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bility cloaks. These are possible due to negative diffraction, experimentally achieved with
the simultaneous induction of strong electric and magnetic dipolar moments. However, this
particular condition supposes important technological constraints related to the availability
of materials operating at frequencies of technological interest.

In this context, a new concept of metamaterials has been proposed where the polarizabilities
are tailored by means of electromagnetic resonators. As an advantage, those devices can be
fabricated on a surface and scaled to operate in different ranges of the spectra, as demon‐
strated with the realization of a wide range of metadevices beating diffraction limit. More‐
over, the planar geometry of those metasurfaces enables compatibility with current
semiconductor and graphene technologies.

This book offers a comprehensive overview of the state of the art in metasurfaces focusing
on the well-known context of GHz devices. This opens the door to an intriguing scenario for
development of further planar optical components, which comes with the latest advances in
plasmonic nanoantennas and the onset of all-dielectric resonators. As a corollary, metamate‐
rials applications at the THz level are proposed.
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Abstract

The existence of metasurface, in the way of propagating wave, affects the wave by
blocking some of the incident power. In this chapter, modal analysis is used to analyze a
metasurface structure, which is a two-dimensional periodic structure. First, the structure
is modeled by an element inside the TEM waveguide. In the following, the reflected and
transmitted waves are expanded by different modes, potentially propagated along the
TEM waveguide. The key parameters in determining the behavior of structure are speci-
fied. The effect of each parameter in behavior of the structure is shown. This technique is
used for different metasurfaces, and simulation results are presented in the chapter. This
technique is extended to multilayer metamaterial structures.

Keywords: metamaterial layer, metasurface, periodic structure, modal analysis

1. Introduction

The appearance of metamaterial sun on the horizon of electromagnetic field results to/into
absorbing most researchers to them (directing most researches into them). Although these
structures were used a long time ago, it did not take a long time from when the metamaterial
was introduced. Ref. [1] reviews a brief history about metamaterial structures over time. The
importance of metamaterials is hidden behind (due to) their behaviors. The ability to control
the refractive index, in other words constitutive parameters, of metamaterials leads into their
interest behaviors [1, 2]. These structures help engineers to design new devices and improve
the performance of available systems. Some of them are THz detectors, new substrate, modu-
lator, THz switches, cloaking, bolometers, and angular-independent surfaces [2].
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Generally, a metamaterial is a periodic structure that is made from arranging a lot of the same
micro-scatterers in a regular lattice/network (Figure 1) [1, 2]. A metamaterial layer is created
when micro-scatterers are distributed in a plane. The difference between metamaterials and
other periodic structures is mentioned in [2].

Impinging a wave into the metamaterial structure induces currents and charges on the
metamaterial elements. In other words, the existence of metamaterial elements reinforces the
structure in the (electric and magnetic) polarization. There are different methods developed to
determine this polarization. In the following, we discuss about these methods. Then the
structure is modeled and analyzed by modal analysis to calculate the S parameters of struc-
ture. These parameters show the general behavior of structure.

2. Modeling metamaterial structure

Some methods are developed to determine the effective parameters of these structures. The
electromagnetic properties of an inhomogeneous composite can be determined exactly by
solving Maxwell’s equations, which relate the local electric and magnetic fields to the local
charge and current densities. To solve this set of equations, a relationship must be assumed
that relates the four macroscopic field vectors that arise from the averaging or homogenization
procedure [3].

On the other hand, many researchers have in practice used an approach based upon the
reflection and transmission coefficients of a metamaterial sample of some defined thickness
[2]. The Nicolson-Ross-Weir (NRW) approach is then used to obtain the effective material
properties of the bulk metamaterials. The solution of equation in this method is dependent on

Figure 1. A metamaterial structure consisted of micro-scatterers in a regular array (reproduced from [1]).

Metamaterials and Metasurfaces4

square root function. Typically, the choice of the sign of a square root is made unambiguous by
ensuring positive power flow in the direction of propagation [2]. In some situations, local
effects near the boundaries of the sample must also be taken into account.

In contrast, there are some metasurface studies that have modeled the film as a single-layer
metamaterial. In this way, a metasurface is replaced with a boundary plane with surface
susceptibilities. It is called the Generalized Sheet Transition Condition (GSTC) [2, 4, 5].

3. Analysis of a periodic structure with modal analysis

As mentioned above, a metasurface is a periodic structure that is comprised from distributing
a lot of micro-scatterers on a plane (Figure 2a). Therefore, for extracting the behavior of
structure, it is sufficient to consider a period of structure with suitable boundary conditions
[6]. Figure 2b shows these boundary conditions. These are two perfect electric conductors and
two perfect magnetic conductors. On the other hand, these boundary conditions form/consti-
tute a TEM waveguide, and the metasurface element in the middle is a transverse discontinu-
ity in the waveguide. The element divides the inner medium of the waveguide into two media,
medium I and medium II (Figure 2c).

Now, this model must be analyzed by a numerical technique such as mode matching, FDTD,
or so on [7–12]. Generally, the element (partially) blocks the way of incident power (Pincident). It
causes some of the incident power passes through discontinuity toward load (Ptransmitted), and
the remaining power reflects back to the source (Preflected). In mathematical form (Eq. 1)

Pincident ¼ Preflected þ Ptransmitted (1)

According to mode-matching method, the reflected and transmitted waves are expanded in
terms of different modes supported by TEM waveguide (Eqs. 2–4) [7]. These modes are men-
tioned in Eqs. 2–5:

E
!i ¼ âyA00, H

!i ¼ �âx
A00

η0
(2)

Figure 2. Front view of a metasurface structure (a) a TEM waveguide with a metasurface element in the middle (b) and
incident, reflected, and transmitted waves in the TEM waveguide from side view (c) [7].

Investigation into the Behavior of Metasurface by Modal Analysis
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t ¼ âx � c00
η0

e�jβ00z �
X

k¼TE;TM

X
m;n

Et
y

� �k
mn

Zk
mn

e�jβmnz

0
B@

1
CA� ây
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where E
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!
r, and E

!
t are incident, reflected, and transmitted electric fields, respectively. This is

right aboutH
!

i,H
!
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!

t, the incident, reflected, and transmitted magnetic fields, respectively.
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where βmn, Z
TE
mn, and ZTM

mn are propagation constant, characteristic impedance of TE mode, and
characteristic impedance of TMmode, respectively. For determining the weights of each mode,
the boundary conditions must be applied on the transverse plane (Eq. 5) [7, 13–20]. These
boundary conditions include vanishing transverse electric field on the metal element (Rm) and
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continuity of electric and magnetic fields in the aperture (Rc
m). R

c
m is all the remaining parts of a

transverse plane except Rm:
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Note that the tangential components of an electric field are continuously passing through the
metal transverse discontinuity [7, 13, 21]:
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¼ E

!t
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t
! cmn ¼ amn þ A00δm0δn0

dmn ¼ bmn

�
m, n ¼ 0, 1, 2,… (11)

4. The variation in S parameters for a metasurface

Considering Eq. 11 for TEM mode (m = n = 0)
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where equality between s21 and s12 are resulted from reciprocity. Rewriting Eq. 12 for exciting
waveguide from transmitted media in Figure 2c [7],
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Suppose that the metasurface element is lossless. Rewriting Eq. 1;

Pincident ¼ Preflected þ Ptransmitted ! 1 ¼ s11j j2 þ s21j j2 (14)

Considering Eqs. 12–14 simultaneously result into [7],
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Eq. 15 is a relation of a circle on the complex plane of reflection coefficient (Smith chart).
The center and radius of this circle are [�(η00)I/((η00)I + (η00)II), 0] and (η00)II/((η00)I + (η00)II),
respectively. This circle crosses horizontal axis in two points: [�1, 0] and [((η00)II � (η00)I)/
((η00)II + (η00)I), 0]. The first point is corresponding to when a metal plate covers the bound-
ary between two media. The second point happens when two media touch each other
completely without any element on the boundary. In this case, the reflection coefficient is
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a00
η0

ejβ00z þ
X

k¼TE;TM

X
m;n

Er
y

� �k
mn

Zk
mn

ejβmnz

0
B@

1
CA� ây
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where E
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where βmn, Z
TE
mn, and ZTM

mn are propagation constant, characteristic impedance of TE mode, and
characteristic impedance of TMmode, respectively. For determining the weights of each mode,
the boundary conditions must be applied on the transverse plane (Eq. 5) [7, 13–20]. These
boundary conditions include vanishing transverse electric field on the metal element (Rm) and
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Note that the tangential components of an electric field are continuously passing through the
metal transverse discontinuity [7, 13, 21]:
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4. The variation in S parameters for a metasurface
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where equality between s21 and s12 are resulted from reciprocity. Rewriting Eq. 12 for exciting
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Suppose that the metasurface element is lossless. Rewriting Eq. 1;
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Eq. 15 is a relation of a circle on the complex plane of reflection coefficient (Smith chart).
The center and radius of this circle are [�(η00)I/((η00)I + (η00)II), 0] and (η00)II/((η00)I + (η00)II),
respectively. This circle crosses horizontal axis in two points: [�1, 0] and [((η00)II � (η00)I)/
((η00)II + (η00)I), 0]. The first point is corresponding to when a metal plate covers the bound-
ary between two media. The second point happens when two media touch each other
completely without any element on the boundary. In this case, the reflection coefficient is

Investigation into the Behavior of Metasurface by Modal Analysis
http://dx.doi.org/10.5772/intechopen.80584

7



((η00)II � (η00)I)/((η00)II + (η00)I). It is important that the s11 is coincided on this circle (Eq. 15),
regardless of the geometrical shape of the element. Rewriting Eq. 15 in terms of center and
radius of circle,

S11 ¼ a1 þ r1ejθ , a1 ¼
� η00
� �

I

η00
� �

II þ η00
� �

I

, r1 ¼
η00
� �

II

η00
� �

II þ η00
� �

I

, r1 ¼ 1þ a1 (16)

r1 and a1 are functions of constitutive parameters of two media that surround the metasurface.
The geometrical properties of metasurface (size and shape) determine the parameter θ. The
circles corresponding to s21 and s22 are
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The point [�1, 0] is a common point between s11 and s22 circles. The s21 circle is located on the
right-hand side of the Smith chart.

5. Simulation results

In this section, simulation results of a few examples of metasurface are demonstrated. All
examples are simulated by modal analysis (in MATLAB). Simulation results are repeated by
finite element method (FEM) (in HFSS). In the following simulations, it is supposed that two
media are extended into infinity, and the reference planes are located 10 mm away from
discontinuity in both sides. For demonstrating the results on the Smith chart, all parameters
are calculated on the metasurface plane.

The first structure is a strip grating, made from metal and illuminated by a wave with parallel
polarization (Figure 3).

A unit cell of this structure is shown in Figure 4. Table 1 specifies the geometrical characteris-
tics of metasurface element. The frequency variations in reflection and transmission coeffi-
cients are plotted in Figure 4 for this structure.

According to this figure, the major part of incident power is reflected back in medium I.

The frequency variations in S parameters on the Smith chart are demonstrated in Figure 4, too.
The variations in s12 and s22 for this structure are the same as the variations in s21 and s11,
respectively. The dash lines on Figure 4 are s11 and s21 circles.

The metallic strips in this structure behave in the same way as parallel inductance in equivalent
circuit. Figure 5 displays the frequency variations in equivalent inductance for themetal grating.

Metamaterials and Metasurfaces8

Also, this figure shows the variations in reflection and transmission coefficients versus the
width of strip for 10 GHz. According to this figure, the more the parameter w increases, the
closer to�1 the parameter |s11| moves. In the limit, when each strip covers all areas of the unit
cell, s11 goes to �1. In general, with increasing the area of metasurface element, the parameters
s11 and s22 move to�1 along the corresponding circles (θ! π in Eq. (16)). Also, the parameters
s21 and s12 move to origin (Γ = 0) along the corresponding circle (in counterclockwise direc-
tion). Note that with decreasing frequency, the parameter θ goes to π for this structure, so that

Figure 3. Metal strip grating (a), a unit cell of the structure with suitable boundary conditions in peripheral (parallel
polarization) (b) [7].

Figure 4. Frequency variations in S parameters for metal strip grating (a) on the Smith chart (b) [7].

a w Medium I Medium II

2.5 mm 0.5 mm Air Air

Table 1. Geometrical properties of the metal strip grating (Figure 5) [7].
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discontinuity in both sides. For demonstrating the results on the Smith chart, all parameters
are calculated on the metasurface plane.

The first structure is a strip grating, made from metal and illuminated by a wave with parallel
polarization (Figure 3).

A unit cell of this structure is shown in Figure 4. Table 1 specifies the geometrical characteris-
tics of metasurface element. The frequency variations in reflection and transmission coeffi-
cients are plotted in Figure 4 for this structure.

According to this figure, the major part of incident power is reflected back in medium I.

The frequency variations in S parameters on the Smith chart are demonstrated in Figure 4, too.
The variations in s12 and s22 for this structure are the same as the variations in s21 and s11,
respectively. The dash lines on Figure 4 are s11 and s21 circles.

The metallic strips in this structure behave in the same way as parallel inductance in equivalent
circuit. Figure 5 displays the frequency variations in equivalent inductance for themetal grating.
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Also, this figure shows the variations in reflection and transmission coefficients versus the
width of strip for 10 GHz. According to this figure, the more the parameter w increases, the
closer to�1 the parameter |s11| moves. In the limit, when each strip covers all areas of the unit
cell, s11 goes to �1. In general, with increasing the area of metasurface element, the parameters
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Figure 4. Frequency variations in S parameters for metal strip grating (a) on the Smith chart (b) [7].
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2.5 mm 0.5 mm Air Air

Table 1. Geometrical properties of the metal strip grating (Figure 5) [7].
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when θ equals to π, the value of s11 is �1. It is clearly predictable from the model used for
simulating metasurface.

The variations in real and imaginary parts of s11 versus |s11| are shown in Figure 6 for this
structure. Clearly seen, with increasing |s11| from zero to one, the real part of s11 uniformly
decreases, while the graph of Im(s11) has a maximum where |s11| is equal to 1/√2 (θ = π/2 in
Eq. (16)). This point is corresponding to when the excitation of higher-order modes causes the
highest stored energy around the structure [7].

Figure 5. Frequency variations in equivalent inductance (a) and the variation in S parameters versus the width of strip for
10 GHz (b) [7].

Figure 6. The variations in Re(s11) and Im(s11) versus |s11| [7].

Metamaterials and Metasurfaces10

The second structure is the same as the first example, metal grating printed on Teflon but perp-
endicular polarization. Physical dimensions of this structure are available in Table 2. Simulation
results for this structure are demonstrated in Figure 7.

According to Figure 7, the major part of incident power is transmitted through medium II.
Figure 7 displays the frequency variations in S parameters on the Smith chart for this structure,
too. The scattering transfer parameters for this structure are shown in Figure 8.

These parameters are located along the straight line [7]. In contrast to the previous structure,
the metasurface element in this structure plays the role of parallel capacitance in equivalent
circuit. The frequency variations in equivalent capacitance are shown in Figure 8. Figure 9
shows the real and imaginary parts of the reflection coefficient in terms of |s11|.

In contrast to what happened about the previous structure, the imaginary part of reflection coef-
ficient is lower than zero, and it has a minimum. This point happens when the stored energy is
maximum around metasurface [7]. The variations in the real part of reflection coefficient are
similar to the previous structure. Same as the previous structure, the increment in w causes the
parameters s11 and s22 to move to �1 along the corresponding circles. Decreasing and increas-
ing frequency causes s11 to move to ((η00)II � (η00)I)/((η00)II + (η00)I) and � 1, respectively.

The next example is a metasurface composed of square patches (Figure 10). Let metasurface
elements be printed on FR4. Physical dimensions of each element are presented in Table 3.
Figure 10 displays simulation results of this structure. The variations in the scattering param-
eters on the Smith chart are presented in the same figure.

a w Medium I Medium II

2 mm 1.5 mm Air Teflon

Table 2. Geometrical properties of the metal strip grating (Figure 7) [7].

Figure 7. Frequency variations in S parameters for metal strip grating in perpendicular polarization (a) on the Smith
chart (b) [7].
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The second structure is the same as the first example, metal grating printed on Teflon but perp-
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According to Figure 7, the major part of incident power is transmitted through medium II.
Figure 7 displays the frequency variations in S parameters on the Smith chart for this structure,
too. The scattering transfer parameters for this structure are shown in Figure 8.

These parameters are located along the straight line [7]. In contrast to the previous structure,
the metasurface element in this structure plays the role of parallel capacitance in equivalent
circuit. The frequency variations in equivalent capacitance are shown in Figure 8. Figure 9
shows the real and imaginary parts of the reflection coefficient in terms of |s11|.

In contrast to what happened about the previous structure, the imaginary part of reflection coef-
ficient is lower than zero, and it has a minimum. This point happens when the stored energy is
maximum around metasurface [7]. The variations in the real part of reflection coefficient are
similar to the previous structure. Same as the previous structure, the increment in w causes the
parameters s11 and s22 to move to �1 along the corresponding circles. Decreasing and increas-
ing frequency causes s11 to move to ((η00)II � (η00)I)/((η00)II + (η00)I) and � 1, respectively.

The next example is a metasurface composed of square patches (Figure 10). Let metasurface
elements be printed on FR4. Physical dimensions of each element are presented in Table 3.
Figure 10 displays simulation results of this structure. The variations in the scattering param-
eters on the Smith chart are presented in the same figure.

a w Medium I Medium II

2 mm 1.5 mm Air Teflon

Table 2. Geometrical properties of the metal strip grating (Figure 7) [7].

Figure 7. Frequency variations in S parameters for metal strip grating in perpendicular polarization (a) on the Smith
chart (b) [7].
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The variations in scattering transfer parameters are demonstrated in Figure 11 for this structure.

An array of square loops comprises the forth metasurface. This array of loops are located in the
boundary between air and FR4. Geometrical properties of each element are available in
Table 4. Simulation results of this structure are presented in Figure 12. The variations in the
scattering parameters on the Smith chart are plotted in Figure 12.

The variations in scattering transfer parameters are demonstrated in Figure 13 for this structure.

The last structure is square perforated metal plate. A unit cell of this structure is depicted in
Figure 14. Suppose that this structure is embedded in air. The geometrical properties of each

Figure 8. The scattering transfer parameters formetal strip grating (a) and frequency variations in equivalent capacitance (b) [7].

Figure 9. The variations in Re(s11) and Im(s11) versus |s11| for metal grating in perpendicular polarization [7].

Metamaterials and Metasurfaces12

element are specified in Table 5. The frequency variations in s11 and s21 for this structure are
plotted in Figure 14. Figure 14 shows the variations in S parameters for this structure on the
Smith chart.

Figure 10. Frequency variations in S parameters for an array of metallic squares (a) on the Smith chart (b) [7].

a w Medium I Medium II

3 mm 2 mm Air FR4

Table 3. Geometrical properties of the metasurface comprised from metallic squares [7].

Figure 11. The variations in scattering transfer parameters for an array of metallic squares [7].
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The variations in scattering transfer parameter corresponding to this structure are demonstrated
in Figure 15. The variations in S parameters for this metasurface is in the same way of the first
structure. The s11 for this structure goes to �1 when w increases or frequency decreases. In
contrast, increasing the frequency causes the parameter s11 to move to 0 along circle.

a l w Medium I Medium II

1 mm 0.565 mm 0.13 mm Air FR4

Table 4. Geometrical properties of the array of metal loops [7].

Figure 12. Frequency variations in S parameters for an array of metal loops (a) on the Smith chart (b) [7].

Figure 13. The locus of scattering transfer parameters [7].
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Figure 14. Frequency variations in S parameters for a square perforated metal plate (a) on the Smith chart (b) [7].

a w Medium I Medium II

3 mm 1 mm Air Air

Table 5. Geometrical properties of the square perforated metal plate [7].

Figure 15. The locus of scattering transfer parameters for the square perforated metal plate [7].
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Figure 14. Frequency variations in S parameters for a square perforated metal plate (a) on the Smith chart (b) [7].
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Abstract

Metasurfaces are the planar counterparts of metamaterials, and they consist of a single-
layer or a few-layers stack of planar structures, which can be fabricated using lithography 
and nanoprinting methods. Such artificial structures are usually described by effective 
medium parameters at the macroscopic scale. In this chapter, we deal with “coding meta-
surfaces,” composed of only two types of unit cells, with 0 and π phase responses, from 
which electromagnetic (EM) waves can be manipulated and different functionalities can 
be realized. We review the recent progress in the physics of metasurfaces operating at 
wavelengths ranging from microwave to visible. We provide an overview of key meta-
surface concepts, such as diffusion, anomalous reflection and refraction, and introduce 
metasurfaces based on some optimization methods to design metasurfaces, as well as 
their use in wave-front shaping and beam-forming applications, followed by a discus-
sion of polarization conversion in few-layer metasurfaces and their related properties. 
An overview of diffusion coding metasurface reveals their ability to realize unique 
functionalities to reduce the radar cross-section (RCS). We also describe diffusion coding 
metasurfaces that can improve the field uniformity in reverberation chambers. Finally, 
we conclude by providing our opinions on opportunities and challenges in this rapidly 
developing research field.

Keywords: coding, metasurface, metamaterial, broadband, diffusion

1. Introduction

Recently, the ability to manipulate the electromagnetic (EM) waves has been significantly 
improved with the help of the emerging concept of metasurface. Driven by the seminal 
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work by Yu et al. [1], metasurfaces have gained considerable attention, and nowadays con-
stitute one of the most promising research thrusts in the field of artificial materials. Della 
Giovampaola and Engheta presented a method for constructing “metamaterial bytes” 
through proper spatial mixtures of “digital metamaterial bits” [2] in which the “digital 
metamaterial bits” are some particles that possess distinct material properties. However, 
the resulting metamaterial bytes are still described by the effective medium parameters. 
Cui proposed the general concepts of “coding metamaterial,” “digital metamaterial,” and 
“programmable metamaterial,” which means that a single metamaterial can be digitally 
controlled to obtain distinctly different functionalities [3, 4]. Two types of unit cells with 
0 and π phase responses to mimic the “0” and “1” elements were proposed for 1-bit digi-
tal metamaterial such that they can be controlled using existing digital technology. By 
designing coding sequences of “0” and “1” elements in coding metamaterials, EM waves 
can be easily manipulated to obtain different functionalities. And this concept can also be 
extended to 2-bit (0, π/2, π, and 3π/2) and 3-bit (0, π/8, π/4, 3π/8, π/2, 5π/8, 3π/4, and 7π/8) 
or more. We will start this chapter by designing a 1-bit coding metasurfaces, which are 
useful to achieve radar cross-section (RCS) reduction, polarization conversion, anomalous 
reflection, and vortex beam reflection. By investigating the scattering characteristic of the 
coding metasurface, we replace the stirrer of a reverberation chamber (RC) with a diffusion 
coding metasurface in order to improve the field uniformity of the RC, in the meanwhile, 
increasing the test area of the RC, making the application of the metasurfaces extended to 
the electromagnetic compatibility (EMC) area.

2. Coding metasurface

By using coding metasurfaces with two basic unit cells with out-of-phase responses, diffuse 
scattering has been achieved. Applications are as diverse as radar signature control and com-
putational imaging, among others [3]. Of specific interest for the present study is the concept 
of “coding and digital” metasurfaces, recently put forward by Cui et al. [4]. We will not go 
deep into the physical details of such procedure since this is not the aim of this chapter and 
the topic is clearly treated in Ref. [4]. We will simply illustrate the application of the concept 
using coding metasurface examples.

2.1. RCS reduction

In general, the unit cell structure of a specific metasurface exhibits different phase responses 
under normal incidence (along with the z-direction) depending on the rotation angle in 
the xy-plane [5]. The unit cell structures and its reflection characteristics are illustrated in 
Figure 1.

Two structures with relative phase responses of π can be arranged in a chessboard-like meta-
surface to reduce the RCS under monostatic backscattering conditions. The simplest method 
of constructing an RCS-reducing metasurface using 1-bit unit cells is to generate a phase dis-
tribution matrix with “0” and “1” elements randomly distributed, and place each element 
according to its reflection phase. According to array theory, the lattice scattered electric-field 
intensity in the far-field region can be expressed as:

Metamaterials and Metasurfaces20

   E  m,n   =   
 K  m,n    A  m,n   exp  (j  Φ  m,n  )   f  m,n   (θ, ϕ)  (exp  (−  jk  0    r  m,n  ) ) 

    ________________________________   r  m,n      (1)

where Km,n is the scale coefficient, rm,n is the distance between the lattice point (m, n) and the 
far-field region observation point, and fm,n(θ, φ) is the lattice scattering pattern function, given 
with respect to the elevation and azimuth angles θ and φ. Moreover, Am,n and Φm,n are the 
lattice reflection amplitude and phase coefficient, respectively. After using an optimization 
algorithm to design, the entire coding metasurface is shown in Figure 2. Both the simulation 
and experimental results demonstrate that the optimal random coding metasurface can effi-
ciently realize broadband RCS reduction more than 10 dB from 17 to 42 GHz when the angle 
of incident waves varies from 10 to 50°. The characteristic of broad bandwidth and broad-
angle of incident waves for RCS reduction makes it promising for electromagnetic cloaking in 
microwave regime (as shown in Figures 3 and 4).

2.2. Linear polarization conversion

Polarization converters are usually designed using twisted nematic liquid crystals based 
on the Faraday Effect. To broaden polarization conversion bandwidth, stacked multilayer 

Figure 1. Front views of “0” and “1” element unit cells. The unit cell structure with an angle of 45° to the y-axis represents the 
“0” element (a), and the structure rotated 90° counter-clockwise about the z-axis is the “1” element (b). Reflection properties 
of “0” and “1” elements versus frequency under normal x-polarized electromagnetic incident waves: (c) lattice reflection 
amplitudes; and (d) lattice reflection phases. Reprinted with permission from Ref. [5]; Copyright 2017 Scientific Reports.
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structures can be used. Based on changing the dimension and geometry of the unit cells 
of the metasurface, an ultra-wideband linear polarization rotator designed by combining 
three typical symmetry-broken structures, a double-head arrow, a cut-wire, and two short 
V-shaped wire resonators has been presented [6]. The asymmetric structure of the unit cell 
of the periodic array is homogeneous and anisotropic, with dispersive relative permittivity 
and permeability. For a plane wave (PW) with the specified polarization impinging on the 
artificial electromagnetic metasurface, both x- and y-polarization EM waves can be generated 
by reflection and transmission due to the anisotropic characteristics of the metasurface. The 
waves experience multiple reflections between the artificial metallic structure and the metal-
lic sheet layer, so that the final reflected waves are a result of an interfering wave phenom-
enon. To better understand the multiple resonances of the structure, the incident EM wave 

Figure 3. RCS of the metal and optimized coding metasurface under obliquely incident electromagnetic waves from 
10 to 40° in simulation: (a) bistatic RCS; (b) RCS reduction. Reprinted with permission from Ref. [5]; Copyright 2017 
Scientific Reports.

Figure 2. The optimized 1-bit coding metasurface of planform obtained after optimization. The “0” and “1” lattices 
comprise 6 × 6 equivalent unit cells. (a) The fabricated 1-bit GA-optimized coding metasurface. (b) The experimental 
setup for verifying RCS reduction. Reprinted with permission from Ref. [5]; Copyright 2017 Scientific Reports.
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polarization direction is considered to be along the y-axis. Therefore, it can be decomposed 
into two perpendicular components u and v (see Figure 5(b)). Hence, the incident EM wave 
can be expressed as:

     E ⇀    i   =   u ⇀    E  iu    e   j𝜙𝜙  +   v ⇀    E  iv    e   j𝜙𝜙   (2)

Whereas the reflected wave can be written as:

     E ⇀    r   =   r ˜    u    u ⇀    E  iu    e   j𝜙𝜙  +   r ˜    v    v ⇀    E  iv    e   j𝜙𝜙   (3)

Where    r ˜    u    and    r ˜    v    are the reflection coefficients along u- and v-axis, respectively.

Figure 4. The experimentally obtained RCS (a) and RCS reduction (b) for various incident angles with vertical 
polarization. Reprinted with permission from Ref. [5]; Copyright 2017 Scientific Reports.

Figure 5. (a) Front view of the metasurface unit cell. (b) Intuitive scheme of y- to x-polarization conversion of the 
metasurface. Reprinted with permission from Ref. [6]; Copyright 2017 Journal of Applied Physics.
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When arbitrarily polarized EM waves are incident, three resonances can be excited in general 
since both v- and u-components exist simultaneously. The superposed contributions from 
two individual orthogonal electric components excite independently the corresponding reso-
nance eigenmodes. Figure 6 shows that two eigenmodes are excited in the v-polarized case, 
and one eigenmode is excited in the u-polarized case.

Due to the presence of three resonances, cross-polarization reflection bandwidth can be 
expanded significantly. As an explicit example, simulation and measurement results show 
that the proposed metasurface can convert linear polarized EM waves into cross-polarized 
waves with polarization conversion ratios (PCR) higher than 90% from 17.3 to 42.2 GHz.
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can be easily achieved. Because of the singular properties of the PGM, the generalized Snell’s 
law is established. Although the PGM has many relevant features, it is not easy to design. 
To obtain the high efficient PGM, the adjacent unit cells of the metasurface must meet the 
same scattering amplitude and strict scattering phase gradient. Fortunately, the unit cell of 
the metasurface is placed on the front of the sheet metal, and the reflection amplitude of each 
unit cell is almost equal. Therefore, it is relatively easy to design the PGM, since we only need 
to consider the phase gradient design. By taking advantage of this concept, we designed a 
reflective PGM with a center frequency of 3 GHz using arc-cross shaped structure (Figure 7).

By changing the parameters of the metal structure, seven-unit-cell structures with a stable 
phase difference and a phase distribution covering 2π are selected for the periodic arrange-
ment. An excitation port is provided 150 mm away from the metasurface in the Z-direction. 
The direction of the impinging wave electric field is along the φ = 45° on the XOY plane and 

Figure 6. The three eigenmodes of the unit cell under normal incidence: (a) v-polarized, (b) u-polarized. Reprinted with 
permission from Ref. [6]; Copyright 2017 Journal of Applied Physics.
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the incident wave is incident along the z-direction. Since the polarization direction of the elec-
tromagnetic wave can be seen as the synthesis of vectors of x-polarization and y-polarization, 
the results show that the high-efficiency anomalous reflection metasurface (at 3GHz) provides 
45° angle of reflection, and the reflection efficiency is above 90%. The anomalous reflection 
metasurface has features such as light weight, small size, and wide frequency band, which has 
a certain application prospect in invisible and communication fields.

2.4. Vortex beam

Since Allen indicated electromagnetic waves carrying orbital angular momentum (OAM), a 
variety of studies on OAM have intensively stepped into the domain of optics for its obvious 
advantages. OAM has been widely applied in optics, while the researches of OAM in radio 
frequencies have moved slowly for a long time. Metasurfaces are extraordinarily promis-
ing because of their unprecedented capability of modulating wavefronts of electromagnetic 
waves and their thin structures, which was first used to generate optical vortices based on the 
generalized laws of reflection and refraction. Although fruitful progress has been achieved 
toward OAM across both optical and radio frequency domains, vortex wave generation are 
mostly limited to a narrow frequency band. An efficient and simple reflective metasurface 
array that can generate vortex wave with arbitrary single-mode in ultra-wideband from 18 to 
42 GHz has been designed [8] (as shown in Figure 8).

Though the unit cells are uniformly distributed on the roundel, the electric fields (E-fields) 
reflected by different cell structures are different. By observing the phase wavefront varia-
tion at different frequencies, Figure 9 shows that the operational bandwidth of the proposed 
reflective metasurface for vortex wave generating is about from 18 to 42 GHz with the desired 
vortex wave with a mode of l = 1.

The proposed approach generates one vortex wave for a given structure. With future improve-
ment, the metasurface can also be designed with multiple concentric rings, each containing a 
self-arranged arrow-shaped array. It is then possible to use only one structure to selectively 
generate different vortex waves. Figure 10 shows the configuration of the designed vortex 
metasurface with multiple-modal.

Figure 7. (a) The front view of the unit cell. (b) The simulation results of the unit cell reflection amplitude (left) and phase 
(right) under x-polarized and y-polarized incident EM waves. Reprinted with permission from Ref. [7]; Copyright 2016 IEEE.

Coding Metasurfaces and Applications
http://dx.doi.org/10.5772/intechopen.78417

25



When arbitrarily polarized EM waves are incident, three resonances can be excited in general 
since both v- and u-components exist simultaneously. The superposed contributions from 
two individual orthogonal electric components excite independently the corresponding reso-
nance eigenmodes. Figure 6 shows that two eigenmodes are excited in the v-polarized case, 
and one eigenmode is excited in the u-polarized case.

Due to the presence of three resonances, cross-polarization reflection bandwidth can be 
expanded significantly. As an explicit example, simulation and measurement results show 
that the proposed metasurface can convert linear polarized EM waves into cross-polarized 
waves with polarization conversion ratios (PCR) higher than 90% from 17.3 to 42.2 GHz.

2.3. Anomalous reflection

Phase gradient metasurface (PGM) is a new way to control reflected beams. In particular, the 
anomalous reflection and refraction can be achieved using a PGM, by properly designing the 
unit cells phase gradient of the metasurface [7]. With a PGM negative refraction/reflection 
can be easily achieved. Because of the singular properties of the PGM, the generalized Snell’s 
law is established. Although the PGM has many relevant features, it is not easy to design. 
To obtain the high efficient PGM, the adjacent unit cells of the metasurface must meet the 
same scattering amplitude and strict scattering phase gradient. Fortunately, the unit cell of 
the metasurface is placed on the front of the sheet metal, and the reflection amplitude of each 
unit cell is almost equal. Therefore, it is relatively easy to design the PGM, since we only need 
to consider the phase gradient design. By taking advantage of this concept, we designed a 
reflective PGM with a center frequency of 3 GHz using arc-cross shaped structure (Figure 7).

