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Abstract - Recently, metamaterials have attracted
considerable attention due to their feasibility and multiple
applications. As man-made artificial structures, metamate-
rials possess properties that are not yet highlighted in the
natural world, such as perfect lensing, negative refraction,
and backward propagation. These properties are obtained
by the proper design of the structure of metamaterials, with
the periodic arrangement of unit cells, ""meta-atoms™*, which
have dimensions below the order of magnitude of the inci-
dent wavelength, at which resonance processes can be estab-
lished. Thus, the electric and magnetic response of the met-
amaterial can be flexibly tailored to meet the desired macro-
scopic properties, in terms of effective electric permittivity
and magnetic permeability. In this paper, a review of the
state of research and development of metamaterials is made,
highlighting the new challenges and ways to improve and to
apply these new synthetic structures in electromagnetics and
optics. There are analyzed the processes and structures of
metamaterials used in various applications. Based on the
actual researches, new classification of metamaterials with
the criterion of the capabilities and flexibilities in controlling
electromagnetic waves is described and analyzed.
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I. INTRODUCTION

In the last twenty years, as a result of technological de-
velopment and the knowledge advancement, new catego-
ry of synthetic materials has been developed, designed to
obtain new, unconventional properties that are not nor-
mally found in nature.

Metamaterials provide unusual characteristics, such as
negative refraction, perfect absorption or perfect trans-
mission of electromagnetic waves, sub-wavelength reso-
lution imaging, inverse Doppler effect, and backwards
propagation [1]-[4].

These characteristics are obtained through the periodic
arrangement of unit cells, called "meta-atoms"”, which
have the size smaller than the incident electromagnetic
wavelength. Thus, through the flexible and intentional
engineering of the structures, dimensions, and arrange-
ment of constituent meta-atoms, electromagnetic met-
amaterials are able to function as efficient electromagnet-
ic devices to control the amplitude and phase of the elec-
tromagnetic (EM) waves so that the response regarding
scattering, absorption and dispersion of EM waves can be
easily manipulated [2], [5], [6]-

Consequently, they have been studied and applied in
many areas, as: optics, electromagnetism, electronics,
machinery, wireless power transfer systems, acoustics,
and communications [7]-[11].
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Due to these particular characteristics, metamaterials
can be applied in different fields such as: perfect lenses,
optical coating, and microwave antenna. Perfect absorber
metamaterials that absorb electromagnetic waves can be
applied to plasmon sensors, solar cells, photo-detectors,
thermal emitters or thermal imagers. By blocking the
electromagnetic wave generated in Wi-Fi, mobile phones
and home appliances, the absorber metamaterials can
protect the body against harmful electromagnetic waves
[12]-[16].

Researches in the field of metamaterials have mobi-
lized a wide range of scientific communities, including
physics, electrical engineering, materials science, chemis-
try and mathematics, and have now expanded into the
communications society to advance the Internet of
Things.

In this paper, a review of the state of research and de-
velopment of metamaterials is made, highlighting the
new challenges and ways to improve and to apply these
new synthetic structures in electromagnetics and optics.

The paper provides a more comprehensive understand-
ing of how to design and make metamaterials, highlight-
ing new trends in applications with this category of syn-
thetic materials.

Il. METAMATERIAL HISTORY AND TRADITIONAL
CLASSIFICATION

The beginning of artificial electromagnetic media can
be considered the year 1898, when Sir J. C. Bose pub-
lished his work on the rotation of the polarization plane
through twisted structures created by man.

Then, in the first half of the twentieth century, there
were some investigations on obtaining new properties
with electromagnetic artificial environments.

In the years 1950s and 1960s, artificial dielectrics were
explored for light-weight microwave antenna applica-
tions.

Metamaterial structures were first predicted by
Veselago in 1968 [17], and the interest in metamaterials
was resurrected in the years 1980s and 1990s, with new
investigations of microwave radar absorbers for stealth
applications.

Since Sir John Pendry proposed to realize negative
permittivity using periodic structure of thin wires in 1996
[18], modern metamaterials have received great progress
in the past 20 years and are still in the frontiers of phys-
ics, chemistry, material, and information societies.

But investigations intensified in the early 2000s when
there have been highlighted the opportunities offered by
metamaterials for manipulating electromagnetic waves
using controlled wave-matter interactions, which sparked
a new revolution in materials science and engineering

[6]-[8].



