.
FBW1 and FBW2 are bandwidth around fL and fH in GHz characterized by |S11|/|S44| ≥ 15 dB, |S21 |and |S31| ≤ 5 dB or |
S24 |and |S34| ≤ 5 dB, |S41| ≥ 20 dB, |MI| ≤ 1 dB, and |PI| ≤ 5°.

Table 3. Detailed out-of-phase performances of the proposed RRC.

Metamaterials - Devices and Applications178

resonator (CSSRR) pair (CSSRRP), Koch-shaped CSSRRP (K-CSSRRP) and Koch-extended
CSSRRP (K-ECSSRRP) [26, 27]. They are investigated in depth based on TL theory and electro-
magnetic (EM) response characterization, aiming to illustrate the novel working mechanism
for miniaturization. Of particular irreverence is the dual-shunt branch circuit theory
established for a new set of CRLH TLs.

1.3.1. CSSRRP-loaded CRLH atom

The topology of the first CSRRs-evolved CRLH element is shown in Figure 9(a). As is shown,
the CSSRRP etched on the ground is composed of two CSSRRs with face-to-face splits beneath
a capacitive gap. When the element operates in LH band where the backward propagation is
supported, the CSSRRP responds to the time varying axial electric field and affords a negative
permittivity. In the circuit model (losses have been excluded) shown in Figure 9(c), the CSSRRP
is described by means of a parallel resonant tank formed by Lp, Cp and Ck. C is contributed by
the electrical coupling between the series gap and the CSSRRP and the line capacitance. The
residual circuit elements share the same physical meaning with those of conventional CSRRs
[28]. Here, we introduce additional capacitance Ck to model the interaction between two
CSSRRs. Therefore, our proposal allows additional degree of freedom for design and the circuit
model can be treated as a special case of a CSSRR-loaded CRLH atom shown in Figure 9(b)
when Ck is null. The correctness of our model will be validated by full-wave S-parameters
calculated through the commercial MOM (moment of method)-based package Ansoft
Designer. For characterization, the F4B substrate with a thickness of h = 0.8 mm and a dielectric
constant of εr = 2.65 is considered for all simulations and power divider design.

Figure 10 depicts the frequency response of a CSSRRP- and CSSRR-loaded CRLH TLs
obtained from EM full-wave simulation and electrical simulation (circuit model) in Ansoft

Figure 9. Topology of the: (a) CSSRRP and (b) CSSRR loaded CRLH TLs along with (c) the T-type equivalent circuit
model. The capacitive gap is etched on the conductor strip (depicted in dark grey), beneath which the CSSRRP and CSSRR
(depicted in white) are etched on the ground (depicted in green). Here, the CSSRRP and CSSRR occupy the same size and
have d1 = 0.3 mm, d3 = 0.2 mm, d2 = 0.3 mm, b = 9.6 mm, and w = 1.8 mm. For CSSRRP, the metallic spacing between two
CSSRR is c = 0.3 mm and a = 2.4 mm.
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Serenade. As is shown, the S-parameters of proposed CRLH atom in both cases are in excellent
agreement, illustrating the rationality of the model. Moreover, our meta-atom exhibits slightly
lower resonance (LH band) and lower transmission zero below relative to CSSRR-loaded one,
enabling a more compact subwavelength particle. Moreover, our atom exhibits lower in-band
insertion loss for both the LH and RH band (centered at 5.09 GHz). Most importantly, the
frequency interval between the LH band and RH band is much narrower than that of the
CSSRR-loaded CRLH atom whose RH band is observed at 6.88 GHz. Therefore, it is easier to
realize the balanced condition using proposed meta-atom. The sharp transmission zero above
the RH band is more suitable for in-band selectivity and out-of-band harmonics suppression.
The identification of aforementioned LH and RH bands will be examined through effective
constitutive parameters.

The exotic EM behavior of the proposed CRLH atom can be analyzed based on equivalent
circuit model inspired by Bloch theory. The series and shunt impedances are given by

ZsðjωÞ ¼
1−ω2LsCg

j2ωCg
, (13)

ZpðjωÞ ¼
ð1−ω2LpCkÞ

jωðCp þ CkÞ−jω3LpCpCk
þ 1
jωC

: (14)

The shunt admittance can be obtained immediately from Eq. (14):

YpðjωÞ ¼ 1=ZpðjωÞ ¼
jωC½Cp þ Ck−ω2LpCpCk�

Cp þ Ck þ C−ω2LpCkðCp þ CÞ (15)

As crucial parameters for circuit design, the electrical length ϕ and characteristic impedance Zβ

of a CRLH TL are determined by

Figure 10. Frequency response of the CSSRRP-loaded and CSSRR-loaded CRLH TL obtained from full-wave EM simu-
lation and electrical simulation. The lumped elements are extracted as Ls = 17.1 nH, Lp = 2.97 nH, Cg = 0.067 pF, C = 363.6
pF, Cp = 1.03 pF, and Ck = 1.06 pF.
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cosϕ ¼ cos ðβlÞ ¼ 1þ ZsðjωÞ
ZpðjωÞ , (16)

Zβ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZsðjωÞ½ZsðjωÞ þ 2ZpðjωÞ�

q
(17)

Thus, by insertion of Eqs. (13) and (14) into Eqs. (16) and (17), the propagation constant β and
Zβ are obtained. The EM wave propagation is allowed in the region where both β and Zβ are
real and positive values. In what follows, we will discuss the limits of the LH and RH band and
finally derive the balanced condition for broadband operation. Similar to CSRRs-loaded CRLH

atom [28], the lower limit of the RH band f LRH corresponds to the resonances of series branch:

f LRH ¼ f se ¼ 1=2π
ffiffiffiffiffiffiffiffiffiffi
LsCg

q
(18)

In a similar manner, the transmission zero fToccurs below the lower limit of LH band f LLH when
the shunt branch resonates, namely Eq. (14) is null or Eq. (15) takes an extreme value:

f T ¼ f sh ¼
1
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cp þ Ck þ C
ðLpCkðCp þ CÞ

s
(19)

When the parallel tank of CSSRRP resonates, we obtain the upper limit of the LH band f HLH by
forcing Eq. (15) to be zero:

f HLH ¼ f p ¼
1
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cp þ Ck

LpCkCp

s
(20)

Here, Eqs. (18) and (20) are reasonable on assumption that f p≤f se. If fp > fse, f
L
RH and f HLH

interchange their value. Under balanced condition f HLH ¼ f LRH ¼ f 0, the LH band transits to the

RH one continuously without a gap. We can obtain f LLH and the upper limit of RH band f HRH
when Eq. (17) is null. The analytic expressions for f LLH and f HRH are tedious and hence are not
reproduced here. However, they are revealed in Figure 11 through series impedance, shunt
admittance and characteristic impedance calculated using the extracted circuit parameters
shown in the caption of Figure 10.

Referring to Figure 11, Yp is null at 4.03 GHz (f HLH) and takes extreme value at 2.83 GHz (fT)
which coincide well with fT = 2.82 GHz obtained in Figure 10. Moreover, Zse is observed as null

at 4.71 GHz (f LRH) and therefore a stop band emerges in the unbalanced case as f HLH ≠ f LRH . In

addition, Zβ takes zero value at 3.61 (f LLH) and 5.59 GHz (f HRH). Within 3.61~4.03 GHz, Zβ/β
takes positive/negative real number which reveals a LH transmission, whereas within
4.03–4.71 GHz both Zβ and β take pure imaginary value which represents loss and a stop
band. Finally, both Zβ and β are positive real numbers within 4.71–5.59 GHz, indicating a RH
transmission. In general, the results in Figure 11 coincide well with those in Figure 10.
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Figure 12 illustrates the extracted effective constitutive parameters of the CSSRRP-loaded
CRLH atom. Negative refractive index and propagation constant can be clearly observed
within 2.74–3.94 GHz. The LH band that allows signals to be transmitted freely is observed
within 3.56–3.94 GHz, where the imaginary parts of refractive index, permittivity and perme-
ability approximate to zero. However, the imaginary parts associated with electric or magnetic
loss are considerable within 2.74–3.56 GHz where the EM wave propagation is still not
allowed. A further inspection reveals that an obvious electric resonance occurs around 3.6
GHz with negative permittivity. The vanished electric resonance for the meta-atom without
CSSRRP illustrates that the new slot gives rise to the negative permittivity. Since the effective
permeability is negative across the entire band, the simultaneous negative LH band is solely
dependent on the negative permittivity band (3.56– 3.94 GHz). The retrieved β is consistent
with ϕ obtained from Bloch analysis except for the magnitude discrepancy which is inherently
introduced by the multiplication factor l in Eq. (4). In general, the constitutive EM parameters
interpreted all exhibited EM phenomena.

Figure 11. Representation of: (a) series impedance, shunt admittance, and characteristic impedance versus frequency and
(b) propagation constant of the CSSRRP-loaded unbalanced CRLH TL in Figure 9.

Figure 12. The effective constitutive EM parameters of the CSSRRP-loaded CRLH TL: (a) effective permittivity and
permeability and (b) refractive index n and propagation constant β.
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Our further numerical results (not included here for brevity) show that LH band shifts down-
wards when either width a or length b increases. The increase of a and b enhances both CP and
C. However, the in-band insertion loss increases drastically and the LH band may even vanish.
The influence of the series gap and microstrip line is analogous to that of conventional CSRRs
[28] and thus is not discussed. Most importantly, it is easier to engineer a balanced condition
when 2a≈b is guaranteed. In this case, the CRLH meta-atom may exhibit an inherent balanced
point. Nevertheless, such balanced point is nonexclusive which will be validated below.

1.3.2. KCSSRRP-loaded CRLH atom with balanced condition

Since the LH band of above CRLH atom is narrow, it is preferred for narrow-band filter
applications. Moreover, the potential for further miniaturization of CSSRRP-loaded CRLH
atom is still available. Here, we will improve the in-band bandwidth and demonstrate the
zero-phase behavior by engineering a miniaturized balanced CRLH TL.

As discussed earlier, the position of RH band is much influenced by a and b. As such, we
construct the slot of CSSRRP in Koch curve for other demand and further miniaturization. The
new K-CSSRRP shares the same operation mechanism with CSSRRP and thus exhibits similar
LH characteristic. The Koch slot of zig-zag boundary significantly extends the current path in
ground plane, namely, increases the electrical wavelength in terms of an enhanced Cp. To

facilitate a balanced condition (f HLH ¼ f LRH ¼ f 0), a low-impedance patch is introduced in the
upper conductor line to increase Ls and Cg and thus shifts the RH band downwards. Moreover,
it is advisable to maintain the C as a small value to preserve the LH characteristic with low
loss.

In the first design example (see Figure 13), the K-CSSRRP is with partial fractal boundary only
by constructing the two outmost vertical sides as Koch curves of third order. Figure 14 depicts

Figure 13. Layout of K-CSSRRP-loaded zero phase-shift CRLH TL operating at Satellite DMB band. The characteristic
impedance corresponds to 50Ω and detailed geometrical parameters are a = 4 mm, b = 12 mm, c = 0.3mm, d1 = d2 = d3 = 0.3 mm,
m = 1.7 mm and h = 8 mm. The width of microstrip line is 0.83 mm. The IF of Koch curve is 1/3.
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the simulated S-parameters and the representation of series impedance, shunt admittance and
characteristic impedance. From Figure 14(a), a reasonable agreement of results is clearly
observed between circuit and full-wave EM simulations. The exact zero phase response is
obtained within the Satellite DMB band centered at 2.63 GHz. The balanced condition can be
further validated through theoretical analysis results shown in Figure 14(b), where the shunt
admittance and series impedance intersect at 2.56 GHz. At this frequency, the LH band trans-
forms to the RH band continuously without a band gap.

In the second design example (see Figure 15), the four-vertical and four-horizontal slots are
constructed as Koch curves of quasi-second iteration order to roughly guarantee 2a≈b in a
square configuration with full fractal boundary. In this regard, a balanced CRLH TL with
bandwidth enhancement will be achieved as discussed above. To accommodate all fractal

Figure 14. (a) S-parameters and (b) representation of series impedance, shunt admittance, and characteristic impedance
of the K-CSSRRP-loaded balanced zero phase-shift CRLH atom. The extracted lumped elements are: Ls = 22.5 nH, Lp = 2.36 nH,
Cg = 0.172 pF, C = 369.4 pF, Cp = 3.217 pF, and Ck = 3.34 pF.

Figure 15. K-CSSRRP-loaded phase-shift CRLH atom with characteristic impedance of 70.7 Ω operated at WiMAX band.
The geometrical parameters (in mm) are: a = 4, b = 7.2, c = 0.1, d1 = d2 = 0.3, d3 = 0.4, m = 0.6, h = 6.5. The width of microstrip
line is 0.5 mm and the iteration factor of Koch slot is 1/3.
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sections in a highly compact region for further size reduction, some Koch sections formed in
the first-order iteration process are removed. The lumped-element circuit parameters are also
extracted for theoretical analysis, see caption of Figure 16.

Figure 16 portrays the corresponding frequency response, along with representation of series
impedance, shunt admittance and characteristic impedance. From Figure 16(a), it is obvious
that S-parameters obtained from circuit and EM simulations are in excellent agreement over
the entire frequency range, further confirming the correctness of proposed model. The return
loss is better than –10 dB from 3.17 to 4.13 GHz and all EM phenomena reveal a balanced pass
band without stop band interruption. Moreover, the zero phase shift occurs within WiMAX
band centered at 3.5 GHz. From Figure 16(b), Zβ takes a positive real number within the pass
band of 3.11–4.22 GHz and the balanced point occurs at 3.52 GHz where the series impedance
and shunt admittance intersect on the frequency axis. The transmission zero is always
observed below the LH band no matter in balanced or unbalanced case. The fractal perturba-
tion in CSSRRP results in a significant lower operation band whose center frequency reduces
from 5.01 (without fractal geometry) to 3.5 GHz. Thus, a frequency reduction of 30.2% is
obtained.

1.3.3. K-ECSSRRP-loaded CRLH atom with dual-shunt branch circuit

The objective of this subsection is to establish the theory and design of a new class of CRLH
atoms that own dual-shunt branch circuit and enable compact RF/microwave devices with
harmonic suppression. As a result, it is unnecessary to cascade a chain of CSRRs for harmonic
suppression, which in turn leads to super compact devices.

Figure 17 shows novel dual-shunt brunch circuit model and the layout of novel CRLH atom
evolved from previous CSSRRP-loaded CRLH structure. Here, previous CRLH atom, see
Figure 17(a) is reproduced for comparison convenience. The major difference of novel CRLH
atom lies in the K-ECSSRRP etched in the ground, see Figure 17(b). It is constructed by

Figure 16. (a) S-parameters and (b) representation of the series impedance, shunt admittance, and characteristic imped-
ance of the K-CSSRRP-loaded balanced zero phase-shift CRLH atom. The extracted lumped elements are: Ls = 16.37 nH,
Lp = 2.14 nH, Cg = 0.125 pF, C = 159.4 pF, Cp = 2.22 pF, and Ck = 1.68 pF.
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expanding each end-point of CSSRRP with an inner smaller slot made of three second-order
Koch curves and one first-order Koch curve.

Similar to CSSRRP [26], the K-ECSSRRP beneath the capacitive gap excites current along the
zig-zag boundary and generates two effects in response to the time varying axial electric field,
i.e., the electric excitation to external CSSRRP and that to inner Koch slot. The electric excita-
tion to inner slot is independent of external CSSRRP and thus also provides a shunt branch in
the circuit model like CSSRRP. To guarantee effective excitation, the center area of the comple-
mentary resonator should be unoccupied. Both excitations contribute to the negative permit-
tivity. In the CM shown in Figure 17(c) and (d), losses are irrespective of for analysis
convenience. Ls represents the line inductance, Cg models the gap capacitance, CSSRRP is
described by means of a parallel resonant tank formed by Lp1, Cp1 and Ck1, C1 contains the line
capacitance and the electrical coupling through the gap to CSSRRP. In like manner, the shunt
brunch formed by C2, Lp2, Cp2 and Ck2 models the corresponding effect of the Koch slot.
Consequently, novel CRLH atom enhances considerably the design flexibility.

To begin with, we perform numerical circuit analysis to identify the transmission zeros, cutoff
frequencies, LH characteristic and balanced condition. Assume a two-port CRLH TL with N
cells, the transmission behavior can be readily predicted using the [ABCD] matrix method.
Here, the ABCD parameters can be easily obtained from S-parameters. Provided a [ABCD]
matrix for a single-cell CTLH atom with known input and output voltage and current, the
transmission characteristic of N-cell CRLH TL can be straightly achieved by cascading N two-
port networks:

Figure 17. Topology of: (a) the CSSRRP- and (b) K-ECSSRRP-loaded CRLH atoms along with their (c) single-shunt and
(d) dual-shunt branch circuit models. Here, the capacitive gap is etched on the conductor line (depicted in lights grey)
beneath which, the CSSRRP and K-ECSSRRP (depicted in white) are etched on the ground (depicted in green).
Both CRLH atoms have identical slot width 0.3 mm and gap width of 0.2 mm, the residual geometrical parameters are
a = 5.3 mm, b = 10.3 mm, c = 0.3 mm, and w = 2 mm.
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Although CRLH atoms are isotropic and periodic in this design for computational and fabri-
cation convenience, it is unnecessary to require this condition in practice. The [ABCD] matrix
of a CRLH atom is related with the series impedance Z and shunt admittance Y (Y1 and Y2 for
each branch) as
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#
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0
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1
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1
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1
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1
0

Z=2
1

#
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Z½1þ ZðY1 þ Y2Þ=4�
1þ ZðY1 þ Y2Þ=2

#"""""

(22)

Z is formulated as a function of circuit elements:

Z ¼ 2ð1−ω2LsCgÞ
jωCg

(23)

The calculation of Y is somewhat tedious and can be attained as

Y ¼ Y1 þ Y2 ¼
jωC1½Cp1 þ Ck1−ω2Lp1Cp1Ck1�

Cp1 þ Ck1 þ C1−ω2Lp1Ck1ðCp1 þ C1Þ þ
jωC2½Cp2 þ Ck2−ω2Lp2Cp2Ck2�

Cp2 þ Ck2 þ C2−ω2Lp2Ck2ðCp2 þ C2Þ (24)

Apply the periodic boundary condition to the two-port network, we have Vout ¼ e−iβpV in and
Iout ¼ e−iβpIin, where p is the physical length of a CRLH atom and β is the propagation constant.
Taking this condition together with Eq. (21) yields
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D
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V in
Iin

#
−e−iβp V in

Iin

#
¼ A−e−iβp

C
B
D−e−iβp �
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#
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"""""
(25)

The determinant of Eq. (25) should be zero to guarantee a nontrivial solution, which yields [25]

AD − ðAþDÞe−iβp þ e−2iβp−BC ¼ 0 (26)

Insertion of Eq. (22) into Eq. (26), we can obtain the dispersion relation associated with Z, Y1

and Y2 as

cos ðβpÞ ¼ 1þ ZðY1 þ Y2Þ=2: (27)

Take the condition of Brillouin zone (βp ¼ π), we immediately have

ZðY1 þ Y2Þ ¼ −4 (28)

The lower cutoff of LH band ωL
LH ¼ 2πf LLH and the upper cutoff of RH band ωH

RH ¼ 2πf HRH can
be obtained by solving Eq. (28). In the same time, we obtain the equation of ZðY1 þ Y2Þ ¼ 0
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when take β ¼ 0. In this regard, the upper limit of LH band ωH
LH ¼ 2πf HLH and lower limit of RH

band ωL
RH ¼ 2πf LRH are achieved by solving the following equations:

C1½Cp1 þ Ck1−ω2Lp1Cp1Ck1�½Cp2 þ Ck2 þ C2−ω2Lp2Ck2ðCp2 þ C2Þ�
þωC2½Cp2 þ Ck2−ω2Lp2Cp2Ck2�½Cp1 þ Ck1 þ C1−ω2Lp1Ck1ðCp1 þ C1Þ� ¼ 0

(29)

1−ω2LsCg ¼ 0 (30)

Moreover, the Bloch impedance Zβ is derived from Eq. (25) after solving Eq. (26) for e−iβp and
taking reciprocal (AD – BC = 1) and symmetric (A = D) condition in this particular design:

Zβ ¼ V in

Iin
¼ B

A−e−iβp
¼ Bffiffiffiffiffiffiffiffiffiffiffi

A2−1
p (31)

Insertion of Eq. (22) into Eq. (31) yields

Zβ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z½1=ðY1 þ Y2Þ þ Z=4�

p
(32)

The f LLH and f HRH can be achieved by forcing Eq. (32) to be null. Moreover, two transmission
zeros of the two shunt branches are determined when the denominator of Eq. (24) is null:

f T1 ¼
1
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cp1 þ Ck1 þ C1

ðLp1Ck1ðCp1 þ C1Þ

s
, (33)

f T2 ¼
1
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cp2 þ Ck2 þ C2

ðLp2Ck2ðCp2 þ C2Þ

s
: (34)

The CRLH TL is rigorously balanced only when f HLH ¼ f LRH which is particular interest for
broadband design. In this case, the LH band (backward wave propagation) switches to the
RH region (forward wave propagation) without a gap. Otherwise the continuous pass band is
perturbed by a stop band. Rather than obtain cut-off frequencies from tedious analytical
expressions by solving Eqs. (28), (29) and (32), we will illustrate them by means of representa-
tions of these equations, see Figure 18. Moreover, these cutoffs can also be ambiguously
identified from transmission zeros of CRLH TLs with large number of cells, see Figure 19.

Note that f LLH and f HRH do not correspond to the attenuation poles that the two shunt branches

afford. In a general case, they fulfill the requirement of f T1 ≤ f LLH < f HLH ≤ f LRH < f HRH ≤ f T2.