By changing the parameters of the metal structure, seven-unit-cell structures with a stable 
phase difference and a phase distribution covering 2π are selected for the periodic arrange-
ment. An excitation port is provided 150 mm away from the metasurface in the Z-direction. 
The direction of the impinging wave electric field is along the φ = 45° on the XOY plane and 

Figure 6. The three eigenmodes of the unit cell under normal incidence: (a) v-polarized, (b) u-polarized. Reprinted with 
permission from Ref. [6]; Copyright 2017 Journal of Applied Physics.

Metamaterials and Metasurfaces24

the incident wave is incident along the z-direction. Since the polarization direction of the elec-
tromagnetic wave can be seen as the synthesis of vectors of x-polarization and y-polarization, 
the results show that the high-efficiency anomalous reflection metasurface (at 3GHz) provides 
45° angle of reflection, and the reflection efficiency is above 90%. The anomalous reflection 
metasurface has features such as light weight, small size, and wide frequency band, which has 
a certain application prospect in invisible and communication fields.

2.4. Vortex beam

Since Allen indicated electromagnetic waves carrying orbital angular momentum (OAM), a 
variety of studies on OAM have intensively stepped into the domain of optics for its obvious 
advantages. OAM has been widely applied in optics, while the researches of OAM in radio 
frequencies have moved slowly for a long time. Metasurfaces are extraordinarily promis-
ing because of their unprecedented capability of modulating wavefronts of electromagnetic 
waves and their thin structures, which was first used to generate optical vortices based on the 
generalized laws of reflection and refraction. Although fruitful progress has been achieved 
toward OAM across both optical and radio frequency domains, vortex wave generation are 
mostly limited to a narrow frequency band. An efficient and simple reflective metasurface 
array that can generate vortex wave with arbitrary single-mode in ultra-wideband from 18 to 
42 GHz has been designed [8] (as shown in Figure 8).

Though the unit cells are uniformly distributed on the roundel, the electric fields (E-fields) 
reflected by different cell structures are different. By observing the phase wavefront varia-
tion at different frequencies, Figure 9 shows that the operational bandwidth of the proposed 
reflective metasurface for vortex wave generating is about from 18 to 42 GHz with the desired 
vortex wave with a mode of l = 1.

The proposed approach generates one vortex wave for a given structure. With future improve-
ment, the metasurface can also be designed with multiple concentric rings, each containing a 
self-arranged arrow-shaped array. It is then possible to use only one structure to selectively 
generate different vortex waves. Figure 10 shows the configuration of the designed vortex 
metasurface with multiple-modal.

Figure 7. (a) The front view of the unit cell. (b) The simulation results of the unit cell reflection amplitude (left) and phase 
(right) under x-polarized and y-polarized incident EM waves. Reprinted with permission from Ref. [7]; Copyright 2016 IEEE.

Coding Metasurfaces and Applications
http://dx.doi.org/10.5772/intechopen.78417

25



Since information can be encoded as OAM states that span a much larger space than three-
state OAM, the proposed configuration may provide an effective way to generate vortex 
waves for wireless communication applications, which will greatly promote the study and 
application of vortex wave. Comparing to the published work, which only can generate one 
OAM modal, the proposed reflective metasurface is likely to double the information rate.

Figure 9. Phase distribution of E-filed on the observation plane at z-axis direction with mode l = 1 (a) at 18 GHz, (b) at 
30 GHz and (c) at 42 GHz and corresponding magnitude distribution with mode l = 1 (d) at 18 GHz, (e) at 30 GHz, and 
(f) at 42 GHz. Reprinted with permission from Ref. [8]; Copyright 2018 IEEE.

Figure 8. Configuration of the designed vortex metasurface with mode (a) l = 1 (b) l = 2 (c) l = 3 (d) l = 4 panel present 
the metallic patterns of the top layer. The phase of the reflection coefficient versus the length of the arrow-shaped 
metasurface from 18 to 42 GHz. Reprinted with permission from Ref. [8]; Copyright 2018 IEEE.

Metamaterials and Metasurfaces26

3. The application of the coding metasurface in RC

In general, the RC is rectangular and uses mode stirring or mode tuning technology to change 
the boundary conditions of the electromagnetic field so as to produce a statistically uniform 
field. To overcome the size and maintenance problems of the stirrers, it is proposed the use of 
diffusion metasurface in the RC to enhance the scattering. Such metasurface is much smaller 
than a stirrer [9]. According to the concept of coding metasurface, the designed 1-bit random 
coding metasurface (by employing the genetic algorithm) can provide an optimized distribu-
tion of unit cells to get a uniform backscattering (see Figure 11).

Figure 10. Configuration of the designed vortex metasurface with multiple-modal l = 1 and l = 13. Phase distribution 
of E-filed on the observation plane at z-axis direction with multi-modal l = 1 and l = 13 (a) at 18 GHz, (c) at 30 GHz,  
(e) at 42 GHz and corresponding magnitude distribution (b) at 18 GHz, (d) at 30 GHz, and (f) at 42 GHz. Reprinted with 
permission from Ref. [8]; Copyright 2018 IEEE.

Figure 11. The 1-bit random coding diffusion metasurface distributions and simulated surface current distribution and 
near-field pattern under normal incidence. Reprinted with permission from Ref. [9]; Copyright 2018 Scientific Reports.
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When loaded the metasurface to the RC, it can act as a tuner. By setting the number of meta-
surface steps to 12, the standard deviation of the field is the one shown in Figure 12.

The results indicated that the rotatable 1-bit random coding diffusion metasurface can act as a 
tuner in the RC and it is of great interest as it shows that the metasurface on the wall increases 
the test zone available by avoiding the stirrer.

4. Conclusion and outlook

In this chapter, an overview of key metasurface concepts such as diffusion, anomalous 
reflection and refraction has been carried out, and their use in wavefront shaping and beam-
forming applications, followed by a discussion of polarization conversion in few-layer meta-
surfaces and their related properties have been discussed. An overview of diffusion coding 
metasurface reveals their ability to realize unique functionalities to reduce the radar cross-
section. We also describe diffusion coding metasurfaces that can improve the field uniformity 
in reverberation chambers. Finally, we conclude by providing our opinions on opportunities 
and challenges in this rapidly developing research field. These works presented herein pro-
vide a glimpse of the opportunities available for advanced EM functional devices based on 
geometric phase coding metasurface, which may find applications in the future. Moreover, 

Figure 12. The standard deviations for the field uniformity of the test zone, which loaded the rotatable 1-bit random 
coding diffusion metasurface in the RC, and the purple lines are the tolerance requirements for the standard deviation of 
[10]. (a) the x-component, (b) the y-component, (c) the z-component, and (d) the combined of xyz components. Reprinted 
with permission from Ref. [9]; Copyright 2018 Scientific Reports.
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scalability of these coding metasurfaces to frequencies in the range of THz or optical is pos-
sible, allowing for the controllability of reflection, and scattering of EM waves in these fre-
quency domains [11].
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Abstract

Recently, metasurfaces (MSs) have continuously drawn significant attentions in the area of
enhancing the performances of the conventional antennas. Thereinto, focusing MSs with
hyperbolic phase distributions can be used for designing high-gain antennas. In this chapter,
we first design a new reflected MS and use a spiral antenna as the feeding source to achieve
a wideband high-gain antenna. On this basis, we propose a bi-layer reflected MS to simulta-
neously enhance the gain and transform the linear polarization to circular polarization of the
Vivaldi antenna. Then, we proposed a multilayer transmitted MS and use it to enhance the
gain of a patch antenna. This kind of high-gain antenna eliminates the feed-block effect of
the reflected ones but suffer frommultilayer fabrication. To conquer this problem, we finally
propose a single-layer transmitted focusing MS by grouping two different kinds of elements
and use it to successfully design a low-profile high-gain antenna.

Keywords: focusing, MS, high-gain antenna, reflection, transmission

1. Wideband reflected high-gain antenna based on single-layered focusing
metasurface

In last several years, metasurface (MS) has become a research hotspot since it relieves the
drawbacks of bulk metamaterials. An MS usually consists of a set of periodic or locally
nonperiodic unit cells with subwavelength thickness. The phase gradient metasurface (PGMS)
is a special kind of MS which has been proposed by Yu et al. to demonstrate the general Snell’s
law [1]. Since the PGMS is able to provide predefined in-plane wave vectors to manipulate the
directions of the refracting/reflecting waves, it consequently attracts a lot attention in beam
steering. In Ref. [1], the authors designed a PGMS by using nano-V-antennas with different
shapes to verify anomalous reflection/refraction effects, which opens the door to the rapid
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development of MS for beam steering. Over the last 5 years, the MS has ushered in the golden
age of theoretical and practical researches. Many applications of MS have emerged in the areas of
focusing [2–8], anomalous refraction/reflection [6, 7], surface-plasmon-polariton coupling [8, 9],
radar cross section (RCS) reduction [10–12], and polarization manipulation [13]. Generally, a
wide phase-steering range covering 2π is an essential characteristic for the MS element. The
phase is manipulated by changing the structure size or rotating the angle of the particle on
the substrate. Then, by fixing proper phase distributions on the MS, we can flexibly manipulate
the wavefronts and the polarizations of the EM waves. These characteristics as well as compact
size and low loss mean the MS can be a good candidate to improve antenna performance by
enhancing the antenna gain [4], reducing the RCS of the antenna [12], converting the antenna
polarization [13]. We call this kind of high-performance antenna based on MS as MS antenna.
Thereinto, the focusing MSs usually have been used to enhance the gain of the antenna. They can
also transform spherical wave emitted by a point source placed at the focal point to plane wave
theoretically. In such case, the directivity and gain of the point source can be improved greatly.

1.1. Theory

Figure 1 depicts the schematic used to derive the generalized law of reflection. The introduction
of an abrupt phase shift, denoted as phase discontinuity, at the interface between two media
allows us to revisit the law of reflection by applying Fermat’s principle. The incident angle of the
electromagnetic wave is θi. Assuming that the blue and red paths are infinitesimally close to the
actual light path, then the phase difference between them is zero.

ð1Þ

where Φ is the phase discontinuity at a local position on the MS, ni is the index of the incident
medium, and θr (θi) is the reflected (incident) angle of the electromagnetic wave. By insertion
of k = 2π/λ, we can obtain the following generalized reflection Snell’s law [1]:

ð2Þ

Figure 1. Schematic used to derive the generalized law of reflection.

Metamaterials and Metasurfaces32

As shown in Figure 2(a), if the designed dΦ/dx is a constant, anomalous reflection will be
achieved, and the reflected angle can be controlled. The phase distribution of the focusing MS
has to satisfy the following Eq. (3).

ð3Þ

where L is the focal distance, φ1 is the phase shift through the first unit cell, which is placed at
the point x = 0, y = 0. The MS can focus the incident plane wave to its focal point as shown in
Figure 2(b). Likewise, the sphere wave emitted by the source placed at its focal point can be
converted to plane wave as shown in Figure 2(c), which can be used for designing high-gain
antennas.

1.2. Unit cell design

Figure 3 shows the structure of the MS element, which is utilized to build the reflected
MS. The top metallic layer is composed of a cross and a cross-ring (CCR), and the bottom
layer is totally metal. The dielectric layer has a substrate with the permittivity of 2.65 and

Figure 2. Schematics used to describe (a) anomalous reflection (b) focusing effect, and (c) operating mechanism of the MS
antenna.
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Figure 3. Structure of the MS element and the simulated setup. (a) Top view and (b) perspective view. w = 2.4 mm,
g = t = 0.4 mm, p = 10 mm, d = 3 mm, and n = 1, 2, 3, ….

Figure 4. Current distribution on the upper surface of the CCR unit cell at (a) 4.5 GHz and (b) 9.5 GHz.

Figure 5. Phase of S11 for three different unit cells.
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thickness of 3 mm. For characterization, the unit cell is simulated in CST Microwave
Studio by using periodic boundary. To illustrate the operating mechanism of the CCR
unit cell clearly, Figure 4 shows the current distribution on the upper surface of the unit
cell and Figure 5 shows the phase of S11 in a broad frequency band. As shown in
Figure 5, the phase of S11 changes fast around 4.5 and 9.5 GHz, which is the two
resonances of the CCR unit cell. From Figure 4, it can be find that the lower resonant
frequency (4.5 GHz) is brought by the cross-ring structure and the higher one is brought
by the cross-structure. Due to the dual-resonance structure, the phase difference of the
CCR unit cell has successfully reached about 620� just by changing the parameter of rn as
shown in Figure 6.

In addition, the curves in Figure 7 have good linearity especially during 10–12 GHz, which
makes the CCR unit cell very suitable for broadband design. To completely evaluate the
reflected phase character of the unit cell, a parameter scan has been made with the step of
0.01 mm for rn in CST, and curves of the reflected phase change with rn (2 mm–4.9 mm) at 10,
11, and 12 GHz are shown in Figure 10. The three curves are almost parallel with each other,
which guarantee that the phase distribution changes little with frequency during the range of
10–12 GHz.

1.3. Focusing metasurface antenna design

After successfully designing the required broadband unit cell, we use it to design the focus-
ing MS. The reflected phase difference distribution in the plane which is perpendicular to the
direction of the incident plane-wave should satisfy the profile mentioned in Eq. (3). The
period of the CCR unit cell is p, so the location of the unit cell can be discretized as x = n � p,

Figure 6. Phase of S11 for the CCR unit cell.
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y = n � p (n = 0, �1, �2, �3 …). In order to control the phase of the reflected wave well, the
maximum phase difference along the +x direction should be over 360�. However, taking the
fabrication cost into consideration, the area of the MS should be not very large. From the unit
cell design, we find that the CCR unit cell has a broadband character during 10–12 GHz. At
the frequency of 10 GHz, we set L = 40 mm and seven unit cells are used in +x direction to
achieve about 385� phase difference comparing with the first unit cell. Considering that the
phase distribution on the MS should be symmetry, we use 13 � 13 unit cells to satisfy the
whole profile in xoy-plane, and the two-dimensional phase distribution of the MS is shown

Figure 7. Reflected phase change with rn at (a) 10 GHz, (b) 11 GHz, and (c) 12 GHz.

Figure 8. Absolute phase distribution on the focusing MS.
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in Figure 8. The reflected phase of CCR unit cell has a range of [�684�, �136�] at 10 GHz, we
choose the middle range of the reflected phase [�510�, �150�] which has better broadband
character to design the focusing MS. The parameter rn varies from 4.2 to 2.2 mm in this
design, and when the phase difference between one unit cell and the first unit cell (reflected
phase is �510�) is over 360� the reflected phase of this location should be deducted by 360�.
In order to illuminate the MS, we choose a spiral antenna as the feed source, and a metal
ground is added at the bottom to make the antenna radiate only to the MS. The electric field
distributions of the spiral antenna without and with the MS at 10 GHz are shown in Figure 9.
As shown, both in the two orthogonal planes, MS transforms the quasi-sphere wave emitted
by the spiral antenna to plane wave as the theoretical prediction, and it is the mechanism of
the proposed high-gain antenna. The simulated and measured voltage standing wave ratios
(VSWR) are shown in Figure 10. It is shown that the impedance band of the antenna covers
the operating band (10–12 GHz) of the MS well.

Then, the 3D radiation patterns at 10, 11, and 12 GHz are shown in Figure 11, it can be
concluded from the figures that the gain of the feed source is remarkably enhanced and
pencil-shaped radiation patterns are achieved. To clearly depict the antenna gain-enhancement
via reflected MS, the 2D radiation patterns of the antenna with/without the MS are shown in
Figure 12. As shown, the antenna beam width has been decreased greatly and the peak gain
has been enhanced greatly compared with the planar spiral antenna. It is also necessary to
notice that the source is right circular polarization, while the MS antenna is left circular

Figure 9. Simulated electric field distribution in (a, b) xoz-plane and (c, d) yoz-plane for the spiral antenna (a, c) without
the MS and (b, d) with the MS.
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polarization, and the cross-polarization component of the source antenna is also enhanced by
the MS while it is still much lower than the copolarization at the main radiation direction.

At last, the proposed MS antenna has been fabricated and assembled, and the photographs
are shown in Figure 13. The farfield results of the novel MS antenna are measured in an
anechoic chamber. Figure 14 shows the simulated and measured peak realized gain in the
band of 8–13 GHz. As shown, the �1 dB gain bandwidth of the proposed antenna is
10–12.3 GHz (with the fractional bandwidth is 20.6%), and in this band, the peak gain has
an enhancement of 13.5 dB comparing with the spiral antenna in average. The peak gains at
the frequencies of 10, 11 and 12 GHz are 19.2, 20.1 and 19.4 dB, respectively. Then, the
aperture efficiency (AE) can be calculated by Eq. (4), where λ0 is the free space wavelength
and D is the side length of the MS. The calculated efficiencies at 10, 11 and 12 GHz are 35.2,

Figure 11. 3D simulated farfield radiation pattern for (a) 10 GHz, (b) 11 GHz, and (c) 12 GHz.

Figure 10. Simulated and measured VSWR of the spiral antenna.
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35.8, and 25.6%, respectively. And Figure 15 shows that the 3 dB axial ratio bandwidth
covers the band of 10–12 GHz approximately.

ð4Þ

Figure 12. Simulated farfield radiation patterns at (a, b) 10 GHz, (c, d) 11 GHz, and (e, f) 12 GHz of the spiral antenna
with and without the MS in (a, c, e) xoy-plane and (b, e, f) yoz-plane.
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Figure 13. The photographs of the MS antenna. (a) Top view, (b) bottom view of the reflected MS, (c) components of the
spiral antenna, and (d) free view of the MS antenna.

Figure 14. Measured and simulated peak gain of the spiral antenna with/without the focusing MS.
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2. Wideband multifunctional metasurface for polarization conversion and
gain enhancement

The polarization state is one of the most important characteristics of the EM waves. We can
classify the polarization conversion MS (PCMS) [14–19] into two categories according to the
format of the MS—transmitting type [14–17] and reflecting type [18, 19]. Also, the PCMS also
can be classified into cross-polarization conversion one [14–16, 18] or linear-to-circular/circu-
lar-to-linear (LTC/CTL) one [17, 19] according to specific functionalities. However, the men-
tioned PCMSs are all illuminated by plane waves and the radiation performances will be more
or less deteriorated when they are directly feed by a spherical feed source like Vivaldi antenna.
Taking the overall performances into consideration, a technique should be adopted for a PCMS
design to control the direction of the scattering wave for spherical wave excitation. The
focusing MS mentioned above can transfer the incident plane wave to its focal point, and vice
versa. So, it can be predicted that the combination of the PCMS with focusing MS will improve
the radiation performance of the system.

2.1. Linear-to-circular metasurface design

Anisotropic MSs have the character of manipulating electromagnetic waves with different polar-
izations, respectively. We still adopt the CCR unit cell shown in Figure 16 to design an aniso-
tropic MS. Compared with the unit cell shown Figure 1, we set rx and ry with different values to

Figure 15. Measured and simulated axial ratio of the MS antenna.
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make the reflecting phase change with the polarization of the incident wave. The reflection
matrix (R matrix), which connects the incident fields and reflected fields, can be described as:

ð5Þ

where Rij represents the reflection coefficient of j polarization incident wave and i polarization
reflected wave. And we use Am(Rij) and Arg(Rij) to describe the amplitude and phase of Rij,
respectively. At the case of rx = 4.06 mm and ry = 3.6 mm, we can obtain that Am(Rxx) = Am
(Ryy) = 1, Am(Ryx) = Am(Rxy) = 0 and Arg(Rxx)-Arg(Ryy) ≈�90� around 10 GHz from Figure 17.
In this situation, the R matrix is,

ð6Þ

We suppose that the LTC-PCMS is illuminated by a plane wave propagating along �z direc-
tion, then the formulation of the incident wave can be described as Eqs. (7) and (8).

Figure 16. Topology of the proposed LTC-PCMS unit cell with g = t = 0.4 mm, p = 10 mm, and d = 3 mm. (a) Front view
and (b) perspective view. The metallic is shown in green, while the slot is shown in white.

Figure 17. The (a) amplitudes and (b) angles of the R matrix.
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ð7Þ

ð8Þ

where k is the wave number. In the following, we will discuss that our LTC-PCMS supports
linear wave to LHCP or RHCP wave conversion in two special cases.

For the case of , the incident E fields can be described as:

ð9Þ

Then, the reflected E fields can be calculated as:

ð10Þ

ð11Þ

As described in Eq. (11), it can be concluded that the polarization of the reflected wave is
LHCP. In the second case of , we can obtain following results by taking similar
calculations.

ð12Þ

In this situation, a RHCP reflected wave has been obtained. Figure 18 depicts a practical
realized scheme of our system, where the LTC-PCMS fed by a Vivaldi antenna is built by
13 � 13 single-layered CCR unit cells. The voltage standing wave ratio (VSWR) with its
geometrical parameters has been shown in Figure 19. We can conclude that the Vivaldi
antenna has a VSWR less than 2 dB within the frequency band of 9–15 GHz. Three-dimen-
sional radiation patterns and AR results of the LTC-PCMS are shown in Figure 20. As shown,
the far-field patterns achieve CP radiation but the directivity of the Vivaldi antenna has been
broken by the MS. To conquer this problem, an additional focusing profile needed to be
brought in to correct the wave-front of the outing wave.
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Figure 19. The VSWR of the Vivaldi antenna. The geometrical parameters are W = 25 mm, L = 30 mm, L1 = 25 mm,
W1 = 15 mm, W2 = 1 mm, W3 = 0.5 mm, and g = 0.5 mm.

Figure 18. The scheme of proposed wo situations for different E field directions at (a) θ = 45�and (b) θ = 135�.

Figure 20. 3D radiation patterns and AR results of the LTC-PCMS for (a) θ = 45�and (b) θ = 135�.
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2.2. Multifunctional metasurface design

To ease the design, we want the unit cell can manipulate the x- and y-polarized waves indepen-
dently and completely. By simulations, we find that the single-layered CCR element features
good polarization-independence but lacks sufficient phase-tuning range. Then, we propose a bi-
layered CCR element to enlarge the phase-tuning range. The phases of Rxx and Ryy of the bi-
layered unit cell are shown in Figure 21. As shown, the parameter rx (ry = 4.06 mm) just affects
the value of Arg(Rxx), while Arg(Ryy) is almost constant when rx increases from 2.3 to 4.06 mm.
Meanwhile, the phase range of Arg(Rxx) has reached 360�. Since the CCR unit cell exhibits
rotational symmetry, similar conclusion can be obtained by just tuning ry. In a word, the phases
of x and y polarization incident waves are controlled by rx and ry, respectively, and they do not
influence each other. This character will greatly simplify the design of the multifunctional MS.

For focusing MS, the phase difference distribution on the MS has to satisfy Eq. (13).

ð13Þ

where L is the focal distance, m(n) is the number of the unit cell in x(y) direction, and is the
phase difference according to the unit cell, which is placed at the origin point (m = 0, n = 0). For
LTC-MS, the phase of Rxx must have a 90� difference with the phase of Ryy through each unit
cell around 10 GHz. Arg(Rxx)mn is controlled by the parameter of rx, while Arg(Ryy)mn is
controlled by the parameter of ry. For x-polarization incidence, the phase distribution can be
calculated by,

ð14Þ

While for y-polarization incidence, the phase distribution is:

Figure 21. Phases of S11 for x/y polarizations of the dual-layered CCR unit cell with its structure.
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Figure 19. The VSWR of the Vivaldi antenna. The geometrical parameters are W = 25 mm, L = 30 mm, L1 = 25 mm,
W1 = 15 mm, W2 = 1 mm, W3 = 0.5 mm, and g = 0.5 mm.

Figure 18. The scheme of proposed wo situations for different E field directions at (a) θ = 45�and (b) θ = 135�.

Figure 20. 3D radiation patterns and AR results of the LTC-PCMS for (a) θ = 45�and (b) θ = 135�.
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ð15Þ

where, in the focusing LTC-PCMS design, following equations have to be satisfied: Arg(Rxx)00-
Arg(Ryy)00 = �90�. We insert L = 2λ, p = 10 mm, λ = 30 mm, and Arg(Rxx)00 = �700� into
Eqs. (13) and (14) to obtain the phase distributions shown in Figure 22. And then the values of
rx and ry at each position (m, n) on the MS can be ascertained and shown in Figure 23.

2.3. Circular-polarized antenna design

Then, the proposed MS model is built in CST based on the matrixes of rx and ry, and a Vivaldi
antenna is placed 60 mm away fromMS as a feed source. As shown in Figure 18(a), we first set
θ = 45� and an LHCP-reflected wave will be obtained consequently. Figure 24 describes the
near-field electric field distributions in xoz- and yoz-planes, which illustrates that the incident
plane wave has been converted into near-plane wave. For farfield results, the 2D patterns of
xoz- and yoz-planes are shown in Figure 25 and the pencil-shaped 3D radiation pattern and the

Figure 22. Absolute phase distributions for (a) x polarization and (b) y polarization.

Figure 23. Distributions of (a) rx and (b) ry on the multifunctional MS.
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realized gains with AR results are shown in Figure 26. Comparing with LTC-PCMS, the new
multifunctional MS enhances the gain and decreases beam width of the antenna in 3 dB AR
band of 9.12–10.2 GHz. Specially, the realized gain has been enhanced 12 dB and a half power
beam width of 13� has been achieved at 10 GHz.

Figure 24. Electric field distributions in (a) xoz and (b) yoz plane at 10 GHz.

Figure 25. 2D radiation patterns at 10 GHz (a) xoy-plane (b) yoz-plane.

Figure 26. (a) 3D radiation pattern (b) simulated and measured results of axis ratios and realized gains.
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realized gains with AR results are shown in Figure 26. Comparing with LTC-PCMS, the new
multifunctional MS enhances the gain and decreases beam width of the antenna in 3 dB AR
band of 9.12–10.2 GHz. Specially, the realized gain has been enhanced 12 dB and a half power
beam width of 13� has been achieved at 10 GHz.

Figure 24. Electric field distributions in (a) xoz and (b) yoz plane at 10 GHz.

Figure 25. 2D radiation patterns at 10 GHz (a) xoy-plane (b) yoz-plane.
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In addition, we simulate the models of θ = 0�, 90�, and 135�. It is similar as the LTC-PCMS, the
results for θ = 135� and 45� are the same expect that the copolarization is LHCP for θ = 45�,
while it is RHCP for θ = 135�. For θ = 0�, x-polarization reflecting wave is obtained as shown in
Figure 27(a). While for θ = 90�, and y-polarization reflecting wave is obtained as shown in
Figure 27(b). To some extent, the whole system is polarization-reconfigurable to some extent.
Finally, the photographs of the fabricated sample are shown Figure 28.

3. High-gain lens antenna based on multilayer metasurface

Compared with the reflected MS, the feed of the transmitted MS does not block the radiated
wave, making it more suitable for a high-gain antenna design. However, the design of the transm-
itting MS is more difficult since the transmitting efficiency must be taken into consideration.

Figure 27. 3D radiation patterns for (a) θ = 0� and (b) θ = 90�.

Figure 28. Photographs of the fabricated sample. (a) Vivaldi antenna, (b) multifunctional MS, and (c) whole system.
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In this section, we proposed a four-layered transmitting MS with a parabolic phase profile at
10 GHz. The MS elements are cautiously designed and optimized, aiming at affording high
transmitting efficiencies for all the building elements. In that case, the MS can focus the incident
plane wave with high efficiency. In current design, a patch antenna operating at 10 GHz is placed
at the focal point of the MS to feed the PGMS and the F/D is designed as 0.19. The quasi-spherical
wave emitted by the source will be transformed to near-plane wave by the MS, and thus a high
gain lens antenna with pencil-shaped beam will be achieved.

3.1. Multilayer metasurface unit cell design

The structure of the unit cell, as shown in Figure 29, consists of a four metal layers and a three
dielectric layers. The metal layer consists of a circular patch and a square outer frame. The
transmission phase changes with the radius of rn of the circular patch. The dielectric substrate
has a relative dielectric constant of 2.65 and a thickness of d = 1.5 mm, of which t = 0.1 mm,
p = 10 mm. We simulate the elements with one, two, and three layers, respectively, in CST
Microwave Studio, and their simulation results, the curves of phase, and amplitude varying
with the frequency, are shown in Figure 30. It can be seen from the figure that when the patch
size of the three units is changed, the transmission coefficients at 10 GHz are all above 0.8, and
the phase control range increases with the increase of the number of layer. The phase coverage
of the unit cell contains three dielectric layers already exceeding 360�. The curves of transmit-
ted phase and amplitude varying with the patch size are shown in Figure 31.

3.2. High-efficiency transmitted focusing metasurface design

For designing the transmitted focusing MS, the phase distribution should also obey Eq. (3). To not
lose generality, we arbitrarily select f = λ = 30 mm in this particular design. The phase distribution
is shown in Figure 32. And we can obtain the parameter distribution shown in Figure 33 and
build the MS model. Owing to the narrow band characteristic of the MS, we adopt a microstrip
patch antenna as the feed source, and its structure and reflection coefficient are shown in
Figure 34. The feed source and the MS were simulated in CST, respectively. The electric-field
distributions at xoz- and yoz-planes at 10 GHz are shown in Figure 35. It can be seen from the
figure that the spherical wave emitted by the feed passes through the MS and the transmitted

Figure 29. Structure of the metasurface unit and the simulated setup. (a) Top view and (b) perspective view.
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itting MS is more difficult since the transmitting efficiency must be taken into consideration.
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transmitting efficiencies for all the building elements. In that case, the MS can focus the incident
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at the focal point of the MS to feed the PGMS and the F/D is designed as 0.19. The quasi-spherical
wave emitted by the source will be transformed to near-plane wave by the MS, and thus a high
gain lens antenna with pencil-shaped beam will be achieved.
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The structure of the unit cell, as shown in Figure 29, consists of a four metal layers and a three
dielectric layers. The metal layer consists of a circular patch and a square outer frame. The
transmission phase changes with the radius of rn of the circular patch. The dielectric substrate
has a relative dielectric constant of 2.65 and a thickness of d = 1.5 mm, of which t = 0.1 mm,
p = 10 mm. We simulate the elements with one, two, and three layers, respectively, in CST
Microwave Studio, and their simulation results, the curves of phase, and amplitude varying
with the frequency, are shown in Figure 30. It can be seen from the figure that when the patch
size of the three units is changed, the transmission coefficients at 10 GHz are all above 0.8, and
the phase control range increases with the increase of the number of layer. The phase coverage
of the unit cell contains three dielectric layers already exceeding 360�. The curves of transmit-
ted phase and amplitude varying with the patch size are shown in Figure 31.

3.2. High-efficiency transmitted focusing metasurface design

For designing the transmitted focusing MS, the phase distribution should also obey Eq. (3). To not
lose generality, we arbitrarily select f = λ = 30 mm in this particular design. The phase distribution
is shown in Figure 32. And we can obtain the parameter distribution shown in Figure 33 and
build the MS model. Owing to the narrow band characteristic of the MS, we adopt a microstrip
patch antenna as the feed source, and its structure and reflection coefficient are shown in
Figure 34. The feed source and the MS were simulated in CST, respectively. The electric-field
distributions at xoz- and yoz-planes at 10 GHz are shown in Figure 35. It can be seen from the
figure that the spherical wave emitted by the feed passes through the MS and the transmitted
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wave becomes a near-plane wave. The result is in agreement with the theoretical prediction, and it
also means that the transmitted MS can be used to enhance the gain of the feed antenna. The pen-
shaped farfield pattern given in Figure 36 is a more powerful proof of this characteristic.

Figure 30. Phase (a, c, e) and amplitude (b, d, f) of S21 for single (a, b), two (c, d), and three (e, f) dielectric layers.

Metamaterials and Metasurfaces50

Figure 31. Simulated transmission phase difference (black square dots) and amplitude (blue circle dots) of the unit with
different radius rn of the solid circle (n = 1, 2…8) at 10 GHz.

Figure 32. Absolute phase distribution of the focusing MS.

Figure 33. The distribution of rn on the MS.
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wave becomes a near-plane wave. The result is in agreement with the theoretical prediction, and it
also means that the transmitted MS can be used to enhance the gain of the feed antenna. The pen-
shaped farfield pattern given in Figure 36 is a more powerful proof of this characteristic.

Figure 30. Phase (a, c, e) and amplitude (b, d, f) of S21 for single (a, b), two (c, d), and three (e, f) dielectric layers.

Metamaterials and Metasurfaces50

Figure 31. Simulated transmission phase difference (black square dots) and amplitude (blue circle dots) of the unit with
different radius rn of the solid circle (n = 1, 2…8) at 10 GHz.

Figure 32. Absolute phase distribution of the focusing MS.

Figure 33. The distribution of rn on the MS.
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3.3. Lens antenna assembling and measurement

The multilayer MS is fabricated and then assembled with a patch antenna. The sample
photographs are shown in Figure 37. We test the MS antenna in the microwave anechoic
chamber. Figure 38 shows the simulated and measured patterns of the xoz- and yoz-planes at

Figure 34. The structure of the patch antenna and its measured reflection coefficients with/without the PGMS. lp = 12 mm
and rp = 5.1 mm.

Figure 35. Simulated electric field distribution (Ex) 10 GHz in (a, b) xoz-plane and (c, d) yoz-plane, respectively, for the
patch antenna without (a, c) and (b, d) with the metasurface.
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the 10 GHz of the MS and the contrasted patterns of the bare patch antenna. It can be seen
from the figure that the MS increases the gain of the patch antenna and narrows the width of
the beam, in which the gain enhancement is 11.6 dB and the half-power beam width decrease

Figure 36. Three-dimensional pen shape pattern at 10 GHz of antenna.

Figure 37. Photographs of high-gain lens antenna.