Annals of the University of Craiova, Electrical Engineering series, No. 44, Issue 1, 2020; ISSN 1842-4805

Landy in 2008, introduced a new function for met-
amaterials. He proposed a perfect absorber by utilizing
the loss characteristic of the metamaterial substrate. Light
weight, low profile and easy fabrication compared to tra-
ditional absorbers caused the rapid development of met-
amaterial perfect absorber, and different applications
have been exploited for metamaterial absorbers in various
frequency ranges from microwave to terahertz [19]-[21].

Metamaterials consist of ordered repetitive structures
called “periodic unit cell” or “cell”. The cell structure,
differing in the shape, arrangement, and geometry, ma-
nipulates the electromagnetic wave propagation inside the
metamaterials. Just like atoms or molecules of natural
materials, the structure of the repetitive unit cells deter-
mines the properties of the metamaterials [13], [21].

In most cases, the metamaterial consists of a periodic
network of identical meta-atoms, analogous to the crys-
talline structure. Random or irregular arrangements are
less often considered and are analogous to the structure of
amorphous substances. Consequently, metamaterials rep-
resent the second level of structural organization and
hence the name of meta (beyond) - materials.

The behaviour of the metamaterial to the action of the
incident electromagnetic wave can be described by the
material parameters: electric permittivity, respectively
magnetic permeability.

But the material parameters depend on the scale on
which they are considered [13]:

e If the incident wavelength is much larger than the
atomic dimensions and inter-atomic distances, then
the atomic behaviour is collective and average materi-
al parameters can be introduced, replacing a huge
number of separate contributions of the components.
In this case, the metamaterials are quite analogous to
the conventional ones and the same methods of analy-
sis can be applied;

e When the incident wavelength is comparable to the
scale of the dimensions of the structure, complex dif-
fraction and scattering phenomena occur and there is
no way to establish the average material parameters.
Consequently, in this case, metamaterials can hardly
be treated as continuous media;

e For waves with a much smaller length than the size of
the constituent elements, the material characteristics
are determined by the nature and density of the con-
stituent atoms, with which the electromagnetic quan-
tums interact in a completely independent way. Thus,
the concept of metamaterials loses its meaning and
can no longer be applied.

Thus, a traditional definition of metamaterials is related
to the existence of meta-atoms with dimensions and ar-
rangements of the structure smaller than the incident elec-
tromagnetic wavelengths. In this case, the behaviour of
the metamaterial can be described mathematically by the
effective characteristics of the proposed structure:

Bav = Hotrert Hay 1)

Dav = €o&reft Eav )
where B, is the average magnetic flux density, prg IS the
effective magnetic permeability of the medium, i, is the
free space permeability, H,, is the average magnetic field
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Fig. 1. Traditional classification of electromagnetic
materials (after [21])

intensity, D,y is the average electric flux density, & IS
the effective permittivity of the medium, g is the free
space permittivity, and E,, is the average electric field
intensity.

In general, because H and B, respectively, E and D, are
asymmetric and inhomogeneous quantities along the
propagation of the resulting electromagnetic wave, the
parameters permittivity and permeability will be altered
[16].

The concept of simultaneous negative permittivity and
permeability was postulated by Veselago in 1968 [7] but
it came into existence in 2000 when there was proposed a
composite medium based on a periodic array of inter-
spaced conducting nonmagnetic split ring resonators and
continuous wires that exhibits a frequency region in the
microwave regime with simultaneously negative values
of effective permittivity and permeability [9], [22], [23].

Thus, in function of different structure and excitation
frequencies, the metamaterials can be with one negative
parameter (Fig. 1) or with double negative parameters
[21]. In Fig. 1, a conventional classification of the met-
amaterials is shown, where permittivity and permeability
are both positive, this area represents conventional mate-
rials area; the other areas, where either one of parameter -
permittivity or permeability are negative, or where per-
mittivity and permeability are both negative, represent
metamaterial area [21], [24].

The earlier study of metamaterials has focused on ho-
mogeneous situations with extreme effective medium
parameters (e.g. negative permittivity, negative permea-
bility, and zero index of refraction).