For characterization, Figure 18(a) illustrates the S-parameters of proposed CRLH atoms
obtained from full-wave EM simulation and circuit simulation. The low-loss RT/duroid 4300C
substrate with h = 0.5 mm and εr = 3.38 is utilized as the dielectric board. As is shown, the
results obtained from EM simulation and circuit simulation are in desirable agreements.
Therefore, the rationality of the circuit model and lumped parameters are ambiguously veri-
fied. Slight discrepancy beyond the upper transmission zero is attributable to the higher-order
mode (third attenuation pole) which is not considered in the CM. Novel CRLH atom obviously
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exhibits two transmission zeros around 0.9 and 2.48 GHz in the lower and upper edge of pass
band, whereas the upper transmission zero is not evidenced for CSSRRP. In addition, the Koch
slot also induces a significant red shift of 33%. From Figure 18(b), two transmission zeros
related to resonances of Y1 and Y2 are expected in both pass band edges where Zβ takes real
numbers. It also reveals that the particle works in balanced condition and the resultant transi-
tion occurs at the intersection (1.78 GHz) of Y and Z on the frequency axis.

Figure 19 depicts the S-parameters of proposed CRLH TLs owning different number of cells.
The interval between adjacent cells is chosen as 4.6 mm which is a good tradeoff for homoge-
neity and inter-element coupling. Both EM and CM simulation results indicate that the signal
suppression and selectivity at the lower and upper band have been obviously enhanced with
increasing number of cells. Very accurate cutoff frequencies can be identified when N ≥ 3 in EM

simulation while N ≥ 7 in circuit simulation. The f LLH ¼ 1:52 and f HRH ¼ 2:09 GHz characterized

Figure 18. (a) S parameters of proposed CRLH atoms and (b) representation of the series impedance, shunt admittance,
and characteristic impedance. The extracted circuit parameters are: Ls = 31.02 nH, Cg = 0.26 pF, C1 = 6.74 pF, Ck1 = 351.4 pF,
Cp1 = 0.59 pF, Lp1 = 4.26 nH, C2 = 1.33 pF, Ck2 = 2.16 pF, Cp2 = 0.1 pF, and Lp2 = 4.84 nH.

Figure 19. S-parameters of proposed CRLH TLs owning different elements: (a) EM full-wave simulation and (b) CM
simulation.
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by –10 dB suppression in former case are quantitative very similar to f LLH ¼ 1:48 and
ωH

RH ¼ 2:05 GHz in latter case. The ripples in frequency response spectra are intrinsic effects
of finite size and discontinuous network.

It should be emphasized that proposed meta-atom not only exhibits additional attenuation
pole in the upper edge band but also has a miniaturized circuit which is on the order of 65% of
the CRLH atom using CSSRRP. The extended current path on the ground due to the large
compression ratio of Koch curves enhances considerably the LC values of lumped elements in
parallel resonant tanks of CM. Further study shows that fsh1 is mainly determined by external
CSRRP but also affected by inner slot and interspace c between two CSSRRs, however, fsh2 is
exclusively decided by the inner slot. This affords individual controllability over these two
resonant modes.

1.4. Compact microwave device applications

1.4.1. Multiple-way and two-way Wilkinson power dividers

In this subsection, we will demonstrate the possibility of employing novel K-CSSRRP-loaded
distributed CRLH TLs in the design of compact three-way fork power divider and a four-way
series power divider by substituting zero phase-shift CRLH TLs for conventional 2π TLs.
These artificial TLs are qualified for this task because they are readily engineered to work in
balanced condition by tuning the circuit parameters. The electrically small size and the possi-
bility to control the phase and impedance over wide ranges further facilitate this task.
Although a chain of CRLH elements are more appropriate to be related as MTM TLs, the
CRLH TL in current design is implemented using only one element for the sake of compact-
ness.

Since we only have three equations regarding the balanced condition, specified phase ϕ and
characteristic impedance Zβ, it is impossible to uniquely determine the six unknowns. There-
fore, several degrees of freedom can be exploited for other requirements, e.g., miniaturization.
The design procedure of an impedance transformer with ϕ and Zβ using distributed CRLH
meta-atoms lies in four steps: (1) Select the shape and dimension of CSSRRP to roughly locate
the operation frequency within the target band. Given the geometrical parameters of CSSRRP,
the elements of LP, CP and Ck in the parallel resonant tank are determined. (2) Derive the
residual three unknowns through the three available equations via a mathematical software.
(3) Roughly synthesize the geometrical parameters of low-impedance patch and gap according
to the newly obtained parameters. (4) Optimize the overall layout by taking into account all
requirements.

Figure 20(a) depicts the schematic of the three-way fork divider. It is composed of two
conventional 2π lines (in-phase power division) with characteristic impedance of Z0 and three

90° microstrip lines with characteristic impedance of
ffiffiffi
3

p
Z0 which ensures an impedance match

at center frequency. Here, Z0 is the port reference impedance. We adopt the zero phase-shift
CRLH atom shown in Figure 13 to replace conventional 2π line to reduce the circuit size. Its
geometrical parameters shown in the caption are cautiously designed following the design
procedure. The host line length of the CRLH atom is only 9.5 mm, representing a significant
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size reduction with regard to 76.9 mm of conventional 2π line designed on the same substrate.
The host line width of the CRLH atom is deliberately chosen the same as that of 90° microstrip
lines for convenience. This is applicable since CRLH atom exhibiting a wide tuning range of
Zβ. For verification, the designed power divider is fabricated and measured by an Anritsu
ME7808A vector network analyzer, see the prototype shown in Figure 20(b) and (c). The
sample occupying an area of 30 + 43 mm2 is very compact in size, corresponding to 25.8% of
the 30 + 166.4 mm2 that its conventional counterpart occupies.

To examine the performances, Figure 21 plots the simulated and measured S-parameters of the
power divider. A reasonable agreement of results is observed except for slightly larger inser-
tion loss in the measurement case. From 2.24 to 2.95 GHz, the measured return loss is better
than –10 dB and the transmission losses of |S21| and |S41| suggest almost flat response around
–4.98 dB. The variation of measured |S31| is slightly larger but within 4.77 ± 1 dB ranging from
2.28 to 2.78 GHz. At the center frequency of 2.63 GHz, an almost equal power split to all three

Figure 20. K-CSSRRP-loaded three-way fork power divider: (a) schematic, (b) top view, and (c) bottom view of the
fabricated prototype.

Figure 21. S-parameters of the three-way power divider prototype: (a) full-wave simulation and (b) measurement.
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output ports is observed. The slight discrepancy is possibly attributable to the radiation loss
induced by the complex fractal perturbations on the ground and partially to the soldering pad
which is in much proximity to the Koch slot and thus may affect the excitation of Koch slot.

For further application, a 1:4 series power divider is also designed and fabricated using the
zero phase-shift CRLH atom shown in Figure 15. The corresponding schematic and the
fabricated prototype are shown in Figure 22. As can be seen, the power divider consists of
four series connected 2π lines for in-phase output signals. Therefore, the 1:4 power divider
commonly occupies a large area especially at low frequency. Fortunately, such a 2π line can be
replaced by a 0° CRLH TL due to the phase advance and the nonlinear dispersion of CRLH TL.

Figure 22. K-CSSRRP-loaded 1:4 series power divider: (a) schematic, (b) top view and (c) bottom view of the fabricated
prototype.

Figure 23. S-parameters of the proposed 1:4 series power divider: (a) simulation and (b) measurement.
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Again, the zero phase-shift CRLH atom with detailed parameters shown in caption of
Figure 15 is synthesized following the design procedure mentioned above. For impedance

matching, the characteristic impedance of 2π line or 0° CRLH TL should be
ffiffiffi
2

p
Z0 and the input

impedance of each power split branch is 200Ω. As such, two-staged λ/4 impedance transformers
are necessary to afford a broadband impedance transformation from the required 200 Ω load
impedance to 50Ω test impedance. The narrow (15.3 + 0.16 mm2) and wide (14.8 + 0.99 mm2)
lines function as the 158.1 Ω high-impedance transformer and the 79.1 Ω low-impedance trans-
former, respectively.

For verification, Figure 23 portrays the full-wave simulated and measured S-parameters of our
fabricated 1:4 series power divider. Satisfactory agreement of results is observed across the
entire band of interest. Measurement results illustrate that return loss of the input port is better
than –10 dB and the transmission power of four ports is near 7 dB. The power variation of each
output port is within 5.96–8.8 dB from 3.3 to 3.8 GHz and thus the maximum variation is
obtained as 2.8 dB relative to the ideal 6.02 dB. Therefore, our divider successfully fulfills the
demand of equal power division. For sharp comparison, we have also fabricated and mea-
sured a 1:4 series power divider based on conventional meandered-line technique. Measured
results show that the –10 dB return loss bandwidth is only 320 MHz varying from 3.38 to
3.7 GHz. Consequently, the bandwidth of our design has been broadened by 56%. Moreover,
the total occupied area of our divider is only 41 + 38 mm2 corresponding to 42% of the area
43.5 + 61.6 mm2 that the meandered-line divider occupies.

To sum up, a novel compact resonant-type CRLH atom along with equivalent circuit model is
proposed. It features inherent balance condition, additional transmission zero above the RH
band and a higher degree of freedom in design over previous CSRRs-loaded counterpart. The
fractal perturbation in novel CRLH atom leads to a significant shrinking of LH and RH bands
and thus is of particular interest in compact device applications with a super miniaturization

Figure 24. (a) Layout and (b) fabricated prototype of the diplexer sample. The slot width is 0.3 mm for CSSRRP while
0.2 mm for the inner slot, other geometrical parameters are: a = 4.3 mm, b = 8.3 mm, and c = 0.3 mm.
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factor. The high-performance of super compact three-way and series 1:4 power divider has
qualified it a good candidate.

1.4.2. Harmonic suppressed diplexer

The additional transmission zeros of CRLH atom with dual-shunt branch circuit can be
directly applied to design a diplexer with harmonics suppression and enhanced frequency
selectivity. A diplexer used to make receiving and transmitting share a common antenna
consists of three ports, a receiver (Rx) filter and a transmitter (Tx) filter. Here, we realize both
the Rx and Tx filter utilizing single K-ECSSRRP-loaded CRLH atom with specified ϕ and Zβ

following the theory established in Section 1.3.3. The dimensions of CRLH atoms are designed
and optimized to locate the Rx filter operation frequencies within GSM band centered at 1.8
GHz while Tx filter at 2.2 GHz. To ease the design, the Tx filter is directly designed from Rx
filter by loading inner Koch slot of latter CRLH atom with additional stub to lower the
operation frequency. Moreover, both Rx and Tx CRLH atoms are engineered to operate in
balanced condition for broadband performance. For verification, the diplexer is fabricated, see
Figure 24 and measured through the Anritsu ME7808A vector network analyzer. The proto-
type occupies only 15.6 + 28 mm2 corresponding to 0.094 λg + 0.168 λg, where λg is the free-
space wavelength at 1.8 GHz. To the best of our knowledge, this is one of the most compact
diplexers among available data.

Figure 25 illustrates the simulated and measured results of proposed diplexer. A reasonable
agreement of results is observed in both cases. As shown in Figure 25(a), the bandwidth of the
Tx filter is measured as 220 MHz (1.61–1.83 GHz), in which the return loss |S11| is better than –
10 dB and the insertion loss |S21| and |S31| are better than –1.5 dB. The measured bandwidth
is 330 MHz (2.08–2.41 GHz) for Rx filter, where |S11| is better than –10 dB, |S21| and |S31| are
less than –1.3 dB. Furthermore, the diplexer exhibits |S11|= –12.9 dB, |S21| = –0.94 dB and
|S31| = –14.7 dB at f0 = 1.8 GHz, while |S11| = –28.1 dB, |S21| = –23.8 dB and |S31| = –0.54 dB at
2.2 GHz. The bandwidth for out-of-band suppression has been enhanced evidently which is
up to 3.66 GHz characterized by |S21| and |S31| better than –20 dB. From Figure 25(b), decent
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isolation between output ports 2 and 3 is observed. Measurement results indicate that the
isolation level maintains below –15 dB up to 3.7 GHz. Slight discrepancies between simulation
and measurement is attributable to the fabrication tolerances. This is especially true for the
complicated CRLH atoms with zig-zag boundary. For validation, a sensitive analysis is carried
out for K-ECSSRRP atom with different slot width. Numerical results suggest that the opera-
tion frequency shift upward by 1.8% while the transmission and impedance match perfor-
mances are almost preserved when slot width increases by 0.1 mm. To sum up, the behavior of
our diplexer fulfills unambiguously the criterion set by the wireless communication system.

In summary, the theory of dual-shunt branch circuit has been numerically studied and exper-
imentally vilified. Due to the inherent additional transmission zero of dual-shunt branch
CRLH atom, the resulting devices can be engineered with enhanced harmonic suppression
and selectivity without posing penalty on circuit dimension. Moreover, the compact CRLH
atom further reduces the circuit size. The high performances of designed diplexer corroborate
our proposal and above statements, promising potentials in transceiver front-ends of mobile
and wireless local area network (WLAN) systems.

2. Compact LH atoms for three-dimensional super lens

Three-dimensional (3D) LH-TL super lens with free-space excitation is very fascinating in
practical applications since it is unnecessary to embed the sources and fields in the TL network
[29, 30]. Here, we propose a 3D super lens with super resolution [31] using fractal perturbed
LH TL in printed circuit board (PCB) fabrication process. The distributed LH-TL lens allows
geometry scalability and avoids the parasitic RH effects in soldering the lumped elements. Due
to the space-filling feature of fractals, the operation frequency in terms of subwavelength
resonance is drastically lowered down. Consequently, a compact LH-TL element is engineered
with large inductance and capacitance (LC) values in a limited volume.

2.1. Analysis and characterization of fractal LH-TL metamaterial

Figure 26 portrays the schematic and equivalent circuit model of the TL atom and resulting 3D
lens. The TL atom with a lattice of a + a + p consists by a metallic pattern printed on a
dielectric spacer, see Figure 26(a). The metallic pattern is constructed by a Sierpinski ring
loaded in middle of its four concaves with four interdigitals each with a capacitance Ci. The
adjacent TL atoms are interconnected through four thin meandered arms (3/2 fractal curve of
first iteration order) each with an inductance Lm. Consequently, four subrings each with a self-
inductance Ls are engineered. The loaded Lm and Ci contribute to the LH behavior, whereas the
host medium (a combination of air gap and dielectric medium) modeled by L0 and C0 contrib-
ute to the RH behavior. The TL atom is isotropic since it exhibits four-fold rotational symmetry.
The Sierpinski ring is designed as a fractal curve of second iteration order for the sake of
compactness. In such a strategy, the inductance and capacitance (LC values) can be enhanced
considerably in a limited volume, enabling the multilayered TL lens to be more appropriately
described by an effective medium with homogenized μeff and εeff. By periodically arranging
the fractal TL atom in xoz-plane and then layering the resulting structures along y-direction, a
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3D LH-TL lens can be envisioned, see Figure 26(d). It is shined by an x-polarized plane wave
normally incident along z-direction. Such a configuration supports transverse electric (TE)
mode with respect to xoz-plane. The computation volume is reduced to a TL atom by assigning
electric and magnetic walls to four boundaries along x- and y-direction, respectively, see
Figure 26(b). This setup mimics an infinite array in xoy-plane.

In the model shown in Figure 26(c), similar to reference [29], the fractal ring is driven by the
y-oriented incident magnetic field, inducing inductive currents flowing along the interdigitals
and ring which is modeled by a resonant tank formed by 4Ls2 and Ci2/4 in series branch. The
fractal ring couples magnetically to the host medium through a mutual inductance M = L0F
which along with above resonant tank contribute the negative permeability. Here, F is the area
ratio of the ring to the entire TL atom. The electric field impinging to the TL atom generates
two effects which both contributing to the negative electric response. The two effects are: the
oscillating current through the meandered arm and interdigital fringe modeled by a parallel
tank of Lm and Cg in shunt branch; the oscillating current through the interdigitals and ring
modeled by a pair of resonant tanks of Ci2/2 and 2Ls1/2. The mechanism for LH behavior

Figure 26. Topology and equivalent CM of the fully-printed LH-TL atom and lens: (a) top view and the geometrical
parameter illustration of the TL atom, (b) simulation setup of an infinite slab illuminated by a plane wave of normal
incidence, (c) equivalent CM, and (d) perspective view of the volumetric TL lens. The geometrical parameters (in mm) are:
a = 10.6, b = 5, l = 2.4, w = 1.2, d1 = 0.2, d2 = 0.3, L = 6.8, and d3 = 1.32.
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distinguishes from SRR-wire medium in following three aspects. First, the TL atom is physi-
cally connected to its adjacent one in coplanar structure, whereas that of SRR-wire medium is
with double-layer topology. Second, the ring (magnetic response) is relevant to meandered
arm (electric response) in a circuit model, whereas SRR (magnetic response) and cut wire
(electric response) are independent. Most importantly, the EM wave permeating the periodi-
cally-arranged particles resembles a signal propagating along a TL, enabling low loss of
resulting structure.

For characterization, the commercial full-wave finite-element-method (FEM) solver Ansoft
HFSS is employed. The fractal patterns are built on 1 mm thick F4B substrate with εr = 2.65.
The height of the air gap is h = 5 mm and thus p = 6 mm. The LH behavior can be appreciated
from the dispersion data shown in Figure 27(b) using eigenmode simulation setup shown in
Figure 27(a) where four walls along x- and z-directions are assigned as periodic boundary
(master/slave in HFSS) while the top-and-bottom walls are assigned as magnetic walls. As
expected, the backward wave dispersion (negative slope) is clearly observed from 6.37 to
7.18 GHz with a fractional bandwidth of 12%.

2.2. Design and realization of super lens

Now, we show how to design the basic TL atom and resulting super lens. To lay a solid
theoretical method for implementation of Z = Z0 and neff = –1 which are necessary for super
lens, we derive constitutive effective parameters for the 3D layered lens from CM. According
to Floquet-Bloch theory, the phase shift ϕ per cell and the Bloch impedance Zβ can be calcu-
lated as

cosϕ ¼ cos ðβpÞ ¼ 1þ ZsðjωÞYpðjωÞ=2 (35)

Zβ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZsðjωÞ½ZsðjωÞ=4þ 1=YpðjωÞ�

q
(36)

Figure 27. (a) Simulation setup for the eigenmode analysis in HFSS and (b) the dispersion curve of the TL atom for the
initial design.
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where Zs(jω) and Yp(jω) are the impedance and admittance of the series and shunt branch,
respectively and are associated with the effective material parameters as

ZsðjωÞ ¼ jωμeffμ0¼jωL0þ 1
1

j4ωLs2
þ jωCi2

4

(37)

YpðjωÞ ¼ jωεeffε0¼jωC0þ 1
1

jωCgþ 1
jωLm

þ 1
jωCi1

þjωLs1
(38)

Here, Lr1, Cr1, Lr2 and Cr2 are the equivalent inductances and capacitances by taking the
coupling effects into consideration and are associated with Lr and Cr as

4Ls1¼Ls�M2=L0; 4Ls2¼M2

4Ls
; Ci1¼Ci; Ci2¼ 4L2sCi

M2 (39)

Insertion of Eq. (39) into Eqs. (37) and (38) yields immediately the effective material parameters

μeff¼1þCiM2

4L0

ω2
r2

ð1−ω2=ω2
r2Þ

(40a)

εeff¼1þ Ci

C0

ð1−ω2=ω2
gÞ

ð1−ω2=ω2
r1Þð1−ω2=ω2

gÞ−ω2=ω2
m

(40b)

where ωr1, ωr2, ωg and ωm are

ω2
r1¼

1
ðLs−M2=L0ÞCi

; ω2
r2¼

1
LsCi

;ω2
g¼

1
LmCg

; ω2
m¼

4
LmCi

(41)

The effective permittivity and permeability tensors of the TL lens can be written as

εðωÞ ¼ε0

 εeff 0 0
0 εavg 0
0 0 εeff

!
,μðωÞ ¼μ0

 1 0 0
0 μeff 0
0 0 1

!
, (42)

where εavg represents the averaged permittivity of the host medium. Insertion of M = L0F into
Eq. (39), we conclude that Ls1 is inversely proportional to L0. Therefore, the electric resonance is
proportional to L0. Moreover, Eq. (40) suggests that the air gap plays an important role in
affecting the constitutive parameters and the effective impedance while Eq. (41) indicates that
Lm, Ls and Ci can be utilized to control the electric and magnetic resonances.

With above fundamentals known, we designed a 3D TL super lens working at f0 = 5.35 GHz
with optimized geometrical parameters shown in caption of Figure 26. The commercially
available 3 mm-thick FR4 substrate with εr = 4.2 is selected in the super-lens design. The air
space is selected as h = 9 mm to guarantee good impedance matching of the lens to free space.
Figure 28 depicts the dispersion diagram and S-parameters of designed TL atom which will be
utilized as a building block for super lens. From Figure 28(a), the backward LH band ranges
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from 4.89 to 5.55 GHz, corresponding to a fractional bandwidth of 12.6%. The element size
is evaluated as λ0/5.3 + λ0/5.3 at 5.35 GHz which is within the limit of an effective medium
(λ0/4). The βp is on the order of 70o, yielding a refractive index of n = –1.028 according to n = cβ/ωa.
Moreover, the RH band with positive negative index follows the LH band though a narrow
interval of 5.55–5.76 GHz. This narrow signal inhibition does not lead to notable stop band in
Figure 28(b) but induces slightly large insertion loss and weak ripple in S11 around 5.74 GHz. It
enhances with increased element number in propagation direction and thus an obvious stop
band would emerge when more TL atoms are cascaded. The insertion loss retains at a decent
level in the pass band.

As shown in Figure 29, the effective parameters are retrieved as μeff = –1.006 – j0.132,
εeff = –0.995 + j0.049 and n = –1.004 – j0.041 at f0 = 5.35 GHz under time-harmonic progression
ejωt. The refractive index is in excellent agreement with that calculated from dispersion dia-
gram shown in Figure 28(a). Therefore, the condition for Veselago-Pendry lens which require
simultaneously good impedance matching (μeff = εeff = –1) and n = –1 is successfully fulfilled.