Figure 38. Simulated and measured farfield radiation patterns at 10 GHz of the patch antenna with and without the
metasurface. (a) xoy-plane and (b) yoz-plane.
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3.3. Lens antenna assembling and measurement

The multilayer MS is fabricated and then assembled with a patch antenna. The sample
photographs are shown in Figure 37. We test the MS antenna in the microwave anechoic
chamber. Figure 38 shows the simulated and measured patterns of the xoz- and yoz-planes at
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the 10 GHz of the MS and the contrasted patterns of the bare patch antenna. It can be seen
from the figure that the MS increases the gain of the patch antenna and narrows the width of
the beam, in which the gain enhancement is 11.6 dB and the half-power beam width decrease

Figure 36. Three-dimensional pen shape pattern at 10 GHz of antenna.

Figure 37. Photographs of high-gain lens antenna.

Figure 38. Simulated and measured farfield radiation patterns at 10 GHz of the patch antenna with and without the
metasurface. (a) xoy-plane and (b) yoz-plane.
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is 66�. The aperture efficiency of antenna at 10 GHz can be calculated to be about 30%
by Eq. (4) (Figure 38).

4. Single-layer metasurface for ultrathin planar lens antenna application

As we all known, it is hard to cover 360� phase shift range with satisfying efficiencies by single-
layered (bi-layered metal) structures, though they are easier of fabrication. Multilayer stack
adopted in above section is a valid technique to expand the phase shift range of MS. However,
it is not the only method to achieve this goal. In Ref [20], three kinds of single-layer unit cells are
used together to provide adequate phase range by skillfully connecting each phase shift section
of them. In this section, an element group consist of two similar single-layered transmitting unit
cells was designed. The phase steering ranges of the two elements have been well connected to
achieve a phase shift range of 415�. And we use this element group to successfully design an
ultrathin planar lens antenna.

4.1. Single-layer element design

The structures of the element 1 and the element 2 are shown in Figure 39, in which the metal
layer of the element 1 is a cross and a double cross-ring structure (cross and double cross-ring,
CDCR), and the metal layer of the element 2 is a cross and cross-ring structure (cross and cross-
ring, CCR). The dielectric layers of the two elements are all 3 mm thick with a relative dielectric
constant of 4.3. The dimensions shown in Figure 39 are, p = 8 mm, w = 0.9 mm, g = t = 0.15 mm,
r1 = 3.9 mm, and r2 = 3.7 mm. Element 1 and element 2 regulate their phases by changing the
values of r1n and r2n, respectively. For the CDCR element structure, the transmission coefficient
amplitude curve of r1n = 3.38 mm and r1n = 1.10 mm are shown in Figure 40. In this figure,

Figure 39. Structure and simulated setup of the element 1 (a, b) and element 2 (c, d).
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when r1n = 3.38 mm, there are three frequency bands, in which the transmission rate is more
than 0.7. The third band is in the X band, and the transmission rate in this band changes slowly.
Indeed, this resonant frequency band is mainly controlled by the cross-structure, which means
that different transmitted phases at 10 GHz can be obtained by changing the cross-length (r1n).
Under the requirement of the transmission efficiency over 0.7 at 10 GHz, we adjust the length
r1n of the cross to make the frequency point of 10 GHz fall on the rising and descending edge of
the third frequency ranges. The phase changing range is shown in Figure 41. The difference
between the minimum and the maximum transmitted phase at 10 GHz is 204�.

In order to achieve the phase tuning range of 360�, we remove the outermost cross-frame
structure on the basis of CDCR element and get the second element namely the CCR element.

Figure 40. Transmitted amplitudes of the element 1 with minimum and maximum sizes of the inner cross.

Figure 41. Transmitted phases of the element 1 with minimum and maximum sizes of the inner cross.
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when r1n = 3.38 mm, there are three frequency bands, in which the transmission rate is more
than 0.7. The third band is in the X band, and the transmission rate in this band changes slowly.
Indeed, this resonant frequency band is mainly controlled by the cross-structure, which means
that different transmitted phases at 10 GHz can be obtained by changing the cross-length (r1n).
Under the requirement of the transmission efficiency over 0.7 at 10 GHz, we adjust the length
r1n of the cross to make the frequency point of 10 GHz fall on the rising and descending edge of
the third frequency ranges. The phase changing range is shown in Figure 41. The difference
between the minimum and the maximum transmitted phase at 10 GHz is 204�.

In order to achieve the phase tuning range of 360�, we remove the outermost cross-frame
structure on the basis of CDCR element and get the second element namely the CCR element.

Figure 40. Transmitted amplitudes of the element 1 with minimum and maximum sizes of the inner cross.

Figure 41. Transmitted phases of the element 1 with minimum and maximum sizes of the inner cross.
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To ensure that the simulated conditions are exactly the same, the size of the CCR element is
slightly adjusted. When r2n takes 3.46 mm and 1 mm, the curves of the transmitted amplitude are
shown in Figure 42. The number of the frequency band, in which the transmittance is over 0.7, is
reduced to two. The second resonant frequency band is mainly controlled by the cross-structure
(r2n). When r2n takes 3.46 mm and 1 mm, the rising and falling edges of the band fall at 10 GHz,
respectively. And the corresponding transmission phase curve is shown in Figure 43. In combi-
nation with Figures 41 and 43, we find that the difference between the minimum transmission
phase (absolute value) of the element 1 (CDCR element) and the maximum transmission phase
(absolute value) of element 2 is 15� at 10 GHz, which indicates that the two elements have

Figure 42. Transmitted amplitudes of the element 2 with minimum and maximum sizes of the inner cross.

Figure 43. Transmitted phases of element 2 with minimum and maximum sizes of the inner cross.
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achieved good phase abutment. At the same time, the 360� full coverage is achieved after
abutting the two elements. Figure 44 gives two curves of transmittance and transmission phase
of the elements varying with their respective parameters (r1n and r2n).

4.2. Single-layer metasurface design

From the previous analysis, it can be seen that the combination of CDCR and CCR unit
cells can completely control the phase of transmitted wave under the precondition of the
transmittance higher than 0.7, which meet the requirements of the transmitted focusing
MS. The same as the Section 2, we use 13 � 13 elements to build the transmitted MS and
improve the gain of the patch antenna. According to Eq. (13), we fix L = 30 mm to calculate
the absolute phase distribution on MS and show it in Figure 45(a), in which the transmission
phase of the original point (0, 0) is �740�, the element form is CDCR, the cross-parameter is
r1n = 3.38 mm, and the value of k is reasonably selected to make the transmission phase of
each unit fall within the range of [0, 360�]. According to the phase distribution shown in
Figure 45(a) and the phase distribution curve given in Figure 44, we can determine the unit

Figure 44. Transmission (a) phases and (b) amplitudes versus the r1 and r2 for element 1 and element 2.
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achieved good phase abutment. At the same time, the 360� full coverage is achieved after
abutting the two elements. Figure 44 gives two curves of transmittance and transmission phase
of the elements varying with their respective parameters (r1n and r2n).

4.2. Single-layer metasurface design

From the previous analysis, it can be seen that the combination of CDCR and CCR unit
cells can completely control the phase of transmitted wave under the precondition of the
transmittance higher than 0.7, which meet the requirements of the transmitted focusing
MS. The same as the Section 2, we use 13 � 13 elements to build the transmitted MS and
improve the gain of the patch antenna. According to Eq. (13), we fix L = 30 mm to calculate
the absolute phase distribution on MS and show it in Figure 45(a), in which the transmission
phase of the original point (0, 0) is �740�, the element form is CDCR, the cross-parameter is
r1n = 3.38 mm, and the value of k is reasonably selected to make the transmission phase of
each unit fall within the range of [0, 360�]. According to the phase distribution shown in
Figure 45(a) and the phase distribution curve given in Figure 44, we can determine the unit

Figure 44. Transmission (a) phases and (b) amplitudes versus the r1 and r2 for element 1 and element 2.
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Figure 45. The (a) absolute phases, (b) element types, and (c) values of r1n or r2n for all the unit cells on the MS.

Figure 46. Simulated electric field distribution (Ex) at 10 GHz in (a) xoz-plane and (b) yoz-plane.

Figure 47. The (a) 3D radiation pattern at 10 GHz.
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form at every position of the MS and get the corresponding cross-parameter values. The
distribution of element form is shown in Figure 45(b), where red represents CDCR unit and
yellow represents CCR unit. The corresponding r1n or r2n value distribution is shown in
Figure 45(c).

According to the distribution of Figure 45(b) and (c), a single-layer transmitted focusing MS is
constructed, and the patch antenna shown in Figure 34 is used as the feed source. Figure 46

Figure 48. Prototype of the proposed lens antenna (a) single-layer MS and (b) the farfield measured setup.

Figure 49. Simulated and measured 2D radiation patterns in (a) xoz-plane and (b) yoz-plane.
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shows the electric-field distribution at 10 GHz on the xoz- and yoz-planes. It can be seen from
the figure that the spherical wave is transformed into a near-plane wave by the MS, thus
increasing the gain of the feed source, as verified by the pen-shaped farfield pattern shown in
Figure 47.

4.3. Lens antenna assembling and measurement

As is shown in Figure 48, the single-layer transmitted MS is fabricated and then assembled
with a patch antenna. The lens antenna is measured in the microwave anechoic chamber. In
Figure 49, the simulation and test patterns of the xoz- and yoz-planes at 10 GHz are given. It
can be seen from the figure that the antenna gain at 10 GHz reaches 16.5 dB, which is 10 dB
higher than the patch antenna, and the sidelobe level of the system is �15 dB. In addition, the
area of the MS is 104 � 104 mm2. It can be calculated that the focal-to-diameter ratio at 10 GHz
is 0.29, and the aperture efficiency is about 30%.

5. Conclusions

In this chapter, we have reviewed our recent efforts in utilizing metasurface to enhance
the gain of the conventional antenna. For reflected MS, we propose a novel single-layer
unit cell to greatly widen the phase-steering range and use it to design an MS antenna
which achieves a wide working band of 10–12.3 GHz. On this basis, we propose a bi-layer
reflected MS to simultaneously enhance the gain and transform the linear polarization to
circular polarization of the Vivaldi antenna. The new MS enhances the gain and decrease
beam width of the antenna in a 3 dB axial ratio band of 9.12–10.2 GHz. While for transmitted
MS, we not only try to widen the phase-tuning range but also struggle to maintain high
transmissions. Two methods have been proposed in this chapter to design transmitted MS.
One is based on multilayer stack and the other is using an element-group. Compared with
the patch antenna, the gain enhancements at 10 GHz are 11.6 and 10 dB for the methods of
multilayer stack and group-element, respectively. In addition, both of the aperture efficien-
cies have reached 30%. These above MS antennas not only open up a new route for the
applications of focusing MSs in microwave band, but also afford an alternative for high-gain
antennas.
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shows the electric-field distribution at 10 GHz on the xoz- and yoz-planes. It can be seen from
the figure that the spherical wave is transformed into a near-plane wave by the MS, thus
increasing the gain of the feed source, as verified by the pen-shaped farfield pattern shown in
Figure 47.
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Abstract

In recent years, the demand for miniaturization and integration of many functions of
telecommunication equipment is of great interest, especially devices that are widely used in
life such as mobile communication systems, smart phones, handheld tablets, GPS receivers,
wireless Internet devices, etc. To satisfy this requirement, the mobile device components
must be compact and capable of multifunction, multifrequency band operation. An antenna
is one of them; it means that it must be conformal to the body of device, reduced in size, and
capable to operating at multiple frequencies of mobile communication systems that have
been operating on one, so-called smart device. Nowadays, there are many technical solu-
tions applied in the antenna construction to satisfy of those requirements. There are
microstrip antenna technology miniaturized by means of high-permittivity dielectric sub-
strate, using shorting wall, shorting pins, some deformation, as the fractal geometry is, and
others. However, these methods have disadvantage such as narrow bandwidth and low
gain. A new solution that is of great interest to designers is the use of electromagnetic meta-
materials for antenna design. The use of metamaterials in antenna design not only dramat-
ically reduces the size of the antenna but can also improve other antenna parameters such as
enhancing bandwidth, increasing gain, or generating multiband frequencies of antennas
operation.

Keywords: antenna, parameters improvement, bandwidth, gain, multiband,
metamaterials, LHM, DNG, ENG, MNG, SRRs, HISs, AMC

1. Introduction

In recent decades, scientists have spent a lot of time and effort in researching new materials
and physical phenomena in order to cater to modern life. There are many new artificial
materials that have been found to replace the earlier natural materials, which have brought
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significant benefits in various areas of life. Metamaterials are among those new materials that
are made up of the arrangement of metal structures on the surface of dielectric substrates.
Therefore, the physical properties of metamaterials depend on their structures more than the
component that makes up them. In fact, materials with negative permittivity and permeability
were first studied in 1968 by Veselago, who termed this material such as media left-hand (LH)
which is formed by triad’s of vectors: electric field, magnetic field, and phase propagation [1].
However, these properties are not available in natural materials but only in artificial materials
called metamaterials. The effects created by the metamaterials can be observed during the
transmission of electromagnetic waves such as wave propagation. This phenomenon occurs
due to an antiparallel group and the phase velocity leads to the inversion of the wave fronts,
while its energy is moving away from the source. Metamaterial can be used for microwave and
terahertz fields in devices such as antennas, filters, integrated network sensors, or new
superlayers that can improve some of the parameters of equipment in the different field of
science and technology. The knowledge of metamaterials provides us with a great deal of
possibilities for applying and translating the physical concepts of metamaterials from labora-
tories to innovative antenna designs in practical engineering applications.

A metamaterial is a word derived from the Greek word, it is a combination of the words
“meta” and “material,” in which “meta” means something beyond normal, altered, changed,
or something advance. It is an artificial material designed to obtain the physical properties that
do not exist in natural materials. The term of metamaterial was given by Rodger M. Walser,
University of Texas at Austin, in 1999 [2, 3]. He defined metamaterials as- “Macroscopic
composites having a synthetic, three-dimensional, periodic cellular architecture designed to
produce an optimized combination, not available in nature, of two or more responses” [3].
Many definitions are suggested about electromagnetic metamaterials, all of which can give us
an understanding of electromagnetic metamaterial as follows:

• Electromagnetic metamaterials (MTMs) are artificial material that is created by arranging
homogeneous metal structures and having unusual properties that natural materials are
not available.

• The size of an effective homogeneous structure to form a unit cell of metamaterials must
be much smaller than the guided wavelength [3].

• Metamaterials are generated by arranging microstructures that are called “atoms” or cells.

• These “atoms” can be made from electrical, nonelectrical, or dielectric materials.

• These structures may be symmetric or asymmetric, isotropic, or anisotropic.

• The arrangement of atoms can be in an orderly or chaotic manner, the purpose of which is
to create the desired macrocharacteristics for the metamaterial.

On the other hand, different structures give different types of metamaterials and applications,
which are classified based on the material permittivity and permeability values created by those
structures [4].

Metamaterials and Metasurfaces64

1.1. The properties of metamaterials

The electromagnetic property of these metamaterials can be described by the Maxwell’s equa-
tions. The transformation of this equation serves to highlight the properties of metamaterials.
They are given in the set of equations:

∇� E
!¼ �jωμ H

!
; (1)

∇� H
! ¼ jω ε E

!
(2)

where E
!

and H
!

are the vectors of electric and magnetic fields strengths, respectively; ε and

μ are the material permittivity and permeability; ω is an angular frequency; and j ¼ ffiffiffiffiffiffiffi�1
p

is an
imaginary number.

In the case of the plane wave propagation, the electric and magnetic fields are represented as:

E ¼ E0e �jkrþjωtð Þ (3)

H ¼ H0e �jkrþjωtð Þ (4)

In addition, to evaluate the properties of materials, a general definition of the Poynting power

density vector S
!

is mentioned, which is subdivided into the time e+jωt and the space e�jkr

components. The real part of the Poynting vector S
!
, which determines the energy flow, is

represented by the following formula:

S
!¼ 1

2
E
!�H∗!

(5)

For the plane wave, the electric field E
!
and the magnetic field H

!
are defined by

k
! � E

!¼ωμ H
!

; (6)

k
! � H

! ¼ �ωεE
!

(7)

In the isotropic and homogeneous medium, the values of ε and μ are simultaneously positive.

In this medium, the electric field E
!
, magnetic field H

!
, and propagation vector k

!
form the right

circulate triad of orthogonal vectors. Therefore, it is also defined as the right-handed medium

(RHM), where the S
!
, k
!
have the same directions and electromagnetic waves can propagate in

them [5].

In that case, the values of ε and μ are negative simultaneously; so, Eqs. (6) and (7) can be
rewritten as:
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In the case of the plane wave propagation, the electric and magnetic fields are represented as:

E ¼ E0e �jkrþjωtð Þ (3)

H ¼ H0e �jkrþjωtð Þ (4)

In addition, to evaluate the properties of materials, a general definition of the Poynting power

density vector S
!

is mentioned, which is subdivided into the time e+jωt and the space e�jkr

components. The real part of the Poynting vector S
!
, which determines the energy flow, is

represented by the following formula:

S
!¼ 1

2
E
!�H∗!

(5)

For the plane wave, the electric field E
!
and the magnetic field H

!
are defined by

k
! � E

!¼ωμ H
!

; (6)

k
! � H

! ¼ �ωεE
!

(7)

In the isotropic and homogeneous medium, the values of ε and μ are simultaneously positive.

In this medium, the electric field E
!
, magnetic field H

!
, and propagation vector k

!
form the right

circulate triad of orthogonal vectors. Therefore, it is also defined as the right-handed medium

(RHM), where the S
!
, k
!
have the same directions and electromagnetic waves can propagate in

them [5].

In that case, the values of ε and μ are negative simultaneously; so, Eqs. (6) and (7) can be
rewritten as:
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k
! � E

!¼ �ω μ
�� �� H! ; (8)

k
! � H

!¼ ω εj j E! ; (9)

In this case, the electric field E
!
, the magnetic field H

!
, and the propagation vector k

!
form left-

hand circulate triad of orthogonal vectors, which also is defined as the left-hand medium

(LHM). In this medium, the Poynting vector S
!

has the opposite direction to the propagation

vector k
!
, so that it can support backward waves, i.e., the energy and wave fronts travel in

opposite directions. Figure 1 depicts triplet models for RHM (a) and LHM (b) materials.

1.2. Metamaterials classification based on their properties

The metamaterial classification was first proposed by Veselago scientists by considering the
permittivity, ε, and the permeability, μ of a homogeneous material. As a result, when ε and μ
are simultaneously negative, some abnormal physical phenomena occur such as the reversal of
the Snell Law, the reversal of Cerenkov Effect, the reversal of the Doppler Shift. The relationship
between the refractive index and the constituent parameters ε and μ is given by the formula:

n ¼ � ffiffiffiffiffiffiffiffiffi
εrμr

p
(10)

where εr and μr are the relative permittivity and permeability of the material, related to the free
space permittivity and permeability by ε0 = ε/εr = 8.854 � 10�12 F/m and μ0 = μ/μr = 4π �
10�7 H/m, respectively.

From Eq. (10), sign � of n can get 1 in the four cases, which depends on the pairs of sign of εr
and μr. The electromagnetic metamaterials are classified based on each case of the pair sign ε
and μ, they are shown in Figure 2. With each region corresponding to the structure created
different metamaterials.

In the quadrant I, both parameters ε and μ are positive, and are called Double Positive (DPS)
or right-handed medium (RHM). These materials can be found in nature, such as dielectric
materials, in which the electromagnetic waves can propagate. In the quadrant II, the param-
eters are ε < 0—negative, and μ > 0—positive, and such material is called as epsilon negative
(ENG) medium, and is represented by a plasma. In the quadrant III, parameters ε < 0—
negative, and μ < 0—negative, this region is called double-negative (DNG) or left-handed
medium (LHM), and such material could not be find in nature. The quadrant IV ε > 0—positive,

Figure 1. The vectors E, H, k form the trio for right-handed (a) and left-handed media (b).
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and μ < 0—negative, and such material is called μ—negative (MNG), represented by ferrite
materials. Such medium has below plasma frequency. Most waves can propagate in two
mediums, namely: at region I and III. Non-propagating evanescent waves are found in regions
II and IV [6–9].

Currently, two basic types of structures are being used for designing the most metamaterials: a
dense array of thin wires (the electrical dipoles) and an array of split-ring resonators (SRRs)
(the magnetic loops).

1.2.1. The epsilon-negative (ENG) metamaterial

The ENG metamaterial uses the metallic mesh of thin wires, for obtaining negative value of ε.
These parallel metal wires, which exhibit high-pass behavior for an incoming plane wave,
whose electric field is parallel to the wires [10]. The cylindrical array displays the negative
permittivity below the plasma frequency, the wire can be made of copper, aluminum, silver, or
gold, they are arranged periodically as shown in Figure 3a. The effective permittivity is given
by the equation [11]:

εp ¼ 1� ω2
p

ω2 (11)

where ω is the frequency of the propagating electromagnetic wave and ωp is the plasma
frequency.

Figure 2. The classification of electromagnetic MTMs based on signs of the ε and μ.

Metamaterials in Application to Improve Antenna Parameters
http://dx.doi.org/10.5772/intechopen.80636

67



k
! � E

!¼ �ω μ
�� �� H! ; (8)

k
! � H

!¼ ω εj j E! ; (9)

In this case, the electric field E
!
, the magnetic field H

!
, and the propagation vector k

!
form left-

hand circulate triad of orthogonal vectors, which also is defined as the left-hand medium

(LHM). In this medium, the Poynting vector S
!

has the opposite direction to the propagation

vector k
!
, so that it can support backward waves, i.e., the energy and wave fronts travel in

opposite directions. Figure 1 depicts triplet models for RHM (a) and LHM (b) materials.

1.2. Metamaterials classification based on their properties

The metamaterial classification was first proposed by Veselago scientists by considering the
permittivity, ε, and the permeability, μ of a homogeneous material. As a result, when ε and μ
are simultaneously negative, some abnormal physical phenomena occur such as the reversal of
the Snell Law, the reversal of Cerenkov Effect, the reversal of the Doppler Shift. The relationship
between the refractive index and the constituent parameters ε and μ is given by the formula:

n ¼ � ffiffiffiffiffiffiffiffiffi
εrμr

p
(10)

where εr and μr are the relative permittivity and permeability of the material, related to the free
space permittivity and permeability by ε0 = ε/εr = 8.854 � 10�12 F/m and μ0 = μ/μr = 4π �
10�7 H/m, respectively.

From Eq. (10), sign � of n can get 1 in the four cases, which depends on the pairs of sign of εr
and μr. The electromagnetic metamaterials are classified based on each case of the pair sign ε
and μ, they are shown in Figure 2. With each region corresponding to the structure created
different metamaterials.

In the quadrant I, both parameters ε and μ are positive, and are called Double Positive (DPS)
or right-handed medium (RHM). These materials can be found in nature, such as dielectric
materials, in which the electromagnetic waves can propagate. In the quadrant II, the param-
eters are ε < 0—negative, and μ > 0—positive, and such material is called as epsilon negative
(ENG) medium, and is represented by a plasma. In the quadrant III, parameters ε < 0—
negative, and μ < 0—negative, this region is called double-negative (DNG) or left-handed
medium (LHM), and such material could not be find in nature. The quadrant IV ε > 0—positive,

Figure 1. The vectors E, H, k form the trio for right-handed (a) and left-handed media (b).

Metamaterials and Metasurfaces66

and μ < 0—negative, and such material is called μ—negative (MNG), represented by ferrite
materials. Such medium has below plasma frequency. Most waves can propagate in two
mediums, namely: at region I and III. Non-propagating evanescent waves are found in regions
II and IV [6–9].

Currently, two basic types of structures are being used for designing the most metamaterials: a
dense array of thin wires (the electrical dipoles) and an array of split-ring resonators (SRRs)
(the magnetic loops).

1.2.1. The epsilon-negative (ENG) metamaterial

The ENG metamaterial uses the metallic mesh of thin wires, for obtaining negative value of ε.
These parallel metal wires, which exhibit high-pass behavior for an incoming plane wave,
whose electric field is parallel to the wires [10]. The cylindrical array displays the negative
permittivity below the plasma frequency, the wire can be made of copper, aluminum, silver, or
gold, they are arranged periodically as shown in Figure 3a. The effective permittivity is given
by the equation [11]:

εp ¼ 1� ω2
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ω2 (11)

where ω is the frequency of the propagating electromagnetic wave and ωp is the plasma
frequency.
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From Eq. (11), it is shown that when the propagation frequency is below the plasma fre-
quency, its permittivity is negative [12]. This behavior is similar to the propagation of the
electromagnetic waves in plasma medium. The propagation frequency as close to the plasma
frequency, the value of effective permittivity is increasing. At the plasma frequency, the
effective permittivity is equal to zero, and this corresponds to the refractive index equal to
zero [13].

Below the cutoff frequency of the array, there is no wave propagation, and the electromagnetic
waves are totally reflected waves. This behavior is similar to the propagation of electromag-
netic waves in the plasma medium. The plasma frequency depends on the lattice constant p
and the radius of the individual wire. If the lattice constant frequency is several times smaller
than the wavelength, the wire array can be considered as an equivalent of the continuous
plasma [13, 14].

1.2.2. The mu-negative (MNG) metamaterial

As the mu-negative (MNG) material, the most popular structure has been using is split ring
resonators (SRRs). A unit cell of the SRR is composed of two concentric metallic rings (can be
circle or square) and separated by a gap d (see Figure 4b). Each ring has a narrow slot, and they
are spaced 180 degree apart on each side. The gap between inner and outer ring acts as a
capacitor, while the rings themselves act as an inductors. Therefore, the combination of the two
rings acts as an LC resonance circuit. The effective permeability of MNG metamaterials is
given by the formula (12):

μeff ¼ μ0
eff � jμ0

eff ¼ 1�
f 2mp� f 20

f 2 � f 20 � jγf
(12)

where f is the frequency of the signal, fmp denotes the frequency at which (in the lossless case)
μeff = 0 (“magnetic plasma frequency”), f0 is the frequency at which μeff diverges (the resonant
frequency of the SRR), and γ represents the losses. The frequencies fmp and f0 depend on the
lattice constant (p), and the geometry parameters of the SRR such as inner and outer radii of
the rings, the width of the gap between the rings, and the slit width [15]. The dependence of μeff

on the frequency is shown in Figure 4c.

Figure 3. An array of thin conducting wires (a), unit cell (b), plots of the effective permittivity of an array of wires (c), and
its equivalent circuit (d).
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1.2.3. The double-negative (DNG) metamaterial

The DNG metamaterial is also known as the negative refractive index material (NIM). The
properties of the metamaterials DNG were first achieved by combining the thin wire-based ENG
structure with SRR-based MNG structure (Figure 5a) [16]. This combination satisfies the require-
ment of ε < 0 from a wire/rodded medium (as an artificial dielectric) and μ < 0 from a split ring
resonator (SRR). The first structure was constructed from the combination of planar SRRs etched
on a thin dielectric layer and metallic rods (Figure 5b). In addition, to take advantage of the two
sides of the dielectric layers, two-dimensional metamaterials have been designed by engraving the
SRR on one side of the dielectric layer and planar strips on the other [17] (Figure 5c).

Because of DNG is made up of thin wire medium and SRRs medium, which their strong
resonance behavior (Drude-Lorentz models) affects the frequency. Therefore, the generated
DNG metamaterials are also dependent on frequency, which results in the refractive index n
being reformatted as:

Figure 4. An array of SRRs (a), SRR unit cell (b), the effective permeability of SRR array (c), and equivalent circuit (d).

Figure 5. Combination of thin wires and SRR to form DNG metamaterials (a) and examples of realizations of DNG
metamaterials (b) and (c).
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Because of DNG is made up of thin wire medium and SRRs medium, which their strong
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DNG metamaterials are also dependent on frequency, which results in the refractive index n
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n � neff ωð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εeff ωð Þμeff ωð Þ

q
(13)

where εeff(ω) and μeff(ω) are the frequency-dependent effective permittivity and the effective
permeability, respectively.

These effective material parameters are characterized by their Drude-Lorentz dispersion
models and have the form described in Eqs. (14) and (15)

εeff ωð Þ ¼ 1� ω2
ep�ω

2
e0

ω2 � ω2
e0 þ jωγc

(14)

μeff ωð Þ ¼ 1� Fω2

ω2 � ω2
m0 þ jωΓ

(15)

where ωep and ωmp are the electric and magnetic plasma frequencies, respectively, ωe0 and ωm0

are the electric and magnetic resonant frequencies, respectively, γc is the collision frequency, F
is an amplitude factor, and Γ is a damping factor.

These expressions have been plotted in Figure 6.

To get the DNG metamaterial from the combination of the ENG and MNG structures, both
negative regions of them must coincide. Then, the ENG domain is found corresponding to
ωe0 < ω < ωep and the MNG region corresponding to ωm0 < ω < ωmp. Note that, if the wires are
electrically continuous, their resonant frequency is 0 (ωe0 ≈ 0). This leads to results, since the
ENG region is wider compared to the MNG region, the magnetic resonator metamaterial limits
the DNG performance, when assembled together with an electric resonator metamaterial.

2. Metamaterials in antenna design

Due to the special physical properties that natural materials do not exist, nowadays, the
metamaterials are very attractive materials and are applied in many areas of life, such as the

Figure 6. The plots of effective permittivity (a) and permeability (b) of the DNG metamaterial.
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microwave invisibility cloaks, the invisible submarines, the revolutionary electronics, the neg-
ative refractive-index lenses, the microwave components, as the filters, compact, and efficient
antennas [18]. Applying metamaterials to design of antennas is one of its most important
applications [19, 20].

Because metamaterials have unusual properties, so we can create antennas with novel charac-
teristics, which cannot be obtained with traditional materials. The metamaterial antenna is one
or more layers of metamaterials that are used as substrates or in addition to the configuration
of the antenna to improve its performances [21–23]. From scientific research shows that the
application of metamaterials in the antenna design can enhance the radiated power, improve
some important parameters and reduce the size of the antenna. Depending on the design
purpose of the antenna, the choice of structure and method of application of metamaterials
varies.

2.1. Unit cell of metamaterials

The metamaterials applied in the antenna design can be in the form of a unit cell or multiple
unit cells assembled together into an array. Thus, the first step in designing the antenna
metamaterials is to design and analyze the main factors affecting the resonance frequency,
permittivity, and permeability of its unit cell [24]. The design of unit cells of metamaterials is
based on the calculation of size and simulation of unit cells, so that the parameters ε and μ of
these unit cells will satisfy the requirements at the expected resonant frequency. Depending on
the structure and size of each unit cell, we can obtain different ε, μ, and resonant frequencies f.
For each unit cell type, the dimensions of unit cell can be adjusted to satisfy condition at
resonant frequency fr [25]. A unit cell is usually smaller than 1/10 of the operating wavelength
(see Figure 7), depending on the shape of the metamaterial, but the unit cell size is different
[19, 20, 26].

For example, a unit cell of metamaterial is designed and simulated based on the steps below.
The size of the unit cell, in order for the metamaterial to satisfy the homogeneous conditions,
the unit cell size must be much smaller than their guided wavelength. The unit cell of
metamaterials at 1.88 GHz for GSM cellular phone system is shown in Figure 8 [27].

Figure 7. A unit cell of an inclusion with the SRR (a), second-order Hilbert fractal inclusion (b), square spiral (c), third-
order Hilbert fractal inclusion (d), and fourth-order Hilbert fractal inclusion (e). Note that as the order of Hilbert fractal
curve increases, the size of inclusion decreases.
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teristics, which cannot be obtained with traditional materials. The metamaterial antenna is one
or more layers of metamaterials that are used as substrates or in addition to the configuration
of the antenna to improve its performances [21–23]. From scientific research shows that the
application of metamaterials in the antenna design can enhance the radiated power, improve
some important parameters and reduce the size of the antenna. Depending on the design
purpose of the antenna, the choice of structure and method of application of metamaterials
varies.

2.1. Unit cell of metamaterials

The metamaterials applied in the antenna design can be in the form of a unit cell or multiple
unit cells assembled together into an array. Thus, the first step in designing the antenna
metamaterials is to design and analyze the main factors affecting the resonance frequency,
permittivity, and permeability of its unit cell [24]. The design of unit cells of metamaterials is
based on the calculation of size and simulation of unit cells, so that the parameters ε and μ of
these unit cells will satisfy the requirements at the expected resonant frequency. Depending on
the structure and size of each unit cell, we can obtain different ε, μ, and resonant frequencies f.
For each unit cell type, the dimensions of unit cell can be adjusted to satisfy condition at
resonant frequency fr [25]. A unit cell is usually smaller than 1/10 of the operating wavelength
(see Figure 7), depending on the shape of the metamaterial, but the unit cell size is different
[19, 20, 26].

For example, a unit cell of metamaterial is designed and simulated based on the steps below.
The size of the unit cell, in order for the metamaterial to satisfy the homogeneous conditions,
the unit cell size must be much smaller than their guided wavelength. The unit cell of
metamaterials at 1.88 GHz for GSM cellular phone system is shown in Figure 8 [27].
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The model of a SRR unit cell is shown in Figure 8a. The perfect electric conductor (PEC)
boundary condition is applied to the z-axis, and the y-axis is defined as a perfect magnetic
conductor (PMC) for the surfaces of the radiation box [28]. The S-parameters of unit cell
including S11, S21 are exported as magnitude and phase (Figure 7b). The parameters ε and μ
of the metamaterials must be verified through the S-parameters of unit cell given by formulas
(16)–(19) and can extract them into graphs by the MATLAB program (Figure 9) [29].

z ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ S11ð Þ2 � S221
1� S11ð Þ2 � S221

s
(16)

n ¼ 1
k0d

Im ln eink0d
� �þ 2mπ

� �� iRe ln eink0d
� �� �� ��

(17)

eink0d ¼ S21
1� S21 z�1

zþ1

(18)

ε ¼ n
z
;μ ¼ nz (19)

Figure 8. The unit cell of SRR simulation model (a) and the plots of S-parameters (b) at 1.88 GHz for GSM cellular phone
system.