Metamaterials with negative permittivity and negative
permeability can be made by properly artificial structures
designing, typical being two structures:

- the negative permittivity was achieved by using a peri-
odic thin rod structure;

- the negative permeability was achieved using a period-
ic split ring resonator structure.

Metamaterials are generally comprised of nano-
resonators, scatterers and meta-molecules of different
size, shape, geometry, orientation, and arrangement.

In the next section the typical investigations on the
structure of metamaterials are reviewed.
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I11. SPECIFIC CONFIGURATIONS OF METAMATERIALS

Through flexible and intentional engineering of the
structures, dimensions, and arrangement of constituent
meta-atoms, electromagnetic metamaterials, obtained by
structuring natural materials (metals, semiconductors and
insulators), are able to function as efficient electromag-
netic devices to control the amplitude and phase of the
EM wave.

Different configurations of metamaterials have been
proposed to meet lots of applications, for wavefront con-
trol, and/or for obtaining perfect absorption.

A. Split Ring Resonator Structures

Current research, inspired by Pendry's proposal in the
2000s to make a material with a negative index, has led to
the creation of metamaterials with split-ring resonant
(SRR) structures [23].

An image of the split ring resonator (SRR) type struc-
ture is shown in Fig. 2(a). This is a planar array with a
periodic configuration of the unit cells.

The unit cell of the structure consists of a SRR core,
made of gold, considered as a perfect electrical conductor
in the THz range, provided with a gap-size S. This SRR
core is repeatedly arranged on a film fabricated on poly-
ethylene naphthalate with thickness of 100 pm.

The split-ring resonator SRR subwavelength structure
acts as an LC resonator circuit with resonance frequency:

1

JLe

where inductance L is mainly related to the effective en-
closed area of the SRR, and capacitance C is largely de-
termined by the gap size and the surrounding medium.

It can predict that the increase in the gap size g will de-
crease the capacitance C of the resonator, thus leading to
the resonance frequency blue shift. This is observed in
Fig. 2(b), in which are simulated the wave transmission in
metamaterial samples, with a core size of 40 um and gap
size changing from 4, 6, 8 to 10 um (SRR 1, 2, 3, and 4).

The authors also propose a SRR hybrid structure con-
sisting of four SRR cells with uniform core length and
width, but with different dimensions for the gap antenna.
The simulation of wave transmission is shown in Fig.
2(c) and Table I.

3)

TABLE I.
RESONANCE FREQUENCY AND TRANSMISSION
L Uniform SRR Hybrid SRR
Characteristics structure structure
Resonance frequency [THz] 0.83 0.79
Transmission [dB] -111 -39.8

It is observed that the hybrid SRRs structure has a
broader and stronger resonance peak as compared with
that of the uniform SRR structure. The simulation shows
that the increase of the resonator density in each unit cell
will determine a broader bandwidth with resonance en-
hancement.
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Fig. 2. Microscopic image of the planar array structure (a), simulation of
transmission spectra for uniform SRR structures (b), simulation of
transmission spectra for the hybrid SRRs sample as compared with

uniform SRR structures (after [23])

B. Single and Multi-Layer Structures

Many metamaterial structures have been proposed with
strongly multilayer coupled unit cells.

By drastically increasing the effective permittivity by
means of intense capacitive coupling and reducing the
diamagnetic effect using a thin metamaterial structure, a
peak refractive index of 70-80 at the resonance was ob-
tained for a single-layer thin ring terahertz metamaterial.

Thus, in [25] different brick shape metallic patch sym-
metrically embedded in a dielectric material have been
proposed.
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Fig. 3. Unit cell configuration for uniform single layer metamaterial (a),
permittivity, permeability and refraction index obtained in THz domain
(b) (after [25])

In Fig. 3(a) is shown a top view of the cells of uniform
single layer metamaterial, with different cell configura-
tions: thin brick shape metallic patch; thin ring shaped
patch; thin window-type; and crossed I-shaped patch,
which are symmetrically embedded in a dielectric materi-
al. By experimental and theoretical investigations, the
authors demonstrated a polarization-dependent and aniso-
tropic extremely high index of refraction in the terahertz
region.