Figure 28. (a) Dispersion diagram and (b) simulated S parameters against frequency of designed TL atom.

Figure 29. Constitutive EM parameters (real parts) extracted from simulated S-parameters: (a) overall view and (b) zoom-
in view around f0 = 5.35 GHz.
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2.2. Numerical and experimental results

To verify the subwavelength focusing, we numerically designed a TL lens using the extracted
effective parameters. The simulation is conducted in Comsol Multiphysics™ software pack-
age, where a current source oriented along y-axis is placed in front of the TL lens with an
overall size of 200 + 40 mm2 to generate EM wave propagating along z-direction. A suffi-
ciently large PML boundary with a total area of 400 + 400 mm2 is employed to encompass the
lens and the source. Figure 30 portrays the magnetic field distribution within the entire
calculation domain. For comprehensive study, two cases are considered for both designed
(practical) lens and ideal lens with μy = –1 and εx = –1, i.e., single source and dual closely
arranged identical sources with an interval of 34 mm.

Obvious focusing behavior is clearly suggested inside (interior focusing) and in front (exterior
focusing) of the lens for both designed and ideal lens in either single-source or dual-source
case. The evanescent wave amplification is clearly observed along the two-slab interfaces. The
large field concentration on interfaces is attributable to plasmonic surface waves at the inter-
face of LH and RH media. The nonideal material parameters away from –1 induce slightly
asymmetric fields, discontinuous wave front and lower imaging intensity observed in practical
lens due to slight loss and impedance mismatch at the interface of lens and free space.
Nevertheless, the loss originated from imaginary parts of μeff and εeff do not pose critical

Figure 30. Numerically simulated magnetic field distributions of the designed TL lens. Field distributions for (a and d)
ideal lens with μy = εx= –1 and (b and e) designed (practical) lens with μy = –1.006–j0.132, and εx = –0.995 + j0.049 in (a–c)
single-source and (d and e) dual-source case. (c and f) The field curve plotted along x-axis at the center of the lens.
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influence on focusing. The clearly converged spots for dual-source practical lens give strong
support to above statement, which should be emphasized. The size of converged images
measured by 3 dB contour (half-power beam width, HPBW) is about 19 mm, corresponding
to 0.34 λ0 at 5.35 GHz. Therefore, the subwavelength imaging is unambiguously validated
beyond the diffraction limit with both focused propagating wave and amplified evanescent
wave. The spot size characterized by HPBW in the dual-source case is observed slightly
narrower than that in single-source case. This is attributable to the wave interference of the
two sources.

For verification, the designed TL lens is fabricated and measured, see Figure 31(a). In fabrica-
tion, a total of 10 + 3 TL atoms are fabricated on FR4 substrate board using standard PCB
technology. To sustain the bulk TL lens with desired air spacer, each substrate board is
supported by a plastic foam of identical size with εfoam = 1.2 and h = 9 mm. Then, 20 substrates
and 20 plastic foams are alternatively stacked by adhesives and are reinforced by a hot press to
form a lens occupying a volume of 106 + 240 + 31.8 mm3. To guarantee axial magnetic
excitation, two small loop antennas each with an inner diameter of 4.6 mm are implemented in
shielded-loop configuration to mitigate unbalanced currents.

Figure 31. (a) Photograph of the fabricated TL lens and (b) free-space measurement system for S-parameters.

Figure 32. Simulated and measured S-parameters of the TL lens.
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The S-parameters of the lens are measured utilizing the setup shown in Figure 31(b). Two
double-ridged horn antennas functioning as the receiver and transmitter, respectively, are placed
at two sides of the sample, each is 90 mm away from the center sample to provide a plane EM
wave with required polarization. The sample is placed in a drilled aperture on a sufficiently large
wooden board aside which a mass of absorbing materials were used to block diffracted energy.
As shown in Figure 32, numerical and experimental S-parameters coincide reasonably except for
a transmission dip around 5.75 GHz and blue shifted signal inhibition band at high frequencies
in measurement case. The mutual coupling between adjacent atoms in longitudinal direction
gives rise to wider pass band. Moreover, the nonideal foams with ε ≠ 1 in experiments and
infinite dimension in xoy-plane in simulations also give rise to the discrepancy. Nevertheless,
these factors play a negligible role in degrading the electrical performances at 5.35 GHz where
the focusing performance will be evaluated. The simulated (measured) return loss is observed as
–13.1 (–15.9 dB) at this point, implying a good impedance matching to free space.

For dual-source imaging, additional power-division circuit is necessary and wave interfer-
ence of two closely distributed sources may degrade the focusing quality in terms of weak
field intensity at focal point. Here, we only performed experiments for single-source imag-
ing by measuring magnetic field intensity using loop antenna, see setup shown in Figure 33.
The transmitting loop antenna (20 mm away from the slab), is stationary and illuminates at
the front side of the lens (slightly larger than t/2) while the detecting loop antenna scans a
region of 198 + 198 mm2 at rear side of the sample by an electronic step motor. Figure 34
plots the measured magnetic field intensity and phase distribution in steps of 1 mm at rear
side (focal region) of the lens at three different frequencies. Here, the field intensity has been
normalized to their maximum amplitude. From Figure 34(a) and (b), the well-resolved
imaging can be evidenced from both localized field intensity and reversal of smooth con-
cave phase fronts near the focal plane at 5.35 and 5.4 GHz. The HPBW indicated by –3 dB
intensity (along y-axis) is measured about 21.9 mm (0.39 λ0) which is in reasonable agree-
ment with that obtained in simulations. The slightly deteriorative spot size may be attrib-
utable to the adhesives employed in experiments which also introduce additional loss.
Therefore, significant resolution improvement is achieved with respect to the 0.55 λ0 [30],
which suggests that the imaging resolution in this approach is less susceptible to the loss
than that in other approaches. However, there is none evidence for subwavelength focusing
from magnitude or phase plotted in Figure 34(c), where the transverse size of elongated

Figure 33. (a) Schematic illustration and (b) near-field measurement system of the free-space focusing apparatus.
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plots the measured magnetic field intensity and phase distribution in steps of 1 mm at rear
side (focal region) of the lens at three different frequencies. Here, the field intensity has been
normalized to their maximum amplitude. From Figure 34(a) and (b), the well-resolved
imaging can be evidenced from both localized field intensity and reversal of smooth con-
cave phase fronts near the focal plane at 5.35 and 5.4 GHz. The HPBW indicated by –3 dB
intensity (along y-axis) is measured about 21.9 mm (0.39 λ0) which is in reasonable agree-
ment with that obtained in simulations. The slightly deteriorative spot size may be attrib-
utable to the adhesives employed in experiments which also introduce additional loss.
Therefore, significant resolution improvement is achieved with respect to the 0.55 λ0 [30],
which suggests that the imaging resolution in this approach is less susceptible to the loss
than that in other approaches. However, there is none evidence for subwavelength focusing
from magnitude or phase plotted in Figure 34(c), where the transverse size of elongated

Figure 33. (a) Schematic illustration and (b) near-field measurement system of the free-space focusing apparatus.
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pattern measured by –3 dB contour is more than 55 mm near above focal region and the
convex phase front occurs all time, indicating a plane-wave like propagation at 6.7 GHz in
RH region.

3. Compact meta-atoms for superscatterer illusions devices

In this section, we conceptually proposed and experimentally demonstrated a superscatterer
illusion device [32] with abundant functionality inspired by the concept of magnifying lenses
[33, 34] using transformation optics (TO) theory. A new strategy to miniaturize the meta-atom

Figure 34. Measured results at rear side of the volumetric TL lens at: (a) 5.35, (b) 5.4, and (c) 6.7 GHz. The left, middle, and
right columns are normalized magnetic field intensity, phase distribution and –3 dB contour at the focal plane.
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is proposed by combining both electric and magnetic particles. Using such a compact building
block, a proof-of-concept sample consisted by 6408 gradually varying meta-atoms is designed,
fabricated and measured.

3.1. Scheme and theoretical design

The device which tightly wraps an original metallic object (denoted as yellow) in actual space,
see Figure 35(a), is a shell (denoted as light green) embedded by four symmetrically located
wing objects (denoted as light yellow). It functions to transform the metallic object into

multiple isolated ghost objects with isotropic material properties (ε0 ¼ εrI,μ
0 ¼ μrI) and an

enlarged metallic object at center in virtual space, see Figure 35(b). In other words, the
functional device enables the radar scattering signature of a metallic object to equal that of an
enlarged metallic object and four symmetrically arranged ghost objects under EM wave illu-
mination. The proposed scheme with complex and versatile functionality inherits the merits of
both superscatterers and cognitive deception and is not confined to metallic objects but also
suitable for dielectric objects.

In actual space, the radius of the object (also the inner radius of the ghost device), the inner and
outer wings are denoted as s, p and q (also the outer radius of the device), respectively, whereas
they are s0, p0 and q0 in virtual space. To ease the design, we choose p ¼ p0, q ¼ q0 and assume
that the material property and geometrical layout of the four wing objects are the same. The
anistropic and inhomogenious material parameters of the shell (region I) and wings (region II)
are different and require precise design based on the TO theory. We remark the number of

Figure 35. Scheme of the proposed superscatterer illusion device: (a) the original metallic object (yellow) is wrapped by
the illusion device (light green) and (b) the virtual enlarged metallic object at the original center with four wing dielectric
objects.
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wings can be arbitrary engineered provided that the required complex material profiles can be
realized by metamaterials and in this work four wings each separated by 90o are selected with
four-fold rotational symmetry. Moreover, the material properties of the virtual wing object can
also be arbitrarily predesigned. Here, we tailor the wing property only by tuning the dielectric
constant ε0virtual since most materials in nature are nonmagnetic.

We derived the required material parameters in region I and II through a general transforma-
tion r ¼ f ðr0Þ in 3D spherical coordinate (r, ϕ, θ). According to TO theory, the diagonal permit-

tivity tensor ε and permeability tensor μ in physical space associate with ε0 and μ0 in virtual

space as ε ¼ Λε0ΛT=jΛj and μ ¼ Λμ0ΛT=jΛj. Here, Λij ¼ ∂xi=∂x
=
j is the Jacobian matrix of the

transformation and |Λ| is its determinant. After some derivations, the permittivity tensor with
similar form as the permeability tensor is obtained as

εðr,ϕ,θÞ ¼

f 0ðr0Þr02ε0r
f ðr0Þ2 0 0

0
ε0ϕ

f 0ðr0Þ 0

0 0
ε0θ

f 0ðr0Þ

2
66666664

3
77777775

(43)

In this particular design, the proposed superscatterer illusion functionality can be readily
realized through following transformation:

ð r ϕ θ Þ ¼
�
kðr0−s0Þ þ s ϕ0 θ0

�
(44)

where k ¼ ðq−sÞ=ðq−s0Þ is a constant related to the magnifying factor that can be arbitrarily
designed. By substituting Eq. (44) into Eq. (43), we immediately obtain the required permittiv-
ity or permeability tensor as

Figure 36. Theoretically calculated material profiles as a function of normalized radius in region I and region II which has
been normalized to the free-space working wavelength λ0 = 30 mm: (a) case 1: εvirtual = 3, s = λ0, = 1.5λ0, p = p′ = 2λ0, and
q = q′ = 2.5λ0 and (b) Case 2: εvirtual = 4.53, s = λ0, s′ = 7/6λ0, p = p′ = 1.75λ0, and q = q′ = 2.25λ0.
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εðr,ϕ,θÞ ¼

ðr−sþ ks0Þ2ε0r
kr2

0 0

0
ε0ϕ
k

0

0 0
ε0θ
k

2
6666664

3
7777775

(45)

For 2D illusion device in the cylindrical coordinates (r, ϕ, z), see cross-section shown in
Figure 35, the full diagonal parameter tensors (μr, μϕ, μz) and (εr, εϕ, εz) in regions I and II
have the same form as those in the spherical 3D case. Since all cases considered in this work are
transverse-electric (TE) wave excitation with z-polarization, the full diagonal-parameter ten-
sors for proposed EM functionality can be simplified to three permittivity and permeability
components (μr, μϕ, εz) for an easy design [35]

ðμr μϕ εzwing Þ ¼ f 0ðr0Þ2r02
f ðr0Þ2 1

ε0virtual
f 0ðr0Þ2

 !
(46a)

ðμr μϕ εzring Þ ¼ f 0ðr0Þ2r02
f ðr0Þ2 1

1

f 0ðr0Þ2
 !

(46b)

where εzring and εzwing are z-directed permittivity components in region I and II, respectively.

The superscatterer illusion device is designed to work around 10 GHz in X band. Figure 36
portrays the required anisotropic and inhomogeneous material profile as a function of radius
in both regions. Without loss of generality, two illusion devices with large and smaller magni-
fying factor of s0=s ¼ 1:5 and s0=s ¼ 1:167 are considered. From Figure 36, it is learned that the
radial permeability μr exhibits an anomalous negative dispersion in both regions, whereas μr

has a positive slope for a shrinking device [35]. Moreover, μr increases drastically and thus
exhibits a sharper slope while εz presents an inverse manner with respect to μr when s0 increases
or s and q decrease. Notice that the sensitivity of q on thematerial property is moremitigative than
that of s and s0. In Case 1, the material parameters is εzring= 0.444 and 2.25 ≤ μr ≤ 5.06 in region I (λ0

≤ r ≤ 2.5 λ0) while they are εzwing= 1.333 and 2.25 ≤μr ≤ 2.64 in region II (2λ0 ≤ r ≤ 2.5 λ0). In
Case 2, they are εzring = 0.75 and 1.33 ≤μr ≤ 1.812 in region I (λ0 ≤ r ≤ 2.25 λ0) while εzwing= 3.34
and 1.33 ≤ μr ≤ 1.435 in region II (1.75 λ0 ≤ r ≤ 2.25 λ0). In practice, there is no size limitation on our
superscatterer device which can be engineered substantially larger to deceive any sized object.
However, it is engineered relatively small in this design for experimental convenience due to
scanning capability limit of available near-field measurement system.

3.2. Metamaterial design and device fabrication

The above required gradient material profiles in both regions can be realized using compact
meta-atoms. Since it is easy to fully cover a small scope of permeability using only one type of
subwavelength elements, we consider implementing the superscatterer illusion in Case 2 with
more relaxed slope of μr. Figure 37 depicts the topology and fabricated prototype of designed
illusion device. Here, a new strategy is proposed to simultaneously fulfill the less-than-unity
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permittivity εz while the larger-than-unity permeability μr. Two kinds of meta-atoms each
composed of an electric resonator and a magnetic inclusion are designed on both sides of a
0.2 mm-thick flexible F4B board with εr= 2.65, see Figure 37(a). Through a proper design, the
working frequency can be precisely engineered above the electric plasma frequency ωp while
below the magnetic resonance. In region I, the meta-atom consists of a meander line electric
resonator and a split-ring resonator (SRR) with two concave arms; whereas in region II the
meta-atom consists by SRR and Koch-shaped cut-wire resonator. Two factors give rise to the
meta-atom miniaturization within a limited volume: meandered or fractal strategy for electric
resonator design and layered coupling between layered electric and magnetic particles. In this
regard, the volumetric devices made of these meta-atoms are more feasible to be described by
an effective medium and thus the collective EM response is less affected by the parasitic
diffractions, enabling an exact design due to good approximation of an infinite array to a finite
bulk medium. Moreover, the low loss and relaxed material parameter dispersion enable
desirable performance and working bandwidth of the superscatterer illusion device since the
meta-atoms operate at nonresonance region.

Figure 37. (a) Topology and (b) fabricated prototype of the proposed superscatterer illusion device, which is composed of
four types of subwavelength electric and magnetic particles.
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In the fabricated prototype, the superscatterer illusion device is discretized into a total of 6408
grids (meta-atoms) each occupying an area of pr + pϕ + pz = 2.5 + 3 + 2.7 mm3 (0.083 λ0 +
0.1 λ0 + 0.09 λ0). This size level goes beyond the shrinking illusion device [35] in terms of
effective medium and homogenization. The prototype is synthesized by 16 concentric layers
each owning one or two particles of different geometrical parameters and composed of four
meta-atoms along z-direction, corresponding to a height of 10.8 mm (0.36 λ0). The 2.5 mm
interval between neighboring layers is guaranteed by adhering the 16 flexible boards to 0.2
mm-wide concentric circular rabbets carved on a hard-foam board by the LPKF milling
machine. The shell extends from the 1st to 16th layer and contains a sum of 5288 elements,
whereas the four-wing objects extend from the 10th to 16th layer and consist by 1120 particles.
A total of 22 groups of different geometrical parameters of meta-atoms, see Figure 38 and
Table 4, are finely optimized in Ansoft HFSS to generate the required permittivity and perme-
ability.

In the simulation setup shown in Figure 39(a), z-polarized EM wave is incident parallel to
the dielectric board with magnetic fields penetrating through the magnetic inclusions along
the x-direction (radial direction in cylindrical coordinates). To mimic an infinite array, four
transverse walls are assigned master/slave boundary in HFSS while the two walls along
propagation direction are assigned the Floquet ports. From Figure 39(b) and (c), it is learned
that the operation frequency of both meta-atoms locates precisely above ωp of the electric
resonator while below resonance of the magnetic inclusion. The material parameters are

Figure 38. The illustration of physical parameters of four electric and magnetic particles. “(a)SRR with two concave arms.
(b) Meanderline electric resonator.” behind the word “particles.(c) conventional SRR. (d)Koch-shaped cut-wire resonator.”
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μr = 1.807 + i0.057 and εz = 0.733 + i0.09 for the first layer in region I and are μr = 1.441 + i0.032
and εz = 3.395 + i0.08 for the 10th layer in region II. Due to small εz required in region I while
large εz in region II, the working frequency is designed immediately above ωp in region I
while far away above ωp in region II. In all cases, the imaginary parts of permittivity and
permeability are found to be near zero while the real parts of them change slowly near 10
GHz, indicating a low loss and a relatively relaxed material dispersion. Moreover, the
combined electric and magnetic resonators have lowered ωp from 12 GHz (meta-atom with-
out SRR) to 9.4 GHz, further facilitating electrically smaller particles which should advance a
step toward the homogenization of bulk composites.

3.3. Numerical and experimental results

Now, we carry out full-wave simulations in COMSOL Multiphysics to demonstrate the
functionality of proposed superscatterer illusion device. For comprehensive study and not
lose generality, the superscatterer illusion for a dielectric object is also studied. As shown in
Figure 40, a line source (a monopole probe in experiment) is located 50 mm (1.67 λ0) away

Number of Layers

Region I Region II

H [mm] εz μr w3 [mm] a3 [mm] g1 [mm] a2 [mm] εz μr

1 0.9 0.7328 1.807

2 0.87 0.7459 1.745

3 0.835 0.7362 1.679

4 0.8 0.7451 1.621

5 0.77 0.7383 1.583

6 0.74 0.7376 1.548

7 0.71 0.7331 1.515

8 0.68 0.7387 1.485

9 0.655 0.7395 1.461

10 0.633 0.746 1.429 0.108 1.548 0.11 2.5 3.395 1.441

11 0.61 0.7382 1.417 0.108 1.548 0.13 2.5 3.405 1.416

12 0.59 0.7418 1.395 0.105 1.4 0.2 2.6 3.396 1.394

13 0.56 0.7391 1.371 0.105 1.47 0.15 2.5 3.392 1.378

14 0.54 0.7402 1.36 0.102 1.462 0.17 2.5 3.397 1.358

15 0.51 0.745 1.342 0.111 1.48 0.2 2.5 3.405 1.34

16 0.49 0.7413 1.33 0.105 1.435 0.2 2.5 3.393 1.334

Note: The other geometrical parameters are given as follows: pz = 2.7mm, px = 3 mm, a = b = 1.95 mm, w = 0.2 mm, a1 =
2.607mm, b1 = a0 = 2.394 mm, w1 = g = 0.16 mm, b2 = 2.4 mm, w2 = 0.2 mm, b3 = 2.16 mm, and w4 = 0.09 mm.

Table 4. The elaborate geometrical parameters of the electric and magnetic meta-atoms utilized in region I and II.
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from the left edge of the illusion device in Case 1, whereas it is 57.5 mm (1.92 λ0) in Case 2.
Notice that the geometrical parameters of the devices in Figure 40(a–d) are exactly the same
except for different number of wing objects. In all cases, the scattering patterns in actual and
virtual spaces are in good consistency and equivalence, indicating that the superscatterer
illusions are efficiently generated for both dielectric and metallic objects. Our device enables
the camouflage of the radar image of a small cylinder to radar images of a large cylinder and
two/four standalone objects. Moreover, the similar field patterns of the illusion devices with
two and four wings indicate the robustness of the method in creating multiple isolated radar
ghost images. Most importantly, the small signature of the original object is transformed to a
larger one with arbitrary scaling ratios, enabling a superscatterer.

To further quantitatively evaluate the superscatterer illusion performance, we compare the
simulation results of scattered electric fields in actual and virtual spaces within the region
−2λ0 ≤ y ≤2λ0 at the rear side of the shell, see Figure 41(a), where the field intensities along the
line x = 8.27λ0 in both spaces range from 0.014 to 0.182 V/m and have good consistency. As
additional analysis, we also numerically discuss the sensitivity of the illusion performance to
μr (real part) and loss (imaginary part of μr) along the line x = 8.67λ0 in actual space. When it
varies from μr to μr + i0.01μr and finally to μr + i0.02μr, the wavefronts do not suffer substantial
changes except for gradually decreased field intensities (e.g. the maximum values decrease
from 0.158 to 0.131 V/m), see Figure 41(b). Similarly, the scattered fields do not suffer signifi-
cant change except for varied peak intensity when the real part of μr varies from μr to 1.25 μr,
see Figure 41(c). Therefore, the superscatterer illusion performance of our devices is insensitive
to material loss and should exhibit a desirable operation bandwidth within the acceptable
tolerances of material parameters.