Figure 9. Effective permittivity (a) and permeability (b) of metamaterial retrieved from S-parameters at 1.88 GHz [27].
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where S11 and S21 are the reflection and transmission coefficients, respectively; k0 is the
wavenumber; d is the maximum length of the unit element; m is the integer related to the
refractive index of n; and z is the wave impedance; μ is the permeability; and ε is the permittivity.

In many cases, the numerical simulations of unit cells, according to calculations, do not fully
achieve the desired results. Thus, the sizes of the unit cells need to be adjusted iteratively, until
the simulation results satisfy the requirements of the metamaterial structure. For simulation
results to be satisfied in the shortest possible time, the size of unit cells can be determined using
an optimization computational algorithm. In Ansoft HFSS software, we can use the optimiza-
tion method to save time and get the results as expected. Optimization algorithm of the unit
cell size is shown in the diagram in Figure 10.

To save the time and load of the processor of the computer, choosing the value of parameters
should be optimized in the two stages. In the first stage, we should select the start value, the
end value of the parameters which are not too close to the calculated value, and the step value
is not too small. After optimization, we select the desired results (if achieved). If the results are
not satisfactory, we proceed with the optimization by selecting the optimal parameters, which
give the result closest to the desired. Then proceed to select the start value, the value close to
the selected value in the previous optimization, the value of the step is smaller than the
previous step. The optimal execution will result in the most satisfying results.

Figure 10. Optimal algorithm in designing unit cells of metamaterial.

Metamaterials in Application to Improve Antenna Parameters
http://dx.doi.org/10.5772/intechopen.80636

73



The model of a SRR unit cell is shown in Figure 8a. The perfect electric conductor (PEC)
boundary condition is applied to the z-axis, and the y-axis is defined as a perfect magnetic
conductor (PMC) for the surfaces of the radiation box [28]. The S-parameters of unit cell
including S11, S21 are exported as magnitude and phase (Figure 7b). The parameters ε and μ
of the metamaterials must be verified through the S-parameters of unit cell given by formulas
(16)–(19) and can extract them into graphs by the MATLAB program (Figure 9) [29].

z ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ S11ð Þ2 � S221
1� S11ð Þ2 � S221

s
(16)

n ¼ 1
k0d

Im ln eink0d
� �þ 2mπ

� �� iRe ln eink0d
� �� �� ��

(17)

eink0d ¼ S21
1� S21 z�1

zþ1

(18)

ε ¼ n
z
;μ ¼ nz (19)

Figure 8. The unit cell of SRR simulation model (a) and the plots of S-parameters (b) at 1.88 GHz for GSM cellular phone
system.

Figure 9. Effective permittivity (a) and permeability (b) of metamaterial retrieved from S-parameters at 1.88 GHz [27].

Metamaterials and Metasurfaces72

where S11 and S21 are the reflection and transmission coefficients, respectively; k0 is the
wavenumber; d is the maximum length of the unit element; m is the integer related to the
refractive index of n; and z is the wave impedance; μ is the permeability; and ε is the permittivity.

In many cases, the numerical simulations of unit cells, according to calculations, do not fully
achieve the desired results. Thus, the sizes of the unit cells need to be adjusted iteratively, until
the simulation results satisfy the requirements of the metamaterial structure. For simulation
results to be satisfied in the shortest possible time, the size of unit cells can be determined using
an optimization computational algorithm. In Ansoft HFSS software, we can use the optimiza-
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Figure 10. Optimal algorithm in designing unit cells of metamaterial.
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2.2. The functions of metamaterials in antenna design

In the antenna applications, among the applications of microwave and radio frequency sub-
strate materials, the artificial magnetic conductors (AMCs) and the high-impedance surfaces
(HISs) are the most relevant and applied devices. They are used to design compact and low-
profile antenna systems by placing HISs or AMCs around or close to the antenna radiating
elements. In addition, metamaterials can also be used as part of the antenna structure or the
feeding part of the antenna system.

2.2.1. Metamaterials used as the antenna environment

Metamaterials are applied as the antennas environment, to improve their radiation prop-
erties by using the artificial magnetic conductor (AMC). It is a type of implemented
metamaterial in several antennas and microwave design applications. By utilizing the
unique characteristics of metamaterials which do not exist naturally, the performance of
various microwave devices can be enhanced. The property limits the applications of AMC
in wideband antenna applications. One of the techniques to improve the narrow band
AMC as the ground plane is discussed in detail. The employment of AMC has solved
many issues while overcoming the typical limitations in conventional antenna designs. To
improve the radiation properties of the antenna by using metamaterials, antennas are
often placed above the reflector in order to radiate in one direction only, while reducing
the back-radiation [30]. In this case, the metamaterial is not used as a medium but as a
device, which serves as active substrate for the creation of plasma environment in each
unit cell of the metamaterial. The distance between the antenna and the metal surface
should be chosen for a minimum of λ/4, where the metamaterial acts as a reflective plane
to enhance the radiation, it is shown in Figure 11 [31]. This can be explained by means of

image theory for electric or magnetic currents. When placing a charge r r!
� �

or current

J
!

r!
� �

distribution close to a conductor, there are several charges and currents that appear

on the surface of the metal, which are involved in the radiation of the conductor. Both
perfect magnetic conductors (PMCs) and perfect electric conductor (PECs) boundary con-
ditions (BCs) are appearing these image current [32]. Depending on the type of reflector,
the images of the electric or the magnetic current will change. Figure 11b and c shows the

Figure 11. Geometry of an antenna located above an AMC ground plane (a), the electric image currents due to a PEC (b)
or a PMC (c) boundary condition (BCs).
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electric currents (of a dipole antenna) placed above a PEC and a PMC boundary condi-
tions (BSc).

ACM is a widely used metamaterial in antenna design, it is used to mimic the behavior of
PMC, which is not available in nature. The performance of the antenna is improved when it is
combined with ACM. Because with this combination, the ACM mimics the PMC is the ability
to provide zero-degree reflection phases at its resonant frequency (Figure 12a) [33].

One of the first AMC surfaces was the electromagnetic band-gap (EBG) surface, which was
introduced by Sievenpiper in 1999 [34]. The so-called mushroom-like surface is composed of a
ground plane loaded with a lattice of square patches which are connected to the ground plane
through metallic vias, as shown in Figure 12b.

Previous ACMs was fabricated using a planar dielectric substrate double-side metallized,
where one side is a ground plane, whereas on another side, the square patches are photo-
etched. The metallic bars are inserted into the substrate to connect two sides (ground plane and
individual patches) of the AMC. In addition, other AMCs are designed that do not require a
ground plane for reflective purposes. One layer with capacitive-loaded loops (CLLs) of the
volumetric AMC is seen in Figure 13a.

Figure 12. Typical reflection phase diagram of AMC (a) and mushroom-like surface design (b).

Figure 13. Schematic of proposed two fins CLL loaded dipole antenna (a) and the phase of the reflection coefficients of
S11 and S22 (b).
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individual patches) of the AMC. In addition, other AMCs are designed that do not require a
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An electric field plane wave linearly polarized along the y-axis impinges the volumetric CLL
metamaterial block along the +x direction (port 1), or along the �x direction (port 2). In such a
case, the phase of the reflection coefficient S11 in Figure 13b shows a PMC response (phase
(S11) = 0�) around 10 GHz. It is also interesting to note that the phase of S22 remains around the
value of �180� [35].

2.2.2. Metamaterials as part of antenna structure

Metamaterials can be used as part of the antenna structure, which aims to design a compact
antenna size without deteriorating performance of its. In this case, the metamaterials are used
with high permeability values (μ >> 1) as a magneto-dielectric (MD) substrate of patch anten-
nas [36, 37]. As a result, the size of the antenna is significantly reduced without using a high
permittivity (ε >> 1). Figure 14 shows the patch antennas minimized by the application of MD
(a) and comparison with shifting of resonance frequencies for different substrates: air, dielec-
tric, and magneto-dielectric.

In addition, the metamaterials as part of the antenna are also applied in the left-handed
transmission line (LH-TL) properties, typically the dipole antenna (Figure 15a and b).

In this case, the transmission line with left-handed loading actually operates as a composite
right-/left-handed transmission line (CRH/LH TL) due to the parasitic effect [38]. Figure 15c
shows the equivalent circuit model of the lossless unit cell, where the shunt inductors LL and
capacitors CL act as an LH transmission line, while the shunt capacitors CR and capacitors LR

act as right-handed (RH) transmission line [39].

Figure 14. Patch antenna with high-μ metamaterial substrate (a) and input impedance plots for different substrates air,
dielectric, and magneto-dielectric (b).

Figure 15. The simulation model (a) fabricated (b) of the left-handed dipole antenna, and the equivalent circuit model of
the lossless unit cell of the CRLH dipole (c) [38].
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2.3. The effects of applying metamaterials in antenna design

Using metamaterials in antenna design may lead to reduced size, improve gain, enhance
bandwidth or to create multiband antenna. Depending on the technical requirements of the
designed antenna, the metamaterials will be used as different functions of the antenna.

2.3.1. The metamaterials in improving gain of antennas

Low gain is a main disadvantage of small planar antennas, which must be overcome to satisfy
transceiver systems overall energetic ling budget. In addition to using an array antenna,
recently the metamaterial is a solution that has been applied in antenna design. In this case,
the used metamaterials may be artificial magnetic conductors (AMCs) or artificial magnetic
materials (AMMs). They are applied as the environment of the antenna in such a way as to
arrange the unit cells of the metamaterials surrounding radiated elements of the antenna [40],
or using one or more superstrates above or below the radiated elements [41], or using such as
metamaterials as the loading of the antenna [35, 42]. Figure 16 shows the applied methods of
metamaterials for improving gain of antenna.

Each of these methods has different advantages and disadvantages. The ability to improve
antenna power gain depends on the number of superstrate, the type of unit cell, and distance
between the radiation elements to the superstrates.

Figure 16. Models of metamaterials application in improving the power gain of the antennas: unit cells surrounding the
radiated patch (a), metamaterials as superstrate (b), using the metamaterials as antenna loading (c).
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In the case, the unit cells of metamaterials arranged around the radiation elements of the
antenna, they can be loaded to one side or both sides of the substrate. The size of these unit
cells must be investigated, so that the metamaterials have special physical properties that
match the resonant frequency of the antenna. The unit cells are easily integrated with
radiated elements and can be used as insulators to reflect surface waves based on negative
μ characteristics. By inserting the unit cells of MTM, loaded around the conventional ante-
nna, the antenna radiation efficiency increases, and the power gain is higher than ≥2 dB [39].
Depending on the number of unit cells, as well as resonant frequency of the designed
antenna, the achieved gain may be also different.

In the case, when the metamaterials are placed on another dielectric layer called superstrate,
the unit cells of metamaterials are loaded on a different dielectric with the distance d from the
radiation elements to the superstrate. These array unit cells created AMCs or AMMs, which
can be loaded in one side or both sides of the superstrate. The power gain of an antenna
depends on the number of superstrate, the number of unit cells, and the distance from the
radiation elements to the superstrate [43, 44]. This is shown in Figure 17.

The application of metamaterials as a superstrate in antenna design has significantly
improved the achieved gain. However, this method also increases the size and thickness of
the antenna.

2.3.2. The metamaterials in reducing the size of antennas

There are many technical solutions that have been used to design compact antennas such as
high-permittivity dielectric substrate of microstrip antennas, shorting pins, shorting walls, insert-
ing some disturbances into antenna structure, applying the fractal geometry, etc. Recently, many
designers have usedmetamaterials as a defected ground structure (DGS) to reduce the size of the
antenna. In this case, the unit cells of the metamaterials have unusual properties at the resonance
frequency of the designed antenna; the dimension of these unit cells is equal to the size of the
removed parts of the DGS [45]. Figure 18 shows the simulation models of the two antennas, both
of which operate at 1.88 GHz for the GSM system.

Figure 17. The Sierpinski carpet fractal antenna (a), the antenna (a) covered with the AMC MTM (b), and realized
antenna power gain (c), for two resonant frequencies [43, 44].
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The dimensions of microstrip antenna (Figure 18a) are bigger than dimensions of microstrip
antenna with complementary split ring resonator (CSRR) designed on the antenna ground
plane (Figure 18b). The reduction in antenna size after CSRR as DGS is shown in Table 1.

2.3.3. Use of metamaterials to enhance the antenna frequency bandwidth

In addition to the benefits of using metamaterials to design the antennas mentioned above, it is
also used to enhance the antenna frequency bandwidth. To achieve this goal, the metamaterials
are used as components of the antenna (Figure 19) or a superstrate placed above the radiation
surface (like the method of improving the antenna gain), it is shown in Figure 16b. Unit cells of
metamaterials can be placed on top or under bottom of the superstrate. The bandwidth of this
antenna depends on the number of unit cells as well as the distance of the superstrate to the
radiation surface.

Figure 18. Comparison of the size of microstrip patch antenna MPA without loaded CSRR (a) and with loaded CSRR (b)
for GSM system [27].

Types of microstrip patch
antennas

Overall antenna size
[mm � mm]

Type of radiation
patterns

Antenna size ratio,
%

Without MTMs 53.28 � 62.08 Directional 100

With MTMs 23.28 � 25.03 Directional 60

Table 1. Comparison between parameters of two types of antennas for GSM cellular phony.

Figure 19. S-parameters of antennas without and with MTMs: as CSRR loading (a), superstrate layer for microwave C-band
frequency (b) [27].
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Depending on the specific cases, the application of MTMs as the DGS of the antenna not only
reduces the size but also increases the obtained bandwidth of the antenna. Figure 19 compares
the sizes and bandwidths of two antennas before and after applying the MTMs with the same
2.413 GHz resonant frequency for WLAN system. The ratio of the decreased size and the
increased bandwidth is shown in Table 2.

The application of metamaterials in antenna design has enhanced its bandwidth. Depending
on the technical requirements of the designed antenna, the different metamaterial structures
and different application methods are selected to achieve the most appropriate antenna
bandwidth.

2.3.4. Use metamaterials to get multiband

From the need to integrate multiple functions (many communication systems operation) on
single devices, multiband antennas are more interested. The use of metamaterials in antenna
design is an attractive trend not only to reduce size, improve the power gain, enhance band-
width, but also to design multifrequency-band antennas [46]. The unit cells of metamaterials can
be used as radiation components, a part or loaded part of the ground plane of antenna. Because,
MTMs can support negative refraction indexes at resonant frequencies and unit cell structures of
symmetric pairs. This can be used to design multifrequency antennas with smaller dimensions
than traditional one [46]. Metamaterial can be combined with a conventional or fractal microstrip
antenna to create multiband antenna, in which the antenna size is determined by the lowest

Antenna types Antenna size ratio, % Ratio of BW, % Type of radiation pattern

Without MTM 100 100 Directional

With MTMs 78.7 141 Directional

Table 2. Comparison between parameters of two types of antennas for WLAN system.

Figure 20. The configuration of microstrip antenna for WLAN systems without loaded CSRR (a), fractal antenna with
loaded CSRR (b), and S11 parameters of them (c) [27, 48, 49].
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frequency. Figure 20 shows the simulation model and S11 scattering matrix coefficient of the two
antennas, which operate on multiple frequencies. The resonant frequency of the antenna can be
adjusted by changing the size of the antenna or the unit cell [47].

3. Conclusions

In this chapter, the applications of metamaterials in design to enhance antenna parameters are
presented. The metamaterials can be applied as an environment of the antenna or as part of the
antenna. Depending on the parameters of the desired antenna to improve, the metamaterials
can be applied in different methods. The metamaterials can be applied to improve bandwidth,
power gain, or to create compact, multifrequency-band antennas. To apply metamaterials in
an antenna, the first is to design their unit cells, which are considered as atoms, creating special
properties of the metamaterial at the desired frequency. The size of the unit cells is calculated,
simulated, and optimized, based on the HFSS software. Effectiveness of improving the param-
eters of the antenna depends on the structure, size, quantity, and method of use of the unit cell
of the metamaterials. Application of metamaterials in antenna design can increase their power
gain ≥2 dB, bandwidth ≥100%, reduce size ≥50% or to create additional frequency bands for
multicommunication systems operated antennas.

Author details

Wojciech Jan Krzysztofik1* and Thanh Nghia Cao1,2

*Address all correspondence to: wojciech.krzysztofik@pwr.edu.pl

1 Faculty of Electronics, Wroclaw University of Science and Technology, Wroclaw, Poland

2 School of Engineering and Technology, Vinh University, Nghe An, Vietnam

References

[1] Grimberg R. Electromagnetic metamaterials. Materials Science and Engineering B. 2013;
178:1285-1295. DOI: 10.1016/j.mseb.2013.03.022

[2] Walser RM. Electromagnetic metamaterials. In Proc: SPIE 4467 Complex Mediums II:
Beyond Linear Isotropic Dielectrics, San Diego, CA, USA; 2001. pp. 1-15

[3] Caloz C, Itoh T. Application of the transmission line theory of left-handed (LH) materials to
the realization of a microstrip LH line. In: Proceedings of the IEEE Antennas and Propaga-
tion Society International Symposium. 2002. pp. 412-415. DOI: 10.1109/APS.2002.1016111

Metamaterials in Application to Improve Antenna Parameters
http://dx.doi.org/10.5772/intechopen.80636

81
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Figure 20. The configuration of microstrip antenna for WLAN systems without loaded CSRR (a), fractal antenna with
loaded CSRR (b), and S11 parameters of them (c) [27, 48, 49].
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frequency. Figure 20 shows the simulation model and S11 scattering matrix coefficient of the two
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Abstract

Terahertz frequencies are increasingly gaining attention due to the recent efforts made in
narrowing the technological gap among microwave and optical components. Still the
demand of efficient THz antennas is high, due to the difficulty in obtaining directive
patterns and good radiation efficiencies with planar, low-cost, easy-to-fabricate designs.
In this regard, leaky-wave antennas have recently been investigated in the THz range,
showing very interesting radiating features. Specifically, the combination of the leaky-
wave antenna design with the use of metamaterials and metasurfaces seems to offer a
promising platform for the development of future THz antenna technologies. In this
Chapter, we focus on three different classes of leaky-wave antennas, based on either
metasurfaces or tunable materials, namely graphene and nematic liquid crystals. While
THz leaky-wave antennas based on homogenized metasurfaces are shown to be able to
produce directive patterns with particularly good efficiencies, those based on graphene or
nematic liquid crystals are shown to be able to dynamically reconfigure their radiating
features. The latter property, although being extremely interesting, is obtained at the
expense of an increase of costs and fabrication complexity, as it will emerge from the
results of the presented study.

Keywords: terahertz, leaky-wave antennas, metasurfaces, graphene, liquid crystals

1. Introduction

Metamaterials and metasurfaces [1] are, respectively, three-dimensional (3-D) and two-
dimensional (2-D) engineered man-made materials, which may exhibit electromagnetic prop-
erties commonly unaccessible with materials available in nature. Since the introduction of
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Abstract

Terahertz frequencies are increasingly gaining attention due to the recent efforts made in
narrowing the technological gap among microwave and optical components. Still the
demand of efficient THz antennas is high, due to the difficulty in obtaining directive
patterns and good radiation efficiencies with planar, low-cost, easy-to-fabricate designs.
In this regard, leaky-wave antennas have recently been investigated in the THz range,
showing very interesting radiating features. Specifically, the combination of the leaky-
wave antenna design with the use of metamaterials and metasurfaces seems to offer a
promising platform for the development of future THz antenna technologies. In this
Chapter, we focus on three different classes of leaky-wave antennas, based on either
metasurfaces or tunable materials, namely graphene and nematic liquid crystals. While
THz leaky-wave antennas based on homogenized metasurfaces are shown to be able to
produce directive patterns with particularly good efficiencies, those based on graphene or
nematic liquid crystals are shown to be able to dynamically reconfigure their radiating
features. The latter property, although being extremely interesting, is obtained at the
expense of an increase of costs and fabrication complexity, as it will emerge from the
results of the presented study.

Keywords: terahertz, leaky-wave antennas, metasurfaces, graphene, liquid crystals

1. Introduction

Metamaterials and metasurfaces [1] are, respectively, three-dimensional (3-D) and two-
dimensional (2-D) engineered man-made materials, which may exhibit electromagnetic prop-
erties commonly unaccessible with materials available in nature. Since the introduction of
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Transformation Optics in 2006 by Pendry [2], metasurfaces have represented a privileged
platform for achieving a considerable control of electromagnetic waves propagation. Electro-
magnetic cloaking and metasurfing, i.e., controlling surface or guided waves through tunable
metasurfaces [3], are one of the most known applications of metasurfaces. However, in this
Chapter, we focus on the application of metasurfaces for the realization of reconfigurable leaky-
wave antennas (LWAs) [4].

In the microwave range, there exists numerous realizations of metasurfaces (see, e.g., [4] and
refs. therein), but at terahertz (THz) frequencies (nominally comprised between 300 GHz and
3 THz [5]), very few designs are available. Nowadays, THz technology is recognized as one of
the most promising and challenging area of research for a twofold reason: (i) on the one hand,
the wide and interdisciplinary character of THz applications, spanning from molecular spec-
troscopy and astrophysics, to high data rate communications and high-resolution imaging,
passing through security screening and drug detection [6]; (ii) on the other hand, the increas-
ing availability of efficient THz sensors and sources [7] that have recently contributed to
considerably narrow the so-called THz gap.

Nevertheless, the demand of efficient THz antennas is still high [6]. Indeed, even though
various solutions have been proposed (see, e.g., [8–11]), efficient realizations often require high
fabrication costs and complexity [11]. To better handle the efficiency vs. cost/complexity
tradeoff, leaky-wave antennas [12] have been proposed and experimentally demonstrated as
valid alternatives for the design of efficient, low-cost, THz antennas [13, 14]. Such prototypes
[13, 14] present many advantages with respect to previous THz antenna solutions, but their
lens-like structure does not allow for a planar design, an attractive feature for micromachined
packaging of THz systems [11]. In this regard, more recently, a specific class of LWAs based on
Fabry-Perot cavities (FPCs), i.e., FPC-LWAs, has been proposed as low-profile, fully-planar,
directive, and efficient THz antennas [15]. Even more interestingly, tunable materials such as
graphene [16] and liquid crystals [17] have recently been employed for the realization of FPC-
LWAs showing beam-steering capabilities at fixed frequency [18–22].

This Chapter is devoted to the analysis and design of novel THz FPC-LWAs. In Section 2, the
general properties and the radiating features of FPC-LWAs are briefly reviewed. Conventional
and more advanced designs are presented, with a specific focus on the technological con-
straints that typically affect the design of FPC-LWAs in the THz range. In Section 3, the design
of THz FPC-LWA based on a homogenized metasurface is presented. The choice of a fishnet-
like unit-cell is motivated by its remarkably low spatial dispersion and the capability of
achieving a high reflectivity with a feasible variation of its structural parameters. The THz
FPC-LWA considered in Section 3 produces a considerably high gain, but it does not allow for
pattern reconfigurability. In Sections 4 and 5, two reconfigurable THz FPC-LWAs are therefore
presented. In Section 4, the capabilities of two different THz FPC-LWAs based on graphene are
shown and compared. The tunability of the graphene impedance through a DC voltage allows
for a wide reconfigurability of the pattern. In Section 5, nematic liquid crystals are employed as
tunable materials in a THz FPC-LWA to enhance the control of the beam angle through the
application of a low-driving voltage. Finally, conclusions are drawn in Section 6.
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2. Fabry-Perot cavity leaky-wave antennas (FPC-LWAs)

Fabry-Perot cavity leaky-wave antennas (FPC-LWAs) are partially open waveguiding struc-
tures, which support cylindrical leaky waves that radially propagate outward from the source
[12, 23]. In this class of structures, radiation occurs through the excitation of the fundamental
leaky modes supported by the structure, which are forward fast waves. Interestingly, when the
excitation is a horizontal dipole (either electric or magnetic), the fundamental pair of TE, TM
leaky modes is excited, and an FPC-LWAmay produce a directive pencil beam at broadside or
a conical beam with the cone axis along the vertical x-axis (see Figure 1) [12, 23, 24].

The architecture of an FPC-LWA relies on a grounded dielectric slab (GDS) covered with a
partially reflecting screen (PRS) [25]. The gain enhancement phenomenon of these structures
was originally explained through a ray-optics interpretation based on the Fabry-Perot concept
[25] in the 1950s. However, the radiating features of these structures are more conveniently
explained under the frame of the leaky-wave theory [12]. Indeed, due to the generality of the
leaky-wave interpretation, the PRS can take various forms (e.g., a homogenized metasurface
[24, 26] as in Figure 1(a), a denser dielectric superstrate [27, 28] as in Figure 1(b), and a distri-
buted Bragg reflector [29] as in Figure 1(c)) provided that is suitably modeled with homoge-
nized effective materials (when the PRS is bulky, e.g., a metamaterial) or surface impedances
(when the PRS is planar, e.g., a metasurface). Regardless of the type of PRS, the leaky-wave
approach yields to the same design process. This has allowed for the introduction of a variety
of FPC-LWA designs, especially in the microwave range.

Figure 1. On the left, a typical FPC-LWA example fed by a horizontal magnetic dipole oriented along the y-axis.
Depending on the operating point, such an antenna is able to produce either a pencil beam at broadside, or a conical
beam. (a)–(f) Illustrative examples of Fabry-Perot cavity leaky-wave antennas (FPC-LWAs). (a)–(c) Conventional FPC-
LWAs based on (a) a homogenized metasurface, (b) a high-permittivity dielectric cover layer (substrate-superstrate
design), and (c) a distributed Bragg reflector (multiple layers dielectric structure). (d)–(f) Reconfigurable FPC-LWAs based
on (a) a tunable graphene sheet, (b) a tunable graphene sheet in a substrate-superstrate configuration, and (c) a distributed
Bragg reflector made of tunable nematic liquid crystals cells.
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2.1. Radiating properties of 2-D LWAs

The radiating features of an FPC-LWA qualitatively depend on the type of excitation that is
considered [23]. In this Chapter, the FPC-LWAs under investigation are always assumed to be
fed by horizontal magnetic dipoles (HMDs). This choice is motivated by (i) the constraints
dictated by THz technology, as will appear more clearly in Section 2.6; and (ii) the interest in
achieving broadside radiation, a feature that is never possible with vertical dipoles [23].

As it has been rigorously shown in [23], an HMD source launches a pair of leaky waves, one
TM and one TE, both characterized by a (complex) leaky wavenumber kz ¼ βz � jαz

1, where βz
and αz are the phase and attenuation constants, respectively. Under certain conditions [30, 31]
(usually met by a properly designed FPC-LWA [26]), the fundamental TE, TM pair of leaky
modes is sufficient to describe radiation from such FPC-LWAs. In this case, the TM leaky wave
determines the E-plane pattern, while the TE leaky wave determines the H-plane pattern [23].
For a broadside beam, these two leaky waves have very nearly the same phase and attenuation
constants, and hence an omnidirectional pencil beam is created. Its beamwidths Δθ on the
E- and H-planes are given by:

ΔθE ¼ 2
ffiffiffi
2

p
α̂TM
z , ΔθH ¼ 2

ffiffiffi
2

p
α̂TE
z , (1)

where the (� ̂) identifies normalization to the vacuumwavenumber k0 (i.e., k̂z ¼ kz=k0 ¼ β̂z � jα̂z),
whereas the superscripts TE(TM) refers to the corresponding polarization.

For scanned beam βz ≫αz, the beamwidths are given by [23]:

ΔθE ¼ 2α̂TM
z secθTM

0 , ΔθH ¼ 2α̂TE
z secθTE

0 , (2)

where θTE
0 (θTM

0 ) is the pointing angle (measured from the vertical x-axis) with respect to the
H(E)-plane, whose expression reads [26]

sinθ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β̂2z � α̂2

z

q
: (3)

Equation (3) clearly defines the different radiating regimes of an FPC-LWA: when βz < αz, the
antenna radiates at broadside, otherwise it radiates a scanned beam. At the limiting condition,
i.e., when βz ¼ αz, also known as leaky cutoff condition or splitting point, the antenna radiates the
maximum power density at broadside.

From Eqs. (1)–(3) it is clear that, as the wavenumbers of the two leaky waves begin to differ, the
beamwidths and the pointing angles become different on the principal planes. This typically
happens as the scan angle increases. Consequently, a desirable property for a PRS is to show
almost the same behavior for both the TM and the TE polarization, especially when the angle
of incidence changes. In fact, this would allow for having the equalization of the TM, TE leaky
wavenumbers, which in turn produces nearly circular conical scanned beams [32].

1
For the sake of simplicity, the z-axis is here chosen as the preferred axis of propagation.
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2.2. Design rules for FPC-LWAs

In all PRS-based FPC-LWAs, the PRS is used to create a leaky parallel plate waveguide (PPW)
region, and the leaky waves are leaky (radiating) versions of the PPW guided modes that
would be excited by the source in an ideal PPW, which results if the PRS is replaced by a
perfect electric conductor (PEC) wall. This point of view allows for a simple design formula for
the thickness of the dielectric layer in order to obtain a beam at a desired angle θ0 (either a
broadside or a conical beam).

For m-th order TM and TE PPW modes, the radial wavenumber of an ideal PPW would be

βz ¼ βTMz ¼ βTEz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20εr � mπ=hð Þ2

q
, where h is the thickness of the dielectric substrate and εr

its relative permittivity. Using Eq. (3) (under the assumption that β̂z ≫ α̂z), one finds the
following design rule

h ¼ mλ0=2 εr � sin 2θ0
� ��1=2

: (4)

Typically, FPC-LWAs operate with the fundamental (i.e., m ¼ 1) leaky mode pair under the
condition of broadside radiation (i.e., θ0 ¼ 0 ∘ ); thus, the design rule reduces to h ¼ 0:5λ0=

ffiffiffiffi
εr

p
.

It should be mentioned that the previous equations are found under the hypothesis that the
FPC-LWA is of infinite transverse extent. This assumption holds as long as the leaky mode
radiates most of its power as it approaches the lateral truncation. By defining the radiation
efficiency ηr as the ratio between the radiated power Prad and the initial power Pin, it results
ηr ≔Prad=Pin ¼ 1� e�αzL (L being the transverse size of the cavity), and hence,

L=λ0 ¼ �ln 1� ηr
� �

= 2πα̂zð Þ: (5)

This furnishes a design rule for the lateral truncation. Usually the antenna size is designed so
that the FPC-LWA reaches at least a radiation efficiency ηr ¼ 90%, and thus Eq. (5) reduces to
L=λ0 ¼ 0:366=α̂z. However, this design rule assumes the structure to be lossless. When losses
are present, the efficiency of the structure should be scaled of a factor α̂rad=α̂z [33], where α̂rad

is the leakage rate produced by the ideal lossless structure. The efficiency in a lossless structure
is therefore given by ηrαrad=αz.

Finally, the optimal location of the source depends on its polarization. An HMD source
maximizes the peak power density when it is placed on the ground plane [12]. However, the
source location usually has little effect on the pattern shape, since this is dictated by the leaky-
wave phase and attenuation constants. In particular, the phase constant is primarily deter-
mined by the thickness of the dielectric layer, while the attenuation constant is primarily
determined by the properties of the PRS.

2.3. Circuit model for FPC-LWAs

Regardless of the type of PRS, it is convenient to characterize its electromagnetic behavior in
terms of a PRS impedance (admittance) ZPRS (YPRS ¼ 1=ZPRS). Under these assumptions,
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FPC-LWAs are conveniently studied with an equivalent circuit model. Once ZPRS is known, the
transverse resonance technique [12] can be applied to the equivalent circuit model
(see Figure 2) to derive the relevant dispersion equations for the TE and TM modes

Yp
0 þ Yp

PRS � jYp
1 cot k0hk̂x1

� �
¼ 0, (6)

where the equivalent admittances in air Yp
0 and inside the slab Yp

1, p∈ TE;TMf g for TE and TM
modes have the following expressions:

YTM
0 ¼ εr= k̂x0η0

� �
, YTM

1 ¼ 1= k̂x1η0
� �

, YTE
0 ¼ k̂x0=η0, YTE

1 ¼ k̂x1=η0, (7)

where η0 ≃ 120πΩ is the vacuum impedance, whereas k̂x0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k̂2z

q
and k̂x1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εr � k̂2z

q
are

the normalized vertical wavenumbers in air and in the dielectric, respectively. The zeros of

Eq. (6) represent the wavenumbers of the eigenmodes of the structure in both the bound β̂z > 1

(i.e., surface waves) and the radiative β̂z < 1 (i.e., fast leaky waves) regimes2.

In the case of a substrate-superstrate, or multiple-layer configurations (see Figures 1(a) and
(b)), the layers can be treated as transmission line segments, and the resulting PRS impedance
can be modeled as the input impedance seen looking upward from the substrate interface.
Such an input impedance will take two different expressions depending on whether the TM or
the TE polarization is considered. The previous dispersion equations will thus hold, provided
that the correct input admittances are substituted to Yp

PRS.

In the case of homogenized metasurfaces, the concept of surface impedance is conveniently
introduced (see [26, 34]). While in general the surface impedance is described by a tensorial
surface impedance Z

s
(see [35] for further details), throughout the Chapter, we will always
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It is worth recalling that surface waves are properwaves (improper surface waves exist from a mere mathematical point of
view, but they are not physically meaningful) since they exponentially decay in the vertical direction αx > 0, whereas

forward (β̂z > 0) leaky waves are improper waves, as they exponentially grow in the vertical direction αx < 0. This does
not compromise the physical significance of leaky waves, since the exponentially-growing character of leaky waves is
maintained only within a limited angular region, and thus they do not violate the Sommerfeld radiation condition at
infinity (see [30, 31] for a rigorous discussion).
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deal with materials which allow for describing the PRS impedance with a scalar value: more
precisely, one for the TE polarization and one for the TM polarization. Indeed, we will always
assume a negligible TE-TM cross coupling, thus reducing the dyadic surface impedance to a
diagonal matrix. The previous dispersion equations will thus hold, provided that the correct
surface admittances are substituted to Yp

PRS.