The case analyzed by the authors is that of a simple cu-
bic array structure of metal cubes with the period of array
abut p = 60 pum, which is much smaller than the wave-
length of electromagnetic waves in THz (which is about A
= 300 pm). Thus, the repetition period of the array is sub-
wave length relative to the incident electromagnetic
wave. Because these cubic arrays have bulk properties
when the distance between the elements is much less than
the incident wavelength, it is possible to extract their ef-
fective constitutive parameters. Different methods are
applied to retrieve the constitutive parameters of met-
amaterial: by numerically calculating the ratios of the
electromagnetic fields, by some approximate analytical
models or by using the reflection and transmission coeffi-
cients (S parameters).

In Fig. 3(b) for this simple cubic array, the dependence
of the real and imaginary parts of permittivity €., permea-
bility p, and index of refraction n on the frequency in the
THz domain, extract with method of transmission coeffi-
cients, is shown.

Having in view that the electromagnetic properties of
this structure is isotropic permittivity and permeability
are scalar quantity and have been extracted with relation-
ships:
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Fig. 4. The structure of unit cell for multilayer hybrid metamaterial
structure (a), sample view of multilayer hybrid metamaterial structure
(b), numerically simulation of the reflection coefficient (c) and absorp-

tion (d) of the metamaterial in Te and TM excitations (after [24]).

where z () is structure impedance and z, is the imped-
ance of free space. The specific values obtained and
shown in Fig. 3(b) are: emax = 250; 1 < 0.16 and n< 2.5
for resonance frequency f, - 0.6 THz.

To increase the performances of EM wave control,
many multilayer hybrid structures have been proposed
[24]. In Fig. 4(a), spatial detailed cell geometry in a ver-
tical expanded view of a multilayer hybrid structure is
shown. Unit cell is comprised of a back metal layer of
full copper foil, an insulator layer of Rogers 5880, a five-
metal resonant square-loop, a flexible adhesive layer of
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PDMS, a sputtered aluminium layer, another PDMS lay-
er, and a flame-retardant FR4 layer.

The overall prototype consists of 15 x 15 cells of ele-
ments, with a 12 x 12 cm? area, as shown in Fig. 4(b).

For this multi-layer metamaterials, the authors [24]
considered the correlations between layer thicknesses,
bandwidths, absorptions, and the composite-substrate
thickness in determination of the device flexibility.

The absorption level of the metamaterial can be repre-
sented as:

A(w) =1-R(0) -T () (7

where R(w) and T(w) are the reflectivity and transmit-
tance of the EM wave, respectively. T(®) is close to zero
when the back of the metamaterial is metallic foil, so the
absorption is related only to the reflection coefficients.

The proposed structure presents many bandwidth and
absorptivity advantages.

As observed in the reflection-coefficient characteristics
at a working band range of 5.5-12.5 GHz, shown in Fig.
4(c), the trends are in connection with the absorbing en-
ergy transformation. The anisotropy of different materials
at high frequencies leads to tight deviations, and reflec-
tion-coefficient in the cross-polarization direction con-
verge nearly to zero, which indicates that the EM wave
was absorbed by the proposed structure, rather than the
wave transformation.

The absorptivity of the proposed metamaterial is shown
in Fig. 4(d), when TE (transversal electric mode of exci-
tation) and TM (transversal magnetic mode of excitation)
waves normally propagate to the proposed structure. The
absorption in the TE and TM incident waves is almost
uniform, and only a slight discrepancy is observed at 8.8
GHz because the electric-dipole absorption is stronger
than the magnetic absorption of the multi-layer structure.

C. Multi-Layer Metamaterials with Graphene

Recent, different configurations of absorbers are pro-
posed using the advantages of graphene, to have the band
gap of greater than 0.5 eV, which facilitate the applica-
tions with tunable sub-wavelength devices [26]-[29].

Thus, in [26] there are proposed dual band absorbent
structures, insensitive to polarization, in the THz domain,
which are based on the unit cell of the graphene / SiO, /
Au.

The structures shown in Figs. 5(a) are composed of a
graphene layer, of different shapes (cross-shaped, disk or
combined shape), which is placed on top of a gold layer,
separated by a thick layer of SiO,. The bottom Si sub-
strate is used to protect the entire structure against me-
chanical damage.