Figure 39. (a) Simulation setup for the meta-atom with periodic boundary conditions in HFSS. The retrieved constitutive
parameters for (b) meta-atoms of the first layer in region I, and (c) those of the tenth layer in region II.
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To validate the superscatterer illusion functionality, we measured 2D electric-field mappings in
near-field parallel-plate waveguide measurement system (Figure 42). A monopole probe fixed
inside the planar waveguide excites the sample over a discrete cluster of frequencies. The imping-
ing EMwave interacts with thousands of particles and thus affords desired scattering signatures.
Due to large size of the sample, the simulated andmeasured electric fields in horizontal plane are
mainly recorded at rear side of the device (7λ0 ≤ x ≤ 10.2λ0 and –2λ0 ≤ y ≤ 2λ0) at 10.1, 10.15, 10.21,
10.25 and 10.3 GHz, respectively, see Figure 43.

Figure 40. Simulated snapshots of electric-field distributions at 10 GHz in actual space (the left column) and virtual space
(the right column). A metallic cylinder is wrapped by simplified-parameter illusion devices for (a) two and (c) four
dielectric wings in Case 1, and (e) four dielectric wings in Case 2. An enlarged metallic cylinder with (b) two dielectric
wings in Case 1, and four dielectric wings in (d) Case 1 and (f) Case 2. (g) A dielectric cylinder wrapped by an illusion
device with four dielectric wings and simplified parameter in Case 1. (h) An enlarged dielectric cylinder with four
dielectric wings in Case 1.
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As shown in Figure 43(a) and (d), the simulated and measured scattering patterns are in
reasonable agreement. The consistency can be further inspected from electric-field intensities
shown in Figure 43(g), where the fields at 10.1 GHz are normalized to the maximum along the
black dashed line x = 9.57λ0. In all simulated and measured cases shown in Figure 43(a–f), the

Figure 41. (a) Scattered electric fields in actual and virtual spaces along the line x = 8.27λ0. Scattered electric fields in
actual space along the line x = 8.67λ0 for (b) different loss and (c) different real parts of μr.

Figure 42. Experimental setup for 2D electric-field mapping in near-field parallel-plate waveguide measurement system.
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uneven wavefronts with convex curves at both ends and concave curves in the interspace,
along with a remarkable perturbation in the first outgoing wavefront from the illusion device
are clearly observed, illustrating the effectiveness and robustness of the design. Hence, the
superscatterer illusion functionality, i.e., the transformation of the radar signature of an object
to the equivalence of an enlarged object and four isolate dielectric objects is unambiguously
validated over a bandwidth of more than 200 MHz. The shifted operation frequency and slight
distortion of electric fields in measurements are possibly attributable to the tolerance inherent
in fabrications and assembling, the utilized adhesives to connect meta-atoms at the interfaces
of different regions and the misalignment of particles along radial direction.

4. Conclusions

In summary, we have reviewed in this chapter our recent effort in synthesizing electrically
small meta-atoms from effective medium perspective and utilizing compact meta-atoms to
design microwave circuits and functional devices. Several strategies have been proposed for
such a purpose and the mechanisms have been studied in depth. The advantages of compact
meta-atoms can be classified in two categories. First, it can significantly reduce the circuit size
without posing penalty on device performances. Second, it brings about additional degree of
freedom for device design and broadband deep out-of-band signal inhibition which can be
employed for harmonic suppression. Third, it enables manipulation of precise material param-
eters and smooth outgoing field which is preferable for functional devices with high perfor-
mances and new physics demonstration with high-quality phenomena. Moreover, the precise-
material parameters will improve the success rate of correct design. Our compact approach

Figure 43. Comparison of simulated and measured electric-field distributions. (d) Simulated and (a–c, e, and f) measured
results at (a and d) 10.1 GHz, (b) 10.15 GHz, (c) 10.21 GHz, (e) 10.25 GHz, and (f) 10.3 GHz. (g) Normalized electric-field
intensity along the black dashed line x = 9.57λ0.
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lays a platform and gives a promising alternative for both engineers and scientists to realize
their devices or demonstrate their find using metamaterials.
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Abstract

Polarization state is an important characteristic of electromagnetic waves. The arbitrary 
control of the polarization state of such wave has attracted great interest in the scientific 
community because of the wide range of modern optical applications that such control 
can afford. Recent advances in metamaterials provide an alternative method of realizing 
arbitrary manipulation of polarization state of electromagnetic waves in nanoscale via 
ultrathin, miniaturized, and easily integrable designs. In this chapter, we give a review 
of recent developments on polarization state manipulation of electromagnetic waves in 
metamaterials and discuss their applications in nanophotonics, such as polarization con-
verter, wavefront controller, information coding, and so on.

Keywords: polarization manipulation, optical activity, wave plates, wavefront 
controlling, optical communication

1. Introduction

Harnessing electromagnetic waves for modern nanophotonics applications often involves 
the control and manipulation of polarization state. The ability to manipulate the polarization 
state of electromagnetic waves can enable us to control electromagnetic waves for a wide 
range of applications such as polarization manipulation, wavefront controlling, and opti-
cal communication [1–4]. Conventional approaches to manipulate the polarization state of 
electromagnetic waves employ bulky wave-plates, which are made of birefringent materials 
composed of crystalline solids and liquid crystals. However, the inherent disadvantages in 
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the size, collimation, and bandwidth of these configurations prevent optical system minia-
turization and integration. Thus, realizing polarization state manipulation of electromagnetic 
waves in nanoscale has become one of the key problems for the development of modern 
optics and nanophotonics.

Metamaterials are generally composed of subwavelength artificial nanostructures, which 
can overcome the physical limitations imposed by natural materials and provide exceptional 
capabilities for manipulating waves with greater precision. Over the past decade, numer-
ous novel optical properties have been demonstrated in this area, such as negative refractive 
index, super-lenses, cloaking, etc. [5–14]. The soul of metamaterials is the ability to realiz-
ing arbitrary manipulation of the electromagnetic waves in multiple parameters (frequency, 
amplitude, phase, and polarization) with multiple degrees of freedom, which make it possible 
for people to design devices with optical properties on demand. Recently, metamaterials have 
been reported to provide a promising pathway toward the realizing of efficient manipulation 
of polarization state of electromagnetic waves via ultrathin, miniaturized, and easily inte-
grable designs, which open up intriguing possibilities toward the realization of polarization 
state manipulation of electromagnetic waves in nanoscale and show infinite prospection in 
nanophotonics applications [4, 5, 15–17].

In this chapter, we will review the development of metamaterials in polarization state manipu-
lation of electromagnetic waves and discuss its applications in nanophotonics, which will pro-
vide a guidance for its further designs and applications. The chapter is organized as follows:

In the second section, we begin with a brief introduction of polarization state of electromag-
netic waves and give a review of the development process of metamaterials for polarization 
state manipulation.

In the third section, the fundamental applications of metamaterials in nanophotonics, such as 
wave plates, polarization converter, opt-isolator, arbitrary generation of vector beam, polar-
ization-based wavefront-control, and so on will be discussed in detail.

In the fourth section, the polarization integrated metamaterials devices, such as tunable polar-
ization controlling devices, photonic spin Hall effect, information coding and optical commu-
nication, and polarization-switchable phase holograms, will be discussed in detail.

In the fifth section, we will overlook the whole area of metamaterials-based polarization 
devices, summarize the main difficulties, possible solutions, and further applications in future.

In the last section, we will give a summary of the chapter.

2. Polarization state manipulation in metamaterials

2.1. Polarization state of electromagnetic waves

The polarization state of electromagnetic waves, which cannot be detected by human eyes, 
forms an important characteristic of such waves. The polarization state of electromagnetic 
waves at a fix position is determined by the time course of the electric-field vector  E(r, t)  [18]. 
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For monochromatic electromagnetic waves, the electric-field vector  E(r, t)  can be divided into 
two orthogonal components with different amplitude and phases, which can be concisely 
expressed in the form of Jones vector as:

  E(r, t)=  (   
 E  x     E  y  

   )   =  (   
 a  x    e   i(kx-ωt+ ϕ  x  ) 

   a  y    e   i(kx-ωt+ ϕ  y  )    )     (1)

The endpoint of the vector  E(r, t) is determined by the envelope of two orthogonal components   
A  x   =Re(  E  x   )  and   A  y   =Re(  E  y   ) , which vary in cosinusoid with time and the trajectory of the end-
point can be expressed as:

    
 A      x    

2 
 ___  a  x  2 
   +   

 A      y    
2 
 ___  a  y  2 
   -2 cos ϕ   

 A  x    A  y   _____  a  x    a  y     =  sin   2  ϕ  (2)

where  ϕ=  ϕ  y   -  ϕ  x    is the phase difference. The trajectory of Eq. (2) is an ellipse and the proper-
ties of it vary with the position for wavefront with different directions at different positions. 
For the plane wave whose wavefront is parallel transverse plane, the elliptical trajectory stays 
the same. Thus, the polarization state of plane wave can be described by a single ellipse. 
Moreover, such polarization ellipse can be determined by its orientation and shape which can 
be characterized by two angles:

  tan 2Ψ=   2r ___ 1-  r   2    cos ϕ,  (3)

  sin 2χ=   2r ____ 1+  r   2    sin ϕ.  (4)

where  r=  a  x   /  a  y    is the ratio of the magnitude of two orthogonal electric field components. The 
angle  Ψ  determines the orientation of the polarization ellipse while the angle  χ  determines 
the ellipticity. Thus, the polarization state of electromagnetic waves can be described by the 
magnitude ratio  r=  a  x   /  a  y    and phase difference  ϕ=  ϕ  y   -  ϕ  x   . For   a  x    (or   a  y   ) equal to zero or the phase 
difference  ϕ  =  0  (or  ϕ    =   π ), the polarization ellipse becomes a straight line, and the electromag-
netic waves is linearly polarized (LP). If the magnitude ratio is  r=1  and the phase difference is  
ϕ= ± π/2 , then the polarization ellipse become a circle and the electromagnetic waves is said to 
be circularly polarized. For  ϕ=π/2  (electric field rotates in a clockwise direction when viewed 
from the direction toward which the wave is propagating), the electromagnetic waves is said 
to be right-handed circularly polarized (RCP). And the case  ϕ=-π/2  corresponds to counter-
clockwise rotation and left-handed circularly polarized (LCP). For other condition, the polar-
ization state of electromagnetic waves is said to be elliptically polarized.

2.2. Polarization state manipulation with metamaterials

As indicated above, the polarization state of electromagnetic waves can be described by mag-
nitude ratio r and phase difference  ϕ . Thus, the polarization state manipulation with meta-
materials always involves the tailoring of the wave interference at the subwavelength scale by 
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introducing the anisotropic optical resonance mode to effectively manipulate the magnitude 
and phase of electric components in two orthogonal directions. Thus, the polarization state 
manipulation of electromagnetic waves in metamaterials always involves structures with two 
orthogonal resonance including elliptical nanoholes, L-shaped nanoparticles, crossed nanodi-
poles, nanoslits, and nanorods, as shown in Figure 1 [19–24].

However, the polarization state manipulative ability of initial complanate metamaterials with 
the above-mentioned structures is limited because of the limited interaction between electro-
magnetic waves and structures, thus the efficiency and bandwidth are lower than that required 
for practical applications. Over the past decade, many efforts have been made in the scientific 
community to overcome the drawbacks of complanate metamaterials and improve the polar-
ization state manipulation of electromagnetic waves in nanoscale with new types of metamate-
rials [25, 26]. As one of the solutions, sandwich-like metamaterials constructed with anisotropic 
resonators, dielectric layer, and highly reflective metallic film have been proposed to provide 
an alternate way to realize effective polarization state manipulation in reflection mode as 
shown in Figure 2a and b [27, 28]. The near-field interference in this type of designs improves 
the interaction between electromagnetic waves and metamaterials effectively, thus realizing 

Figure 1. (a) Experimental realization of strong polarization controlling in the optical transmission through elliptical 
nanoholes. Reprinted by permission from [19] copyright 2004 American Physical Society. (b) Experimental realization 
of birefringence in two-dimensional L-shaped silver nanoparticles. Reprinted by permission from [20] copyright 2008 
American Chemical Society. (c) Experimental realization of manipulating the polarization state of the electromagnetic 
waves and achieving giant optical rotation in near infrared wavelength by L-shaped nanoholes array in silver film. 
Reprinted by permission from [21] copyright 2008, AIP Publishing LLC. (d) Experimental realization of chromatic 
plasmonic polarizers by optical nanorods. Reprinted by permission from [22] copyright 2012 American Chemical Society. 
(e) Experimental realization of broadband optical meta-waveplates by crossed nanodipoles. Reprinted by permission 
from [23] copyright 2013 American Chemical Society. (f) Experimental realization of reflecting wave plates constructed 
with nanodipoles. Reprinted by permission from [24] copyright 2014 Optical Society of America.
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community to overcome the drawbacks of complanate metamaterials and improve the polar-
ization state manipulation of electromagnetic waves in nanoscale with new types of metamate-
rials [25, 26]. As one of the solutions, sandwich-like metamaterials constructed with anisotropic 
resonators, dielectric layer, and highly reflective metallic film have been proposed to provide 
an alternate way to realize effective polarization state manipulation in reflection mode as 
shown in Figure 2a and b [27, 28]. The near-field interference in this type of designs improves 
the interaction between electromagnetic waves and metamaterials effectively, thus realizing 

Figure 1. (a) Experimental realization of strong polarization controlling in the optical transmission through elliptical 
nanoholes. Reprinted by permission from [19] copyright 2004 American Physical Society. (b) Experimental realization 
of birefringence in two-dimensional L-shaped silver nanoparticles. Reprinted by permission from [20] copyright 2008 
American Chemical Society. (c) Experimental realization of manipulating the polarization state of the electromagnetic 
waves and achieving giant optical rotation in near infrared wavelength by L-shaped nanoholes array in silver film. 
Reprinted by permission from [21] copyright 2008, AIP Publishing LLC. (d) Experimental realization of chromatic 
plasmonic polarizers by optical nanorods. Reprinted by permission from [22] copyright 2012 American Chemical Society. 
(e) Experimental realization of broadband optical meta-waveplates by crossed nanodipoles. Reprinted by permission 
from [23] copyright 2013 American Chemical Society. (f) Experimental realization of reflecting wave plates constructed 
with nanodipoles. Reprinted by permission from [24] copyright 2014 Optical Society of America.
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effective polarization state manipulation of electromagnetic waves in reflection mode. On the 
other hand, applications in modern nanophotonics always require nanoscale polarization state 
manipulation in transmission mode. Thus, sandwich-like metamaterials is out of work in this 
situation. Recently, the proposition of few-layer metamaterials makes it possible to realize effec-
tive polarization state manipulation in transmission mode as shown in Figure 2c and d [29, 30]. 
The interference and near-field coupling between layers in few-layer metamaterials ensure that 
the energy of electromagnetic waves can be strongly redistributed and can effectively inter-
act with the structures, resulting in polarization state manipulation with high efficiency and 
broadband in transmission mode. However, the above-mentioned metamaterials are all based 
on metallic structures, and thus the electromagnetic waves absorption and subsequent heat 
conversion in sandwich-like and few-layer metamaterials inevitably increase which impeded 
the applications of metallic structure-based metamaterials for polarization state manipulation 

Figure 2. (a)Experimental realization of wide band and efficient linear polarization conversion with plasmonic planar 
antenna. Reprinted by permission from [27] copyright 2014 AIP Publishing LLC. (b) Experimental realization of 
wide-angle reflective plasmonic metasurface-based half-wave and quarter-wave plates that have a high polarization 
conversion efficiency and reflection magnitude over a broad bandwidth in the visible-to-near IR wavelength range. 
Reprinted by permission from Macmillan Publishers Ltd [28], Scientific reports copyright 2016. (c) Experimental 
realization of a plasmonic assisted Fabry-Perot cavity in a metal/insulator/metal trilayer structure with L-shaped hole 
arrays inside, which significantly contribute to the mechanism to realize a nearly complete polarization conversion in 
optical transmissions at near-infrared wavelength. Reprinted by permission from [29] copyright 2010, AIP Publishing 
LLC. (d) Simulated realization of a high performance broadband asymmetric polarization conversion composed of an 
L-shaped gold particle and a gold nanoantenna array for the near-infrared regime. Reprinted by permission from [30] 
copyright 2015 Springer International Publishing AG. (e) Simulated realization of all-silicon nanorod-based Dammann 
gratings with accurate phase controlling, and strong polarization conversion. Reprinted by permission from [31] 
copyright 2015 Optical Society of America. (f) Experimental realization of silicon-based infrared metasurfaces as high 
performance linear-to-circular polarization converter. Reprinted with permission from Macmillan Publishers Ltd, [32] 
Nature Communications copyright 2014.
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of electromagnetic waves. Recently, a different approach has emerged. The Mie resonance in 
high-index dielectric structures provides a novel way to realize anisotropic optical resonance 
[31, 32]. Metamaterials based on all-dielectric nanoparticles (as shown in Figure 2e and f) over-
come the energy loss of electromagnetic waves in metallic structure-based metamaterials and 
become an ideal selection for polarization state manipulation of electromagnetic waves.

In summary, metamaterials with the development of it can realize the effective controlling of 
amplitude and phase of electromagnetic waves in two orthogonal directions, which provide 
infinite possibilities for arbitrary manipulation of polarization state of electromagnetic waves 
in nanoscale. Thus, the role of metamaterials for polarization manipulation devices in nano-
photonics is no substitute. With the improvement of the relative research, metamaterial-based 
polarization manipulation devices have been widely proposed in recent years which will be 
discussed in detail in the next section.

3. Fundamental applications of metamaterials for polarization state 
manipulation in nanophotonics

As mentioned above, polarization state is one of the intrinsic properties of electromagnetic 
waves, which can always be resolved into different orthogonal basis, such as x-polarized 
and y-polarized, left-handed and right-handed waves. It is worth mentioning that the left-
right-handed polarization corresponds to the spin of photons, which enables metamaterials 
with great abilities of polarization conversion to be a possible quantum candidate in large 
scale. In modern optics and photonic applications, polarization conversion is often utilized 
in advanced communication, sensing, displayer, noise reduction, and so on. However, most 
of these applications come down to three categories: conversion of polarization and genera-
tion of vector beams, wave plates, and asymmetric transmission. In this section, we aim at 
providing an overall view on the applications and evaluating the possibilities of commercial 
utilization of metamaterials.

3.1. Conversion of polarization and generation of vector beams

Metamaterials have shown to the world their unique design flexibility, compactness, and 
highly novel characteristics at its very first birth. Unlike the traditional method, in which 
polarization is often controlled with polarized molecules (such as liquid crystals) [33], bire-
fringent crystals [18], or magneto-optic phenomenon (Faraday Effect) [34], metamaterials can 
directly manipulate strength and phase of electromagnetic waves at subwavelength scale. In 
the eyes of a metamaterials’ researcher, polarization of electromagnetic waves can be modi-
fied pixel by pixel (unit cell of the design), thus arbitrarily polarized outputs on Poincare 
Sphere can be easily achieved [35].

Throughout the recent works, there are two kinds of metamaterials polarization converters that 
have shown their powerful ability to handle polarization. One is as shown in Figure 3a, which 
is an enhanced optical rotator of the zero-order transmitted electromagnetic waves through a 
silver film with an array of perforated S-shaped holes [36]. The fundamental mechanisms of 
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these kinds of polarization rotators are as follows: the incident wave interacts with the sub-
wavelength structure and creates orthogonal polarized component due to the surface plas-
mon polaritons (SPPs), or localized surface plasmons (LSPs), or both. With elaborate design, 
the original polarized electric component can be cancelled due to near-field interference, and 
the orthogonal one is left over, thus a cross-polarization converter is achieved. Other states of 
polarization can also be accomplished with similar method because the complete orthogonal 
basis has been acquired. The transmitted polarization depends on the thickness of the device, 
as shown in Figure 3b, which exhibits a tiny ellipticity, indicating the transmission can be 
roughly treated as a linearly polarized one [21, 31, 37].

Recently another design almost dominates the area of polarization conversion with meta-
materials, as shown in Figure 3(c) to 3(f). This kind of designs simultaneously manipulate 
the amplitude and phase of electric-magnetic components [35], [38]-[41], resulting in much 
higher degree of freedom for polarization conversion. In Figure 3(c), the incident linearly 
polarized (LP) wave can be converted into left-circularly polarized (LCP) and right-circu-
larly polarized (RCP) beams at sub-wavelength scale [38]. The difference of phase retarda-
tion between the LCP and RCP beams can be easily modified by varying the geometrical 
parameters of the nano-apertures, leading to continuously controllable optical activity. It’s 
worth mentioning that most designs generate orthogonal electric components by the chiral-

Figure 3. (a) Schematic of the experimental set up for the transmitted polarization converter, in which the sample 
made from silver is typically built with focused ion beam (FIB) method. In the experiment, the incident wave remains 
linearly polarized along the x axis. (b) The transmitted elliptical polarization states and the corresponding ellipticities 
for different samples with different thicknesses. Reprinted by permission from [36] copyright 2013 American Physical 
Society. (c) Sketch of the optical activity process with non-chiral plasmonic metasurfaces, in which the transmitted 
linearly polarized wave is synthesized with two subwavelength located circularly polarized wave. (d) Calculated optical 
rotations (red lines) and amplitude transmissions (blue lines) at a wavelength of 990 nm. The insets show the polarization 
states and the corresponding degree of linear polarization (DoLP) for four metasurfaces. Reprinted by permission from 
Macmillan Publishers Ltd [38], Light: Science and Applications, copyright 2016. (e) Simulated amplitude ratio and (f) 
phase difference of the electric components of the transmitted waves for right- and left-circularly polarized incidence, 
respectively. Inset: artistic rendering of the circular-to-linear (CTL) polarization converter. Reprinted by permission from 
Macmillan Publishers Ltd [39], Scientific reports, copyright 2015.