2.4. Conventional FPC-LWAs

As manifested from Eqs. (1)–(3), the beamwidths and the beam angles depend on the leaky
wavenumber [12, 36, 37]. As the leaky wavenumber of an FPC-LWA depends on frequency (as
a solution of the dispersion Eq. (6)), the radiating properties of a conventional FPC-LWA also
depend on frequency. Indeed, the frequency scanning behavior is a distinctive feature common
to all LWAs (not only FPC-type LWAs) [12]. All the structures outlined in this Section 2.4 are
therefore referred to as conventional FPC-LWAs in the sense that they do not employ any
technique to avoid their intrinsic frequency scanning behavior.

2.4.1. Homogenized metasurfaces

A homogenized metasurface (HMS) is characterized by a periodic lattice of “subresonant”
elements, i.e., with period p≪λ0. Note that throughout the Chapter, we assume to deal with
a patterned metallic screen, treating the metal as a PEC. This is still a good approximation at
THz frequencies, provided that one considers thick enough (thicker than the skin depth [38])
good metals such as copper, aluminum, silver, and gold.

The hypothesis p≪λ0 is also known as the homogenization limit [34] and, as long as it is
fulfilled, it allows for describing the electromagnetic behavior of the surface impedance
through the generalized sheet transition conditions (GSTCs) [35]. Under this formalism, the
tensorial surface impedance Z

s
is usually expressed as a diagonal matrix (no TE-TM coupling

is assumed) whose diagonal elements ZTE
s , ZTM

s are modeled with a purely imaginary imped-
ance Zs ¼ jXs (no ohmic losses are expected for HMSs made by PEC), Xs being the surface
reactance. Furthermore, when dealing with HMS-based FPC-LWAs radiating at broadside,
there is no distinction between the diagonal elements, and thus ZTM

s ¼ ZTE
s ¼ jXs.

Interestingly, as long as Xs ≪ η0, it has been shown [26] that the directivity at broadside D0 is
inversely proportional to the square of Xs, whereas the fractional bandwidth FBW (defined as
the range of frequency, normalized to the operating frequency, for which the radiated power
density at broadside decreases by less than 3 dB) is directly proportional to the square of Xs
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where tan δ is the loss tangent of the dielectric filling (which is nonnegligible in the THz range).

3
We note here that in the expression of D0 published in [15] a factor 0:5=εr was missing, and is now correctly included in
Eq. (8).
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FPC-LWAs are conveniently studied with an equivalent circuit model. Once ZPRS is known, the
transverse resonance technique [12] can be applied to the equivalent circuit model
(see Figure 2) to derive the relevant dispersion equations for the TE and TM modes
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deal with materials which allow for describing the PRS impedance with a scalar value: more
precisely, one for the TE polarization and one for the TM polarization. Indeed, we will always
assume a negligible TE-TM cross coupling, thus reducing the dyadic surface impedance to a
diagonal matrix. The previous dispersion equations will thus hold, provided that the correct
surface admittances are substituted to Yp

PRS.

2.4. Conventional FPC-LWAs

As manifested from Eqs. (1)–(3), the beamwidths and the beam angles depend on the leaky
wavenumber [12, 36, 37]. As the leaky wavenumber of an FPC-LWA depends on frequency (as
a solution of the dispersion Eq. (6)), the radiating properties of a conventional FPC-LWA also
depend on frequency. Indeed, the frequency scanning behavior is a distinctive feature common
to all LWAs (not only FPC-type LWAs) [12]. All the structures outlined in this Section 2.4 are
therefore referred to as conventional FPC-LWAs in the sense that they do not employ any
technique to avoid their intrinsic frequency scanning behavior.

2.4.1. Homogenized metasurfaces

A homogenized metasurface (HMS) is characterized by a periodic lattice of “subresonant”
elements, i.e., with period p≪λ0. Note that throughout the Chapter, we assume to deal with
a patterned metallic screen, treating the metal as a PEC. This is still a good approximation at
THz frequencies, provided that one considers thick enough (thicker than the skin depth [38])
good metals such as copper, aluminum, silver, and gold.

The hypothesis p≪λ0 is also known as the homogenization limit [34] and, as long as it is
fulfilled, it allows for describing the electromagnetic behavior of the surface impedance
through the generalized sheet transition conditions (GSTCs) [35]. Under this formalism, the
tensorial surface impedance Z

s
is usually expressed as a diagonal matrix (no TE-TM coupling

is assumed) whose diagonal elements ZTE
s , ZTM

s are modeled with a purely imaginary imped-
ance Zs ¼ jXs (no ohmic losses are expected for HMSs made by PEC), Xs being the surface
reactance. Furthermore, when dealing with HMS-based FPC-LWAs radiating at broadside,
there is no distinction between the diagonal elements, and thus ZTM

s ¼ ZTE
s ¼ jXs.

Interestingly, as long as Xs ≪ η0, it has been shown [26] that the directivity at broadside D0 is
inversely proportional to the square of Xs, whereas the fractional bandwidth FBW (defined as
the range of frequency, normalized to the operating frequency, for which the radiated power
density at broadside decreases by less than 3 dB) is directly proportional to the square of Xs
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As manifested in Eq. (8), a tradeoff is established between FBW and D0. Consequently, lower
values of Xs lead to highly directive FPC-LWAs working in a narrow bandwidth, whereas
higher values of Xs lead to moderately-directive FPC-LWAs working in a considerable band-
width. To give some numbers, directivities higher than 30 dB can be obtained with Xs < 20 Ω,
assuming εr ¼ 2:3.

The previous relations hold for broadside radiation. When the antenna radiates a scanned
beam, the TM and the TE surface impedances of an HMS generally differ each other. Indeed,
the dependence of the surface impedance on the angle of incidence (spatial dispersion) and
frequency (temporal dispersion) should be taken into account in a thorough characterization of
an HMS. A canonical example is that of patch array and its complementary structure
(according to Babinet’s principle), the strip grating (see Figure 3(a)). Indeed, the grid imped-
ance of an array of patches (a strip grating) for TE(TM) polarization exhibits a spatially
dispersive character because it depends on the angle of incidence θ. The formula for the HMS
of a strip grating and a patch array of infinite extent are given in [34], and are here applied for
obtaining results in Figures 3(b) and (c), assuming a lattice of period p ¼ λ=10 with w ¼ p=10
and g ¼ p=10 for the strips and the patches, respectively. As is manifest from Figures 3(b)
and (c) the presented topologies (strip and patch) allow for synthetizing low impedances only
for unfeasible values of their structural parameters (i.e., g and w) in the THz range. For
example, at 1 THz and for θ ¼ 0 ∘ , an impedance of 20 Ω is reached with a strip grating with
strips narrower than 3 μm. As it will appear clearly in Section 2.6, this value could present
some issues during the photolithography fabrication process [15]. Moreover, the high variation
of the reactance with respect to the angle of incidence would produce very different radiating
features as the beam is scanned from broadside to endfire.

However, several HMS geometries with limited spatial dispersion for both TE and TM polar-
izations have been proposed in the literature [35, 39], even for the development of highly
directive FPC-LWAs [15]. Among them, the so-called fishnet geometry (see Figure 3(a)), i.e., a
superposition between the patch and the strip layouts, will be investigated in Section 3. We
note that the synthesis of HMSs with limited spatial dispersion is a key aspect for the develop-
ment of reconfigurable LWAs. In fact, it allows for designing and optimizing the radiating
properties of a reconfigurable FPC-LWA at broadside (i.e., θ ¼ 0 ∘ ), without affecting the
impedance properties as the beam is steered.

Figure 3. (a) Unit cells of three different type of HMSs: the strip grating, the array of patches, and the fishnet. (b) and (c)
Surface reactance Xs vs. frequency in the range 0:5 < f < 1:5 [THz] for angles of incidence in the range 0 ∘ ≤θ ≤ 80 ∘ with
angular steps of 10 ∘ : (b) strip grating for TM polarization and (c) array of patches for TE polarization (parameters in the text).
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2.4.2. Substrate-superstrate structure

In a substrate-superstrate configuration, the PRS is represented by a cover layer made of a
denser dielectric material with respect to the substrate, as depicted in Figure 1(b). These kinds
of structures, commonly known as substrate-superstrate (SS) LWAs, have been extensively
studied by N. G. Alexópoulos and D. R. Jackson [27, 40]. In those works [27, 40], they showed
that the PRS (represented by the superstrate) would act as an almost perfectly reflecting layer,
when the thickness h2 of the superstrate (the cover layer) is chosen so that it is an odd multiple
of one-quarter of the wavelength in the vertical direction. This corresponds to the condition

h2 ¼ 2m� 1ð Þλ=4 εr2 � sin 2θ0
� ��1=2

: (9)

It is clear from Eqs. (4) and (9) that the design rules for optimizing radiation at broadside (θ0 ¼ 0)
with the fundamental (m ¼ 1) TE, TM leaky modes suggest a thickness of a half- and of a
quarter-wavelength in their respective media for the substrate and the superstrate, respectively.

Another distinctive feature of SS-LWAs is that the directivity increases as the permittivity of
the superstrate layer increases with respect to that of the substrate layer since the superstrate
PRS acts as a more reflective surface.

2.4.3. Multilayered dielectric structure

As shown in [27, 28], a very high step index (i.e.,
ffiffiffiffiffiffiffiffiffiffiffiffi
εr2=εr

p
) is required for achieving relatively

high directivities with a substrate-superstrate configurations. As high-permittivity materials
usually exhibit also nonnegligible loss tangent, the radiation efficiency of a substrate-superstrate
FPC-LWA is often limited by the relatively high dielectric losses of the dielectric layers. In this
regard, a different way to increase directivity was proposed in [41]. There, the single superstrate
is replaced by a periodic array of such superstrates, as shown in Figure 1(c). In this structure, the
PRS consists of a stack of multiple alternating layers of high permittivity and low permittivity,
whose thicknesses are chosen according to Eq. (9). As shown in [41], the directivity increases
geometrically with the number of superstrate layers, and thus very directive beams may be
obtained using modest values of superstrate permittivity, provided that several superstrate
layers are used. From a circuital point of view, the gain enhancement phenomenon of this class
of structures is readily explained by noticing that the 2n� 1 quarter-wavelength sections reduce
the free-space impedance (seen as a load impedance of the transmission line segment looking
upward from the substrate interface) of a factor εr2=εrð Þn.
As a last remark, it is worth noting that the multistack of alternating layers can be interpreted as a
distributed Bragg reflector (DBR) meaning that it is a periodic electromagnetic bandgap (EBG) structure
operating in a stopband. From this point of view, the substrate acts as a defect in the periodic EBG
structure [42]. More interestingly, a leaky-wave explanation of the phenomenon is provided in [29].

2.5. Reconfigurable FPC-LWAs

In most of microwave applications, the frequency scanning behavior typical of conventional
FPC-LWAs is an undesirable effect, since the antenna radiating performance should not change
within a small fractional bandwidth centered around the operating frequency. Conversely, it
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As manifested in Eq. (8), a tradeoff is established between FBW and D0. Consequently, lower
values of Xs lead to highly directive FPC-LWAs working in a narrow bandwidth, whereas
higher values of Xs lead to moderately-directive FPC-LWAs working in a considerable band-
width. To give some numbers, directivities higher than 30 dB can be obtained with Xs < 20 Ω,
assuming εr ¼ 2:3.

The previous relations hold for broadside radiation. When the antenna radiates a scanned
beam, the TM and the TE surface impedances of an HMS generally differ each other. Indeed,
the dependence of the surface impedance on the angle of incidence (spatial dispersion) and
frequency (temporal dispersion) should be taken into account in a thorough characterization of
an HMS. A canonical example is that of patch array and its complementary structure
(according to Babinet’s principle), the strip grating (see Figure 3(a)). Indeed, the grid imped-
ance of an array of patches (a strip grating) for TE(TM) polarization exhibits a spatially
dispersive character because it depends on the angle of incidence θ. The formula for the HMS
of a strip grating and a patch array of infinite extent are given in [34], and are here applied for
obtaining results in Figures 3(b) and (c), assuming a lattice of period p ¼ λ=10 with w ¼ p=10
and g ¼ p=10 for the strips and the patches, respectively. As is manifest from Figures 3(b)
and (c) the presented topologies (strip and patch) allow for synthetizing low impedances only
for unfeasible values of their structural parameters (i.e., g and w) in the THz range. For
example, at 1 THz and for θ ¼ 0 ∘ , an impedance of 20 Ω is reached with a strip grating with
strips narrower than 3 μm. As it will appear clearly in Section 2.6, this value could present
some issues during the photolithography fabrication process [15]. Moreover, the high variation
of the reactance with respect to the angle of incidence would produce very different radiating
features as the beam is scanned from broadside to endfire.

However, several HMS geometries with limited spatial dispersion for both TE and TM polar-
izations have been proposed in the literature [35, 39], even for the development of highly
directive FPC-LWAs [15]. Among them, the so-called fishnet geometry (see Figure 3(a)), i.e., a
superposition between the patch and the strip layouts, will be investigated in Section 3. We
note that the synthesis of HMSs with limited spatial dispersion is a key aspect for the develop-
ment of reconfigurable LWAs. In fact, it allows for designing and optimizing the radiating
properties of a reconfigurable FPC-LWA at broadside (i.e., θ ¼ 0 ∘ ), without affecting the
impedance properties as the beam is steered.
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2.4.2. Substrate-superstrate structure

In a substrate-superstrate configuration, the PRS is represented by a cover layer made of a
denser dielectric material with respect to the substrate, as depicted in Figure 1(b). These kinds
of structures, commonly known as substrate-superstrate (SS) LWAs, have been extensively
studied by N. G. Alexópoulos and D. R. Jackson [27, 40]. In those works [27, 40], they showed
that the PRS (represented by the superstrate) would act as an almost perfectly reflecting layer,
when the thickness h2 of the superstrate (the cover layer) is chosen so that it is an odd multiple
of one-quarter of the wavelength in the vertical direction. This corresponds to the condition

h2 ¼ 2m� 1ð Þλ=4 εr2 � sin 2θ0
� ��1=2

: (9)

It is clear from Eqs. (4) and (9) that the design rules for optimizing radiation at broadside (θ0 ¼ 0)
with the fundamental (m ¼ 1) TE, TM leaky modes suggest a thickness of a half- and of a
quarter-wavelength in their respective media for the substrate and the superstrate, respectively.

Another distinctive feature of SS-LWAs is that the directivity increases as the permittivity of
the superstrate layer increases with respect to that of the substrate layer since the superstrate
PRS acts as a more reflective surface.

2.4.3. Multilayered dielectric structure

As shown in [27, 28], a very high step index (i.e.,
ffiffiffiffiffiffiffiffiffiffiffiffi
εr2=εr
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) is required for achieving relatively

high directivities with a substrate-superstrate configurations. As high-permittivity materials
usually exhibit also nonnegligible loss tangent, the radiation efficiency of a substrate-superstrate
FPC-LWA is often limited by the relatively high dielectric losses of the dielectric layers. In this
regard, a different way to increase directivity was proposed in [41]. There, the single superstrate
is replaced by a periodic array of such superstrates, as shown in Figure 1(c). In this structure, the
PRS consists of a stack of multiple alternating layers of high permittivity and low permittivity,
whose thicknesses are chosen according to Eq. (9). As shown in [41], the directivity increases
geometrically with the number of superstrate layers, and thus very directive beams may be
obtained using modest values of superstrate permittivity, provided that several superstrate
layers are used. From a circuital point of view, the gain enhancement phenomenon of this class
of structures is readily explained by noticing that the 2n� 1 quarter-wavelength sections reduce
the free-space impedance (seen as a load impedance of the transmission line segment looking
upward from the substrate interface) of a factor εr2=εrð Þn.
As a last remark, it is worth noting that the multistack of alternating layers can be interpreted as a
distributed Bragg reflector (DBR) meaning that it is a periodic electromagnetic bandgap (EBG) structure
operating in a stopband. From this point of view, the substrate acts as a defect in the periodic EBG
structure [42]. More interestingly, a leaky-wave explanation of the phenomenon is provided in [29].

2.5. Reconfigurable FPC-LWAs

In most of microwave applications, the frequency scanning behavior typical of conventional
FPC-LWAs is an undesirable effect, since the antenna radiating performance should not change
within a small fractional bandwidth centered around the operating frequency. Conversely, it

Terahertz Leaky-Wave Antennas Based on Metasurfaces and Tunable Materials
http://dx.doi.org/10.5772/intechopen.78939

97



would be extremely beneficial, e.g., for SATCOM applications to dynamically change certain
radiating properties (e.g., the pointing angle) at a fixed frequency. This would allow for avoiding
solutions based on either heavy mechanical rotation systems or expensive 2-D phased arrays.

The idea at the root of a reconfigurable FPC-LWA is instead simple and effective. In order to
obtain the beam-steering capability in an FPC-LWA, it is necessary to change the phase
constant of the relevant leaky mode excited in the cavity at a fixed frequency. This can be done,
e.g., by dynamically changing the relevant geometrical or electromagnetic parameters of the
materials, i.e., the thicknesses of the layers, or the relative permittivities and permeabilities
(surface impedances for zero-thickness layers), respectively. While this possibility has exten-
sively been addressed in the microwave range through, e.g., active impedances [43], or ferro-
electric and ferromagnetic materials [44], few realizations exist in the THz range [20, 22, 45, 46].

In those works [20, 22, 45, 46], a tunable metasurface (e.g., graphene [20, 45, 46]) or a tunable
material (e.g., nematic liquid crystals [22]) are employed as shown in Figures 1(d)–(f), respec-
tively. The idea is to exploit the voltage dependence of either the surface conductivity of
graphene (ambipolar field effect [47]) or the dielectric permittivity of a nematic liquid crystal
(nematic phase transition [17]). Therefore, by changing the electromagnetic properties of the
material, one can affect the leaky wavenumber (and, in turn, the radiating beam properties of
an FPC-LWA) by applying a control voltage through a biasing scheme. The realization of such
biasing schemes in the THz range is challenging and thus motivates the lack of reconfigurable
THz FPC-LWA realizations. This and other aspects concerning the severe constraints posed by
THz technology are discussed in the next Section 2.6.

2.6. FPC-LWAs in the THz range

When a reconfigurable FPC-LWA has to be designed in the THz range, one has to consider
several additional technological constraints: (i) the availability of low loss THz materials, (ii) the
availability of efficient THz sources, (iii) the fabrication tolerances, and (iv) the complexity in the
realization of a biasing scheme. These aspects are discussed below on a point-by-point basis.

2.6.1. THz materials

An FPC-LWA consists of a grounded dielectric substrate of thickness 0:5λ=
ffiffiffiffi
εr

p
covered with a

PRS. In order to limit the losses in the cavity, the dielectric material should preferably exhibit a
low loss tangent in the THz range. Examples of such materials are Zeonor (εr ¼ 2:3 and
tan δ ¼ 0:001) and quartz (εr ¼ 3:8 and tan δ ¼ 0:014). The latter, even if characterized by a
loss tangent greater by an order of magnitude with respect to that of Zeonor, is particularly
amenable for the realization of graphene-based structures. Indeed, graphene, when transferred
on SiO2, shows limited phonon scattering [48], an effect that heavily contributes to decreasing
the quality of graphene during its synthesis (see [49] for further details).

2.6.2. THz sources

The FPC-LWAs investigated here are assumed to be excited with an HMD. This type of
excitation can be realized by etching a subresonant slot in the ground plane. Such a slot can
be either back-illuminated with a coherent THz source, or fed with a THz waveguide. These
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two types of excitations suggest to realize a quasi-resonant slot (thus modeling a half-wavelength
dipole rather than a short dipole) for a twofold reason. With regard to free-space excitation, one
has to consider that commercially available THz lenses focus on the energy over a spot size
around 1 mmwith a 2-D Gaussian profile [50]. As a result, a good energy coupling is obtained if
one considers a slot of dimensions not less than 100 μm; such a dimension corresponds to λ=3 at
the targeted frequency of 1 THz. With regard to guided wave excitation, one has to consider the
cross section of commercial THz waveguides operating in the THz range. In the 900–1400 GHz
band, the waveguide cross section is 200 μm� 100 μm [15], corresponding to 2λ=3� λ=3 at
1 THz.

2.6.3. THz fabrication tolerance

In Section 2.4, we have seen that the PRS of an FPC-LWA may consist of a homogenized
metasurface (HMS). As an HMS consists of a periodic lattice of subresonant elements, pattern-
ing of these elements on a metallic sheet is subject to the fabrication tolerances. Since the
smallest details commonly allowed in a standard photolithographic process should be greater
than 3 μm to avoid fabrication issues in low-cost, large-area production [15], the unit-cell
period is set to p ¼ λ0=5 ¼ 60 μm. On the one hand, this value fulfills the homogenization limit
[34] (p should preferably be smaller than λ0=4). On the other hand, the choice of p ¼ λ0=5
allows for designing details of the mask down to p=20 when designing the HMS at 1 THz.

2.6.4. THz biasing scheme

The realization of a biasing scheme in a reconfigurable THz FPC-LWA based on graphene
differs from that of an FPC-LWA based on nematic liquid crystals (NLCs). In an NLC-based
FPC-LWA, a pair of conductive layers “sandwich” the NLC cell. However, a conductive layer
introduces ohmic losses in the cavity; hence, it is important to use quasi-transparent polymers
in the THz range. We therefore chose the PEDOT:PSS since it is a conductive film with a
moderate conductivity in the THz range and an extremely thin profile [15]. Conversely, in a
graphene-based FPC-LWA, a pair of electrodes is placed on top of the graphene sheet and on a
conductive layer placed underneath of it. The conductive layer might be either a PEDOT:PSS
[20], or a polysilicon layer [45]. In any case, it is important that the material between graphene
and the conductive layer exhibits a high-voltage breakdown, so that graphene chemical poten-
tial can be raised at sufficiently high values to considerably change the conductive properties
of the graphene sheet [20]. Examples of materials exhibiting a high-voltage breakdown are
TiO2, Al2O3, and HfO2 [20]. As a final comment, we note that the thicknesses of the conductive
layers and of the dielectric filling the gap with the graphene sheet are electrically small, and
can therefore safely be neglected in the transmission line model of an FPC-LWA.

3. FPC-LWAs based on fishnet metasurfaces

3.1. Fishnet properties

A fishnet-like unit-cell can be obtained as a superposition of patches and strips of the same
dimensions (see Figure 3(a)). Differently from array of patches and strip grating, this geometry
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would be extremely beneficial, e.g., for SATCOM applications to dynamically change certain
radiating properties (e.g., the pointing angle) at a fixed frequency. This would allow for avoiding
solutions based on either heavy mechanical rotation systems or expensive 2-D phased arrays.

The idea at the root of a reconfigurable FPC-LWA is instead simple and effective. In order to
obtain the beam-steering capability in an FPC-LWA, it is necessary to change the phase
constant of the relevant leaky mode excited in the cavity at a fixed frequency. This can be done,
e.g., by dynamically changing the relevant geometrical or electromagnetic parameters of the
materials, i.e., the thicknesses of the layers, or the relative permittivities and permeabilities
(surface impedances for zero-thickness layers), respectively. While this possibility has exten-
sively been addressed in the microwave range through, e.g., active impedances [43], or ferro-
electric and ferromagnetic materials [44], few realizations exist in the THz range [20, 22, 45, 46].

In those works [20, 22, 45, 46], a tunable metasurface (e.g., graphene [20, 45, 46]) or a tunable
material (e.g., nematic liquid crystals [22]) are employed as shown in Figures 1(d)–(f), respec-
tively. The idea is to exploit the voltage dependence of either the surface conductivity of
graphene (ambipolar field effect [47]) or the dielectric permittivity of a nematic liquid crystal
(nematic phase transition [17]). Therefore, by changing the electromagnetic properties of the
material, one can affect the leaky wavenumber (and, in turn, the radiating beam properties of
an FPC-LWA) by applying a control voltage through a biasing scheme. The realization of such
biasing schemes in the THz range is challenging and thus motivates the lack of reconfigurable
THz FPC-LWA realizations. This and other aspects concerning the severe constraints posed by
THz technology are discussed in the next Section 2.6.

2.6. FPC-LWAs in the THz range

When a reconfigurable FPC-LWA has to be designed in the THz range, one has to consider
several additional technological constraints: (i) the availability of low loss THz materials, (ii) the
availability of efficient THz sources, (iii) the fabrication tolerances, and (iv) the complexity in the
realization of a biasing scheme. These aspects are discussed below on a point-by-point basis.

2.6.1. THz materials

An FPC-LWA consists of a grounded dielectric substrate of thickness 0:5λ=
ffiffiffiffi
εr

p
covered with a

PRS. In order to limit the losses in the cavity, the dielectric material should preferably exhibit a
low loss tangent in the THz range. Examples of such materials are Zeonor (εr ¼ 2:3 and
tan δ ¼ 0:001) and quartz (εr ¼ 3:8 and tan δ ¼ 0:014). The latter, even if characterized by a
loss tangent greater by an order of magnitude with respect to that of Zeonor, is particularly
amenable for the realization of graphene-based structures. Indeed, graphene, when transferred
on SiO2, shows limited phonon scattering [48], an effect that heavily contributes to decreasing
the quality of graphene during its synthesis (see [49] for further details).

2.6.2. THz sources

The FPC-LWAs investigated here are assumed to be excited with an HMD. This type of
excitation can be realized by etching a subresonant slot in the ground plane. Such a slot can
be either back-illuminated with a coherent THz source, or fed with a THz waveguide. These
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two types of excitations suggest to realize a quasi-resonant slot (thus modeling a half-wavelength
dipole rather than a short dipole) for a twofold reason. With regard to free-space excitation, one
has to consider that commercially available THz lenses focus on the energy over a spot size
around 1 mmwith a 2-D Gaussian profile [50]. As a result, a good energy coupling is obtained if
one considers a slot of dimensions not less than 100 μm; such a dimension corresponds to λ=3 at
the targeted frequency of 1 THz. With regard to guided wave excitation, one has to consider the
cross section of commercial THz waveguides operating in the THz range. In the 900–1400 GHz
band, the waveguide cross section is 200 μm� 100 μm [15], corresponding to 2λ=3� λ=3 at
1 THz.

2.6.3. THz fabrication tolerance

In Section 2.4, we have seen that the PRS of an FPC-LWA may consist of a homogenized
metasurface (HMS). As an HMS consists of a periodic lattice of subresonant elements, pattern-
ing of these elements on a metallic sheet is subject to the fabrication tolerances. Since the
smallest details commonly allowed in a standard photolithographic process should be greater
than 3 μm to avoid fabrication issues in low-cost, large-area production [15], the unit-cell
period is set to p ¼ λ0=5 ¼ 60 μm. On the one hand, this value fulfills the homogenization limit
[34] (p should preferably be smaller than λ0=4). On the other hand, the choice of p ¼ λ0=5
allows for designing details of the mask down to p=20 when designing the HMS at 1 THz.

2.6.4. THz biasing scheme

The realization of a biasing scheme in a reconfigurable THz FPC-LWA based on graphene
differs from that of an FPC-LWA based on nematic liquid crystals (NLCs). In an NLC-based
FPC-LWA, a pair of conductive layers “sandwich” the NLC cell. However, a conductive layer
introduces ohmic losses in the cavity; hence, it is important to use quasi-transparent polymers
in the THz range. We therefore chose the PEDOT:PSS since it is a conductive film with a
moderate conductivity in the THz range and an extremely thin profile [15]. Conversely, in a
graphene-based FPC-LWA, a pair of electrodes is placed on top of the graphene sheet and on a
conductive layer placed underneath of it. The conductive layer might be either a PEDOT:PSS
[20], or a polysilicon layer [45]. In any case, it is important that the material between graphene
and the conductive layer exhibits a high-voltage breakdown, so that graphene chemical poten-
tial can be raised at sufficiently high values to considerably change the conductive properties
of the graphene sheet [20]. Examples of materials exhibiting a high-voltage breakdown are
TiO2, Al2O3, and HfO2 [20]. As a final comment, we note that the thicknesses of the conductive
layers and of the dielectric filling the gap with the graphene sheet are electrically small, and
can therefore safely be neglected in the transmission line model of an FPC-LWA.

3. FPC-LWAs based on fishnet metasurfaces

3.1. Fishnet properties

A fishnet-like unit-cell can be obtained as a superposition of patches and strips of the same
dimensions (see Figure 3(a)). Differently from array of patches and strip grating, this geometry
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exhibits almost negligible spatial dispersion [15]. Therefore, the surface impedance of a fishnet-
like unit-cell is accurately represented by a purely imaginary scalar impedance value Zs ¼ jXs.
As a matter of fact, this geometry has many other advantages with respect to the previous
configurations [15]. As shown in [15], the fishnet design allows for spanning values of Xs from
100Ω to few ohms in the same parameter space. Thus, highly directive FPC-LWAs can be
designed using a suitable combination of g and w values. In fact, since the fishnet element has a
two-valued space parameter, the designer has more degrees of freedom to synthesize the
required values of the impedance. For example, a reactance as low as Xs ¼ 15 Ω can be synthe-
sized by a fishnet unit-cell with w ¼ 0:4p, g ¼ 0:2p, and p ¼ λ0=5 ¼ 60 μm, corresponding to
w ¼ 24 μm and g ¼ 12 μm, and thus fully compatible with a low-cost standard photolitho-
graphic fabrication process, as discussed in Section 2.6.

Therefore, the proposed fishnet element appears to be a valuable choice for the realization of the
HMS since it allows for a flexible synthesis of the surface impedance. Moreover, its remarkably
low spatial dispersion allows for a simple but accurate modeling, as will be shown in the next
Section 3.2.

3.2. Fishnet-based design

The considered structure consists of a GDS made of Zeonor, covered with a fishnet-based HMS
with parameters g ¼ 0:2p and w ¼ 0:4p, in order to synthesize an impedance of 15 Ω at 1 THz.
While not spatially dispersive, the fishnet unit-cell is evidently frequency-dispersive, showing
a quasi-linear frequency dependence [15], thus suggesting a dominant inductive behavior.

It is worth noting here that the negligible spatial dispersion of the fishnet allows for safely
modeling the impedance Zs fð Þ as a function of the frequency f only, without including the
dependence on the wavenumber (see [15] for further details). This model of Zs fð Þ has then been
implemented in the equivalent circuit model depicted in Figure 2 (replacing ZPRS with Zs fð Þ),
to perform the dispersion analysis of the structure.

Numerical results are reported in Figure 4(a) where the behaviors of β̂z (solid lines) and α̂z

(dashed lines) are shown in the frequency range 0:5–1:5 THz for both TE (in red) and TM (in
blue) polarizations. As expected, the fishnet acts as a very high reflective PRS (due to the low
impedance value) and the resulting leaky modes are slight perturbations of those of an equiv-
alent dielectric-filled PPW. The very low value of α̂z at the leaky cutoff βz ≃αz suggests a very
narrow pencil beam. This result is confirmed by the radiation patterns obtained through leaky-
wave theory (black solid lines) and CST full-wave simulations (blue circles), as shown in
Figure 4(b) for the E-plane and in Figure 4(c) for the H-plane. The remarkable agreement
between the results confirms that the TE-TM leaky-wave pair is dominant, and that the
radiation efficiency ηr is high.

In this regard, it is worth commenting on the overall expected efficiency er of this device to
have a measure of the gain (G) rather than directivity (D0) (we recall that G ¼ erD0). As a
matter of fact, the very low but finite loss tangent of Zeonor [22] contributes to raise the
leakage rate. Hence, we have determined the amount of leakage due to radiation α̂rad, and
that due to absorption α̂loss (where α̂z ¼ α̂loss þ α̂radÞ by running two different numerical
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simulations: one of the ideal, lossless structure to determine αrad, and one of the lossy structures
to determine αz and in turn αloss. With this method on hand, we obtained er ¼ 69% for L ¼ 20λ0

(which leads to ηr > 90%), and a gain greater than 26 dB.

4. FPC-LWAs based on graphene

4.1. Graphene properties

Graphene is a one-atom-thick layer of carbon atoms arranged in a honeycomb lattice with excep-
tional electronic transport properties [47]. From an antenna engineering point of view, one
extremely interesting aspect of graphene theory is that due to its infinitesimal thickness, a graphene
monolayer is adequately treated as a metasurface whose homogenized surface conductivity σ
(neglecting nonlocal effects [51]) can be derived in scalar form by means of the Kubo formalism
[47]. In the low THz range, i.e., for 0:3 ≤ f ≤ 3 THz and at room temperature, i.e., T ¼ 300 K, the
complex-valued surface conductivity of graphene σ ¼ σR � jσJ (where σR and �σJ expressed in
Siemens [S] are the conductance and the susceptance of graphene equivalent admittance, respec-
tively) is sufficiently well described by the following Drude-like expression [52, 53]:

σ ¼ σR � jσJ ¼
2q2e kBT

τ�1 þ jωð Þπℏ2 ln 2cosh
μc

2kBT

� �� �
, (10)

where ω ¼ 2πf is the angular frequency, �qe is the electron charge, kB is the Boltzmann
constant, ℏ is the reduced Planck constant, τ is the relaxation time (which mainly determines
graphene quality), and μc is the chemical potential. In the following, a relaxation time τ ¼ 3 ps
is assumed.4

Figure 4 (a) Dispersion curves βz=k0 (solid lines) and αz=k0 vs. frequency (dashed lines) in the spectral range from 0:5 to
1:5 THz for TE (in red) and TM (in blue) polarizations. The inset highlights the behavior at the leaky cutoff, i.e., around
f ¼ 1 THz. (b) and (c) Normalized radiation patterns calculated with the leaky-wave approach (black solid lines) and
validated with full-wave simulations (blue circles) are reported over the (b) E-plane and (c) H-plane [15].