For Structure I, in Fig. 5(b) it can be seen that for
wavelength range from 30 to 100 xm, at normal incidence
of EM wave, there are two higher absorption peaks in the
considered wavelength range, but they cannot reach near-
ly unity at the same time. With the increasing of the wing
length S, the long wavelength absorption peak is firstly
blue-shifted and then red-shifted, and the change trend of
the short wavelength absorption peak is just opposite.

For the case of Structure Il shown in Fig. 5(c), one can
see that there is only one absorption peak, and the spec-
tral line has an obvious red-shift with the increasing of
radius r.
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Fig. 5. Proposed multi-layer structures with cross-shaped graphene
(Structure 1), disk-shaped graphene (Structure 11), and both cross- and
disks shaped graphene (Structure 111) (a), Absorption spectra of Struc-
ture | for the different wing length S (b), Absorption spectra of Struc-
ture 11 for different radius r (c), Absorption spectra in the wavelength
range from 30 to 100 pm at normal incidence, for the Structures I, Il

and Il (after [26])



Annals of the University of Craiova, Electrical Engineering series, No. 44, Issue 1, 2020; ISSN 1842-4805

The authors proved that by combination of these struc-
tures, one can obtained two absorption peaks occurring at
A =69.94 and 43.747um in the absorption spectrum, with
the absorbance of the two peaks close to 100%. The op-
timal geometry parameters are L = 2.35 pm, S = 0.575
pm, and r = 0.65 pm, and other parameters are the same
as those in the figures above.

D. Multi-Layer Multi-Functional Metamaterials

A lot of investigations proposed the composite multi-
layer structures of metamaterials which have two opera-
tion functions, for instance, to assure the transparency to
visible light and absorbance [20], [30] or application as
absorber and polarization converter [5], [21].

Many papers proposed multi-layer structures which in-
clude vanadium dioxide (VO;) which undergoes a struc-
tural transformation from a monoclinic phase to a tetrag-
onal phase around 340 K. Through the phase transition,
the conductivity and permittivity of VO, vary significant-
ly, which can be applied to control the electromagnetic
properties of metamaterial structures.

Phase transition in VO, can be caused by external elec-
trical, optical, or thermal excitation.

In [5], the proposed structure of the layers includes:
VO, disks, silica (SiO,) layer, VO, film, metallic strip,
SiO; layer, and a metallic film (Fig. 6(a)). The dimen-
sions are of order of micrometers, and repetition period is
P=40 um.

In this case, the thermal excitation is used.

- When VO, is in the metallic state (at the room tem-
perature of 20°C), the designed configuration behaves
as a perfect single-band absorber based on two-
dimensional arrays of VO, disk on a VO, film. The
performance of absorption is polarization-insensitive
and angle-independent (Fig. 6(b));

- When VO, is in the insulating state (over the phase
transition point of 68°C), the designed configuration
behaves as an efficient cross polarization converter
working in the reflective mode at terahertz frequen-
cies. It can convert a linear-polarized wave to its or-
thogonal direction. Because of the subwavelength size
of the unit cell, the efficiency of cross polarization is
higher than 90% from 2.0 THz to 3.0 THz under nor-
mal incidence (Fig. 6(c)).
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Fig. 6. Geometric parameters of the structure with VO2 (a); Simulated
reflectance and absorptance under normal incidence at normal tempera-
ture (b); Reflectance of cross-polarized wave and phases for x and y-
polarized waves. The incident electric field is decomposed into two
orthogonal components along the x- and y-axes and reflected electric
field is rotated by 90° (c) (after [5]).
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Another two-functional structure of metamaterial based
on VO, is proposed in [21], which allow obtaining a
broadband switchable absorber.

The composite resonant structure consists of a criss-
cross structure and four square patches of tantalum nitride
(TN), with thickness of 21 pum, a multi-layer dielectric
plate (foam layer, VO, layer, SiO, layer), and a gold
ground plane.
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Fig. 7. Schematic of unit cell of the switchable broadband absorber
(after [21])

The switch function is realized by controlling the oper-
ation temperature, and the absorber can be switched in a
broadband ranging from 0.32 THz to 0.56 THz to another
broadband ranging from 0.356 THz to 0.682 THz with an
absorptivity of over 90%.

IV. NEW STEPS IN METAMATERIAL DEVELOPMENT

Research to date has shown that metamaterials have
great capability and flexibility in controlling electromag-
netic waves, because theirs subwavelength meta-atoms
can be designed and customized in the desired ways.