Polarization State Manipulation of Electromagnetic Waves with Metamaterials and Its Applications in Nanophotonics
http://dx.doi.org/10.5772/66036

223



ity of the materials or nano-structures, however the design in Figure 3(c) experimentally and 
numerically investigated an alternative approach to realize and control the optical activity 
with non-chiral plasmonic metasurfaces. The optical rotation was calculated in Figure 3(d), 
and rotation with arbitrary values from 3° to 42° is obtained, with relatively high-amplitude 
transmission beyond 40%. Circularly to linearly polarized wave can also be achieved in [39], 
as shown in Figure 3(e) and 3(f). The inset in Figure 3(f) depicts the artistic rendering of the 
design. As amplitude ratio varies throughout the working waveband, indicating different ori-
entation of transmitted wave when differing the incident wavelength, this device can hardly 
called a broadband quarter-wave plate. However, it is still a novel polarization converter, and 
may be utilized in a metasurface displayer to distinguish different colors. Since this design is a 

Figure 4. (a) SEM image of the plasmonic metasurface to generate a radially polarized beam. Each region of the 
plasmonic metasurface is filled with one type of nano-aperture pairs marked by the number. (b) Measured far-field 
intensity profiles of the radially polarized beam, with an analyzer oriented at various angles in front of the CCD camera. 
Reprinted by permission from [14] copyright 2015 by John Wiley and Sons. (c) SEM image of the polarization generator 
for the eight-foci process. (d) Focus image without polarization analysis, each hot spot of which represents one of the 
polarization states of the foci. (e) The polarization states of the foci on the Poincare sphere, and Si stands for the ith 
Stoke’s parameter. Reprinted by permission from Macmillan Publishers Ltd [42], Light: Science and Applications, 
copyright 2015. (f) A polarization beam splitter that separate the x- and y-polarized waves and deflects them by different 
angles, and the angles can be chosen at will. (g) A device that separates x- and y-polarized waves and focuses them to 
two different points. The two different points can be chosen at will. (h) A polarization-switchable phase hologram that 
generates two arbitrary patterns for x- and y-polarized waves. In this case the word “Caltech” is displayed for input x 
polarization and an icon is displayed for input y polarization. Reprinted by permission from Macmillan Publishers Ltd 
[35], Nature nanotechnology copyright 2015.
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time reversal symmetric system (taking no account of the thermal loss), it can also be applied 
to convert linearly polarized wave to circularly polarized one.

As mentioned above, the subwavelength characteristics of metamaterials enable people to 
modify polarization of electromagnetic waves pixel by pixel (unit cell of the design), and to 
generate wave with different polarization in each cross-section of the outputs. As shown in 
Figure 4a, a radially polarized beam is generated by appropriately arranging the nano-aper-
tures [14]. Although the six regions are discontinuous with each other, the achieved vector 
beam is continuous due to the subwavelength characteristics of the structure, which is always 
a principle of the metamaterials’ design. A far-field intensity profile of the radially polar-
ized beam is shown in Figure 4b. Furthermore, with the in-plane field of SPPs combined, all 
types of polarization states can be achieved simultaneously [42], as shown in Figure 4c–e. This 
remarkable consequence results from that the in-plane field of SPPs with proper polarization 
states and phases can be selectively scattered out to the desired electromagnetic wave beams. 
This design offers a novel route to achieve the full control of optical polarizations. However, 
all these devices are plasmonic based and the efficiency is limited by the intrinsic absorp-
tion loss. Although many researchers struggled to overcome this limitation by introducing 
multilayered structures or performing at reflectance mode [24, 27], and so on, it can hardly 
be solved thoroughly due to the high conductivity of metals. In recent years, high-contrast 
dielectric designs have been developed to enlarge the working efficiency and practicability 
of metamaterials [26]. As shown in Figure 4f–h, full control of polarization for beam splitter, 
lens, and phase hologram is achieved with a simple layer of silicon elliptical nanoposts [35], 
with an experimentally measured efficiency ranging from 72 to 97%. The complete and simul-
taneous control over the polarization and phase profiles of electromagnetic waves offered by 
the proposed platform and the design technique enables the realization of integrated nano-
optic devices, which is one of the greatest steps in modern optics and photonics.

3.2. Wave plates accomplished by metamaterials

Although full control of polarization is the primary issue with respect to polarization, wave 
plates are still worth discussing due to their wide applications in applied optics. Normally 
wave plates are manufactured from birefringent crystals, which are really successful due to 
their high efficiency and accuracy. However, simultaneously achieving broadband and wide-
angle properties are almost impossible because of the limitation of the crystals’ dispersive 
properties. In contrast, metamaterials once again provide a promising pathway toward the 
perfect wave plates with thickness less than a micrometer. As shown in Figure 5a, a broad-
band half-wave plate is accomplished by a nanorod layer and a metallic reflective ground 
plane sandwiched by a dielectric layer [28]. An s-polarized wave incident from an angle of 
θi (ϕi = 135°) is converted into a p-polarized wave in reflectance mode, with reflection greater 
than 92% from 640 to 1290 nm, and with near unitary polarization conversion ratio (PCR) 
even when increasing the incident angle to 40°. This phenomenon results from the asymmet-
ric length of the long and short sides of the nanorod, which responds to the incident beams 
with different phase delay and radiative intensity. Similarly, a quarter-wave plate can also be 
obtained with careful adjustment of dimensions of the structure. As shown in Figure 5c, the 
calculated results are in good agreement with the experimental ones. Although the designed 
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wave plates are broadband and wide-angled, especially with high efficiency, a critical draw-
back still exists that they work in reflectance mode, compared to which transmission mode 
is often preferable because of its intrinsic convenience for experimental and commercial uti-
lization. One way to solve this problem is to use high-contrast dielectric metasurfaces [43], 
which possess the ability to interact with electromagnetic waves at extremely confined spots 
without any heat dissipation, as depicted in Figure 5d and e. The designed half-wave plate 
and quarter-wave plate maintain a high transmission in the working waveband, and the 
undesired component of polarization is suppressed at a negligible level.

3.3. Asymmetric transmission

Another application on polarization is asymmetric transmission, which are often utilized 
in integrated photonic systems for communications and information processing. This 
unique phenomenon is often achieved by reducing the structural symmetry and convert-
ing to different polarization states. The corresponding process can be completely character-
ized by the 2 × 2 ray-transfer matrix in the paraxial ray-optics approximation. We can write 

Figure  5. (a) Schematic of the metasurface-based half-wave plate. An s-polarized wave incident from an angle of θi (ϕi = 
135°) is converted into a p-polarized wave in reflectance mode. The unit cell shows the sandwiched metallic structure. (b) 
Theoretically predicted (lines) and experimentally measured (triangles) polarization states in the plane perpendicular to 
the wave vector at 700, 900, and 1150 nm incidence, respectively. (c) Theoretically predicted (lines) and experimentally 
measured (triangles) polarization states in the plane perpendicular to the wave vector at 700, 900, and 1150 nm incidence, 
respectively, for the design of quarter-wave plate. Reprinted by permission from Macmillan Publishers Ltd [28], 
Scientific reports copyright 2016. (d) An artistic view of a meta-device for spatially variant polarization control operating 
in a broad spectral range. The device is composed by a single layer of elliptical dielectric nanoposts. (e) High efficient 
half-wave plate and quarter-wave plate achieved by the dielectric nanoposts. Reprinted by permission from [43].
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down the T matrix connecting the generally complex amplitudes of the incident and the 
 transmitted field:
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where ‘o’ and ‘i’ denote the incident and output field, respectively. If the structure is rotated 
by 180° with respect to the x axis (assuming the wave vector is along z axis), it can be demon-
strated that the T matrix (backward) can be written as [44]:

   T   b  =   (    A  − C  − B  D   )     (6)

Similarly for circularly polarized incidence the T matrices are:
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where the linearly and circularly polarized matrices are related by
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The difference between the T matrices for opposite propagating direction is the reason for 
asymmetric transmission, which can be defined as  Δ =   |   T  11  f   |     
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One of the designed metasurfaces with asymmetric transmission is shown in Figure 6a and 
b, which demonstrates a highly efficient and broadband asymmetric transmission of linearly 
polarized millimeter waves [45]. The remarkable consequence results from the tri-layer con-
figuration, which can be promoted to other designs of metasurfaces and this will be discussed 
in detail in Section 5. At optical waveband, asymmetric transmission can also be achieved, 
as shown in Figure 6c. The fabricated devices designed for operation at central wavelength 
of 532 and 633 nm, exhibit broadband, efficient asymmetric optical transmission with con-
trast ratios exceeding 14 dB [46]. The FDTD-simulated amplitude of the magnetic field at an 
arbitrary time is shown in Figure 6d. It is clear to see that with forward incidence (from Side 
A to B), the transmitted field displays a profile of diffraction, and with backward incidence 
(from Side B to A), the transmitted field is blocked. As stated previously, the primary way of 
achieving asymmetric transmission is by reducing the structural symmetry and converting 
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between polarization states, thus the metasurfaces can actually be more concise, as shown in 
Figure 6e. The hybrid metasurface consists of an L-shaped metallic layer and a nanorod layer. 
With x-polarized incidence, the forward and backward transmission reveals a great difference 
between 1200 and 1500 nm [47], the simulated results of which are illustrated in Figure 6f. It 
should be noticed that asymmetric transmission is different from optical isolator, which can 
only be attained with nonreciprocal-active devices.

In summary, full control of polarization can now be obtained with metallic or high-contrast 
dielectric-based metamaterials, the remarkable abilities of which can be attributed to the in-
depth subwavelength design of metamaterials. Practical applications, such as vector beams, 
wave plates, and asymmetric transmission devices, can be accomplished with high efficiency, 
and other particular designs such as broadband or wide-angle one can also be acquired at will. 
Other novel applications of polarization integrated devices will be discussed in the next section.

4. Polarization integrated metamaterials devices

As discussed in the previous section, metamaterials has made remarkable development in 
nanophotonics devices for polarization state manipulation of electromagnetic waves. With 
the design of individual unit cell of metamaterials instead of the entire structure, metamateri-

Figure 6. (a) Schematic of the tri-layer metasurface which enables (b) broadband and highly asymmetric transmission 
of linearly polarized waves. Reprinted by permission from [45] copyright 2014 American Physical Society. (c) Schematic 
diagram of the Ag/SiO2 hyperbolic metamaterial device, which exhibits asymmetric transmission shown in (d). 
Electromagnetic waves illuminate from side A to side B on the left graph in (d) and side B to A on the right one. 
Reprinted by permission from Macmillan Publishers Ltd [46], Nature communications copyright 2014. (e) Asymmetric 
transmission achieved by a bi-layer metasurface consisting of an L-shaped layer and a nanorod layer. (f) Transmission 
of the x-polarized waves from forward and backward, respectively. Reprinted by permission from [47] copyright 2014 
AIP Publishing LLC.
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Reprinted by permission from Macmillan Publishers Ltd [46], Nature communications copyright 2014. (e) Asymmetric 
transmission achieved by a bi-layer metasurface consisting of an L-shaped layer and a nanorod layer. (f) Transmission 
of the x-polarized waves from forward and backward, respectively. Reprinted by permission from [47] copyright 2014 
AIP Publishing LLC.
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als can not only manipulate the amplitude and phase of the electromagnetic waves but also 
realize the controlling of the wavefront of electromagnetic waves, thus it provides an ideal 
way to get the optical devices on demand and shows great impact on nanophotonics. These 
days, with the ever-increasing demand for integrated optical devices, the research direction is 
shifting toward achieving tunable, integrated, and novel functionalities.

4.1. Tunable metamaterials devices

Electromagnetic waves controlling in nanophotonics integration always require the devices 
with the tunability of waveband and functionalities. The polarization state manipulation of 
electromagnetic waves in earlier metamaterials for different working wavebands is always 
realized by accurately fabricating different nanostructures, which is an inherent drawback 
for integration [48, 49]. One way to overcome this drawback is to use tunable metamateri-
als, which relies on integrating metamaterials with optically active materials such as liquid 
crystals, semiconductors, phase-change material, and nonlinear media [50–54]. The opti-
cal response of these metamaterials can be actively controlled by external stimulus, such as 
electric field, magnetic field, voltage, or temperature. Among all these techniques, voltage 
control is one of the simplest ways in practical operations. Graphene is a monolayer of hex-
agonally arranged carbon atoms that can support the excitation of surface plasmons and its 
optical response shows a strong dependence on the Fermi energy, which can be dynami-
cally controlled by a gate voltage [55–57]. Therefore, graphene is a promising electrically tun-
able plasmonic material. The investigation of tunable plasmons in graphene nanostructures 
has led to the proposition and demonstration of a variety of devices for polarization state 
manipulation of electromagnetic waves. Figure 3a shows a mid-IR highly tunable optical 
polarization converter composed of asymmetric graphene nano-crosses [58]. It can convert 
linearly polarized wave to circularly and elliptically polarized wave or exhibit a giant opti-
cal activity at different wavelengths. The transmitted wavelength and polarization states can 
also be dynamically tuned by varying the Fermi energy of graphene (as shown in Figure 7b 
and c), without reoptimizing and refabricating the nanostructures. This devices is potentially 
useful in applications, such as vibrational circular dichroism spectroscopy, ellipsometry, and 
integration of other optical devices for polarization manipulation, detection, and sensing at 
the nanoscale. Figure 7d shows a mid-IR highly wavelength-tunable broadband cross-polar-
ization converter based on L-shaped graphene nanostructures [59]. It can convert linearly 
polarized wave to its cross-polarization in the reflection mode. The polarization conversion 
can be dynamically tuned and realize a broadband effect by varying the Fermi energy (as 
shown in Figure 7e and f). This tunable polarizers (or polarization switchers) provide an 
alternate way for the waveband controlling of polarization state manipulation. A step further, 
not only the waveband and functionalities of polarization state manipulation can be tuned 
with graphene-based metamaterials, Figure 7g shows tunable wavefront controlling of cross-
polarized electromagnetic waves based on periodically patterned graphene nano-crosses in 
the infrared regime [60]. With this device, the wavefront of cross-polarized circular refraction 
waves can be effectively controlled with the polarization conversion induced geometric phase 
and the working waveband can be dynamically tuned (as shown in Figure 7h and i). This 
active wavefront controlling device can be treated as polarization and spectral beam splitters 
at nanoscale.
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In general, tunable metamaterial devices (especially graphene-based one) provide an effect 
way to realize the polarization state manipulation of electromagnetic waves for nanophoton-
ics integration because of the tunability of waveband and functionalities they have.

4.2. Novel applications of polarization integrated metamaterials

As mentioned above, metamaterial-based polarization converter can not only realize the 
transform of polarization state of electromagnetic waves, but also control the wavefront of 
the cross-polarized wave by inducing the geometric phase gradient via individual unit cell 
design. This character makes metamaterial devices become an ideal unit for integrated manip-
ulation of electromagnetic waves, thus providing endless possibilities for novel applications 
in nanophotonics.

Figure 7. (a) Simulated realization of highly tunable optical polarization converter. (b) Calculated amplitude ratio and 
(c) phase difference as a function of the Fermi energy and wavelength. Inset images show the transmitted polarization 
state for different Fermi energies at a wavelength of 7.92 μm. The incident wave is linearly polarized with a polarization 
angle of 45°. Reprinted by permission from [58] copyright 2013 Optical Society of America. (d) Simulated realization 
of highly wavelength-tunable broadband cross-polarization converter. (e) Calculated amplitude ratio and (f) phase 
difference between two orthogonal polarization states as a function of Fermi energy and wavelength. The olive balls 
indicate that the reflection phase difference is 0°. Reprinted by permission from [59] copyright 2013 AIP Publishing LLC. 
(g) Simulated realization of highly tunable broadband wavefront controlling. (h) Calculated transmission amplitude 
and phase profile of the refraction wave along the graphene nano-cross array. (i) Amplitude of anomalous refraction of 
LCP wave as a function of Fermi energy and frequency, at normal incidence of RCP wave. The pentagrams and balls 
indicate the maximum amplitude and the extracted equal amplitude of anomalous refraction, respectively. Reprinted by 
permission from [60] copyright 2012 by John Wiley and Sons.
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4.2.1. Gain spin-orbit interaction of electromagnetic waves with metamaterial devices

Recently, spin-orbit interaction of electromagnetic waves attracted lots of attention [61]. The 
spin-orbit interaction of electromagnetic waves are analogous to the spin-orbit interaction of 
relativistic quantum particles and electrons in solids with a spatial scale of the order of the 
wavelength of electromagnetic waves, the RCP and LCP polarization states correspond to two 
spin states of photons. Thus, traditional geometrical optics always neglects the wavelength-
scale spin-orbit interaction phenomena. With the development of nanophotonics and plas-
monics, spin-orbit interaction phenomena play an important role at the subwavelength scales 
and bring novel functionalities to optical nanodevices. Photonic spin Hall effect, which mani-
fests itself as the mutual interplay between the photon spin (polarization) and the trajectory 
(orbital angular momentum) of electromagnetic waves, is one of the basic classes of numer-
ous spin-orbit interactions phenomena at the subwavelength scales. Traditional approaches 
to realize the photonic spin Hall effect are always associated with the evolution of the propa-
gation direction of electromagnetic waves. However, the photonic spin Hall effect in these 
approaches are generally very weak, and the induced spin-dependent subwavelength shifts 
are also exceedingly tiny which prevent them to real applications in nanophotonics. Spin-
dependent geometric phase gradient in metamaterials provide an alternative method to real-
ize a gain on spin-orbit interaction at nanoscale [40, 62–64]. Figure 8a–c shows an experimental 
demonstration of a giant photonic spin Hall effect at a visible wavelength in a dielectric-based 
metamaterial device with spin-dependent geometric phase gradient [65]. The spin-dependent 
shift induced by geometric phase gradient is sufficiently large to be observed directly com-
pared with traditional approaches. These kinds of devices bridge the gap between spin-based 
photonics and nanophotonics and thus provide an opportunity for manipulating the spin and 
orbital angular momentum of electromagnetic waves.

4.2.2. Information coding and wave coding with metamaterial devices

Modern optical communication always involves the effective device for information coding. 
Polarization integrated metamaterial devices provide an alternative way to realize the infor-
mation coding via manipulating and detecting the polarization state of electromagnetic waves. 
Recently, metamaterial devices with the ability to dynamically tune the polarization state of 

Figure 8. (a) The detailed geometry of the metamaterial over one period and a schematic illustration of the local optical 
axis (slow axis). (b) The calculated (Cal.) and experimental (Exp.) results of spin-dependent real-space shift induced by 
the momentum shift during beam with a geometric phase gradient of Ω  =π/20   rad    μm   -1  . (c) Intensities recorded by the 
CCD and the corresponding S3 parameters after a linearly polarized beam passes through metamaterial. The observation 
plane is located 10 cm away from the metamaterial. Reprinted by permission from Macmillan Publishers Ltd [65], Light: 
Science and Applications, copyright 2015.
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electromagnetic waves have attracted enormous interest because such devices can be employed 
for realizing not only the polarization encoding but also polarization-division multiplexing, 
which is a crucial technique that can significantly increase the transmission capacity of a single 
physical channel. The traditional technique for realizing polarization-division multiplexing 
requires a complex optical system and cumbersome volume. Therefore, a metamaterial-based 
polarization modulator offers a new approach for simplifying the optical process and miniatur-
izing the required volume. Figure 9a shows a metamaterial device by integrating a single layer 
of graphene with an anisotropic metamaterial, which can dynamically modulate the polariza-
tion state of electromagnetic waves with a wide tunable range in mid-infrared wavelengths 

Figure 9. (a) Schematic illustration of the optical polarization encoding process based on the circular orthogonal 
polarization basis. (b) and (c) Simulated amplitude and normalized Stokes parameter S3 spectra of the reflected 
electromagnetic wave from the nano-aperture array at different gate voltages under incident wave with a polarization 
direction of 61° relative to the x-axis. The stars indicate the values of S3 under different gate voltages at 7.1 μm. (d)–(f)  
Simulated polarization state in the plane perpendicular to the wave vector at 7.1 μm for different gate voltages. Red 
and blue curves correspond to the incident and reflected wave, respectively. (g) Schematic illustration of realizing 
the PDM technique by the proposed metamaterial device with the circular and linear orthogonal polarization basis 
according to the superposition principle of polarization states. Polarization states of electromagnetic waves correspond 
to three difference gate voltages. Reprinted by permission from [66] copyright 2016 by John Wiley and Sons. (h) The 
1-bit digital metamaterial device composed of only two types of elements: “0” and “1.” (i) A square metallic patch unit 
structure (inset) to realize the “0” and “1” elements and the corresponding phase responses in a range of frequencies. 
Two 1-bit periodic coding metasurfaces to control the scattering of beams by designing the coding sequences of “0” and 
“1” elements: (j) the 010101…/010101… code and (k) 010101…/101010… code. Reprinted by permission from Macmillan 
Publishers Ltd [67], Light: Science and Applications, copyright 2015.
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[66]. By switching gate voltage applied on the graphene among three different values, the inci-
dent LP wave can be dynamically converted into LCP, RCP, or linearly cross-polarized one in 
the reflection direction, as shown in Figure 9b–f. Based on these polarization-control charac-
teristics, the proposed device can realize polarization encoding and the polarization-division 
multiplexing technique, as shown in Figure 9g. This design profoundly affects a wide range of 
modern optical communication devices, fulfills the demand of faster information transfer and 
processing, and opens a route to on-chip integration of metasurfaces with electronics.