4
Graphene quality strongly varies sample by sample, depending on several factors affecting the graphene synthesis. As a
consequence, the relaxation time τ is never known a priori. The interested reader can refer to the recent detailed survey
proposed in [49] as well as discussions in [20, 21].
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exhibits almost negligible spatial dispersion [15]. Therefore, the surface impedance of a fishnet-
like unit-cell is accurately represented by a purely imaginary scalar impedance value Zs ¼ jXs.
As a matter of fact, this geometry has many other advantages with respect to the previous
configurations [15]. As shown in [15], the fishnet design allows for spanning values of Xs from
100Ω to few ohms in the same parameter space. Thus, highly directive FPC-LWAs can be
designed using a suitable combination of g and w values. In fact, since the fishnet element has a
two-valued space parameter, the designer has more degrees of freedom to synthesize the
required values of the impedance. For example, a reactance as low as Xs ¼ 15 Ω can be synthe-
sized by a fishnet unit-cell with w ¼ 0:4p, g ¼ 0:2p, and p ¼ λ0=5 ¼ 60 μm, corresponding to
w ¼ 24 μm and g ¼ 12 μm, and thus fully compatible with a low-cost standard photolitho-
graphic fabrication process, as discussed in Section 2.6.

Therefore, the proposed fishnet element appears to be a valuable choice for the realization of the
HMS since it allows for a flexible synthesis of the surface impedance. Moreover, its remarkably
low spatial dispersion allows for a simple but accurate modeling, as will be shown in the next
Section 3.2.

3.2. Fishnet-based design

The considered structure consists of a GDS made of Zeonor, covered with a fishnet-based HMS
with parameters g ¼ 0:2p and w ¼ 0:4p, in order to synthesize an impedance of 15 Ω at 1 THz.
While not spatially dispersive, the fishnet unit-cell is evidently frequency-dispersive, showing
a quasi-linear frequency dependence [15], thus suggesting a dominant inductive behavior.

It is worth noting here that the negligible spatial dispersion of the fishnet allows for safely
modeling the impedance Zs fð Þ as a function of the frequency f only, without including the
dependence on the wavenumber (see [15] for further details). This model of Zs fð Þ has then been
implemented in the equivalent circuit model depicted in Figure 2 (replacing ZPRS with Zs fð Þ),
to perform the dispersion analysis of the structure.

Numerical results are reported in Figure 4(a) where the behaviors of β̂z (solid lines) and α̂z

(dashed lines) are shown in the frequency range 0:5–1:5 THz for both TE (in red) and TM (in
blue) polarizations. As expected, the fishnet acts as a very high reflective PRS (due to the low
impedance value) and the resulting leaky modes are slight perturbations of those of an equiv-
alent dielectric-filled PPW. The very low value of α̂z at the leaky cutoff βz ≃αz suggests a very
narrow pencil beam. This result is confirmed by the radiation patterns obtained through leaky-
wave theory (black solid lines) and CST full-wave simulations (blue circles), as shown in
Figure 4(b) for the E-plane and in Figure 4(c) for the H-plane. The remarkable agreement
between the results confirms that the TE-TM leaky-wave pair is dominant, and that the
radiation efficiency ηr is high.

In this regard, it is worth commenting on the overall expected efficiency er of this device to
have a measure of the gain (G) rather than directivity (D0) (we recall that G ¼ erD0). As a
matter of fact, the very low but finite loss tangent of Zeonor [22] contributes to raise the
leakage rate. Hence, we have determined the amount of leakage due to radiation α̂rad, and
that due to absorption α̂loss (where α̂z ¼ α̂loss þ α̂radÞ by running two different numerical
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simulations: one of the ideal, lossless structure to determine αrad, and one of the lossy structures
to determine αz and in turn αloss. With this method on hand, we obtained er ¼ 69% for L ¼ 20λ0

(which leads to ηr > 90%), and a gain greater than 26 dB.

4. FPC-LWAs based on graphene

4.1. Graphene properties

Graphene is a one-atom-thick layer of carbon atoms arranged in a honeycomb lattice with excep-
tional electronic transport properties [47]. From an antenna engineering point of view, one
extremely interesting aspect of graphene theory is that due to its infinitesimal thickness, a graphene
monolayer is adequately treated as a metasurface whose homogenized surface conductivity σ
(neglecting nonlocal effects [51]) can be derived in scalar form by means of the Kubo formalism
[47]. In the low THz range, i.e., for 0:3 ≤ f ≤ 3 THz and at room temperature, i.e., T ¼ 300 K, the
complex-valued surface conductivity of graphene σ ¼ σR � jσJ (where σR and �σJ expressed in
Siemens [S] are the conductance and the susceptance of graphene equivalent admittance, respec-
tively) is sufficiently well described by the following Drude-like expression [52, 53]:

σ ¼ σR � jσJ ¼
2q2e kBT

τ�1 þ jωð Þπℏ2 ln 2cosh
μc

2kBT

� �� �
, (10)

where ω ¼ 2πf is the angular frequency, �qe is the electron charge, kB is the Boltzmann
constant, ℏ is the reduced Planck constant, τ is the relaxation time (which mainly determines
graphene quality), and μc is the chemical potential. In the following, a relaxation time τ ¼ 3 ps
is assumed.4

Figure 4 (a) Dispersion curves βz=k0 (solid lines) and αz=k0 vs. frequency (dashed lines) in the spectral range from 0:5 to
1:5 THz for TE (in red) and TM (in blue) polarizations. The inset highlights the behavior at the leaky cutoff, i.e., around
f ¼ 1 THz. (b) and (c) Normalized radiation patterns calculated with the leaky-wave approach (black solid lines) and
validated with full-wave simulations (blue circles) are reported over the (b) E-plane and (c) H-plane [15].

4
Graphene quality strongly varies sample by sample, depending on several factors affecting the graphene synthesis. As a
consequence, the relaxation time τ is never known a priori. The interested reader can refer to the recent detailed survey
proposed in [49] as well as discussions in [20, 21].
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Clearly, σ is strongly affected by the values of μc which in turn is related to the electrostatic bias E0

through an integral equation [53]. As is known [20, 45, 53], the maximum absolute value of the
chemical potential that can be obtained with an electrostatic field on the order of several V/nm
(typically used in experiments5) is around 1 eV. It should be noted that such an electrostatic field is
rather high and demands for the choice of suitable dielectric materials as discussed in Section 2.6.

Recent works [18, 20, 52, 53] have shown that in the THz range and for high-quality samples of
graphene, the resistive part of graphene conductivity (σR) slightly increases as μc increases,
whereas its reactive part (σJ) considerably increases as μc increases. In particular, for high values
of μc, σ becomes mostly reactive so that graphene can be switched from a bad to a good
conductor when μc is raised in the range 0–1 eV. However, ohmic losses increase for high
values of μc [20]. Hence, biased graphene, even if of good quality (high values of τ), behaves as
a good conductor with nonnegligible ohmic losses in the considered THz range.

Nevertheless, the possibility to considerably change the surface conductivity through the
application of a bias voltage is one of the most exceptional aspects of graphene behavior since
it allows for designing FPC-LWAs with beam-steering capabilities at fixed frequency. Such
devices will be the object of the next Section 4.2.

4.2. Graphene-based designs

In the simplest graphene-based FPC-LWA configuration, the PRS is replaced by a uniform
(nonpatterned6) graphene sheet (see Figure 5(a)), possibly biased as discussed in Section 2.6.
We call this configuration a graphene planar waveguide (GPW) [18]. As in a conventional FPC-
LWA antenna design [12], the thickness of the dielectric layer h is set according to Eq. (4).
Considering a GPW filled with a SiO2 layer (εr ¼ 3:8) and operated at f 0 ¼ 1 THz, it results
h≃ 77 μm. The GPW is therefore similar to the fishnet-based FPC-LWA seen in Section 3, but
the presence of the graphene sheet in place of the fishnet allows for achieving beam scanning at
a fixed frequency by tuning the graphene surface conductivity through the biasing scheme.

As shown in [18], if one solves the dispersion equations (see Eq. (6)) by replacing YPRS with σ7,
one finds that the phase constants of the fundamental TE, TM leaky mode pair considerably
change as the chemical potential μc is decreased from 1 to 0 eV. In particular, at f ¼ 0:922 THz
(corresponding to the leaky cutoff condition of the TMmode of a GPW biased at μc ¼ 1 eV [18]),
the normalized phase constants of the leaky modes span values from about 0:2 to almost 1 for μc

varying from 1 to 0 eV (see blue and red dashed lines in Figure 6(a) for the dispersion curves of
the TM and the TE leaky modes of the GPW, respectively). According to Eq. (3), this allows for
steering the beam from broadside to endfire.

5
In recent experiments, bias voltages Vb on the order of 100 V have been applied across a grounded dielectric slab covered
with a graphene sheet [54]. In that case, a slab of quartz (εr ¼ 3:8) of thickness t ¼ 300 μm was considered. Thus, for
typical bias voltages in the range of 0� 100 V, E0 ¼ Vg=t would be in the range 0� 1 V/nm [54].
6
FPC-LWA designs based on patterned graphene sheets (namely, a 1-D array of capacitive strips of graphene) have been
preliminarily investigated in [21].
7
The same expression of σ can be used for both the TM and the TE polarization, since graphene exhibits negligible spatial
dispersion, except for extremely slow waves such as surface plasmons [51], a case which is of no interest here.
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The beam scanning capability through bias at fixed frequency is confirmed by the far-field
radiation patterns (see colored dashed lines Figures 6(b) and (c)) obtained through CST full-
wave simulations at f ¼ 0:922 THz. As shown, for values of the chemical potential spanning
from 1 to 0:5 eV, the GPW is able to steer the beam from broadside to 45 ∘ , respectively.
However, the beamwidths are not very narrow (and, in turn, the directivities are rather low)
due to the relatively large attenuation constant. This means that a graphene sheet alone is not
sufficiently reflective as a PRS, even when highly biased.

To circumvent this issue, a slightly different configuration, also known as the graphene-based
substrate-superstrate (GSS) antenna, has been proposed in the literature [19]. The idea under-
lying this novel configuration was the introduction of an additional cover layer on top of the
GPW to increase the reflectivity of the overall PRS, now constituted by the combination of the
graphene layer and the cover layer (see Figure 5(b)). Following the idea of a substrate-
superstrate configuration, a quarter-wavelength dielectric material of high permittivity
(namely, HfO2 with εr2 ¼ 25, thus fixing the thickness to h2 ≃ 14 μm) has been introduced on
top of the GPW. However, the modal configuration of the tangential components of the electric
field of an unperturbed substrate-superstrate structure (without the graphene sheet) has a
minimum at the substrate-superstrate interface. As a consequence, a graphene sheet placed at
the interface weakly interacts with the cavity and thus does not allow for achieving an effective
reconfigurability of the pattern. This aspect poses the problem to find an optimal position for
the graphene sheet within the cavity. As shown in [19], the position of the graphene sheet that
maximizes the directivity in a GSS configuration is at x0 ¼ 0:82h1 (see Figure 5(b)) for an
operating frequency of f ¼ 1:132 THz, i.e., in a middle way between a point of maximum
interaction (i.e., the middle plane, x0 ¼ 0:5h1) and a point of minimum interaction (i.e., the
interface x0 ¼ h1). The reason for this intermediate position is due to the nonnegligible ohmic
losses of graphene, represented by the real part of its surface conductivity. Indeed, as the
graphene sheet interacts more with the tangential electric field, the resonance effect increases
(thus decreasing the leakage rate due to radiation α̂rad), but also the contribution of the losses
raises (thus increasing that part of the leakage rate accounting for the losses α̂loss). As a result,
the radiation efficiency and the directivity at broadside of a GSS strongly depend on the
position of graphene inside the cavity. This has been quantitatively explained by the power
analysis carried out in [20]. Unfortunately, the optimal position in terms of directivity at

Figure 5. 2-D section and transmission line model of (a) a GPWand (b) a GSS [20].
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Clearly, σ is strongly affected by the values of μc which in turn is related to the electrostatic bias E0

through an integral equation [53]. As is known [20, 45, 53], the maximum absolute value of the
chemical potential that can be obtained with an electrostatic field on the order of several V/nm
(typically used in experiments5) is around 1 eV. It should be noted that such an electrostatic field is
rather high and demands for the choice of suitable dielectric materials as discussed in Section 2.6.

Recent works [18, 20, 52, 53] have shown that in the THz range and for high-quality samples of
graphene, the resistive part of graphene conductivity (σR) slightly increases as μc increases,
whereas its reactive part (σJ) considerably increases as μc increases. In particular, for high values
of μc, σ becomes mostly reactive so that graphene can be switched from a bad to a good
conductor when μc is raised in the range 0–1 eV. However, ohmic losses increase for high
values of μc [20]. Hence, biased graphene, even if of good quality (high values of τ), behaves as
a good conductor with nonnegligible ohmic losses in the considered THz range.

Nevertheless, the possibility to considerably change the surface conductivity through the
application of a bias voltage is one of the most exceptional aspects of graphene behavior since
it allows for designing FPC-LWAs with beam-steering capabilities at fixed frequency. Such
devices will be the object of the next Section 4.2.

4.2. Graphene-based designs

In the simplest graphene-based FPC-LWA configuration, the PRS is replaced by a uniform
(nonpatterned6) graphene sheet (see Figure 5(a)), possibly biased as discussed in Section 2.6.
We call this configuration a graphene planar waveguide (GPW) [18]. As in a conventional FPC-
LWA antenna design [12], the thickness of the dielectric layer h is set according to Eq. (4).
Considering a GPW filled with a SiO2 layer (εr ¼ 3:8) and operated at f 0 ¼ 1 THz, it results
h≃ 77 μm. The GPW is therefore similar to the fishnet-based FPC-LWA seen in Section 3, but
the presence of the graphene sheet in place of the fishnet allows for achieving beam scanning at
a fixed frequency by tuning the graphene surface conductivity through the biasing scheme.

As shown in [18], if one solves the dispersion equations (see Eq. (6)) by replacing YPRS with σ7,
one finds that the phase constants of the fundamental TE, TM leaky mode pair considerably
change as the chemical potential μc is decreased from 1 to 0 eV. In particular, at f ¼ 0:922 THz
(corresponding to the leaky cutoff condition of the TMmode of a GPW biased at μc ¼ 1 eV [18]),
the normalized phase constants of the leaky modes span values from about 0:2 to almost 1 for μc

varying from 1 to 0 eV (see blue and red dashed lines in Figure 6(a) for the dispersion curves of
the TM and the TE leaky modes of the GPW, respectively). According to Eq. (3), this allows for
steering the beam from broadside to endfire.

5
In recent experiments, bias voltages Vb on the order of 100 V have been applied across a grounded dielectric slab covered
with a graphene sheet [54]. In that case, a slab of quartz (εr ¼ 3:8) of thickness t ¼ 300 μm was considered. Thus, for
typical bias voltages in the range of 0� 100 V, E0 ¼ Vg=t would be in the range 0� 1 V/nm [54].
6
FPC-LWA designs based on patterned graphene sheets (namely, a 1-D array of capacitive strips of graphene) have been
preliminarily investigated in [21].
7
The same expression of σ can be used for both the TM and the TE polarization, since graphene exhibits negligible spatial
dispersion, except for extremely slow waves such as surface plasmons [51], a case which is of no interest here.
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The beam scanning capability through bias at fixed frequency is confirmed by the far-field
radiation patterns (see colored dashed lines Figures 6(b) and (c)) obtained through CST full-
wave simulations at f ¼ 0:922 THz. As shown, for values of the chemical potential spanning
from 1 to 0:5 eV, the GPW is able to steer the beam from broadside to 45 ∘ , respectively.
However, the beamwidths are not very narrow (and, in turn, the directivities are rather low)
due to the relatively large attenuation constant. This means that a graphene sheet alone is not
sufficiently reflective as a PRS, even when highly biased.

To circumvent this issue, a slightly different configuration, also known as the graphene-based
substrate-superstrate (GSS) antenna, has been proposed in the literature [19]. The idea under-
lying this novel configuration was the introduction of an additional cover layer on top of the
GPW to increase the reflectivity of the overall PRS, now constituted by the combination of the
graphene layer and the cover layer (see Figure 5(b)). Following the idea of a substrate-
superstrate configuration, a quarter-wavelength dielectric material of high permittivity
(namely, HfO2 with εr2 ¼ 25, thus fixing the thickness to h2 ≃ 14 μm) has been introduced on
top of the GPW. However, the modal configuration of the tangential components of the electric
field of an unperturbed substrate-superstrate structure (without the graphene sheet) has a
minimum at the substrate-superstrate interface. As a consequence, a graphene sheet placed at
the interface weakly interacts with the cavity and thus does not allow for achieving an effective
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operating frequency of f ¼ 1:132 THz, i.e., in a middle way between a point of maximum
interaction (i.e., the middle plane, x0 ¼ 0:5h1) and a point of minimum interaction (i.e., the
interface x0 ¼ h1). The reason for this intermediate position is due to the nonnegligible ohmic
losses of graphene, represented by the real part of its surface conductivity. Indeed, as the
graphene sheet interacts more with the tangential electric field, the resonance effect increases
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Figure 5. 2-D section and transmission line model of (a) a GPWand (b) a GSS [20].
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broadside (x0 ¼ 0:82h1) does not lead to the best configuration in terms of radiation efficiency
(x0 ¼ h1 or x0 ¼ 0). However, the radiation performance improvement in terms of directivity of
a GSS with respect to a GPW is paid at the expense of a moderate reduction of radiation
efficiency. To give some numbers, a GPW shows D0 ≃ 14 dB and er ≃ 69%, whereas an optimized
GSS shows D0 ≃ 18:5 dB and er ≃ 56%.

The dispersion analysis of a GSS and its radiating performance are reported in Figure 6(a) (see
blue and red solid lines for the dispersion curves of the TM and the TE leaky modes of the
GPW, respectively) and Figures 6(b) and (c) (see colored solid lines). As manifested by com-
paring the dashed and solid colored lines in Figures 6(b) and (c), the GSS shows considerably
narrow beamwidths (thus higher directivities) over the entire beam scanning range. However,
it should be noted that the GSS achieves the same angular range of a GPW over a wider
range of variation of the chemical potential. This aspect reveals the slightly weaker degree
of reconfigurability of the GSS with respect to the GPW.

5. FPC-LWAs based on nematic liquid crystals

5.1. NLC properties

Nematic liquid crystals (NLCs) are among the most widely studied and used liquid crystals
(LCs). As is known [17], in addition to the solid crystalline and liquid phases, LCs exhibit
intermediate phases (mesophases) where they flow like liquids (thus requiring hydrodynamical
theories for their complete description), yet possess some physical properties characteristic of
solids (thus requiring the elastic continuum theory for their complete description). As a function
of temperature, or depending on the constituents, concentration, substituents, and so on, LCs
exist in many so-called mesophases: nematic, cholesteric, smectic, and ferroelectric [17].

From an engineering point of view, LCs are attractive since, near the isotropic nematic phase
transition temperature, the LC molecules become highly susceptible to external fields, and their
responses tend to slow down considerably [17]. In particular, let us consider a layer of uniaxial

Figure 6 (a) Normalized phase constants and attenuation constants of the fundamental TM (in blue) and TE (in red) leaky
modes of a GPW (dashed lines) at f ¼ 0:922 THz and of a GSS (solid lines) with graphene placed at the optimum position
x0 ¼ 0:82h1 at a fixed frequency f ¼ 1:132 THz, as a function of the chemical potential in the range 1 > μc > 0 eV.
(b) H-plane and (c) E-plane radiation patterns, normalized to the overall maximum (achieved at broadside), vs. elevation
angle θ for the GSS antenna (solid lines) and for the GPW (dashed lines). The scanning behavior at a fixed frequency
(f ¼ 1:132 THz for the GSS and f ¼ 0:92 THz for the GPW) is shown for four theoretical pointing angles θ0 ¼ 0,
15, 30, 45 ∘ . The chemical potentials for the GPW and the GSS are reported in the legend [19].
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NLCs sandwiched between two substrates covered by electrodes. It is known that [17] if an
alignment film is deposited on the substrates and no bias is applied (Vb ¼ 0 V, unbiased state),
the optical axis of the LC molecules is parallel to the substrate plane, in the direction given by
the alignment film (horizontal axis), whereas, when a sufficiently large driving voltage
(Vb ¼ V∞, biased state) is applied across the LC, the optical axis is fully tilted and parallel to
the applied electric field direction (vertical axis) [55]. While the maximum achievable tuning
range can be inferred from the knowledge of these two limiting states, the voltage-dependent
tunable properties of LCs require a rigorous study of the LC dynamics. This task can be
performed by a numerical implementation of the Q-tensor theory of liquid crystals, a conve-
nient theoretical formulation for the study of the LC orientation in confined geometries [56].

Among the different kinds of NLCs, we consider here the nematic mixture 1825 because of its
high birefringence at THz frequencies [56]. The dielectric properties of such a material are
described by a complex permittivity tensor ε

r
. As a uniaxial crystal, the permittivity tensor of

an NLC in its unbiased and fully biased states reduces to a diagonal matrix, whose diagonal
elements are the ordinary εo and extraordinary εe relative permittivities of the NLC. For inter-
mediate states, the NLC permittivity tensor is no longer a diagonal matrix. However, a thorough
analysis of the Q-tensor has revealed that for an NLC aligned along the horizontal z-axis (see the
reference frame in Figure 7), when a low-driving voltage is applied [56] across a fishnet unit-cell,
the optical axis of the NLC tilts in the xz-plane exhibiting a negligible rotation over both the yz-
and the xy-plane. Thus, at first approximation8, the NLC can still be locally modeled as a uniaxial
crystal whose complex permittivity tensor ε

r
Vbð Þ is a diagonal matrix diag εxx Vbð Þ; εyy; εzz Vbð Þ� �

where εyy ¼ εxx 0ð Þ ¼ εzz V∞ð Þ ¼ εo ≃ 2:42 and εxx V∞ð Þ ¼ εzz 0ð Þ ¼ εe ≃ 3:76 for a z-oriented NLC
in the THz range [56], respectively. It is worth noting here that the assumption of uniaxial crystal
for the NLC layer allows for easily describing its behavior with a relatively simple equivalent
circuit model [57]. On the contrary, when the off-diagonal components are nonnegligible, more
complicated equivalent networks are needed [57, 58], also accounting for the dielectric tensor
spatial distribution [55].

5.2. NLC-based designs

The proposed device (see Figure 7(a)) consists of a multistack of alternating layers of thin
alumina layers and of NLCs placed above a GDS. The choice of Zeonor for the substrate layer
has been motivated by the index matching between its relative permittivity εr1 ¼ 2:3 and the
ordinary relative permittivity εo ¼ 2:42 of the NLC layer in the THz range [56], as it is required
to properly enhance the resonance condition in an FPC [29].

As we have seen in Section 2.4, the alternation of high- and low-permittivity layers, with
thicknesses fixed at odd multiples of a quarter wavelength in their respective media, allows
for obtaining a narrow beam radiating at broadside [29]. In the proposed device, the innovat-
ing feature is represented by the possibility of exploiting the tunable properties of the NLCs
[56], here representing the low-permittivity layer. In particular, the application of a common
control signal to the NLC layers allows for changing their dielectric properties, thus achieving
beam-steering capability at a fixed frequency, similar to the one obtained with the graphene-
based FPC-LWAs shown in Section 4.

8
A more accurate model should take into account the non-zero values of the εxz and εzx components.
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broadside (x0 ¼ 0:82h1) does not lead to the best configuration in terms of radiation efficiency
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a GSS with respect to a GPW is paid at the expense of a moderate reduction of radiation
efficiency. To give some numbers, a GPW shows D0 ≃ 14 dB and er ≃ 69%, whereas an optimized
GSS shows D0 ≃ 18:5 dB and er ≃ 56%.

The dispersion analysis of a GSS and its radiating performance are reported in Figure 6(a) (see
blue and red solid lines for the dispersion curves of the TM and the TE leaky modes of the
GPW, respectively) and Figures 6(b) and (c) (see colored solid lines). As manifested by com-
paring the dashed and solid colored lines in Figures 6(b) and (c), the GSS shows considerably
narrow beamwidths (thus higher directivities) over the entire beam scanning range. However,
it should be noted that the GSS achieves the same angular range of a GPW over a wider
range of variation of the chemical potential. This aspect reveals the slightly weaker degree
of reconfigurability of the GSS with respect to the GPW.

5. FPC-LWAs based on nematic liquid crystals

5.1. NLC properties

Nematic liquid crystals (NLCs) are among the most widely studied and used liquid crystals
(LCs). As is known [17], in addition to the solid crystalline and liquid phases, LCs exhibit
intermediate phases (mesophases) where they flow like liquids (thus requiring hydrodynamical
theories for their complete description), yet possess some physical properties characteristic of
solids (thus requiring the elastic continuum theory for their complete description). As a function
of temperature, or depending on the constituents, concentration, substituents, and so on, LCs
exist in many so-called mesophases: nematic, cholesteric, smectic, and ferroelectric [17].

From an engineering point of view, LCs are attractive since, near the isotropic nematic phase
transition temperature, the LC molecules become highly susceptible to external fields, and their
responses tend to slow down considerably [17]. In particular, let us consider a layer of uniaxial
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modes of a GPW (dashed lines) at f ¼ 0:922 THz and of a GSS (solid lines) with graphene placed at the optimum position
x0 ¼ 0:82h1 at a fixed frequency f ¼ 1:132 THz, as a function of the chemical potential in the range 1 > μc > 0 eV.
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(f ¼ 1:132 THz for the GSS and f ¼ 0:92 THz for the GPW) is shown for four theoretical pointing angles θ0 ¼ 0,
15, 30, 45 ∘ . The chemical potentials for the GPW and the GSS are reported in the legend [19].
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NLCs sandwiched between two substrates covered by electrodes. It is known that [17] if an
alignment film is deposited on the substrates and no bias is applied (Vb ¼ 0 V, unbiased state),
the optical axis of the LC molecules is parallel to the substrate plane, in the direction given by
the alignment film (horizontal axis), whereas, when a sufficiently large driving voltage
(Vb ¼ V∞, biased state) is applied across the LC, the optical axis is fully tilted and parallel to
the applied electric field direction (vertical axis) [55]. While the maximum achievable tuning
range can be inferred from the knowledge of these two limiting states, the voltage-dependent
tunable properties of LCs require a rigorous study of the LC dynamics. This task can be
performed by a numerical implementation of the Q-tensor theory of liquid crystals, a conve-
nient theoretical formulation for the study of the LC orientation in confined geometries [56].

Among the different kinds of NLCs, we consider here the nematic mixture 1825 because of its
high birefringence at THz frequencies [56]. The dielectric properties of such a material are
described by a complex permittivity tensor ε
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an NLC in its unbiased and fully biased states reduces to a diagonal matrix, whose diagonal
elements are the ordinary εo and extraordinary εe relative permittivities of the NLC. For inter-
mediate states, the NLC permittivity tensor is no longer a diagonal matrix. However, a thorough
analysis of the Q-tensor has revealed that for an NLC aligned along the horizontal z-axis (see the
reference frame in Figure 7), when a low-driving voltage is applied [56] across a fishnet unit-cell,
the optical axis of the NLC tilts in the xz-plane exhibiting a negligible rotation over both the yz-
and the xy-plane. Thus, at first approximation8, the NLC can still be locally modeled as a uniaxial
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where εyy ¼ εxx 0ð Þ ¼ εzz V∞ð Þ ¼ εo ≃ 2:42 and εxx V∞ð Þ ¼ εzz 0ð Þ ¼ εe ≃ 3:76 for a z-oriented NLC
in the THz range [56], respectively. It is worth noting here that the assumption of uniaxial crystal
for the NLC layer allows for easily describing its behavior with a relatively simple equivalent
circuit model [57]. On the contrary, when the off-diagonal components are nonnegligible, more
complicated equivalent networks are needed [57, 58], also accounting for the dielectric tensor
spatial distribution [55].

5.2. NLC-based designs

The proposed device (see Figure 7(a)) consists of a multistack of alternating layers of thin
alumina layers and of NLCs placed above a GDS. The choice of Zeonor for the substrate layer
has been motivated by the index matching between its relative permittivity εr1 ¼ 2:3 and the
ordinary relative permittivity εo ¼ 2:42 of the NLC layer in the THz range [56], as it is required
to properly enhance the resonance condition in an FPC [29].

As we have seen in Section 2.4, the alternation of high- and low-permittivity layers, with
thicknesses fixed at odd multiples of a quarter wavelength in their respective media, allows
for obtaining a narrow beam radiating at broadside [29]. In the proposed device, the innovat-
ing feature is represented by the possibility of exploiting the tunable properties of the NLCs
[56], here representing the low-permittivity layer. In particular, the application of a common
control signal to the NLC layers allows for changing their dielectric properties, thus achieving
beam-steering capability at a fixed frequency, similar to the one obtained with the graphene-
based FPC-LWAs shown in Section 4.
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A more accurate model should take into account the non-zero values of the εxz and εzx components.
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A circuit model (see Figure 7(a)) has been developed for the dispersion analysis of such a
structure, taking into account the voltage dependence of the NLC layers. Hence, when no bias
is applied (Vb ¼ 0 V), the NLC molecules are aligned along the horizontal z-axis (Figure 7(a)),
i.e., εzz 0ð Þ ¼ εe, promoted by a few tens nm-thin alignment layer, which does not affect the
electromagnetic properties of the device. When a sufficiently large driving voltage (V∞) is
applied across the LC layers, the NLC molecules reorient along the vertical x-axis, i.e.,
εzz V∞ð Þ ¼ εe, thus providing the maximum reconfigurability [55].

As a consequence, with reference to the transverse transmission line of Figure 7(a), the charac-
teristic admittances and the normal wavenumbers of the NLC layers for both the TE and the TM
polarizations (with respect to the xz-plane) are functions of Vb. Their expressions are given by,

YTE
0 ¼ k̂TEx =η0, k̂

TE
x ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εyy � k̂2z

q
, (11)

YTM
0 ¼ k̂

TM
x η0

� ��1
εzz Vbð Þ, k̂TMx ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εzz Vbð Þ
εxx Vbð Þ εxx Vbð Þ � k̂

2
z

� �s
, (12)

Since εyy is the only component of the NLC which does not depend on Vb, only the TM leaky
modes will be affected by the application of the bias; thus, the following discussion will be
limited to the study of the fundamental TM leaky mode9. The dispersion equation of the TM
modes is therefore computed as in Eq. (6), i.e., by replacing the YPRS with the input admittance
seen looking upward the interface, and by modeling the characteristic admittances and the
normal wavenumbers of each NLC transmission line segments with those given in Eq. (12).

In order to give a proof of concept, we have considered a layout with N ¼ 8 layers (see [22] for
this and other possible layouts), comprising three NLC cells and four alumina layers with
thicknesses given by Eq. (9), assuming that εr ¼ εo as the thickness of the NLC cell. In this
specific design, the choice of f 0 ¼ 0:59 THz is dictated by the thickness of commercially
available alumina thin layers (127 μm), which exhibit a relative permittivity εr2 ¼ 9 and a loss
tangent of about tan δ≃ 0:01 at 0:59 THz [22]10.

We have then evaluated the dispersion curves of the relevant TM leaky mode in the range
0:5� 0:75 THz for different bias states. As shown in Figure 7(b), the color of the curves
gradually shades from yellow to blue when the bias Vb is changed from 0 (unbiased state) to a
threshold voltage V∞ (biased state), which can be accurately calculated through the method
described in [22, 55]. For the proposed NLC cell, values below 20 V are sufficient to practically
cover almost the whole switching range. In this simplified analysis, the relative permittivities
are assumed to linearly vary with Vb. Thus, while the unbiased and biased states are always

correctly predicted, the dynamic variation of β̂z and α̂z for intermediate values of Vb could
significantly change once the voltage dependence of

¯
ε
¯
is computed.

9
Note that the assumption of uniaxial crystal allows for decoupling the TM fields from the TE fields. This is not generally
true when an anisotropic layer is at the interface with another medium, since in the most general case, more complicated
networks are needed to describe its behavior [57, 58].
10
We note here that, at f ¼ 0:59 THz, the dielectric constant of Zeonor is the same, but the loss tangent is slightly higher,

i.e., tan δ≃ 0:006 [22].
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As expected, when Vb ¼ V∞ (blue curve), the splitting condition β̂z ≃ α̂z is achieved for f ¼ 0:59
THz, which is the design frequency. Even more interestingly, once the frequency is fixed, e.g.,

at f ¼ 0:59 THz, it is possible to change the value of the normalized phase constant β̂z, such

that β̂z > α̂z by simply lowering the bias voltage, whereas the value of the normalized attenu-
ation constant α̂z remains almost the same. As a consequence, the dispersion diagram of
Figure 7(b) reveals the possibility to steer the beam with a quasi-constant beamwidth at a
fixed frequency through bias voltage.

This is confirmed by the radiating patterns on the E-plane (the NLCs tunability affects only TM
modes), calculated by means of leaky-wave theory (black lines) and CST full-wave simulations
(blue circles), as shown in Figure 7(c). Results have been reported in Figure 7(c) considering
radiation at broadside (biased status) and at the maximum pointing angle (unbiased status). It
should be noted that the radiation efficiency of this device is limited to values around 40% due
to the nonnegligible losses introduced by the three NLC cells. However, if one reduces the
number of NLC cells, the beam-steering capability of the device is reduced as well [22]. The
interested reader can find a comparison of different FPC-LWAs based on NLCs in [22].