But, for the metamaterials presented so far, it is charac-
teristic that once manufactured, these metamaterials will
have fixed functions, i.e. they are passive metamaterials
[31].

In order to dynamically control the EM waves, several
ways have been proposed, among which, the integration
in meta-atoms of different active devices, so that active
metamaterials have been obtained.

Recently, a special kind of active metamaterials - digi-
tal coding and programmable metamaterials - has been
proposed, which can realize a large number of distinct
functionalities and switch them in real time with the aid
of field programmable gate array (FPGA).

In Fig. 8 the steps of metamaterial development are
pointed, having in view the capabilities and flexibilities in
controlling electromagnetic waves.

From the perspective of achievable functions, the first
step was the development of passive metamaterials, com-
posed of structures specially designed in periodic or non-
periodic arrays of sub-wavelength unit cells, to obtain
homogeneous or inhomogeneous material parameters that
do not exist in nature or are difficult to achieve in prac-
tice. Numerous structures of passive metamaterials have
been proposed, in the 3D version and in the 2D version,
with applications in microwave and optical frequency
bands. But, the disadvantage of passive metamaterials is
that, once these structures are manufactured, their func-
tionality will be fixed, without being able to react dynam-
ically to the action of incident waves.

The second step in the development of metamaterials to
achieve dynamic control of electromagnetic waves was
the fabrication of the active metamaterials, by integrating
active devices.

In the active metamaterials, the unit cells consist of me-
ta-atoms and active devices (e.g. PIN diodes, varactors,
amplifiers, semiconductors, micro-fluids, and VO,) to
their EM responses under the external excitations.
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Traditionally, the active metamaterials include tunable
metamaterials and reconfigurable metamaterials (Fig. 8).
The tunable metamaterials usually realize similar func-
tions (such as shifting the resonance peaks and perfect
absorptions) by tuning the active devices. For reconfigu-
rable metamaterials, which can have significantly differ-
ent functions (such as changing polarization states and
working bandwidth control) by switching active devices,
the number of functions is very limited.

The third stage of metamaterial developments is that of
digital metamaterials, obtained by representing the digital
coding of meta-atoms [24], [31]. By integrating the digi-
tal coding metamaterial with the field programmable gate
array (FPGA) a programmable metamaterial is obtained.

The development of metamaterials which are pro-
grammable in the field is a major breakthrough in the
development of metamaterials, as a single programmable
metamaterial can perform many distinct functions (eg,
single-beam radiation, different multi-beam radiation,
beam scanning, wave diffusion, vortex beam generation
etc.). All these functions are switched in real time by
changing the digital states and sending the instructions by
the FPGA.

Thus, the introduction of digital code representation of
metamaterials makes it possible to connect the digital
world with the physical world, so that metamaterials pro-
cess digital information directly, resulting in information-
al metamaterials.

New steps are predicted by applying artificial intelli-
gent (Al) and including specific sensors to obtain intelli-
gent metamaterials, self-adaptive metamaterials and the
highest level of cognitive metamaterials.
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There are already a multitude of applications, from
which three areas are well developed: in optics (for bire-
fringence modification), in wireless power transfer (to
increase the efficiency of power transfer), and in the reali-
zation of electromagnetic absorbers in the THz domain (to
increase the absorption coefficient close to 100%).

V. CONCLUSIONS

The field of metamaterials has been progressing rapidly
in the past years, showing that the conventional limita-
tions of modern technologies can be overcome using the
advanced knowledge in electromagnetism and in
nanofabrication techniques.

The traditional metamaterial classification, with the cri-
terion of the values of permittivity and permeability, is no
longer sufficient. Current advances in the field have im-
posed the new classification of metamaterials in which
the criterion of capability and flexibility of dynamic con-
trol of electromagnetic waves is considered.

Thus, depending on the types of functionalities that can
be achieved, metamaterials are classified into passive and
active metamaterials. Active metamaterials can be tuna-
ble and reconfigurable. Some active metamaterials are
programmable and, by adding the appropriate software,
could become information metamaterials.

Advances in understanding the processes that take
place in metamaterials, and progress in their realization
with modern micro- and nano-technologies show that
nowadays the characteristics of these synthetic materials
for realization of new generation of communication sys-
tems are possible to be explored.
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