Another approach named “coding metamaterial” has also been paid great attention by the 
scientific community, which is composed of several types of unit cells, with different constant 
phase responses, respectively [67–70]. Figure 9h shows a 1-bit coding metamaterial, composed 
of two types of unit cells, with 0 and  π  phase responses (as shown in Figure 9i), which is 
named “0” and “1” elements, respectively [67]. This coding metamaterial device can simply 

Figure 10. (a) An experimental demonstration of a polarization-switchable phase hologram and its experimental results. 
Reprinted by permission from [75] copyright 2013 American Chemical Society. (b) A schematic representation of 
polarization selective beam shaping in dielectric metamaterial device and its simulated results. Reprinted by permission 
from [76] copyright 2015 Optical Society of American. (c) and (d) Schematics of the helicity multiplexed hologram in 
nanorods based metamaterial device. (e) Reconstructed images versus incident polarization states in nanorod-based 
metamaterial device. The figures in the middle column and right column represent the experimental results and the 
corresponding simulation results, respectively. Reprinted by permission from Macmillan Publishers Ltd [77], Nature 
Communications copyright 2015.
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manipulate electromagnetic waves through different coding sequences of “0” and “1” ele-
ments. For example, under the periodic coding sequence of 010101…/010101…, the normally 
incident beam will mainly be reflected to two symmetrically oriented directions by the meta-
surface, whereas under the periodic coding sequence of 010101…/101010…/010101…/101010
…, the normally incident beam will mainly be reflected to four symmetrically oriented direc-
tions, as illustrated in Figure 9j and k. Based on the concept of coding metamaterials, we are 
able to not only control electromagnetic waves by changing the coding sequences of “0” and 
“1” (or “00,” “01,” “’10,” and “11”) elements but also create actual digital metamaterial device 
and programmable metamaterial device by dynamically manipulating the coding sequence. 
This design provides an effective way to realize the controlling of the radiation beams of anten-
nas and reduce the scattering features of targets.

4.2.3. Polarization-switchable phase holograms with metamaterial devices

One of the prime goals for metamaterial research is realizing the manipulation of refractive 
index via using the concept of effective index and designing structures at the subwavelength 
scale. Metamaterials composed of subwavelength structures allow for the use of effective 
medium approach to describe their electromagnetic waves response in phase and amplitude 
sensitive to both shape and orientation of the structures. With this character, holograms which 
manifest itself as reconstructing predesigned images have been advanced dramatically by 
using metamaterial devices [71–77]. These days, polarization-switchable holograms that can 
separate the readout electromagnetic waves by its polarization to reconstruct different holo-
graphic images, lead to various applications such as image processing and multilevel optical 
switching. Figure 10a shows a plasmonic meta-hologram using metamaterial devices [75]. 
The meta-hologram sample consists of pixels made of 6 × 6 cross-nanoantennas of 16 different 
shapes for the phase modulation that yields polarization-controlled dual images. Figure 10b 
shows the demonstration of arbitrary polarization selective beam shaping with a dielectric 
metamaterial device [76]. Taking advantage of the conjugate phase modulation obtained by 
illuminating the device with LCP and RCP, two independent images, for the two orthogonal 
polarization states has been demonstrated. And Figure 10c–e show an experimental demon-
stration of helicity multiplexed metasurface hologram capable of achieving high efficiency 
and high image quality in the visible and near-infrared range [77]. Unlike previously dem-
onstrated polarization multiplexed holograms that are sensitive to linear polarization, two 
off-axis images are interchangeable in one identical hologram by controlling the helicity of the 
incident wave in this work. These devices show endless possibilities for the development of 
holograms and provide an effective way for data storage and information processing.

5. Challenge in future

In previous sections, we overlooked the whole area of metamaterial-based polarization con-
verter, and undoubtedly the achievements made by the researchers are remarkable: full con-
trol of polarization now can be accomplished with a single subwavelength film. However, 
there are still some challenges that stand in front of our path to the full control of electro-
magnetic waves. For example, how can we in depth manipulate polarization, phase, and 
amplitude of the incidence independently? How can we integrate different functional designs 
together, which are compatible with existing photonic devices on chip, such as silicon-based 
complementary metal-oxide-semiconductor (CMOS) photonics platform? How can we get 
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tremendously active or tunable devices without refabricating the metamaterials? How can we 
achieve ultrashort response with metamaterials to obtain ultrafast detect?

One way to solving these problems may be utilizing few-layer metasurfaces [25], the prin-
ciple of which is illustrated in Figure 11a. The properties of metasurfaces are sum of the 
individual particles (unit cells), which also means their functionalities are limited by each 
of the particles. For example, electric-magnetic dipoles supported by metallic nanoantennas 
and Mie-scattering by dielectric particles are often insufficient for independently manipu-
lating each degree of freedom in electromagnetic waves, since each degree tends to mix up 
at the resonant frequency. However, other effects occur when adding another layer or lay-
ers upon the metasurfaces, such as interference [78], near-field coupling [79], waveguide 
effects [80], and so on, which may take advantage of each layer and even far better proper-
ties can be achieved with suitable designs. Compared with bulk metamaterials, few-layer 
metasurfaces are much more sufficient with easier fabrication, which are highly crucial for 
practical utilization. Figure 11b shows a transmitted cross-polarization converter consist-
ing of two orthogonally positioned gratings and a low-efficiency polarization converter in 
the middle [81]. A Fabry-Pérot resonance occurs within the ultrathin polarization rotator, 
which can enhance the polarization conversion efficiency tremendously. The experimental 
and numerical results are shown in Figure 11c, which can be further optimized according to 
the authors. Few-layer metasurfaces can also be utilized as correcting layers [82]. As shown 
in Figure 11d, single-layer metasurfaces can easily obtain foci with hyperbolic phase distri-
bution. However, aberration happens with oblique incidence, which is harmful as a camera 

Figure 11. (a) Schematic representation of different metamaterials and their properties induced by various effects. 
Reprinted by permission from [25] copyright 2015 by John Wiley and Sons, Weinheim. (b) Schematic representation 
of the unit cell of a tri-layer metasurface linear polarization converter and (c) cross-polarized transmittance obtain 
through experimental measurements, numerical simulations, and theoretical calculations, together with the 
numerical copolarized reflection. Reprinted by permission from [81] copyright 2013 AAAS. (d) Simulated focal plane 
intensity for different incident angle with or without the correcting metasurface. Reprinted by permission from 
[82]. (e) Illustration of the system that can perform mathematical operations. A properly designed metasurface is 
sandwiched between two GRIN structures with positive and negative parameters. Reprinted by permission from [83] 
copyright 2014 AAAS.

Polarization State Manipulation of Electromagnetic Waves with Metamaterials and Its Applications in Nanophotonics
http://dx.doi.org/10.5772/66036

235



lens. This problem can be solved by adding another correcting metasurface, and the incident 
angle can be increased to 30°, as shown in Figure 11d. Another really promising consequence 
achieved by few-layer metasurfaces is mathematical operation. As shown in Figure 11e, Silva 
et al. demonstrated a method to carry out complex mathematical operations in the Fourier 
domain [83]. The operation can be divided to three parts: the first and last parts involve 
Fourier and inverse Fourier transforms, which are realized by a graded-index (GRIN) dielec-
tric index. Actual operations are performed by carefully designing the metasurface in the 
second part. If the permeability and permittivity of the metasurfaces conform with a certain 
relationship, differentiation, integration, and convolution can be precisely calculated. This 
technique requires total manipulation of the wavefront of incident electromagnetic wave 
with no reflection and normal wave, and this can only be realized by few-layer metasurfaces.

6. Summary

In this chapter, we have reviewed the recent progress in the field of polarization state manipu-
lation of electromagnetic waves with metamaterials and discussed its wide applications in 
nanophotonics. Polarization state is one of the most important characteristics for electro-
magnetic waves, therefore arbitrary manipulation of polarization state with meta-materials 
provides endless possibilities for direct manipulation of electromagnetic waves and offers a 
powerful way for design of novel devices. With in-depth subwavelength designs, full control 
of polarization can now be obtained with metallic or high-contrast dielectric-based meta-mate-
rials. Furthermore, few-layer metasurfaces may provide more degree of freedom to manipu-
late electromagnetic waves without decrease of efficiency or increase of fabricating complexity 
compared to bulk metamaterials or traditional metasurfaces. With the development of 
 metamaterial fabrication technology, meta-material devices for polarization state manipula-
tion of electromagnetic waves are expected to have deep impact on real applications in our life.
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Abstract

In this chapter, a review of the recent advances in optical metalenses is presented, with 
special emphasis in their experimental implementation. First, the Huygens’ principle 
applied to ultrathin engineered metamaterials is introduced for the purpose of giving 
curvature to the wavefront of free-space wave fields. Primary designs based on metal-
lic nanoslits and holey screens occasionally with variant width are first examined. 
Holographic plasmonic lenses are also explored offering a promising route to realize 
nanophotonic components. More recent metasurfaces based on nano-antenna resonators, 
either plasmonic or high-index dielectric, are analyzed in detail. Furthermore, 2D mate-
rial lenses in the scale of a few nanometers enabling the thinnest lenses to date are here 
considered. Finally, dynamically reconfigurable focusing devices are reported for creat-
ing a scenario with new functionalities.

Keywords: metamaterials, optical lenses, subwavelength nanostructures

1. Introduction

The advent of artificially structured media, coined as electromagnetic metamaterials, enables 
the observation of tailored properties not occurring in natural materials, opening up a new 
scenario in physics and technology [1]. For instance, negative-index metamaterials with 
simultaneously negative electric permittivity and magnetic permeability exhibit intriguing 
reversed electromagnetic properties like phase and energy velocity of opposite directions, 
leading to a reversed Snell’s law. As a consequence, a thick planar slab made of this sort 
of novel materials, immersed in air, provides real images of an object set behind, which 
under some circumstances contains details with a resolution beyond the diffraction limit [2]. 
Furthermore, a concave negative-index lens would evidence a positive focal length and it 
might also bring an incident plane wave into a focus [3]. However, optimized structures with 
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reduced losses have been mostly developed at microwave frequencies, dramatically reducing 
the above-mentioned applied possibilities in nanophotonics and optics [4].

For such spectral window, the well-known concept of lensing with Fresnel zone plates was 
efficiently materialized over ultrathin metallic films including nanoslits and holes with vary-
ing width (and occasionally shape) to achieve high transmission meta-screens with controlled 
phase distribution induced by elementary plasmonic modes with engineered effective index. 
As a stimulating alternative, metasurfaces with reduced dimensionality in the direction of 
light propagation confine the light-matter interaction into a surface thus drastically reducing 
the inherent losses of the constituting meta-atoms. Possibly the most revolutionary approach 
to metasurfaces-based focusing devices came to us soon consisting in the inclusion of opti-
cal nano-antennas arranged over transparent substrates and flat mirrors, thus achieving an 
abrupt phase change of the scattered field with controlled polarization pattern. By directly 
comparing with three-dimensional architectures, simpler fabrication processes through for 
instance electron beam lithography and its accessible implementation into optoelectronic 
devices establish the relevant features of these metasurfaces.

Although several reviews concerning plasmonic Fresnel-type lenses, hyperlenses and met-
alenses are present in the literature [5, 6], including an open-access book chapter published by 
InTechOpen [7], a continuous effort is necessary in order to provide the current state of the art 
of such fascinating and fast-evolving topic. Metalenses with applications in photonics (IR and 
visible wavelengths) are of our interest here, leaving to supplementary reviews the analysis 
of reflectarrays and array lenses for uses in low-frequency regimes [8]. Our purpose is then 
introducing the above-mentioned preliminary results but mainly focus on recent advances in 
the field, not thoroughly discussed yet. For instance, a revolutionary all-dielectric approach 
to plasmonic nano-antenna metasurfaces is presently being developed for applications in 
focusing and others where high-index nanoresonators are the constituents of the gradient 
nanostructure to provide a full control over the local amplitude, phase and polarization of 
the scattered field under minimal dissipation effects. On the other hand, two-dimensional 
materials such as graphene sheets and transition-metal dichalcogenide semiconductors have 
emerged as promising candidates for miniaturized optoelectronic devices and a few novel 
proposals enabling the thinnest optical lenses in the scale of a few nanometers. Furthermore, 
versatile platforms have experimentally been demonstrated for creating dynamically recon-
figurable focusing devices. All these examples make the scene of new concepts and materials 
for the design and fabrication of the next generation metalenses.

Here, we present a review including the recent advances in the field of gradient-metasurfaces 
lenses. For that purpose, we first introduce the fundamental analysis enabling the control 
of the wavefront with metasurface structures. We then look into primary designs based on 
holey metallic screens and nanoslits with variant widths and more recent proposals based 
on nano-antenna resonators. Next we analyze in detail innovative assemblies including all-
dielectric high-index nanoresonators as the constituents of the metasurface. A special empha-
sis will be set in atomically thin lenses enabling the thinnest lenses to date. Holographic lenses 
are also examined and we present the possibilities that they could offer in numerous useful 
applications. Finally, we consider reconfigurable lenses allowing the design of powerful new 
functionalities.
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2. Fresnel zone plate metalenses

Conventional refractive lenses rely on gradual phase accumulation via light propagation 
through a bulk material polished to a specific surface topology to shape the incident beam. 
In general terms, metamaterial lenses will mold the phase front curvature of the light passing 
through the constituents of the photonic device. For the waves of individual building blocks 
to be in phase at the focal distance f from the lens, the phase delay as a function of distance xt 
from the center of the lens, as predicted from the Huygens’ principle, has to be

  φ  (   x  t   )    = φ  (  0 )    +   2πn ____ λ      (   √ 
_

  f   2  +  x  t  2    − f )    ,  (1)

where n is the index of refraction of the medium propagating in either transmission or reflec-
tion and λ is the vacuum wavelength of the incident light. Note that for one-dimensional 
architectures, xt = x represents the corresponding spatial coordinate, whereas for two-dimen-
sional arrangements   x  

t
     =  √ 

______
    x   2  +  y   2     stands for a radial coordinate. In this section we will ana-

lyze novel proposals for focusing wave fields based on the concept of diffraction. That is, 
modification of the complex amplitude of a given electromagnetic field by interacting with 
single-apertured or multiple-apertured opaque screens. We are mostly concerned on holey 
metallic films, though nanostructured metamaterials can be used to stop the contribution of 
light in the prescribed Fresnel zone plates.

Fresnel zone plate lenses are practical energy collectors, which are currently in use in the elec-
tromagnetic spectrum spanning from the microwave to X-rays. The principle of operation of 
Fresnel zone plate lenses is based on the wave nature of light. The wavefront arriving at the 
lens is divided into sections, or zones. The specifications employed to characterize these zones 
are well established in the literature. For simplicity, let us first consider a central nanoslit and 
a set of off-axis nanoslits suitably placed in the metallic film. In the transmissive mode, the 
amplitude of the diffracted field is in practical terms zero in the plane immediately behind the 
zones where the metal is deposited. The phase difference between the light radiated from the 
mth surrounding slit and the light transmitted from the central nanoslit at the focusing spot 
position is about Δ φ(xm) =  φ(xm)– φ(0), where m = ±1, ±2, ±3 … and xm is the center position of 
the mth slit. The constructive interference should occur when Δ φ is equal to a multiple of 2π 
radians. In this case, the focusing intensity in the structure will be further improved due to 
the multiple-beam interference. The Fresnel zone plates are composed of concentric circles 
with their radii proportional to the square root of integers times the wavelength. The dif-
fracted wave fields in the focal region can be accurately estimated by using for instance the 
Debye diffraction integral [9], provided that the focusing geometry is characterized by a high 
Fresnel number. From the practical point of view, by using nanoimprint lithography one can 
use molds to pattern PMMA on silicon substrates and PMMA patterns later being transferred 
to metals by lift-off, reaching a 20 nm minimum feature size [10].

In recent years, metallic nanostructures based on surface plasmon polaritons (SPPs) and 
exhibiting extraordinary enhancement of transmission is appealing for researchers. The 
conversion from SPP waves, which can propagate inside slits and holes much smaller that 
the wavelength, to propagation waves in the quasi-far-field region takes place by diffraction 
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from the subwavelength zones of a given zone plate metalens. In this way, it was experimen-
tally demonstrated that a Ag film-based microzone plate can combine such SPP wave effect 
and Fresnel zone plate focusing together [11]. Further noble metals such as gold can be used 
instead. In the cases given above, plasmonic waves do not contribute to far-field focusing. 
Importantly, the lens performance is significantly altered for the incidence in different polar-
ization directions.

Following the basic proposal given above, a nano-focusing structure was experimentally dem-
onstrated with high focusing efficiencies and easy fabrication by using a T-shape microslit 
surrounded by multislits in Au films [12]. In practical terms, it should be taken into account 
the propagation loss of SPPs owing to the Ohmic loss of Au and the fabrication roughness 
by focused ion beam (FIB). To realize the focusing, the T-shape microslit (microslit width of  
w = 1200 nm and groove depth of d = 150 nm) was suitably designed to be surrounded by 
multislits with the same slit width.

As a natural progress in the field, numerous types of Fresnel 2D zone metalenses subsequently 
appeared including for instance circular and elliptical nanopinholes. In Ref. [13], an optical 
nanosieve with circular symmetry was proposed, which is composed of 7240 subwavelength 
holes located at 22 concentric rings, where the holes in each ring are uniformly allocated 
and equally sized. However, more sophisticated designs can be found. For instance, light can 
concentrate into multiple, discrete spots by exploiting an evolutionary algorithm to optimize 
a structured optical material based on the discretization of a surface into a two-dimensional 
subwavelength lattice [14]. Polarization can be controlled by using the slits as antennas, as 
shown in Figure 1, acting as local linear polarizers. In such a way one may modulate an opti-
cal field in amplitude, binary phase and polarization for the cross-polarized component of the 
scattered field, for the generation of vectorial optical fields [15].

Figure 1. SEM image of a slot-antenna-based metalens with 450 μm diameter. (a) Overall structure from top view. (b) 
Part of ring for the area enclosed with red solid line in (a). (c) Zoomed-in picture for the area enclosed with yellow-
dashed line in (b). Reprinted with permission from [15] of copyright ©2015 Optical Society of America.
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In some circumstances, the number of slits and any other kind of aperture mapping a metal-
lic thin layer can be substantially reduced in order to generate a focused beam. One of the 
first experimental examples we found consists of a subwavelength annular aperture made 
on a silver film, where the transmitted light of a 442 nm incident laser was focused at several 
micrometers behind the silver structure at a tiny spot (354 nm), also exhibiting a remarkable 
depth of focus [16]. The resultant wave field is essentially a quasi-nondiffracting Bessel beam, 
whose depth of focus and transverse central spot can be tuned by changing the diameter of 
the subwavelength annular aperture. More recently, a logarithmic spiral nanoslit was pro-
posed to converge an incident wave field of opposite handedness to that of the nanoslit into a 
subwavelength spot, a fact that is caused by a strong dependence on the incident photon spin 
[17]. By varying the nanoslit width, different incident wavelengths interfere constructively 
at different positions, thus configuring a sort of switchable and focus-tunable structure, as 
depicted in Figure 2. Anyhow, such inherent dispersive behavior attributed to diffraction can 
be corrected [18], enabling ultra-broadband achromatic focusing that is necessary for some 
applications. These kinds of lenses were recently fabricated using single-step grayscale lithog-
raphy, where linear grooves with a designed height are set on a photoresist [19].

2.1. Super-oscillatory metalenses

A new idea in optical imaging has emerged which exploits the recently predicted and 
observed effect of optical super-oscillations. The key element of this new super-resolution 
technique is a super-oscillatory lens, which is a nanostructured mask that creates a focus 
beyond the diffraction limit, in principle of any prescribed size, without the contribution of 
evanescent waves [20]. However, the subwavelength hotspot is created in a low-intensity 

Figure 2. Right-hand logarithmic spiral exhibiting a broadband response under left-hand circularly polarized 
illumination. Reprinted with permission from [17] of copyright ©2015 WILEY-VCH Verlag GmbH & Co.
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super-oscillatory region, thus only receiving a minimal fraction of the total power, with a 
simultaneous larger high-intensity halo, the latter limiting the field of view of this focusing 
device in imaging.

One of the first experimental demonstrations of super-oscillatory metalenses consisted of a 
quasicrystal array of nanoholes in a metal screen producing bright foci sparsely distributed in 
the focal plane [21]. Although nearly any array of small holes will create a diffraction pattern 
of foci when illuminated by a point source, a suitable choice of nanohole pattern is required 
for lensing applications [22]. Particularly, a Penrose array of 200 nm holes enables to gener-
ate an isolated hotspot of electromagnetic radiation at some distances [23]. Furthermore, a 
displacement of the point source leads to a linear shift of the image point, thus mimicking a 
function of the lens.

To design the binary mask, the radial coordinate can be divided into a number of concentric 
annuli, each of which had either unit or zero transmittance. In Ref. [24] 25 transparent regions 
of varying size was finally reached. Specifically, the ring pattern of the super-oscillatory lens 
with outer diameter of 40 μm was manufactured by FIB milling of a 100-nm-thick aluminum 
film supported on a round glass substrate and mounted as a microscope illuminating lens. 
When illuminated with a laser at λ = 640 nm, it generates a focal hotspot of 185 nm in diam-
eter, ~25 times the intensity of the incident light and located at a distance of 10.3 μm from the 
film. The super-oscillation concept can be extended into the vectorial-field regime to work 
with circularly polarized light [25].

3. SPP-driven holographic metalenses

Surface plasmon polaritons cannot be used directly to focus light by free-space propagation 
since they propagate at the interface between a metal and a dielectric. SPPs and free-space 
beams are often coupled through periodic gratings. A metal grating with a period Λ on top of 
the metal layer provides an additional wave vector, in such a way that an incoming electro-
magnetic wave at an angle θ will satisfy the condition of momentum conservation:

   k  d   sin   (  θ )    + 2πm / Λ = ±Re( k  SPP   )  (2)

where kd and kSPP are the dielectric and SPP wave numbers, respectively and m stands for an 
integer.

By employing holographic-based techniques for modulating the grating, one can systemati-
cally control the amplitude and phase of the coupled free-space beam. Thus, a planar beam 
transformer can be obtained by means of gratings with different periods for the input and 
output coupling. Following such procedure, in Ref. [26] it was experimentally demonstrated 
the coupling of SPPs into focused free-space beams, as shown in Figure 3, as well as into 
accelerating airy beams and vortex beams.