6. Conclusion

Fabry-Perot cavity leaky-wave antennas (FPC-LWAs) represent a valid solution for designing
fully-planar, low-cost, high-gain antennas in the THz range. In this Chapter, starting from the
conventional design of FPC-LWAs, the typical technological constraints of the submillimeter
radiation have been thoroughly addressed to characterize the design criteria of THz FPC-LWAs.
On this ground, three different THz-FPC LWA designs have been extensively discussed. First, an
FPC-LWA based on a homogenized metasurface has been shown to produce high gain without
requiring neither high complexity nor high fabrication cost. This has been made possible due to
the employment of a fishnet unit-cell, a very interesting element for the impedance synthesis of
metasurfaces in the THz range. This structure exhibits an excellent radiation performance, but it

Figure 7. (a) 2-D cross section and transmission line model of the NLC-based FPC-LWA. (b) Dispersion curves (β̂z and α̂z

vs. f ) of the fundamental TM leaky mode, when the NLC layer is biased at V∞ (blue lines) and when it is unbiased at 0 V
(yellow lines). Colors gradually shade from blue to yellow as Vb decreases from V∞ to 0 V. (c) Radiation patterns
considering the broadside operation (solid) and a scanned beam at the maximum pointing angle (dashed). The radiation
patterns have been calculated by means of leaky-wave theory (black lines) and CST simulations (blue circles) for radiation
at broadside and at the maximum pointing angle [22].
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A circuit model (see Figure 7(a)) has been developed for the dispersion analysis of such a
structure, taking into account the voltage dependence of the NLC layers. Hence, when no bias
is applied (Vb ¼ 0 V), the NLC molecules are aligned along the horizontal z-axis (Figure 7(a)),
i.e., εzz 0ð Þ ¼ εe, promoted by a few tens nm-thin alignment layer, which does not affect the
electromagnetic properties of the device. When a sufficiently large driving voltage (V∞) is
applied across the LC layers, the NLC molecules reorient along the vertical x-axis, i.e.,
εzz V∞ð Þ ¼ εe, thus providing the maximum reconfigurability [55].

As a consequence, with reference to the transverse transmission line of Figure 7(a), the charac-
teristic admittances and the normal wavenumbers of the NLC layers for both the TE and the TM
polarizations (with respect to the xz-plane) are functions of Vb. Their expressions are given by,
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Since εyy is the only component of the NLC which does not depend on Vb, only the TM leaky
modes will be affected by the application of the bias; thus, the following discussion will be
limited to the study of the fundamental TM leaky mode9. The dispersion equation of the TM
modes is therefore computed as in Eq. (6), i.e., by replacing the YPRS with the input admittance
seen looking upward the interface, and by modeling the characteristic admittances and the
normal wavenumbers of each NLC transmission line segments with those given in Eq. (12).

In order to give a proof of concept, we have considered a layout with N ¼ 8 layers (see [22] for
this and other possible layouts), comprising three NLC cells and four alumina layers with
thicknesses given by Eq. (9), assuming that εr ¼ εo as the thickness of the NLC cell. In this
specific design, the choice of f 0 ¼ 0:59 THz is dictated by the thickness of commercially
available alumina thin layers (127 μm), which exhibit a relative permittivity εr2 ¼ 9 and a loss
tangent of about tan δ≃ 0:01 at 0:59 THz [22]10.

We have then evaluated the dispersion curves of the relevant TM leaky mode in the range
0:5� 0:75 THz for different bias states. As shown in Figure 7(b), the color of the curves
gradually shades from yellow to blue when the bias Vb is changed from 0 (unbiased state) to a
threshold voltage V∞ (biased state), which can be accurately calculated through the method
described in [22, 55]. For the proposed NLC cell, values below 20 V are sufficient to practically
cover almost the whole switching range. In this simplified analysis, the relative permittivities
are assumed to linearly vary with Vb. Thus, while the unbiased and biased states are always

correctly predicted, the dynamic variation of β̂z and α̂z for intermediate values of Vb could
significantly change once the voltage dependence of

¯
ε
¯
is computed.

9
Note that the assumption of uniaxial crystal allows for decoupling the TM fields from the TE fields. This is not generally
true when an anisotropic layer is at the interface with another medium, since in the most general case, more complicated
networks are needed to describe its behavior [57, 58].
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We note here that, at f ¼ 0:59 THz, the dielectric constant of Zeonor is the same, but the loss tangent is slightly higher,

i.e., tan δ≃ 0:006 [22].
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THz, which is the design frequency. Even more interestingly, once the frequency is fixed, e.g.,

at f ¼ 0:59 THz, it is possible to change the value of the normalized phase constant β̂z, such

that β̂z > α̂z by simply lowering the bias voltage, whereas the value of the normalized attenu-
ation constant α̂z remains almost the same. As a consequence, the dispersion diagram of
Figure 7(b) reveals the possibility to steer the beam with a quasi-constant beamwidth at a
fixed frequency through bias voltage.

This is confirmed by the radiating patterns on the E-plane (the NLCs tunability affects only TM
modes), calculated by means of leaky-wave theory (black lines) and CST full-wave simulations
(blue circles), as shown in Figure 7(c). Results have been reported in Figure 7(c) considering
radiation at broadside (biased status) and at the maximum pointing angle (unbiased status). It
should be noted that the radiation efficiency of this device is limited to values around 40% due
to the nonnegligible losses introduced by the three NLC cells. However, if one reduces the
number of NLC cells, the beam-steering capability of the device is reduced as well [22]. The
interested reader can find a comparison of different FPC-LWAs based on NLCs in [22].

6. Conclusion

Fabry-Perot cavity leaky-wave antennas (FPC-LWAs) represent a valid solution for designing
fully-planar, low-cost, high-gain antennas in the THz range. In this Chapter, starting from the
conventional design of FPC-LWAs, the typical technological constraints of the submillimeter
radiation have been thoroughly addressed to characterize the design criteria of THz FPC-LWAs.
On this ground, three different THz-FPC LWA designs have been extensively discussed. First, an
FPC-LWA based on a homogenized metasurface has been shown to produce high gain without
requiring neither high complexity nor high fabrication cost. This has been made possible due to
the employment of a fishnet unit-cell, a very interesting element for the impedance synthesis of
metasurfaces in the THz range. This structure exhibits an excellent radiation performance, but it

Figure 7. (a) 2-D cross section and transmission line model of the NLC-based FPC-LWA. (b) Dispersion curves (β̂z and α̂z

vs. f ) of the fundamental TM leaky mode, when the NLC layer is biased at V∞ (blue lines) and when it is unbiased at 0 V
(yellow lines). Colors gradually shade from blue to yellow as Vb decreases from V∞ to 0 V. (c) Radiation patterns
considering the broadside operation (solid) and a scanned beam at the maximum pointing angle (dashed). The radiation
patterns have been calculated by means of leaky-wave theory (black lines) and CST simulations (blue circles) for radiation
at broadside and at the maximum pointing angle [22].
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does not offer pattern reconfigurability. To this purpose, two extremely interesting materials,
namely graphene and nematic liquid crystals, have been employed for the design of two differ-
ent reconfigurable THz FPC-LWAs. A closer look to the design and the radiation performance of
these two novel reconfigurable THz FPC-LWAs has revealed that the reconfigurable properties
of these classes of antennas are paid at the expense of a reduced radiation efficiency and an
increase of the fabrication cost and complexity. However, THz technology is a continuously
growing field, and the current technological constraints are expected to relax in the upcoming
years, thus paving the way for the realization of new interesting reconfigurable and efficient THz
FPC-LWAs as well.
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does not offer pattern reconfigurability. To this purpose, two extremely interesting materials,
namely graphene and nematic liquid crystals, have been employed for the design of two differ-
ent reconfigurable THz FPC-LWAs. A closer look to the design and the radiation performance of
these two novel reconfigurable THz FPC-LWAs has revealed that the reconfigurable properties
of these classes of antennas are paid at the expense of a reduced radiation efficiency and an
increase of the fabrication cost and complexity. However, THz technology is a continuously
growing field, and the current technological constraints are expected to relax in the upcoming
years, thus paving the way for the realization of new interesting reconfigurable and efficient THz
FPC-LWAs as well.
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Abstract

We have numerically analyzed an electron beam (e-beam)-induced directional terahertz
(THz) radiation from metamaterials. Here, we used metallic grating structures with
graded depths, in which only one-way surface mode can be supported based on the spoof
surface plasmon polariton (spoof SPP) concept and gives unique directional THz radia-
tion. For numerical analysis, we used a simplified particle-in-cell (PIC) finite-difference
time-domain (FDTD) method. First, we describe our simplified PIC-FDTD method in
detail. Then, we show our results on the e-beam-induced directional THz radiation from
graded grating with graded depths. By passing pulsed (bunched) e-beam along the grat-
ing surface, directional THz radiations are obtained from one side of the grating with
shallower grooves. The direction of these radiations can be switched backward or forward
by making the groove depth deeper or shallower. The spectra of these directional radia-
tions are wideband and contain multiple sharp peaks. The deepest and the shallowest
groove depths determine the lowest and the highest frequency of the radiation band,
respectively. These unique radiation characteristics cannot be explained by the conven-
tional Smith-Purcell radiation and should be attributed to the spoof SPP that originates
from different locations on the graded grating.

Keywords: metamaterial, graded grating, electron beam, terahertz, THz, Smith-Purcell
radiation, particle-in-cell finite-difference time-domain, PIC-FDTD

1. Introduction

Recently, terahertz (THz) science and technology have been extensively studied from various
viewpoints [1, 2]. The THz frequency range is generally considered to be the range of 0.1–
10 THz. The electromagnetic (EM) waves that fall in the THz range can be utilized for various
types of applications such as spectroscopy, nondestructive inspection, security, and information
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shallower grooves. The direction of these radiations can be switched backward or forward
by making the groove depth deeper or shallower. The spectra of these directional radia-
tions are wideband and contain multiple sharp peaks. The deepest and the shallowest
groove depths determine the lowest and the highest frequency of the radiation band,
respectively. These unique radiation characteristics cannot be explained by the conven-
tional Smith-Purcell radiation and should be attributed to the spoof SPP that originates
from different locations on the graded grating.
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1. Introduction

Recently, terahertz (THz) science and technology have been extensively studied from various
viewpoints [1, 2]. The THz frequency range is generally considered to be the range of 0.1–
10 THz. The electromagnetic (EM) waves that fall in the THz range can be utilized for various
types of applications such as spectroscopy, nondestructive inspection, security, and information
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and communications technology. Optical techniques for a generation and detection of the THz
radiation usually require ultrafast short-pulsed lasers. As an alternative way, vacuum electronic-
based techniques have attracted much attention to develop next-generation table-top THz radi-
ation sources [3]. It has been known as Smith-Purcell radiation (SPR) since the 1950s that EM
radiation can be obtained by passing electron beam (e-beam) accelerated at a relativistic speed
along the surface of periodically corrugated metallic grating [4]. The wavelength λSPR and the
radiation angle θSPR of SPR measured from the direction of the e-beam satisfy the following
simple relation:

λSPR ¼ Λ
nj j

1
β
� cosθSPR

� �
(1)

where Λ is the period of the grating, βc is the electron velocity, c is the speed of light in vacuum,
and integer n is the order. Therefore, one can choose any spectral range of EM radiation in
principle by appropriately designing the grating period Λ. The original type of SPR is not
efficient enough to be widely utilized; however, there has been renewed interest in this area of
research since the observation of superradiance by Urata et al. in 1998 [5]. They used an
electron gun in a scanning electron microscope to flow a large current and discovered a
nonlinearly growing radiation power (superradiance). Theoretical [6, 7] and numerical [8–10]
investigations revealed that the bunching of an e-beam due to the interaction with induced
surface waves on the grating was essential to achieve superradiance through intrabunch and
interbunch double coherence. In such numerical investigations, the particle-in-cell finite-
difference time-domain (PIC-FDTD) method has been widely employed to reproduce the
Smith-Purcell superradiance.

On the other hand, quite significant progress has been made in the researches on meta-
materials in recent years, and various novel optical effects have been proposed and demon-
strated, such as negative refraction, superlensing, and optical cloakings [11–13]. Based on
metamaterials’ concept, one can design a rich variety of optical materials with unique disper-
sion characters which cannot be obtained in nature. The metamaterials’ concept also offers
new designing freedom of surface waves. It has been believed that surface waves like surface
plasmon polaritons (SPPs) in the visible or near infrared cannot be supported in longer
wavelength range like in THz because metals tend to behave as a perfect electric conductor
(PEC). However, Pendry et al. showed that surface waves like SPPs could be supported even
on PECs provided that there were arrays of corrugations or holes on metals [14, 15]. The
dispersion relations of such surface waves resemble those of SPPs, and the surface waves
introduced by Pendry et al. are usually called spoof SPPs. Dispersion relations of the spoof
SPPs strongly depend on the dimensions of corrugations and holes, which in turn implies that
almost arbitrary dispersion relations for the spoof SPPs can be designed through an appropri-
ate choice of structural parameters. Based on this concept, Gan et al. demonstrated an
ultrawide-bandwidth slow-light system with a graded metallic grating with linearly graded
depths [16]. Since the dispersion of the spoof SPPs is strongly dependent on the geometrical
parameters of the grooves, the upper limit (cutoff) frequencies for the existence of spoof SPPs
are also determined by the groove geometries. The group velocity of each mode approaches
zero near the cutoff frequency; therefore, graded grating structures with spatially varying
dispersions are capable of stopping spoof SPPs with different frequencies at different locations
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along the surface. The spatial distribution of spoof SPPs with different frequencies can be
tuned by appropriately designing the grade of the grating depths.

Here, we show an e-beam-induced THz radiation from such graded grating based on PIC-
FDTD method [3, 17]. We have obtained THz radiation with unique characteristics such as
arbitrarily chosen bandwidth and unique directionality, which cannot be expected from the
conventional theory developed for the SPR. Our findings may be utilized to develop novel e-
beam-based THz radiation sources.

2. Numerical simulation

In this section, numerical simulation techniques employed in this study, simplified PIC-FDTD
method, is described in detail, and parameters for our simulations are summarized.

2.1. Overview of simplified PIC-FDTD approach for the analysis of e-beam-induced THz
radiation

The PIC-FDTD method has been widely used to study underlying physical mechanism of the
Smith-Purcell superradiance [8–10]. To save computational time and memory, we have used
simplified version of PIC-FDTD method [17, 18]. In our simplified model, the electron-bunch is
treated as one negatively charged particle, the movement of the particle is restricted only in
two-dimensional (2D) (x-y) plane, and only transverse electric (TE) mode, with Ex, Ey, and Hz

fields, has been analyzed. Figure 1 shows schematic representation of the analyzed 2D system
and definitions of dimensions of the graded grating, where Λ, s, d, and Δd are period, width,
depth of the grooves, and depth variation, respectively.

Figure 1. Schematic representation of the analyzed 2D system and definitions of dimensions of the graded grating.
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In the FDTD method, the time-dependent EM field propagating in 2D system is simulated
using Yee’s algorithm [19, 20] to solve the following Maxwell’s equations (in the vacuum):

∇� E x; y; tð Þ ¼ � ∂B x; y; tð Þ
∂t

(2)

∇�H x; y; tð Þ ¼ ε0
∂E x; y; tð Þ

∂t
þ J x; y; tð Þ (3)

where E, H, and B are the electric and magnetic fields and magnetic flux density of EM wave, J
is the current density, and ε0 and μ0 are the dielectric permittivity and the magnetic permeabil-
ity in vacuum, respectively. In Yee’s algorithm, these differential equations are discretized
using centered finite-difference expressions for the space and time derivatives, and we have
the following set of equations for TE mode in 2D space:
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where superscript n is for the time step and (i, j) = (iΔx, jΔy) for the spatial position. The
coefficients in Eqs. (4)–(6) are as follows:
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Figure 2 shows a typical Yee’s 2D uniform rectangular grid for TE mode. Ex and Ey components
are located at the middle of the edge of each grid, and Hz component is located at the center of
the grids. The time evolution of EM fields is updated in a leapfrog manner. In order to model an
open system, we have employed perfectly matched layer (PML)-absorbing conditions [21].

The dielectric properties of metals are strongly dispersive; therefore, we utilized recursive
convolution (RC) approach [20] to model metallic grating. By adopting Drude model, fre-
quency dependence of dielectric permittivity of metal can be expressed as follows:

εr ωð Þ ¼ 1þ ω2
p

ω jΓ� ωð Þ ¼ 1þ χ ωð Þ (13)

χ ωð Þ ¼ ω2
p

ω jΓ� ωð Þ (14)

where ωp and Γ are the plasma frequency and collision frequency of metal, respectively. In a
linear dispersive medium, the time-domain electric flux density D(t) is related to the electric
field E(t) by the convolution:

D tð Þ ¼ ε0ε∞E tð Þ þ ε0

ðt
τ¼0

E t� τð Þχ τð Þdτ (15)

Since the Fourier-transformed electric susceptibility χ(τ) of Drude type of dispersion satisfies
the condition for a recursive computation, the convolution in Eq. (15) can be solved in a
recursive manner.

Figure 2. 2D uniform rectangular Yee’s grid for TE mode.
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where superscript n is for the time step and (i, j) = (iΔx, jΔy) for the spatial position. The
coefficients in Eqs. (4)–(6) are as follows:
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Figure 2 shows a typical Yee’s 2D uniform rectangular grid for TE mode. Ex and Ey components
are located at the middle of the edge of each grid, and Hz component is located at the center of
the grids. The time evolution of EM fields is updated in a leapfrog manner. In order to model an
open system, we have employed perfectly matched layer (PML)-absorbing conditions [21].

The dielectric properties of metals are strongly dispersive; therefore, we utilized recursive
convolution (RC) approach [20] to model metallic grating. By adopting Drude model, fre-
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In the PIC-FDTD method, time-dependent Maxwell’s equations are coupled with the equation
of motion of relativistic charged particles driven by the inertia and the Lorentz force and
solved in a leapfrog manner similar to the main FDTD algorithm. In our simplified version,
we assume the electron-bunch as one negatively charged particle with the following Gaussian
spatial charge distribution:

ne x; y; tð Þ ¼ N0exp � x� x0 tð Þð Þ2 þ y� y0 tð Þ� �2
2σ2

( )
(16)

σ ¼ w
2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2ln 2ð Þp (17)

where N0 is the central electron density of the bunch and w is the half width of the bunch. The
coordinate (x0, y0) represents the center of electron-bunch, and its movement (trajectory) is
updated by solving following equation of motion:

∂P x0; y0; t
� �
∂t

¼ �nee E x0; y0; t
� �þ v x0; y0; t

� �� B x0; y0; t
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(18)

P x0; y0; t
� � ¼ mev x0; y0; t

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v x0; y0; t

� ��� ��2=c2
q (19)

where P is the momentum, e is the electron charge, v is the speed of the electron-bunch, and me

is the electron mass. The movement of the electron-bunch is assumed to be in a continuous
space, and the coordinate (x0, y0) of the center position of it is not necessarily on Yee’s discrete
FDTD grid points. Therefore, electric field and magnetic flux density on the electron-bunch to
solve Eq. (18) should be interpolated from those at the nearest grid points. We used linear
interpolation as schematically shown in Figure 3, in which Ex component is given as follows:

Figure 3. Schematic representation of the linear interpolation for Ex components at the center position (x0, y0) of the
electron-bunch.
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Ex5 ¼ 1� αð ÞEx1 þ αEx2 (20)

Ex6 ¼ 1� αð ÞEx3 þ αEx4 (21)

Ex ¼ 1� β
� �

Ex5 þ βEx6 (22)

In order to include the movement of the electron-bunch in the FDTD formalism, a current
source term is added to Ampere’s law:

J x; y; tð Þ ¼ �ne x; y; tð Þev x0; y0; t
� �

(23)

Figure 4 schematically summarizes our simplified PIC-FDTD simulation scheme. The solution
of the time-dependent Maxwell’s equations gives spatial counter maps of EM fields and their
time evolution. The solution of the equation of motion of relativistic electron-bunch gives its
trajectory, and the continuity equation gives the current and charge densities required for
Maxwell’s equations. The flowchart of our PIC-FDTD simulation is shown in Figure 5.

2.2. Analyzed models and parameters

In Figure 1, the analyzed 2D system and definitions of dimensions of the graded grating are
schematically shown. In Table 1, parameters used in this study are summarized. The graded
grating was assumed to be consisted of Ag, and the Drude model was adopted in order to
model the dispersion characters of its dielectric function and solved by using RC scheme as
discussed above. The plasma frequency (ωp) and the collision frequency (Γ) of Ag were set to

Figure 4. Schematic representation of simplified PIC-FDTD simulation scheme.
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Figure 3. Schematic representation of the linear interpolation for Ex components at the center position (x0, y0) of the
electron-bunch.
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Ex5 ¼ 1� αð ÞEx1 þ αEx2 (20)

Ex6 ¼ 1� αð ÞEx3 þ αEx4 (21)

Ex ¼ 1� β
� �

Ex5 þ βEx6 (22)

In order to include the movement of the electron-bunch in the FDTD formalism, a current
source term is added to Ampere’s law:

J x; y; tð Þ ¼ �ne x; y; tð Þev x0; y0; t
� �

(23)

Figure 4 schematically summarizes our simplified PIC-FDTD simulation scheme. The solution
of the time-dependent Maxwell’s equations gives spatial counter maps of EM fields and their
time evolution. The solution of the equation of motion of relativistic electron-bunch gives its
trajectory, and the continuity equation gives the current and charge densities required for
Maxwell’s equations. The flowchart of our PIC-FDTD simulation is shown in Figure 5.

2.2. Analyzed models and parameters

In Figure 1, the analyzed 2D system and definitions of dimensions of the graded grating are
schematically shown. In Table 1, parameters used in this study are summarized. The graded
grating was assumed to be consisted of Ag, and the Drude model was adopted in order to
model the dispersion characters of its dielectric function and solved by using RC scheme as
discussed above. The plasma frequency (ωp) and the collision frequency (Γ) of Ag were set to

Figure 4. Schematic representation of simplified PIC-FDTD simulation scheme.
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be 2.2 � 103 and 5.4 THz, respectively. The grating period (Λ) and the groove width (s) are 170
and 60 μm, respectively. The number of grooves of the grating (N) is 35. The groove depth (d) is
gradually made deeper or shallower. Here, we denote each graded grating using grating
parameters as GG[ds, dd, Δd], where ds and dd are the shallowest and the deepest groove
depths, respectively, and Δd is the difference in depths between two consecutive grooves (all
values are in μm). The space increment for the FDTD grids chosen here is Δx = Δy = 10 μm. The
time increment is set to be Δt = 23 fs, which is sufficiently small to satisfy the condition for the
stabilization of the FDTD algorithm.

Figure 5. Flowchart of our PIC-FDTD scheme.
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A 20-μm-wide (w) bunched electron-bunch with Gaussian charge distribution (Eqs. (16) and
(17)) was sent 20 μm (w) above the grating at the relativistic speed. The maximum current
density at the center of the electron-bunch was assumed to be 1.0 � 106 A/m2, and the
acceleration energy of the electron-bunch is 30 keV, which is comparable to the recent experi-
mental condition by Urata et al. [5].

3. Results and discussions

In the e-beam-induced radiations from conventional periodic grating, there are two mecha-
nisms. One is the so-called Smith-Purcell radiation emitted while the e-beam is passing over
the grating. The radiation angle and its frequency satisfy Eq. (1). The other is the scattering of
surface waves at both ends of the grating long after the e-beam moved away from the grating.
These long-lived surface waves can propagate back and forth on the grating surface and can be
emitted repeatedly even long after the e-beam has moved away from the grating as long as
the surface waves can live. The frequency of the scattered surface waves is determined by
the intersection of the dispersion curves of the surface wave and the beam line. Here, we are
interested in the second mechanism long after the e-beam has moved away from the gratings,
but the groove depths are gradually graded, and, therefore, the dispersion curves of the
surface waves induced by an e-beam cannot be uniquely determined.

Figure 6(a) and (b) shows snapshot contour maps of the Hz field long after the e-beam has
moved away from the graded grating of GG[100, 168, 2] and GG[100, 168, �2], respectively. In
both cases, directional radiations are obtained only from the shallowest end of the graded grating,
in backward direction from GG[100, 168, 2] and forward direction from GG[100, 168, �2],
respectively. These directional radiation characteristics cannot be expected from a conventional
periodic grating and might be unique in the graded grating considered here.

Grating period (Λ) 170 μm

Groove width (s) 60 μm

Groove depth (d) Variable parameter

Number of grooves (N) 35

Plasma frequency of Ag (ωp) 2.2 � 103 THz

Collision frequency of Ag (Γ) 5.4 THz

Electron-bunch energy 30 keV

Half width of electron-bunch (w) 20 μm

Bunch-grating distance (w) 20 μm

Table 1. Parameters used in this study.
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As discussed by Gan et al. [16], the dispersion relations of the surface waves on these graded
gratings are different at each location on the grating, and thus the frequencies of the e-beam-
induced surface waves should also be different at different locations. These surface modes
with different frequency components originated from different locations on the graded grat-
ings can propagate toward the side with shallower groove depth due to the cutoff nature as
reported by Gan et al. [16], which may give a mechanism of the directional radiation obtained
only from the shallow end of the graded grating.

Figure 7(a) shows the time-domainHz field amplitude from GG[100, 168, 2] monitored at probe
P indicated in Figure 6(a). After around 400 ps, successive pulse train with exponentially
decaying magnitude can be seen. Magnified figure in the inset of Figure 7(a) indicates that each
pulse train has duration of tens of ps and seems to be composed by the beating between several
frequency components. Figure 7(b) shows the Fourier-transformed spectra of the far-field
radiation from GG[100, 168, 2] monitored at probe P and from GG[100, 168, �2] monitored
at probe Q. Both spectra have relatively wideband spectra and multiple sharp peaks, which
cannot be expected from a conventional SPR in a periodic grating. The beating response seen in

Figure 6. Snapshot contour map of Hz field long after the e-beam moved over (a) GG[100, 168, 2] and (b) GG[100, 168, �2].
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time-domain response in Figure 7(a) should be attributed to these multiple sharp peaks. These
two spectra from GG[100, 168, 2] and GG[100, 168, �2] are quite similar. The geometric param-
eters of these two graded gratings are identical except the groove depth variation Δd is opposite
in sign; therefore, e-beam-induced surface modes are almost identical in both graded gratings,
and only radiation direction was switched by making groove depth variation Δd opposite.

In order to clarify the nature of the surface modes, we have also investigated near fields
on the different locations on the graded gratings. Figure 8 shows Fourier-transformed

Figure 7. (a) Time-domain Hz field amplitude from GG[100, 168, 2] monitored at probe P. (b) Fourier-transformed spectra
of the far-field radiation from GG[100, 168, 2] monitored at probe P (red solid line) and from GG[100, 168, �2] monitored
at probe Q (blue-dotted line).
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spectra of the near-field (surface wave) Hz field monitored just above each groove with
d = 160, 150, 140, 130, 120, 110, or 100 μm, along with that of the far-field radiation
monitored at the probe P, all in GG[100, 168, 2]. It can be seen that more peaks appear on
the higher-frequency side of the spectra for monitoring above the shallower grooves. This
is because the frequency of the surface waves and their cutoff frequency are lower at
deeper grooves, and more surface modes can be supported above the shallower grooves.
The spectrum monitored at the left end groove of the grating (d = 100 μm) is almost
identical to the far-field radiation spectrum, which also supports that the directional and
wideband far-field radiation with multiple sharp peaks was obtained as a superposition
of all of the surface modes with different frequencies originated at different locations on
the graded grating.

Figure 8. Fourier-transformed spectra of near-field (surface wave) Hz monitored at several positions 10 μm above each
groove with depth of d = 160, 150, 140, 130, 120, 110, or 100 μm, along with that of the far-field radiation monitored at the
probe P in GG[100, 168, 2] (from top to bottom). Markers A, B, and C refer to the peaks at 0.314, 0.329, and 0.347 THz,
respectively.
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In order to reveal from where each mode originate in the graded grating, we excited the
system with quasi-monochromatic EM pulse and monitored long enough until the initial pulse
damped and only long-lived surface modes survive. Figure 9 shows spatial distributions of Hz

fields for quasi-monochromatic long-lived surface modes of 0.314 (A), 0.329 (B), and 0.347 (C)
THz. It can be seen that each surface modes originate at different locations of the graded
grating and that higher-frequency modes originate at shallower grooves. This also supports
that a superposition of the surface modes with different frequencies originated at different
locations on the graded grating results in the directional and wideband far-field radiation with
multiple sharp peaks.

The fact that the dispersion characters and frequency of the e-beam-induced surface mode is
quite sensitive to the local environment of the grooves suggests that one can design the
radiation frequency of the directional radiation from graded gratings by appropriately
choosing groove parameters of the grating. Figure 10 shows the Fourier-transformed spectra
of the far-field radiation from graded gratings with different groove parameters: GG[100,
304, 6], GG[100, 236, 4], GG[100, 168, 2], GG[168, 236, 2], GG[50, 186, 4], and GG[50, 118, 2].
Roughly speaking, the deepest and shallowest grooves determine the lowest and highest
frequencies of the radiation, respectively. This can be confirmed by comparing spectra for
GG[100, 304, 6], GG[100, 236, 4], and GG[100, 168, 2], for example. The highest frequency of
these radiations is almost the same �0.40 THz and determined by their common shallowest
groove depth ds of 100 μm. The concept of spoof SPPs may be promising for developing THz
radiation sources.

Figure 9. Snapshot contour map of Hz fields long after the exciting quasi-monochromatic electromagnetic pulse has been
damped when the frequencies of the mode are 0.314 (A), 0.329 (B), and 0.347 (C) THz in GG[100, 168, 2]. Each mode and
its name (A, B, C) correspond to the peaks in the far-field radiation spectrum in Figure 8.
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4. Conclusions

We have numerically analyzed the e-beam-induced directional THz radiation from metallic
grating structures with graded depths. We used a simplified PIC-FDTD method for numerical
analysis to save computational time and memory, and the detailed description of our method
is given here. In our simplified model, the electron-bunch is treated as one negatively charged
particle with Gaussian charge distribution, and its movement is restricted only in 2D space,
and only TE mode, with Ex, Ey, and Hz fields, has been analyzed.

Our results show unique directional THz radiation from graded gratings. By passing pulsed
(bunched) e-beam along the grating surface, directional THz radiations are obtained from one

Figure 10. Fourier-transformed spectra of the far-field radiation from graded gratings with different groove parameters:
GG[100, 304, 6], GG[100, 236, 4], GG[100, 168, 2], GG[168, 236, 2], GG[50, 186, 4], and GG[50, 118, 2] (from top to bottom).
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side of the grating with shallower grooves. The direction of these radiations can be switched
backward or forward by making the groove depth deeper or shallower. The spectra of these
directional radiations are wideband and contain multiple sharp peaks. The deepest and the
shallowest groove depths determine the lowest and the highest frequency of the radiation
band, respectively. These unique radiation characteristics cannot be explained by the conven-
tional Smith-Purcell radiation and should be attributed to the spoof SPP that originates from
different locations on the graded grating. The unique e-beam-induced radiation from
metamaterials based on spoof SPP’s concept may open a way for a development of novel types
of THz radiation sources.
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Abstract

Metamaterial perfect absorbers have received significant attention owing to their ability 
of achieving complete absorption of the electromagnetic waves with deeply subwave-
length profiles. In this chapter, we will present a general review of the recent progress on 
theories, designs, and characterizations of metamaterial absorbers. We will first review 
the fundamental theories and design guidelines for achieving perfect absorption in 
subwavelength metamaterials. Several typical narrowband metamaterial absorbers are 
then presented with nearly 100% absorptivities. Next, we will focus on the realizations 
of broadband and frequency-tunable metamaterial absorbers. Coherent perfect absorb-
ers, whose absorption performances are controllable via the interference of two counter-
propagating electromagnetic waves, will also been introduced. In particular, we will also 
focus on the recent achievements of metamaterial absorbers in our research group.

Keywords: metamaterial absorbers, perfect absorption, coherent perfect absorbers, 
tunable, multiband, ultra-broadband

1. Introduction

Metamaterials, also known as artificially structured materials, have attracted extensive atten-
tion in the last decade, owing to their exotic properties that are not readily available in nature 
[1–4]. The basic idea of a metamaterial is to design subwavelength unit cells, also known 
as meta-atoms or meta-molecules, having novel electric and/or magnetic responses to the 
incident electromagnetic waves [5–7]. This enables the availability of artificial mediums with 
arbitrary effective material parameters. The development of metamaterials results in a series 
of intriguing applications, such as a cloak of invisibility [8, 9], giant optical chirality [10, 11], 
wave-front control [12, 13], surface plasmon manipulations [14–16], as well as antennas of 
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compact sizes and enhanced directionalities [17–19]. It is well known that one of the main 
obstacles toward practical engineering applications is the inevitable intrinsic loss in metama-
terials. A significant amount of effort has been devoted to achieving low-loss devices through 
optimizing structural geometries [20–22]. Loss compensation using gain elements [23–25] is 
another scheme which requires external excitation sources.

On the other hand, absorption is also highly desired in many applications, such as energy 
harvesting [26], scattering reduction [27], as well as thermal sensing [28]. By utilizing the full 
usefulness of loss, metamaterials with nearly uniform absorption are achievable through prop-
erly engineering the electric and magnetic resonances [29–35]. Due to the resonance nature, the 
first reported metamaterial-based perfect absorber is of narrow bandwidth and polarization 
sensitive, which restrict its usefulness in practical applications [29]. Great efforts have been 
devoted to expanding the bandwidth of metamaterial absorbers. Metamaterials with multi-
band absorption have later been developed using multiple resonant unit cells and combin-
ing them through a co-plane arrangement [36, 37]. When these resonances are closed to each 
other in frequency, broadband absorption is achievable [38]. Broadband absorption can also 
be achieved in metamaterial absorbers with multi-layer structures [39, 40] or using vertically 
standing nanowires [41, 42]. Moreover, by incorporating active mediums, the absorptivities 
and frequencies of metamaterial absorbers could be adjusted via external biases [43, 44].