Much earlier, it was theoretically shown how, by patterning the exit plane of an aperture 
in a metal film, the angular distribution of the transmitted light in the far-field region can 
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be shaped, producing highly focused beams at resonant wavelengths [27]. Since the dif-
fracted beams are modulated by the nanometric grooves, through adjusting the parameters 
of the grooves such as their width, depth, period and number, the diffracted beams can 
be fully manipulated resulting in a tailored ultracompact lens [28]. The architecture can 
exhibit radial symmetry, so the plasmonic lens would consist of an annular slit and con-
centric grooves which, under radially polarized illumination, produces a focus spot. With 
a proper design, the inherent chromatic dispersion can be compensated and thus focusing 
dual-wavelength SPPs to the same focal plane [29]. Furthermore, the manipulation of plas-
monic beaming fields can be based on the variation of dielectric surface gratings instead of 
using grooves. Plasmonic off-axis beaming and focusing of light by the use of asymmetric or 
nonperiodic dielectric gratings around a metallic slit has been experimentally demonstrated 
in Ref. [30].

Note that the present procedure based on plasmonics is suitable for terahertz beamform-
ing. In this case, metallic grooves with a subwavelength spacing can couple to free-space 
propagating wave fields by means of spoof surface plasmon polaritons. Bullseye structures 
made of concentric scatterers periodically incorporated at a wavelength scale experimen-
tally have demonstrated the launching of surface waves into free space to define a focal 
beam [31].

Figure 3. (a) Illustration of gratings enabling coupling and decoupling into SPPs. (b) 1D lens generated by output 
coupling of the SPP wave through a grating with quadratic phase. (c) Cross-section of the generated free-space beam. 
Adapted with permission from [26] of copyright ©2012 American Physical Society.
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4. Gradient-index metalenses

In this section we consider different proposals to locally modulate the effective index of 
refraction undergone by wave fields traversing the apertures that constitute a metalens. The 
basic degrees of freedom include changing the width of the slits, assuming a cylindrical holey 
lens, their relative positions and the shape of the entrance and exit surfaces. An early idea 
inspired in thick left-handed metamaterial lenses is based on creating metallic lenses with 
curved surfaces, resembling glass lenses in their shape, such that each nanoslit transmits light 
with a phase retardation which is controlled by the metal thickness [32]. However, efficient 
fabrication processes may benefit from keeping the film thickness fixed but tailoring alternate 
geometrical parameters of the holey metallic device. Shi et al. first proposed a lens design 
based on an array of nanoslits which have constant depth but variant widths [33]. The varia-
tion of the slit width is associated with a change in the effective index of the transmitted field 
mode. The latter principle of operation was massively followed by others.

The basic building block of the patterned metallic lens is a narrow slit surrounded by metallic 
walls. By illuminating with a plane wave whose electric field is polarized perpendicularly to 
the orientation of the slits, the fundamental transverse magnetic (TM) mode is excited in the 
metal-insulator-metal structure following a dispersion relationship as

  tan h  (    w_ 2      √ 
_

  β   2  −  k  0  2   ϵ  d     )    = −     
 ϵ  d    √ 
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which relates the modal propagation constant β to the free space propagation constant  
k0 = 2π/λ, the permittivity of the metal ϵm and the dielectric ϵd inside the slit and the slit width w.  
The real and imaginary parts of the effective refractive index neff, calculated as β/k0, deter-
mine the phase velocity and the propagation loss of the SPP modes, respectively. The phase 
delay introduced by a single pass in the nanoslit is estimated by βd and strongly depends on 
the slit width, where d represents the film thickness. The narrower slit introduces the larger 
phase delay. Thus, a structure that consists of slits with increasing width from the center to 
the side creates a curved wavefront. Simultaneously, the field at the exit surface of the film 
is also modulated since the transmission of each nanoslit varies as a function of slit width. 
Finally, the influence of the interaction between two adjacent nanoslits on the phase delay 
has been systematically investigated using the finite-difference time-domain method [34].

Verslegers et al. reported the first experimental demonstration of far-field lensing using this 
type of gradient-index nanoslit array [35, 36]. The fabricated planar lens consists of an array 
of nanoscale slits, with range in width from 80 nm at the center of the array to 150 nm on the 
side, in an optically thick gold film, as illustrated in Figure 4. The gold film is evaporated onto 
a fused silica substrate using electron beam evaporation, which is later patterned by milling 
through the film. After this exploratory finding, the interest for gradient-index metalens grew 
tremendously followed by a large number of experimental studies. For instance, Chen et al. 
[37] fabricated plasmonic lenses in the visible range using nanoslits in an aluminum film.

Flat metalenses offer some advantageous accessibility to manufacture and integrate in com-
plex devices; however, they suffer from severe geometrical restrictions to attain extremely 
high numerical apertures. An alternative design relies on sculpturing a concave surface. In 
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such manner an aplanatic metasurface patterned on a spherical substrate has been proposed 
to focus light without coma and spherical aberrations [38]. Note that nonplanar metacoatings 
composed of subwavelength metal-dielectric arrays can not only focus an incoming light [39] 
but also let it accelerate in the near field [40]. Such basic concept can be utilized to engineer 
gradient-index ultrathin coatings, in a parallelizable assembly, as focusing elements with 
high efficiency [41, 42].

Differently from works conducted previously by other groups, it was investigated by numeri-
cal simulations and experiments the manipulation of an incident electric field that is parallel 
to the slits (TE-polarized plane wave) passing through arrays of nanometric spatially vary-
ing near-resonant slits perforated in a silver film [43]. Slits illuminated with the TE polariza-
tion exhibit a cut-off wavelength together with a resonance for transmission, enabling a fast 
phase modulation of the transmitted field, which is absent in the case of the TM polarization. 
Similarly, the dispersion of metal-dielectric-metal plasmonic waveguides is exploited to artifi-
cially mimic an epsilon-near-zero medium at optical wavelengths by working near the cut-off 
of the TE1 mode [44].

An important drawback of the nanoslit lens design is its polarization dependence, which can 
be eliminated by extending the concepts of gradient-index metalenses into two  dimensions. 
For example, a planar, holey metal lens was experimentally made as a set of concentric 

Figure 4. Planar lens based on nanoscale slit array in metallic film. (a) Geometry of the gradient-index lens. The inset 
shows a scanning electron micrograph of the structure as viewed from the air-side. (b) Focusing pattern measured by 
confocal scanning optical microscopy. (c) Finite-difference frequency-domain simulated focusing pattern of the field 
intensity through the center of the slits. Reprinted with permission from [35] of copyright ©2009 American Chemical 
Society.
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 circular arrays of nanoscale holes milled in a subwavelength-thick metal film [45]. In this case, 
each nanohole used as a phase-shifting element acts as a finite-length, circular, single-mode 
 waveguide with a radius-dependent mode index.

Note that laterally propagating SPPs excited by the periodic nanohole array play an impor-
tant role in light transmission through a metal-dielectric hole array. Therefore, the novel idea 
is not exploiting propagating waves in a plasmonic waveguide but using resonances. An early 
experimental demonstration of two-dimensional focusing was based on planar plasmonic 
lenses formed by an array of subwavelength cross-shaped apertures in a thin metal film, 
where the apertures have dimensions that vary spatially across the device. In this case, the 
lenses utilize localized surface plasmon resonances occurring within the apertures that are 
accompanied by controlled phase shifts in the transmitted field by means of a modulation of 
the arm length of the crosses [46].

4.1. Metalenses based on dielectric gratings

As an important category of the gradient-index metalenses, focusing elements based on 
semiconductor high-contrast gratings has been widely investigated. The basic geometry of 
the high-contrast grating consists of an array of nanoscale ridges completely surrounded by 
low refractive index materials (e.g., air). By using a nonperiodic design of the subwavelength 
grating pattern allows a dramatic control of the phase front of the reflected beam, without 

Figure 5. Scanning micrograph of the entire fabricated grating lens for f=100 μm (top view). The inset emphasizes the 
region with two phase jumps. Reprinted with permission from [48] of copyright ©2013 Optical Society of America.
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affecting the high reflectivity of the mirror [47]. Note that wavefront-engineered diffraction 
gratings also enable high aperture three-dimensional focusing in free space. As an example, 
Figure 5 shows a grating structure, made of amorphous silicon on a glass substrate, which is 
designed by locally modulating the period and duty cycle of the grating for a wavelength of 
980 nm and optimized for operation in reflection, normal incidence and TM polarization [48]. 
In particular, a path-finding algorithm allows to find a path in the parameter space of the grat-
ing that continuously connects two points of the desired phase evolution.

In a complementary scheme, one may design a metalens by writing a space-variant nanograt-
ing which results in a space-variant effective birefringence. Then, by suitably engineering the 
local orientation of the nanograting, a Pancharatnam-Berry phase lens can be achieved [49]. In 
Ref. [50] it was reported a dielectric gradient metasurface optical element with a 120-nm-wide 
and 100-nm-high Si nanobeam as a basic building block. When the metalens is uniformly 
illuminated from the substrate side with right circularly polarized light at a wavelength of 550 
nm, it concentrates light into a left circularly polarized focal spot.

5. Focusing with nano-antennas

Metasurfaces have their conceptual roots in early works on subwavelength gratings. The con-
cept of optical phase discontinuities provides a different path for designing flat lenses and has 
been used in the demonstration of metasurfaces capable of beaming light in directions charac-
terized by generalized laws of reflection and refraction [51]. Under this approach, the control 
of the wavefront no longer relies on the phase shift accumulated during the propagation of 
light but is achieved by radiation as it scatters off the optically thin resonators comprising the 
metasurface.

5.1. Plasmonic metasurfaces

Light focusing was experimentally demonstrated in free space at telecom wavelength using 
a 60-nm-thick gold metasurface [52] as shown in Figure 6. In the fabricated metalens with 3 
cm focal distance, eight different plasmonic V-shaped antennas were designed to scatter light 
in cross-polarization with relatively constant amplitudes and an incremental phase of π/4 
between neighbors. However, the variety in design of nanoresonators varying their shape 
and spatial distribution is certainly broad. For instance, a metal-insulator-metal configuration 
in which the top metal layer consists of a periodic arrangement of differently sized bricks, 
thus functioning as a metasurface in close vicinity of a metal film, was designed to work as a 
parabolic reflector [53].

Instead of molding linearly polarized wave fields, suitable designs of the elementary resonant 
nano-antennas and their spatial distribution can be used to manipulate the wavefronts and 
polarization of azimuthally polarized and radially polarized light. By means of elliptical opti-
cal antennas, which instead of converting one linear polarization to the other as in previous 
works, enable incident right-handed circularly polarized light to be almost converted into 
left-handed circularly polarized light [54]. In the latter case, the abrupt phase change occurs 
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for circularly polarized light that is converted to its opposite helicity, in such a way that the 
created focused light carries orbital angular momentum.

One can apply the same working principle by exploiting the shift of wave vector that results 
from the geometric Pancharatnam-Berry phase. For instance, a plasmonic bipolar lens consist-
ing of dipole nano-antennas with controlled directional orientation was designed to exhibit 
helicity-controllable real and virtual focal planes, as well as magnified and demagnified imag-
ing at visible and near-infrared wavelengths [55]. We point out that, also, gradient-rotation 
split-ring antenna metasurfaces were designed and experimentally demonstrated as spin-to-
orbital angular momentum beam converters to simultaneously generate and separate pure 
optical vortices [56].

In contrast to conventional nano-antennas, it is possible to use an inverted design built 
on Babinet’s principle. In this case, similarly shaped nano-voids (Babinet-inverted, or 

Figure 6. SEM image of the fabricated lens (left). The corresponding phase shift profile is displayed on the right. Insets: 
close up of patterned antennas. Reprinted with permission from [52] of copyright ©2012 American Chemical Society.
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 complementary nano-antennas) have been milled in a thin metallic film, which provides a 
significantly higher signal-to-noise ratio [57]. More recently, helical devices composed of 
more than 121 thousands of spatially rotated nanosieves have been fabricated to achieve full 
manipulations of optical vortices by controlling the geometric phase of spin light, enabling 
for instance to create multifoci vortex lenses [58]. This approach has been also utilized in the 
development of innovative terahertz imaging systems.

The metasurfaces demonstrated so far are conveniently designed to manipulate only the 
phase profile of the outgoing electromagnetic waves. A complete manipulation of the propa-
gation of light, on the other hand, requires simultaneous control of amplitude and phase. 
To implement this approach for governing both phase and amplitude, a metasurface was 
designed that consists of C-shaped antennas. The scattered fields from both the symmetric 
and antisymmetric modes contribute to an orthogonally polarized output wave, whose phase 
and amplitude can be engineered by adjusting the shape parameters of the antenna [59]. By 
employing the designed C-shape split-ring resonators, a metasurface with a hyperboloidal 
phase profile is arranged to engineer the transmitted wavefront in the same way as a conven-
tional lens. This architecture enabling scattered fields with controlled phase and amplitude 
distribution has also inspired the design of holographic-based multifocal metalenses [60].

In connection with Fresnel zone plates discussed in Section 2, it is worth noting that metasur-
faces consisting of cross-shaped and rod-shaped optical nano-antennas can be used to con-
struct diffractive lenses. Since the transmission function of the optical nano-antenna depends 
on its resonance, by creating metasurfaces out of wavelength and polarization selective opti-
cal nano-antennas, the total transmission function can be modulated and construct a metalens 
that operates as a binary-amplitude Fresnel zone plate.

5.2. Dielectric nanoresonators

A vast majority of previous designs based on plasmonic metasurfaces and gratings cannot 
provide a performance comparable to conventional curved lenses. The implementation of 
Huygens’ sources at optical frequencies utilizing the strong electric and magnetic resonances 
of high-permittivity all-dielectric nanoparticles in the near-IR spectral range is currently 
a very active route. Using dielectric nanoresonators as phase shift elements, metasurfaces 
enable wavefront molding with experimental demonstrations of beam bending and lensing 
[61]. For instance, cylindrical converging wave fields can be produced by means of a lens 
consisting of an aperiodic arrangement of coupled rectangular dielectric resonators whose 
scattering phases are in addition engineered to achieve dispersion-free focusing at telecom-
munication wavelengths. The achromatic metalens can be fabricated by depositing 400 nm 
amorphous silicon on a fused silica substrate, where the rectangular dielectric resonators 
were defined by electron-beam lithography [62]. Such metalenses address an increased need 
for low-cost, lightweight and compact optical elements that can easily be assembled to elec-
tronic and mechanical components.

Many more proposals based on all-dielectric metasurfaces can be found in the literature to 
produce spherical wavefronts. Full-phase coverage combined with high efficiency in trans-
mission are experimentally confirmed using for instance silicon nanodisks and square silicon 
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ridges [63]. Utilizing lithographically patterned arrays of elliptical silicon nanowires enables 
in addition to control the birefringence of the material and thus to create dynamically recon-
figurable lenses in response to the polarization of the illumination.

Particularly interesting is the reported high-NA lens illustrated in Figure 7, which is com-
posed of dielectric nanoposts that are fabricated in an amorphous silicon film [64]. Such polar-
ization-insensitive, micron-thick, high-contrast transmitarray microlens produces a focal spot 
as small as 0.57 λ with a measured focusing efficiency of 82%. Furthermore, complete control 
of polarization and phase can be attained using high-contrast dielectric elliptical nanoposts 
[65]. This novel metasurface platform achieves a measured efficiency of up to 97%, enabling 
the realization of free-space transmissive optical lenses for the simultaneous generation and 
focusing of radially and azimuthally polarized light from linearly polarized beams, even sep-
arating x- and y-polarized light and focusing them to two different points. Note that these 
lenses provide the high NA required for collimation of mid-IR quantum cascade lasers.

Silicon can be replaced by new high-index dielectric materials for the assembly of efficient 
focusing metasurfaces. For example, a metalens that consists of TiO2 nanofins on a glass sub-
strate has been designed and fabricated, with a NA = 0.8 and an efficiency as high as 86% in 
the visible range [66]. In this case, the required phase is conferred by rotation of the nanofin 
according to the geometric Pancharatnam-Berry phase, showing that they are able to provide 
diffraction-limited focal spots at arbitrary design wavelengths. Note that these sort of planar 
metalenses exhibit super-dispersive characteristics, enabling for instance to simultaneously 
form two images with opposite helicity of an object within the same field-of-view.

6. Reconfigurable metalenses

The inclusion of active tunability in static plasmonic devices greatly enhances their function-
ality. Index-variable materials are often incorporated in plasmonic devices and optical meta-
surfaces, including liquid crystals, vanadium dioxide, silicon and other materials. Thus, one 

Figure 7. (a) Schematic illustration of the aperiodic high-contrast transmitarray used to realize a high-NA dielectric 
microlens. (b) Optical microscope image of the fabricated metalens with large NA. Scale bar, 100 μm. (c and d) SEM 
images of the silicon posts forming the microlens. Scale bars, 1 μm. Reprinted with permission from [64] of copyright 
©2015 Macmillan Publishers Limited.
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may manipulate the optical phase of the guided modes excited in graded-index metalenses in 
order to achieve a certain degree of tunability in the focusing behavior of the photonic device. 
Perhaps one of the first proposals consisted of embedding nonlinear media in the slit region of 
metallic nano-optic lens in such a way that the focal length can be easily controlled by means 
of the intensity of incident light in the structures [67].

As mentioned above, the slits of a holey metalens can be filled with liquid crystals to take 
advantage of their index changing property. In this case, the focal length can be easily con-
trolled by exposing the plasmonic metalens to a constant external electric field, where the 
change in refractive index is directly converted into a locally modulated phase shift for the 
incident light. Ishii et al. experimentally showed that the irradiance as well as the transmis-
sion profile are altered provided that the liquid crystals change their phase from the nematic 
state to the isotropic state [68]. Such approach also allows electric and magnetic resonances 
to be spectrally tuned in all-dielectric metasurfaces as well as switching of the anisotropy 
(temperature-dependent) of the optical response of the device [69].

A novel planar metalens shown in Figure 8, which consists of an array of slits that are filled 
with phase-change material Ge2SB2Te5 (GST), has also been proposed to engineer the far-field 
focusing patterns [70]. By varying the crystallization level of GST from 0 to 90%, the transmit-
ted electromagnetic phase modulation supported inside each slit can be as large as 0.56 π at 
the working wavelength 1.55 μm. In fact, this geometrically fixed platform can be applied to a 
variety of devices such as visible-range reconfigurable bichromatic lenses, multifocus Fresnel 
zone plates and super-oscillatory lenses [71].

In the teraherz regime one may fill the slit array with InSb to create a plasmonic lens with 
tunable focal length by simply controlling the temperature. When an external magnetic field 
is applied, the cyclotron frequency of high electron mobility semiconductors such as InSb 
locates also in THz frequencies, enabling to tune the dielectric properties of the magneto-
optical material. Based on the magneto-optical effect, a tunable metal/magneto-optic plas-
monic lens for terahertz isolator was introduced which, in addition, exhibits the nonreciprocal 
transmission property [72].

Planar diffractive microfluidic lenses with switchable properties have also been reported, in 
particular integrating controlled dielectrophoresis for trapping suspended silicon and tung-
sten oxide nanoparticles [73]. These nanomaterials can be trapped to produce alternating 
opaque and transparent rings using the dielectrophoresis forces, thus suitably forming dif-
fractive Fresnel zone plates capable to focus the incident light. The Fresnel zone plate is tuned 
for the visible light region and the lens can be turned on (dielectrophoresis applied) or off 
(dielectrophoresis removed) in a controlled manner.

Graphene, indium tin oxide and vanadium dioxide have been frequently employed, owing 
to their large optical tunability as a function of either voltage or temperature. For instance, 
the Fermi level of graphene can be easily tuned by applying bias voltage, which, in turn, 
affects the resonance of nearby plasmonic structures. As a result, active metasurfaces capable 
of delivering efficient real-time control and complex-amplitude manipulation have been pro-
posed, as we will also analyze in the next section devoted to atomically thin metalenses.
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Active tunability can also exploit the benefits of microelectromechanical systems (MEMS). In 
these techniques, the substrate supporting for the metallic structures itself moves and shifts 
the plasmonic resonances. As an example, the active plasmon lens shown in Ref. [74] com-
bines a MEMS structure with a metallic width-variant nanoslit lens. The active lens has five 
movable nanoslits whose widths can be controlled by an external bias, allowing focusing or 
defocusing of the diffracted light via controlling the phase front. In the reported experiments, 
a 5-V bias can modify the slit widths initially fixed at d1 = 80 nm, d2 = 120 nm and d3 = 150 nm, 
thereby changing the metalens transmission profile. Also, a mechanically tunable metasur-
face that includes a stretchable polydimethylsiloxane substrate has been proposed to change 
the relative position of arrayed plasmonic gold nanorods deposited above, thus controlling 
the local refraction angle continuously and thus the optical wavefront of the scattered field 
[75]. Following this method, a flat 1.7× zoom metalens was realized whose focal length can 
gradually be changed from 150 to 250 μm. Direct applications in all cases include optical trap-
ping, optical routing and beam stirring at the micron scale.

7. Atomically thin lenses

The ultrathin metalens fabricated by Capasso et al. [52], which is based on plasmonic 
nanoresonators with a thickness of only 60 nm, was considered to be a milestone in the cur-
rent photonic nanotechnology. As graphene is one of the thinnest and probably most prom-
ising materials nowadays, it was used for the design of atomically thin Fresnel zone plates, 

Figure 8. (a) SEM image of the fabricated planar lens before sputtering GST. (b, c and d) Focusing pattern by confocal 
scanning optical microscopy for amorphous GST in all slits without crystallization and GST being crystallized in the 
selected slits; insets show numerical simulations. (e, f and g) The calculated phase fronts (blue curves) and the binarized 
discrete phase distributions (red circles) which are anticipated from the samples in (b), (c) and (d), respectively. Reprinted 
with permission from [70].
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where in addition the lens performance can be tuned by adjusting the Fermi level of graphene 
and the number of layers. Early experimental demonstrations of graphene-based metalenses 
appeared soon after. Monolayers and multilayers of graphene were fabricated and giving 
form to Fresnel zones in order to produce diffractive lenses, allowing to operate in the vis-
ible and near-infrared frequency range [76]. In the reflection mode, the focusing efficiency 
increases with an increasing number of graphene layers. Figure 9 shows a graphene Fresnel 
zone plate with a radius of about 50 μm and containing 24 zones, where the average surface 
roughness was measured as 3.47 nm, which corresponds to approximately 10 layers of gra-
phene. In order to demonstrate the thinnest possible metalens, a single layer of graphene 
was also successfully patterned lithographically onto a thick glass. The graphene lenses were 
found to be thinner and easier to fabricate compared to the metasurface-based lenses, having 
the potential to revolutionize the design of compact optical systems, such as laser focusing for 
optical storage and fiber optic communication.

Graphene has been demonstrated to support surface plasmon polaritons and, thereby, repre-
sents an attractive alternative to metals for the design of plasmonic metasurfaces. Furthermore, 
graphene conductivity can be dynamically controlled by an external stimulus such as electric 
and/or magnetic field, voltage, or temperature and therefore the optical response of the meta-
material device potentially exhibits a versatile tunability. Metasurfaces based on 1D graphene 
nanoribbons, periodically patterned graphene nanocrosses, or alternatively nano-antenna 
plasmonic metasurfaces integrating single-layer graphene, have experimentally evidenced 
their capability to manipulate the wavefront of light, thereby used to create ultrathin lenses 
[77–79]. Moreover, a graphene cut-wire layer introducing a discontinuous Pancharatnam-
Berry phase profile has been proposed as integrated in a metal-dielectric-graphene three-
layer structure to improve the interaction of graphene nanostructures with incident waves 
[80]. By arranging two different graphene cut-wire resonators in one unit cell, one can excite 
two resonances and, as a result, 2π phase modulation with efficiency approaching 50% can be 
achieved in a wide range of frequencies.

Figure 9. (a) AFM image of single graphene Fresnel zone plate. (b) Roughness distribution along the blue line. Reprinted 
with permission from [76] of copyright ©2015 American Chemical Society.
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2D materials other than graphene can offer a superior performance for some specific applica-
tions and frequency ranges. For instance, a single-layer molybdenum disulfide provides an 
extremely high optical path length, which is roughly one order of magnitude larger in com-
parison with that experienced from a single layer of graphene. Such a giant optical path length 
has been exploited to design and fabricate probably the world’s thinnest optical lens, enabling 
to curve the plane phase front of an optical beam within less than 6.3 nm thick that constitute a 
few layers of MoS2 [81]. The bowl-shaped structure is 20 μm in diameter, where the MoS2 thick-
ness is gradually changed by using a FIB, thus serving as an atomically thin reflective concave 
lens. In addition, the refractive index of the layered MoS2 can be largely tuned by applying an 
electric field, allowing the fabrication of microlenses with electrically tunable focal lengths.

8. Summary

In summary, we have reviewed and discussed the significant recent progress in the field 
of far-field metalenses in optical applications. The devices analyzed here exhibit important 
features directed toward solving the main objections related to conventional metamaterial 
lenses, such as transmission losses and fabrication. Some of the greatest achievements in this 
area are the staggering progress of current nanofabrication techniques, which have a higher 
capacity of resolution at the nanometer scale, the development of new materials enabling an 
increased performance in optical and IR metalenses and the design of novel subwavelength 
nanostructures with improved functionality. A number of proposals include tunability which 
allows the dynamic manipulation of complex wave fields, commonly on the diffraction limit 
and the versatile reconfiguration of metalenses. Owing to its countless advantages in terms 
of size, manufacturing simplicity and the wide range of applications, the metalenses may 
be considered indispensable elements conducting future optical devices such as integrated 
photonics, super-resolving imaging, optical trapping and quantum optics, to mention a few.
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Abstract

Multiband functionality in antennas has become a fundamental requirement to equip
wireless devices with multiple communication standards so that they can utilize the
electromagnetic spectrum more efficiently and effectively. This is necessary to ensure
global portability and enhance system capacity. To meet these requirements, microstrip
technology is increasingly being used in communication systems because it offers con-
siderable size reduction, cost-effectiveness as they can be easily manufactured in mass
production, are durable and can conform to planar or cylindrical surfaces. Unfortu-
nately, such antennas suffer from intrinsically narrow bandwidth. To overcome this
deficiency, various techniques have been investigated in the past. In this chapter, a novel
approach is presented to design antennas for applications that cover radio frequency
identification (RFID) and WiMAX systems.

Keywords: planar antenna, meandered strip-line feed, wideband antenna, multiband
antenna

1. Introduction

Innovative design concepts that have been facilitated by cutting-edge technology are contrib-
uting toward boosting wireless communications. Antennas are an essential component in such
systems; however the large dimensions and narrow operating range of conventional antennas
preclude them from application in the next generation of wireless communications systems.
This is because future wireless systems impose strict requirements from antennas, such as
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large impedance bandwidth to support multiple systems, small physical size, low cost designs,
high efficiency and reliability.

To utilize the electromagnetic spectrum more efficiently and effectively it has become necessary to
equip portable wireless devices with multiple communication standards. This necessitates antennas
to operate over a wideband [1, 2]. Nowadays microstrip integrated technology (MIT) is being
increasingly used in the design of antennas for application in wireless communication systems
because it offers considerable size reduction, cost effectiveness as it allows easymanufacture in mass
production, durability and enables antennas to be configured for mounting on various irregular
surfaces [3, 4]. Unfortunately, such antennas have intrinsically narrow bandwidth. To circumvent
this deficiency, numerous techniques have been investigated recently, which include embedding slit-
lines in the patch antenna [5–9]; employing unconventional feeding structures [10, 11]; insertion of
parasitic elements in the vicinity of the patch antenna [12]; employing thick substrates and/or higher
dielectric constant substrates [13, 14]; loading the antenna with an arrangement of electromagnetic
band-gap (EBG) structures [15]; using meta-surfaces [16] and employing metamaterial (MTM) unit
cells [17–19]. These techniques certainly improve the impedance bandwidth of antennas; however, it
is not sufficient to support multiple wireless communications systems. Another interesting tech-
nique to enhance the bandwidth of patch antennas uses meandered strip-line feed which has the
advantage of being less complex to implement in practice [20].

In this chapter, a planar microstrip antenna is proposed for multiband wireless communications
systems. Embedded in the antenna’s radiation patch are an H-shaped slit and two inverted U-
shaped capacitive slits. The antenna is fed through a meandered strip-line. The antennas
described in this chapter are fabricated on RT/duroid® RO4003 substrate with permittivity of
3.38, thickness of 1.6 mm and tanδ = 0.0022. The final second antenna occupies an area of 13.5 mm
× 12.7 mm or 0.036λ0 × 0.033λ0, where the free space wavelength (λ0) is 0.8 GHz. Numerical
parametric analyses was used to (1) determine the location of the slits in the rectangular patch
and (2) the optimummeandered-line feed structure. Verification of the antenna performance was
done through measurement. It will be shown later the proposed antenna exhibits properties of
low radiation loss, low cross-polarization, ease of manufacture and integration in RF transceivers,
and no use via holes. These characteristics make it suitable for multiband applications, such as
Ultra High Frequency (UHF) Radio Frequency Identification (RFID), Global Positioning System
(GPS), Personal Communication Systems (PCS), Digital Communication Systems (DCS), World-
wide Interoperability for Microwave Access (WiMAX), Wireless Local Area Network (WLAN),
WiFi, Bluetooth and other applications in the UHF, L, S, major part of C-bands.

2. MTM antenna design

The design technique described in this chapter offers expansion of the impedance bandwidth
of the antenna without compromising its size and salient characteristics. This is achieved by
inserting dielectric slits in the antenna patch and exciting it through a meandered strip-line.
The antenna design employs an H-shape and inverted U-shape slit.

To minimize design complexity and reduce manufacturing cost the proposed antenna struc-
ture avoids the use of via-holes.
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2.1. H-shaped slit patch antenna

The generic patch antenna configuration and its equivalent circuit model are shown in Figure 1.
The slit essentially behave as series capacitor (CL) and the meandered microstrip feed-line
behaves as a shunt inductor (LL). Other losses introduced by the antenna structure are
represented by series right-handed resistance (RR), shunt left-handed resistance (RL), series
conductance (GL) and shunt conductance (GR). Location and dimensions of the slit was opti-
mized using 3D electromagnetic high frequency structural simulator (HFSS™) by ANSYS [21].
The electromagnetic fields and currents are concentrated in the vicinity of the patch by placing
the slit at the center of patch. This prevents the fields from spreading on the ground plane of the
antenna and thereby minimizes unwanted coupling. This technique contributes in the realization
of a smaller patch antenna. The use of this antenna structure in an array would incur minimal
mutual coupling which is important to de-correlate multipath channels in, for example, small
cellular systems. The meandered microstrip feed-line ensures low radiation loss and low cross-
polarization. It also helps to eliminate unwanted notch bands in the antenna’s response due to
impedance mismatch, thus providing bandwidth extension.

Length (L), width (W) and height (h) of the proposed antenna are 21.2 mm, 15 mm and
1.6 mm, respectively. The length (Lp) and width (Wp) of radiation patch are 13.5 mm and
12.7 mm, respectively. The corresponding electrical size of the antenna and radiation patch is
0.155λo × 0.110λo × 0.011λo and 0.099λo × 0.093λo, respectively, where λo is free space wave-
length at 2.2 GHz. The antenna’s simulated and measured reflection-coefficient (S11) response
is shown in Figure 2. The simulated impedance bandwidth of the antenna for S11 < −10 dB is
2.58 GHz (2.05–4.63 GHz), and a fractional bandwidth of 77.2%. The antenna has a measured
bandwidth of 2.3 GHz (2.2–4.5 GHz), and a fractional bandwidth of 68.7%. The simulated
result shows the antenna to resonate at fr,sim = 3.6 GHz3.6 GHz, which is very close to the
measured result at fr,measured = 3.5 GHz3.5 GHz. The discrepancy between the simulated and
measured bandwidth is attributed to manufacturing tolerance and imperfect soldering of the
SMA connector.

Figure 1. Configuration of the antenna constructed using an H-shaped slit and meandered microstrip feed-line, (a)
simulation model, (b) fabricated prototype and (c) equivalent circuit model.
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The measured gain and radiation efficiency of the antenna at spot frequencies of 2.2, 3.55 and
4.5 GHz are 0.65 dBi and 18.34%, 2.75 dBi and 47.15% and 1.90 dBi and 36.12%, respectively.
The optimum measured gain and radiation efficiency of the antenna are 2.75 dBi and 45.15%,
respectively, as shown in Figure 3, at fr = 3.55 GHz3.55 GHz.

Figure 4 shows the measured co-polarization and cross-polarization radiation patterns in the
E(yz) and H(xz) planes at its resonance frequency of fr = 3.55 GHz3.55 GHz. The measured
radiation pattern shows the antenna radiates omni-directionally in the E-plane and bi-
directionally in the H-plane. The copolarization and cross-polarization patterns are similar
to a typical monopole antenna.

Figure 2. Simulated (blue line) and measured (black line) reflection-coefficient response of the antenna.

Figure 3. Measured gain and radiation efficiency response of the antenna.
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2.2. Patch antenna with inverted U-shape slits located on either of the H-shape slit

The above antenna was modified to improve its performance by inserting two inverted U-
shaped slits on either side of the H-shape slit, as shown in Figures 5 and 6. The dimensions of
the antenna structure are given in Table 1. The equivalent circuit model of the proposed
symmetrical antenna structure inset in Figure 7 consists of the composite right/left-handed
transmission-line (CRLH-TL), where parasitic series reactance is represented by inductor LR
and shunt capacitor CR. Series resonance is due to LR and CL, and shunt resonance due to CR

and LL. At low frequency, CL and LL dominate and the transmission-line circuit exhibits left-
handed characteristics; at high frequency, LR and CR dominate and the transmission-line circuit
exhibits right-handed characteristics. The propagation constant of the resulting structure is
given by Refs. [22–30]:

γ ¼ αþ jβ ¼
ffiffiffiffiffiffiffi
ZY

p
(1)

With

β ωð Þ ¼ s ωð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2LRCR þ 1

ω2LLCL
� LR

LL
þ CR

CL

� �s
(2)

Where

Figure 4. Measured radiation patterns of the antenna at the resonance frequency of 3.55 GHz [Solid line: co-polarization,
and crossed line: cross-polarization].
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s ωð Þ ¼
�1 ifω < ωse ¼ min

1ffiffiffiffiffiffiffiffiffiffiffi
LRCL

p ;
1ffiffiffiffiffiffiffiffiffiffiffi
LLCR

p
� �

0 ifωse < ω < ωsh

þ1 ifω > ωsh ¼ max
1ffiffiffiffiffiffiffiffiffiffiffi
LRCL

p ;
1ffiffiffiffiffiffiffiffiffiffiffi
LLCR

p
� �

8>>>><
>>>>:

(3)

and

Z ωð Þ ¼ j ωLR � 1=ωCLð Þ (4)

Figure 5. (a) Geometry of the MTM antenna and (b) meandered strip-line feed.
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Figure 6. Fabricated prototype MTM antenna.

Dimensions (millimeters)

L W Wp Lp Lg Ls1 Ls2 Ws1 Ws2 Ws3

21.2 15 12.7 13.5 3.6 12 8.5 2.4 2.4 0.6

Ws4 Ws5 Ws6 L1 Lm Lm1 Lm2 Lm3 Wm1 Wm

0.6 1.2 1.2 3.5 4.5 0.9 0.9 0.3 0.3 1.2

Equivalent circuit Components (pF, nH, Ω, S)

CL,H CL,πLeft CL,πRight CR LL LR RL RR GL GR

4.5 3.1 3.1 2 5.1 2.3 1.6 0.8 1.3 0.5

Table 1. Structural parameters of the proposed antenna and meandered strip-line feed.

Figure 7. Dispersion diagram.

Planar Antennas for Reliable Multiband RF Communications
http://dx.doi.org/10.5772/66675

273



Y ωð Þ ¼ j ωCR � 1=ωLLð Þ (5)

Parameters β(ω), s(ω), Z(ω) and Y(ω) are a function of frequency and represent dispersion, sign
function, impedance and admittance of the antenna structure, respectively. The series and
shunt resonance frequencies are given by:

ωse ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
LRCL

p (6)

ωsh ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
LLCR

p (7)

The phase and group velocities are given by:

vp ¼ ω
β
¼ ω2

ffiffiffiffiffiffiffiffiffiffiffi
LLCL

p
(8)

vg ¼ ∂β
∂ω

� ��1

¼ ω2
ffiffiffiffiffiffiffiffiffiffiffi
LLCL

p
(9)

The antenna’s dispersion diagram in Figure 7 shows the bandwidth of structure changes from
high-pass left-handed response with cut-off frequency ωL to low-pass right-handed response
with cut-off frequency ωR with no obvious stop-band. The cut-off frequencies ωL and ωR are
given by:

ωL ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
LLCL

p (10)

ωR ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
LRCR

p (11)

Individual slits embedded in the antenna resonate at specific frequencies, as shown in Figure 8.
The resonance at 2.05 GHz is generated by the inverted U-slit on the left-hand side of the H-
slit; the resonance at 3.7 GHz is generated by the H-slit and the resonance at 4.45 GHz results
from the inverted U-slit on the right-hand side of the H-slit. Simulated and measured imped-
ance bandwidth of the proposed antenna are 5.55 GHz (0.65–6.2 GHz) and 5.25 GHz (0.8–
6.05 GHz), respectively; and the corresponding fractional bandwidths are 162.04 and 153.28%,
respectively. These results confirm the antenna can operate over multiple wireless communi-
cations standards, in particular, UHF RFID, WLAN, WiMAX, WiFi, Bluetooth, GPS, PCS, and
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DCS [31, 32]. Electrical size of the antenna at 800 MHz is 0.056λo × 0.040λo × 0.004λo, which
makes it eligible for application in various wireless systems.

The measured gain and radiation efficiency of the antenna in Figure 9 at 0.8, 2.05, 3.7, 4.45 and
6.05 GHz are 0.95 dBi and 25.8%, 3.85 dBi and 63.1%, 4.73 dBi and 75.9%, 5.35 dBi and 84.1%
and 3.05 dBi and 50.2%, respectively. The optimum gain and radiation efficiency of the antenna
are 5.35 dBi and 84.1% at 4.45 GHz. Figure 10 shows the antenna’s measured radiation pattern
at spot frequencies.

The radiation field in the E-plane is omni-directional however this deteriorates at the first
resonance frequency of 2.05 GHz. In the H-plane the antenna radiates bi-directionally across
its operational bandwidth. This antenna provides the best cross-polarization compared to the
above antennas. The current distribution over the antenna at its three resonance frequencies is
shown in Figure 11.

Figure 8. Simulated (blue line) and measured (black line) reflection-coefficient response of the MTM antenna.

Figure 9. Measured gain and radiation efficiency of the MTM antenna.
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Figure 10. Measured radiation patterns of the MTM antenna at 2.05, 3.7 and 4.45 GHz [Solid line: copolarizations, and
dashed line: cross-polarizations]. Note: in some E-plane patterns the cross-polarization is not visible it is well below −30 dB.
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3. Parametric study

A parametric study is necessary to understand the effect of the slits and the meandered strip-
line feed on the characteristics of the second antenna. The results in Figure 12 shows that the
length (LS1) and width (WS3) of H-shaped slit can substantially improve the impedance band-
width of the antenna. Salient results are given in Table 2 where all other structural parameters
were kept fixed.

The effect of inverted U-shaped slit’s length (LS2) and width (WS4) on the antenna is shown in
Figure 13. Figure 13 shows that by increasing LS2 and WS4 of the two inverted U-shaped slits
the impedance bandwidth and impedance match of the antenna are improved significantly.
The results of this analysis are given in Table 3.

Figure 11. Current density distribution over the MTM antenna at various spot frequencies. (a) fr1 = 2.05 GHz; (b) fr2 = 3.5
GHz; (c) fr3 = 4.45 GHz.

Figure 12. Effect on the antenna impedance bandwidth as a function of H-slit length (LS1) and width (WS3). All other
structural parameters given in Table 1 remain fixed.
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The effect on the antenna’s performance by the meandered microstrip feed-line in Figure 14
shows that it greatly contributes toward improving its impedance match. In fact by increasing
the length of Lm, Lm1 and Lm2, the width of Wm has virtually no effect on the impedance

Length and width Frequency bandwidth

LS1 = 6 mm&WS3 = 0.2 mm 1.75−4.63 GHz ≈90.28%, S11 better than −20 dB

fr1 = 2.25, fr2 = 3.38 and fr3 = 4.1 GHz

LS1 = 9 mm&WS3 = 0.4 mm 1.2–5.47 GHz ≈128.03%, S11 better than −30 dB

fr1 = 2.1, fr2 = 3.35 and fr3 = 4.15 GHz

LS1 = 12 mm&WS3 = 0.6 mm 0.65–6.2 GHz ≈162.04%, S11 better than −40 dB

fr1 = 2.1, fr2 = 3.65 and fr3 = 4.5 GHz

Table 2. Effect of length and width of H-shaped slit on the antenna bandwidth.

Figure 13. Parametric study on the antenna as a function of length (LS2) and width (WS4) of the inverted U-shaped slits.
All other structural parameters in Table 1 remain fixed.

Length and width Frequency bandwidth

LS2 = 2.5 mm & WS4 = 0.2 mm 2.2–4.8 GHz ≈74.28%, S11 better than −20 dB

fr1 = 2.48, fr2 = 3.58 and fr3 = 4.34 GHz

LS2 = 5.5 mm & WS4 = 0.4 mm 1.46–5.37 GHz ≈114.49%, S11better than −30 dB

fr1 = 2.2, fr2 = 3.2 and fr3 = 4.48 GHz

LS2 = 8.5 mm & WS4 = 0.6 mm 0.65–6.2 GHz ≈162.04%, S11 better than −40 dB

fr1 = 2.1, fr2 = 3.65 and fr3 = 4.5 GHz

Table 3. Effect of length and width of the inverted U-shaped slits on the antenna bandwidth.
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Length and width Frequency bandwidth

LS2 = 2.5 mm & WS4 = 0.2 mm 2.2–4.8 GHz ≈74.28%, S11 better than −20 dB

fr1 = 2.48, fr2 = 3.58 and fr3 = 4.34 GHz

LS2 = 5.5 mm & WS4 = 0.4 mm 1.46–5.37 GHz ≈114.49%, S11better than −30 dB

fr1 = 2.2, fr2 = 3.2 and fr3 = 4.48 GHz

LS2 = 8.5 mm & WS4 = 0.6 mm 0.65–6.2 GHz ≈162.04%, S11 better than −40 dB

fr1 = 2.1, fr2 = 3.65 and fr3 = 4.5 GHz

Table 3. Effect of length and width of the inverted U-shaped slits on the antenna bandwidth.
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bandwidth of the antenna, however it significantly improves the antenna’s impedance match.
Details of these results are provided in Table 4.

To summarize, a simple and effective technique has been demonstrated to extend the
impedance bandwidth of patch antennas. This involves embedding three slits and exciting
the antenna through a meandered strip-line. The radiating surface of the antenna is loaded
with two inverted U-shape slits that are placed on either side of an H-shape slit. The
antenna essentially behaves as a CRLH-TL structure. The antenna is shown to provide a
fractional bandwidth of 223.27%, a maximum gain of 5.35 dBi and radiation efficiency of
84.12% at 4.45 GHz. Its radiation characteristics are similar to a monopole antenna. The
proposed antenna should provide reliable wireless communication across UHF, L, S and C-
bands.

Figure 14. Antenna impedance bandwidth as a function of meandered strip-line size. All other structural parameters in
Table 1 remain fixed.

Lm Lm1&Lm2 Wm Wm1 Lm3 Notched-band

1.5 0.3 0.4 0.15 0.15 I: 2.55–2.95 GHz II: 3.85–4.15 GHzImpedance matching ≥ −20 dB

3 0.6 0.8 0.15 0.15 I: 2.6–2.8 GHz II: 3.95–4.05 GHzImpedance matching ≥ −30 dB

4.5 0.9 1.2 0.3 0.3 EliminatedImpedance matching ≥ −40 dB

Dimensions are in millimeters.

Table 4. Results of optimizing the meandered strip-line feed.
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