In this chapter, we present a brief review on the fundamental theories and recent evolutions 
in the research field of electromagnetic metamaterial absorbers, whose operating frequencies 
cover from microwave, THz, infrared, to visible regimes. The rest of this chapter is organized 
as follows. Section 2 introduces the general theories on the design of metamaterial absorbers, 
where impedance matching theory and multiple interference theory are introduced. Section 3 
reviews the narrowband metamaterial absorbers of various structures, all of which have nearly 
uniform absorptivities. Next, the technologies for broadening the bandwidths of metamaterial 
absorbers are presented in Section 4. Metamaterial absorbers with tunable absorption properties 
are reviewed in Section 5. Moreover, the coherent control of the metamaterial absorber’s absorp-
tivity through phase modulation is discussed in Section 6. Finally, the conclusion is given.

2. Theoretical scheme of metamaterial absorbers

We start by reviewing general theories that explain the origin and underlying physics for achiev-
ing perfect absorption in metamaterials. The first theory is by designing both electric and magnetic 
resonances in a metamaterial, so that the effective permittivity and permeability of the metamate-
rial can be tailored for achieving impedance matching with free space [45, 46]. In such a case, no 
reflection occurs at the interface and the entire incident energy has a chance to be absorbed inside 
the metamaterial absorber. The other theory is based on the destructive interference of multiple-
order reflections due to the multiple inner reflections inside the dielectric substrate.

2.1. Impedance matching theory

A metamaterial absorber is typically a sandwiched structure, consisting of an array of certain 
metallic patterns on one side of a substrate and backed with a highly conductive metallic 
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ground plane. The electric permittivity and magnetic permeability of the metamaterial are  ε =  
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0
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   (ω)   are the frequency-dependent relative permittivity and permeability of 

the medium, which are unitless and normalized with respect to the values of free space. Due 
to the presence of the ground plane, no transmittance could be found on the other side of the 
metamaterial. This allows us to focus only on the reflection from the metamaterial.

According to the Fresnel formula of reflection, the reflectivity (R) from the metamaterial 
is [29]
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where the subscripts TE and TM refer to transverse electric (TE) and transverse magnetic 
(TM) polarized waves, θ is the angle of incidence, and  n =  √ 
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      is the effective refractive index 

of the metamaterial. For the case of normal incident, we have  θ =  0   °  , so that these equations 
reduce to:
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of free space. Since the metallic ground leads to zero transmissivity, the absorptivity arrives:
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The above equation indicates that impedance matching,  Z =  Z  
0
    or   μ  

r
   =  ε  

r
   , is a critical condition 

for achieving perfect absorption. It is worth noting that, to achieve impedance matching in 
a metamaterial absorber, simultaneous electric and magnetic resonances are required. For a 
metamaterial with single resonance, either electric or magnetic resonance, its impedance will 
be strong mismatched with that of free space. As a consequence, no perfect absorber would 
be found.

2.2. Interference theory

A metamaterial absorber can be regarded as a coupled system and, particularly, its magnetic 
resonance is induced due to the anti-parallel currents between the front and back metallic lay-
ers. However, we may also independently consider the functionalities of the front meta-layer 
and the ground plane on the other side [47]. The front layer with certain metallic patterns func-
tions as a partial reflection surface, which can be utilized to modify the complex reflection and 
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a metamaterial absorber, simultaneous electric and magnetic resonances are required. For a 
metamaterial with single resonance, either electric or magnetic resonance, its impedance will 
be strong mismatched with that of free space. As a consequence, no perfect absorber would 
be found.

2.2. Interference theory

A metamaterial absorber can be regarded as a coupled system and, particularly, its magnetic 
resonance is induced due to the anti-parallel currents between the front and back metallic lay-
ers. However, we may also independently consider the functionalities of the front meta-layer 
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transmission coefficients. On the other hand, the highly conductive ground plane works as a 
perfect reflector, offering a phase delay of 180° to the electromagnetic wave reflecting on it.

As shown in Figure 1, the front meta-layer resides at the interface between air and the 
dielectric substrate. The incident electromagnetic wave is partially reflected back to air with 
a reflection coefficient     r ~    12   (ω)  =  r  12   (ω)   e   i ϕ  12   (ω)    and partially transmitted into the substrate with a 
transmission coefficient     t ~    12   (ω)  =  t  12   (ω)   e   i θ  12   (ω)   . The transmitted wave will propagate further until 
reaching the metallic ground plane. The complex propagation constant inside the dielectric 
substrate is    β ~   =  β  1   + i  β  2   =  √ 

__
  ε  d      k  0   d , where   k  0    is the wavenumber of free space, d is the thickness of 

the substrate,   β  1    represents the propagation phase, and   β  2    refers to the absorption in the dielec-
tric substrate. At the ground plane, a total reflection occurs with a reflection coefficient of −1. 
After direct mirror reflection and an additional propagation phase delay    β ~   , partial reflection 
and transmission occur again at the front interface. The corresponding reflection and trans-
mission coefficients are     r ~    21   (ω)  =  r  21   (ω)   e   i ϕ  21   (ω)    and     t ~    21   (ω)  =  t  21   (ω)   e   i θ  21   (ω)   , respectively. It is worth noting 
that multiple reflections and transmissions exist inside the dielectric substrate, and the totally 
output energy at the left side of the metamaterial is the superposition of reflections of all 
orders:

    r ~   (ω)  =    r ~    12   (ω)  −   
   t ~    12   (ω)     t ~    21   (ω)   e   2i  β ~   

  ___________  
1 +    r ~    21   (ω)   e   2i  β ~   

  ,  (5)

where the first term in the right is the reflection directly from the meta-layer, and the second 
term is the contribution of the superposition of the multiple higher-order reflections. As long 
as we know the total reflection    r ~   , the absorption spectrum of the metamaterial absorber could 
be obtained by  A (ω)  = 1 −    |   r ~   (ω)  |     

2
  . The interference theory can well explain the features observed 

in those metamaterial absorbers with metallic grounds and also provide an alternative under-
standing of the origin and underlying physics of metamaterial absorbers.

It is worth noting that the above analysis is fully based on the assumption that the incident 
wave is normal to the metamaterial. For the case when an electromagnetic wave incident is 

Figure 1. Multiple reflections and interference model of metamaterial absorber. The yellow dashed line refers the 
resonator array. Reproduced from [47] with permission.
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oblique with an angle θ, the propagation length inside the dielectric substrate becomes longer. 
Therefore, the propagation phase delay should be modified as    β ~   =  √ 

__
  ε  

d
      k  

0
    d   ′  , where   d   ′  = d / cos  θ   ′   is 

the modified propagation length inside the substrate and the refractive angle   θ   ′   can be obtained 
following Snell’s law   √ 

__
  ε  

d
     sin  θ   ′  = sinθ  [48].

3. Narrowband metamaterial absorbers

The first metamaterial absorber was theoretically investigated in 2006, consisting of an array 
of split ring resonators (SRRs)-backed with a resistive sheet [49]. The incident wave is parallel 
to the SRR plane with magnetic field being perpendicular to the SRR array. Such an SRR array 
is placed on a resistive sheet having a resistance of 377 Ω for impedance matching with free 
space, similar to a Salisbury screen. Both the reflection and transmission are below −20 dB 
at the vicinity of 2 GHz as numerically found. This is due to the strong resonances in this 
structure, where nearly perfect absorption was achieved at this frequency. However, due to 
the standing arrangement of the SRR array, this structure is not of low profile as compared 
with planar structures, which also increase its complexity in the manufacture. The bandwidth 
of absorption is also very limited. Nevertheless, the design of this metamaterial absorption 
motivates further research in these kinds of absorbers.

In 2008, Landy et al. [29] proposed a planar sandwiched structure that consists of electric 
ring resonators and cut wires separated by an FR-4 substrate, as shown in Figure 2. This is 
the first-reported metamaterial absorber with a planar and deeply subwavelength structure. 
The absorptivity observed is as high as 96% at 11.65 GHz in simulation and 88% at 11.5 GHz 
in experiment. The relative bandwidth of full width half maximum (FWHM) is around 4%. 
The front electric ring resonators couple strongly to the incident electric field and contribute 
electric response, while the circulating flow of antiparallel surface currents at the front and 
back metallic layers contributed a magnetic response. The absorption intensity and frequency 
could be controlled by adjusting the geometric parameters of electric ring resonators or the 

Figure 2. (a) Unit cell of the first planar metamaterial absorber, (b) simulated reflection, transmission, and absorptance 
at microwave frequency. Reproduced from [29] with permission.
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  ___________  
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where the first term in the right is the reflection directly from the meta-layer, and the second 
term is the contribution of the superposition of the multiple higher-order reflections. As long 
as we know the total reflection    r ~   , the absorption spectrum of the metamaterial absorber could 
be obtained by  A (ω)  = 1 −    |   r ~   (ω)  |     

2
  . The interference theory can well explain the features observed 

in those metamaterial absorbers with metallic grounds and also provide an alternative under-
standing of the origin and underlying physics of metamaterial absorbers.

It is worth noting that the above analysis is fully based on the assumption that the incident 
wave is normal to the metamaterial. For the case when an electromagnetic wave incident is 

Figure 1. Multiple reflections and interference model of metamaterial absorber. The yellow dashed line refers the 
resonator array. Reproduced from [47] with permission.
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oblique with an angle θ, the propagation length inside the dielectric substrate becomes longer. 
Therefore, the propagation phase delay should be modified as    β ~   =  √ 

__
  ε  

d
      k  

0
    d   ′  , where   d   ′  = d / cos  θ   ′   is 

the modified propagation length inside the substrate and the refractive angle   θ   ′   can be obtained 
following Snell’s law   √ 

__
  ε  

d
     sin  θ   ′  = sinθ  [48].

3. Narrowband metamaterial absorbers

The first metamaterial absorber was theoretically investigated in 2006, consisting of an array 
of split ring resonators (SRRs)-backed with a resistive sheet [49]. The incident wave is parallel 
to the SRR plane with magnetic field being perpendicular to the SRR array. Such an SRR array 
is placed on a resistive sheet having a resistance of 377 Ω for impedance matching with free 
space, similar to a Salisbury screen. Both the reflection and transmission are below −20 dB 
at the vicinity of 2 GHz as numerically found. This is due to the strong resonances in this 
structure, where nearly perfect absorption was achieved at this frequency. However, due to 
the standing arrangement of the SRR array, this structure is not of low profile as compared 
with planar structures, which also increase its complexity in the manufacture. The bandwidth 
of absorption is also very limited. Nevertheless, the design of this metamaterial absorption 
motivates further research in these kinds of absorbers.

In 2008, Landy et al. [29] proposed a planar sandwiched structure that consists of electric 
ring resonators and cut wires separated by an FR-4 substrate, as shown in Figure 2. This is 
the first-reported metamaterial absorber with a planar and deeply subwavelength structure. 
The absorptivity observed is as high as 96% at 11.65 GHz in simulation and 88% at 11.5 GHz 
in experiment. The relative bandwidth of full width half maximum (FWHM) is around 4%. 
The front electric ring resonators couple strongly to the incident electric field and contribute 
electric response, while the circulating flow of antiparallel surface currents at the front and 
back metallic layers contributed a magnetic response. The absorption intensity and frequency 
could be controlled by adjusting the geometric parameters of electric ring resonators or the 

Figure 2. (a) Unit cell of the first planar metamaterial absorber, (b) simulated reflection, transmission, and absorptance 
at microwave frequency. Reproduced from [29] with permission.
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thickness of the substrate. Inspired by this pioneer work, great amounts of efforts have been 
devoted to the realization of metamaterial absorbers in different spectral ranges [30–40].

The initial metamaterial absorbers are polarization sensitive because of anisotropic unit cells 
[29, 51]. Planar metamaterial absorbers with highly symmetric structures were developed later, 
such as annular and circular patch arrays [52] and snowflake cells [53, 54]. In 2009, we devel-
oped a metamaterial absorber composed of dendritic unit cells [50]. As shown in Figure 3(a), the 
periodical array of metallic dendritic cells is on one side of the FR-4 substrate and a full ground 
plane on the other side. It is shown in Figure 3(b) that both the simulation and experiment, in 
accordance with each other, show over 95% absorptivity at the frequency of 10.26 GHz. Such 
a metamaterial absorber has an excellence of planar isotropy, which shows equal absorption 
performance for an incident wave with arbitrary polarizations. When scaling down the size of 
the dendritic metamaterial absorber to the nanoscale, it is able to achieve perfect absorption in 
the optical regime, which was also confirmed with numerical simulation [50].

Metamaterials, including those metamaterial absorbers, are commonly made of periodically 
arranged unit cells. The imperfection in manufacture will, to some extent, affects the perfor-
mance of the metamaterial. This is particularly significant in an optical regime where the unit 
cells of the metamaterials are of nano-scale. To study this effect, the impact of disorder in the 
unit-cell arrangement in the metamaterial absorber was further studied [55]. It was found that 
absorptivity decreases and the absorption frequency gets red-shift as the unit cells become 
more disorderly. However, the metamaterial absorber with random unit cells still presents 
over 95% absorptivity for a reasonable level of disorder.

4. Broadband metamaterial absorbers

Various techniques have been developed for expanding the bandwidth of metamaterial 
absorbers. The major techniques for bandwidth enhancement includes the use of multi-layer 
stacked structures [39, 40], a co-planar arrangement of multiple resonant cells [56, 57], as well 
as adding lumped elements [58]. Highly lossy dielectrics or semiconductors have also been 

Figure 3. (a) Unit cell of dendritic metamaterial absorber and (b) simulated and measured absorptivity spectra. 
Reproduced from [50] with permission.
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widely used for designing broadband metamaterial absorbers [59, 60]. In this section, some 
typical approaches for designing bandwidth-enhanced absorbers are discussed.

One of the most effective approaches for designing broadband metamaterial absorber is to 
stack resonant patches of different sizes. Cui et al. [39] proposed a multi-layer saw-toothed 
anisotropic metamaterial absorber at infrared wavelengths, as shown in Figure 4. Although 
such a metamaterial absorber is made of 21 layers of metal patches, its total thickness is still 
reasonably thin compared to the operating wavelength. Particularly, they demonstrated that 
the relative full absorptivity width at half maximum could be achieved to a figure as high 
as 86%. The ultra-broad bandwidth in such a layered metamaterial absorber is realized by 
the overlapping of multiple resonances according to the metal patches at different layers. 
Electromagnetic waves of higher frequencies are absorbed at the upper parts, while those of 
lower frequencies are trapped at the lower parts.

Intrinsic high loss in dielectrics or semiconductors can also be utilized for designing wide-
band absorption in simple structures [59, 60]. For example, water is a highly lossy dielectric 
at microwave frequencies, whose permittivity could be well described by the Debye formula 
[62]. Figure 5 shows the metamaterial absorber made of a water layer (with periodical holes) 
placed in a resin container, which is backed with a metallic ground plane at the bottom. With 
such a structure, Xie et al. [61] experimentally demonstrated an ultra-broadband absorption 
with absorptivity higher than 90% in the entire frequency band from 12 to 29.6 GHz. To figure 
out whether the broadband absorption in such a water metamaterial absorber is predomi-
nantly because of the intrinsic high loss of water, they also compared the absorption spectra 
for the case when the full water layer without holes and the case when the resin container is 
empty of water. As shown in Figure 5(d), they found that the absorptivity of a full water layer 

Figure 4. Schematic view of the saw-toothed metamaterial absorber and its absorption spectrum. Reproduced from [39] 
with permission.
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widely used for designing broadband metamaterial absorbers [59, 60]. In this section, some 
typical approaches for designing bandwidth-enhanced absorbers are discussed.

One of the most effective approaches for designing broadband metamaterial absorber is to 
stack resonant patches of different sizes. Cui et al. [39] proposed a multi-layer saw-toothed 
anisotropic metamaterial absorber at infrared wavelengths, as shown in Figure 4. Although 
such a metamaterial absorber is made of 21 layers of metal patches, its total thickness is still 
reasonably thin compared to the operating wavelength. Particularly, they demonstrated that 
the relative full absorptivity width at half maximum could be achieved to a figure as high 
as 86%. The ultra-broad bandwidth in such a layered metamaterial absorber is realized by 
the overlapping of multiple resonances according to the metal patches at different layers. 
Electromagnetic waves of higher frequencies are absorbed at the upper parts, while those of 
lower frequencies are trapped at the lower parts.

Intrinsic high loss in dielectrics or semiconductors can also be utilized for designing wide-
band absorption in simple structures [59, 60]. For example, water is a highly lossy dielectric 
at microwave frequencies, whose permittivity could be well described by the Debye formula 
[62]. Figure 5 shows the metamaterial absorber made of a water layer (with periodical holes) 
placed in a resin container, which is backed with a metallic ground plane at the bottom. With 
such a structure, Xie et al. [61] experimentally demonstrated an ultra-broadband absorption 
with absorptivity higher than 90% in the entire frequency band from 12 to 29.6 GHz. To figure 
out whether the broadband absorption in such a water metamaterial absorber is predomi-
nantly because of the intrinsic high loss of water, they also compared the absorption spectra 
for the case when the full water layer without holes and the case when the resin container is 
empty of water. As shown in Figure 5(d), they found that the absorptivity of a full water layer 

Figure 4. Schematic view of the saw-toothed metamaterial absorber and its absorption spectrum. Reproduced from [39] 
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is only around 35–40%, while the absorptivity of the metamaterial absorber reduces to be only 
around 20–40% when the water is emptied. These results confirm that the ultra-broadband 
absorption mainly contributes to localized resonances in the structured water resonators.

Highly doped silicon has relatively low resistivity and behaves as a lossy dielectric at terahertz 
frequencies, which was employed for achieving broadband absorption [59]. Using a lossy pat-
terned silicon substrate, Yin et al. [64] also experimentally demonstrated a metamaterial absorber 
with an operating band from 0.9 to 2.5 THz. A silicon-based metamaterial absorber, as shown 
in Figure 6(a), was proposed for broadband high absorption at visible wavelengths [63]. Such a 
metamaterial absorber has three functional layers: a subwavelength silicon layer with periodic 
truncated conical holes, a subwavelength silicon dioxide spacer, and a thick gold substrate. As 
seen from the numerical results in Figure 6(c), the silicon metamaterial absorber with truncated 
conical holes has higher absorptivity and wider bandwidth at the frequency band of interest.

Figure 6. (a) Schematic view of the silicon-based metamaterial absorber and (b) its unit cell. (c) Absorptivity spectra of 
silicon-based metamaterials with conical and circular holes. Reproduced from [63] with permission.

Figure 5. (a) Schematic view of the water metamaterial absorber, (b) layer by layer view of the unit cell, and (c) cut plane 
view of the water layer. (d) Absorptivity spectra of the water metamaterial absorber, the full water layer backed by a 
metal ground, and the metamaterial without water. Reproduced from [61] with permission.
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5. Frequency tunable metamaterial absorbers

Although metamaterials, in principle, can be designed for having arbitrary electromagnetic 
properties, these properties are generally fixed after the design of the metamaterials [65–68]. 
This is also true for metamaterial-based absorbers, whose operating frequencies are very much 
fixed, restricting their practical applications. Therefore, metamaterial absorbers with frequency-
tunable characteristics are highly desirable, which allows more fruitful applications. To enable 
the tunability in a metamaterial absorber, one may integrate a medium with adjustable mate-
rial properties into a traditional passive metamaterial absorber. Some of the proven methods 
include having elements, such as varactor diodes [69], ferroelectrics [70], ferrites [71], graphene 
[72, 73], anisotropic liquid crystals [74], and phase-transition materials [75].

Mechanical bending or shifting was also studied for tunable metamaterial absorbers [74–78]. 
Zhang et al. [76] experimentally presented a mechanically stretchable metamaterial absorber, 
which is composed of dielectric resonators on a thin conductive rubber layer, as shown in 
Figure 7. A nearly 100% absorption was found, along with strong localized electric field 
confinement due to the Mie-type resonance of the dielectric resonators. When stretching the 
metamaterial absorber under uniaxial stress, the space between dielectric bricks increases 
gradually, and therefore the resonance frequency undergoes a red-shift of 410 MHz in the 
X band (see Figure 7). Zhu et al. [78] experimentally demonstrated a metamaterial absorber 
whose resonance frequency can be shifted by mechanical means. The shift was achieved by 

Figure 7. (a) Experimental and (b) simulated absorptivity spectra of the mechanically stretchable dielectric metamaterial 
absorber. (c) Schematic of stretching the dielectric resonators on a thin conductive rubber layer. (d) Magnetic field 
distribution at the resonance frequency. Reproduced from [76] with permission.
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adding an auxiliary dielectric slab parallel to the metamaterial absorber and varying the gap 
between the metamaterial and the slab. They also demonstrated the possibility of creating 
multiple absorption bands by smartly adjusting the size and shape of the dielectric slab.

Graphene has also been utilized for designing tunable metamaterial absorbers due to its tunabil-
ity of surface conductivity [80, 81]. Zhang et al. [79] combined the metamaterial absorber having 
cross-shaped metallic unit cells with graphene wires, as shown in Figures 8(a) and 8(b). Such a 
structure was realized for polarization insensitive absorption and the absorption spectral could 
be tuned at terahertz frequencies. As shown in Figure 8(c), they demonstrated that the absorp-
tion peak frequency is able to be tuned within a 15% frequency range with nearly uniform peak 
absorptivity, by simply controlling the Fermi level of graphene. The Fermi level in graphene can 
be conveniently controlled by adjusting the bias voltage on the graphene layers.

6. Coherent metamaterial absorbers

It is known that one of drawbacks of a typical metamaterial absorber is that the absorptivity 
is commonly fixed after the initial design of the metamaterial absorber. As a consequence, it is 
not suitable for environments that require the flexible tunability of absorption. The presence 
of coherent perfect absorption (CPA) is a solution for this issue [82, 83]. Mathematically, CPA 
corresponds to a zero eigenvalue of the scattering matrix S at a specific frequency, which can 

Figure 8. (a) Cross-shaped unit cell with graphene wires and (b) schematic view of the metamaterial absorber. (c) 
Absorptivity of the metamaterial absorber under different bias voltages. Reproduced from [79] with permission.
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be regarded as the time-reversed lasing at threshold. The perfect absorption can be achieved 
by utilizing the destructive interference in a standing wave system formed by two counter-
propagating beams [84]. Moreover, the absorptivity in such a system can be modulated from 
nearly 0 to 100% by solely adjusting the phase difference between the two counter-propagating 
incident beams [85]. Owing to this dynamic configurability of absorptivity, such absorbers are 
very attractive for applications in transducers, modulators, and electromagnetic switches.

The concept of CPA was first presented theoretically by Chong et al. [82] and experimentally 
demonstrated by the same group later [83]. Since then, CPA phenomena have been observed in 
epsilon-near-zero metamaterials [86], slow light waveguides [87], a metasurface consisting of 
metallic cross antennas [88], and a Fano resonance plasmonic system [84], just to name a few.

Most of the coherent metamaterial absorbers are based on metallic subwavelength resonators. 
However, recent researches revealed that CPA could also be achieved in metal-free meta-
materials or metasurfaces. Zhu et al. [89] designed a mono-layer fishnet structure made of 
all dielectric ceramic, which has a thickness of two levels smaller than the operating wave-
length. They demonstrated that CPA could be found in such a structure and the absorptivity 
is controllable within a wide range from 0.38 to 99.85% through phase modulation. A similar 
monolayer fishnet structure made of water could also be used for achieving high coherent 
absorption at multiple frequency bands [90]. Moreover, due to intrinsic high loss in water, the 
CPA could be designed with wider bandwidths.

Unlike perfect metamaterial absorbers that require strong electric and magnetic resonances 
resulting from the artificially structured resonators, few recent works reported that CPA can 
also be found in naturally existing layer materials with deep subwavelength thickness. Li 
et al. [89] presented that ultra-thin conductive films could be used for achieving CPA. As 
demonstrated experimentally, broadband coherent absorption with relative bandwidth close 
to 100% at microwave frequencies was observed in a conductive film, having a thickness of 
1/1000 of the working wavelength. The CPA phenomena in thin graphene and MoS2 layers 
were also investigated [60, 91]. The tunable conductivity in graphene or MoS2 allows such a 
coherent absorber to be more flexible in working frequency, which could be controlled by 
adjusting the chemical doping rate or bias voltage.

7. Conclusions

Since the first design in 2008, metamaterial perfect absorbers with deeply subwavelength profiles 
have received significant attention in the last decade. In this chapter, we have presented a compre-
hensive review of the recent progress on the theories and designs of planar metamaterial absorb-
ers. We reviewed the fundamental theories and design guidelines for achieving perfect absorption 
in subwavelength metamaterials. Different structures of unit cells have been studied for achieving 
nearly complete absorptions. The realizations of broadband and frequency-tunable metamaterial 
absorbers were also discussed. Moreover, we introduced the concept of coherent perfect absorb-
ers and the coherent control of absorptivity via phase modulation in such metamaterial absorbers. 
A significant number of works reviewed in this chapter were done in our research group.
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Abstract

Tunable materials are paving the way towards improved functionality of metamaterials. 
Vanadium oxide (VO2) with its prototypical near-room-temperature transition between 
phases featuring greatly contrasting electrical and optical behavior is an appealing can-
didate as an active component in metamaterials. However, it is seldom known that VO2 
in itself has metamaterial characteristics. VO2 under certain temperature conditions dem-
onstrates a phase coexistence enabling highly tunable electrical and optical properties. In 
this chapter, we describe how VO2 in its hysteretic region behaves as a smart responsive 
Metasurface with cutting edge applications.

Keywords: metasurfaces, smart metamaterials, vanadium oxide, semiconductor to 
metal transitions

1. Introduction

The ability to tune, alter and switch the properties of materials is rarely offered by nature. 
Smart materials are a special class of materials that have the ability to alter and change their 
behavior depending on external stimuli. Metamaterials are artificially engineered materials 
featuring properties that are not readily available in nature, and which might sound non-
intuitive. This includes surfaces with changing refractive index achieved by modifying the 
plasmon resonances of the nanostructures, or metal structures on thin dielectric layers, which 
the properties can be controlled by external stimuli. “Phase change” materials are the quintes-
sential part for such a smart switching behavior [1].
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Chalcogenides are used in optical recording media for several decades, providing efficient 
and reproducible changes in optical properties in response to phase transition. This function-
ality is the result of phase transitions from crystalline to amorphous states and is typically 
triggered by a thermal, electrical or optical stimulation. Nanoscale electro-optical metamate-
rial switch using chalcogenide materials has also been demonstrated [2–6].

Switchable metamaterials based on arrays of micro- and nanoelectromechanical (MEMS/
NEMS) systems were also being developed. Typical metamaterials consist of arrays of metal 
structures called as split ring resonators (SRR). These structures are typically much smaller 
than the desired operating wavelength and are embedded in a dielectric material. In simple 
terms, the unit cell of the SRR array is designed to be an inductor-capacitor (LC) circuit, where 
the gap between the two ends acts as a variable capacitor or inductor as a function of the 
frequency [1].

Active metamaterial designs are focused on changing the capacitance in the SRR gap to modu-
late the amplitude of the resonance. Integrating materials with tunable electrical or optical 
properties into SRR allows a further control over the resonant response in metamaterials [7–11]. 
Consequently, phase change materials are promising candidates as they exhibit a dramatic 
change in their electrical and optical properties resulting from a structural phase transition 
[12]. When paired with SRR like Metasurfaces, they can enhance the functionality multifold. 
Figure 1 shows a non-exhaustive list of phase change materials plotted against their phase 
transition temperatures. Interestingly oxides of vanadium form a significant number among 
them and VO2 in particular has the nearest transition to room temperature. This motivates 
the immense research and investigation over VO2 for its electrical and optical properties [13].

Figure 1. A non-exhaustive list of various phase change materials plotted against the temperature at which they undergo 
semiconducting to metallic phase transition (TMI).
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2. Semiconductor to metal transition in vanadium oxides

Many vanadium oxides show semiconductor to metal/metal to insulator transition SMT/
MIT characteristics. These include VO2, V2O3 and most of the so called magneli phases [14]. 
Figure 2(a) shows the electrical resistivity versus temperature for several oxides of vanadium, 
including VO2 and V2O3. While V2O3 has the biggest change in resistivity the low temperature, 
at which this transition takes place hinders its choice for practical applications. VO2 on the 
other hand is suited better and can be manipulated under ambient conditions, since its SMT is 

Figure 2. (a) Semiconductor to metal transition in several vanadium oxide phases and (b) changes in the electronic 
properties and lattice structure (V blue; O red) of VO2 during its SMT. Above 67°C (hot state), lattice vibrations (phonons) 
lead to a rutile tetragonal system with freed up electrons (yellow) making VO2 behave as a metal. Once the temperature 
is lowered (cold state), VO2 becomes insulating due to the localization of electrons in the distorted monoclinic structure.
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nearest to room temperature [15]. Figure 2(b) shows the schematic representation of the VO2 
crystal during the phase transition from semiconducting monoclinic to metallic rutile phase.

In single crystals, the resistivity change reaches a factor of 105 over a very short temperature 
range [16]. Hysteresis associated with this transition is of about 3 K. The large electrical con-
ductivity change and the narrow hysteresis are very good indicators of the VO2 quality. Small 
stoichiometry deviations affect substantially the sharpness of the transition and increase the 
hysteresis width. The crystalline state of the material has an influence as well; typically, poly-
crystalline materials have a broader transition than single crystals. The transition temperature 
also depends on the crystalline state and oxygen stoichiometry [17].

3. Responsive metamaterials with VO2 as an active component

The Split-ring resonators SRR are the most common and best characterized implementation of 
electromagnetic metamaterials. They respond resonantly to in-plane electric fields, and out-
of-plane magnetic fields. SRR’s are the basis for many metamaterial designs due to the ease 
of fabrication and modeling. Each SRR has a distributed inductance, and capacitance, arising 
from the built-up charge at the notch. The choice of materials and the resonator dimensions 
determine the resonant frequency of the metamaterial [18].

Tunability of metasurface and the ability to reconfigure metadevices have attracted an 
immense amount of research in recent years. While the hunt for new kinds of metamaterial is 
still ongoing, the ability to tune and reconfigure existing metamaterial devices has attracted a 
significant amount of interest. Tunable metamaterials based on nonlinear components depend 
on the aspect of tuning the constituent materials. Several nonlinear materials, like phase 
change materials, liquid crystals, and III–V semiconductors etc., are readily available for real 
world applications and some of them are compatible and complementary with the mature 
metal–oxide–semiconductor (CMOS) fabrication technology. The present article describes 
one such nonlinear phase change material VO2, and its application in tuning metadevices and 
later demonstrating that VO2 can act as a metamaterial in itself [19].

Recent developments in so called hybrid SRR configurations involving VO2 as a key com-
ponent has attracted a lot of attention (Figure 3a). The interaction of the VO2 and SRR layers 
makes this hybrid metamaterial interesting. The VO2 film, thus, becomes an integral part of 
this effective material layer, due to its close proximity to the SRRs and thin size compared 
to periodic nature of the array. Resulting in a hybrid metamaterial that mixes the proper-
ties of vanadium oxide with discrete SRR array. Hybrid metamaterial devices operating at 
THz frequencies were fabricated by combining double SRRs with phase changing VO2 films. 
By thermal triggering of the resistivity change of VO2, the behavior of the SRR gap can be 
adjusted from capacitive to resistive in order to modulate the THz beam transmission at their 
resonance frequencies [20–23].

The concept of Infrared adaptive camouflage, is an additional example of metamaterials-based 
on the infrared reflection property of VO2. Due to the negative thermal emittance property, 
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a heated VO2 coating above the transition temperature appears to be colder relative to the 
surroundings. This unique property was proposed to develop smart clothing when fabrics are 
weaved with VO2 networks as shown in Figure 3c [24, 25].

Another interesting advancement in the use of metasurface (Figure 3b) is the concept of pla-
nar metalens [26, 27], which are optically designed Metasurfaces for wave Front Engineering. 
These devices can provide local phase, amplitude and polarization control of light along 
the surface using optical resonators. With such metasurface a new class of flat, compact and 
broadband components such as lenses and polarizers can be realized beyond conventional 
diffractive optics. Patterned subwavelength metallic Nano antenna arrays can provide the 
basis for optical devices with sub-wavelength thicknesses.

4. Vanadium oxide (VO2): A metamaterial in itself

Considering VO2 as a classic metamaterial may appear inappropriate to a certain degree. 
However, if we draw the attention to the intermediate region near the vicinity of the SMT, 
there is a naturally occurring disordered state. This disordered state, which comprises both 
semiconducting and metallic phases, is highly tunable and responsive. The percentage or the 

Figure 3. (a) A hybrid metasurface with gold SRR fabricated on top of a phase change material (VO2). Here VO2 is the 
active component of the metasurface. (b) a planar meta lens that is made of precisely fabricated structures on size with 
the order of the wavelength of the incident radiation and (c) apparent cooling of the VO2 coated cloth on the right even 
after heating above the 70°C. Image reproduced with permissions form the original publisher.
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phase fraction of one in respect to the other is highly controllable and tunable via external 
stimuli. This particular state of VO2 is called the naturally occurring disordered metamaterial, 
and was previously termed differently by various authors.

One of the early descriptions of the nature of the material in the range of phase co- existence 
was proposed in 1996 [28]. Authors have described the transition state as an “Inhomogeneous 
composite medium” composed of metallic and insulating grains. Using a “composite medium 
model” authors simulated the formation and clustering of the metallic domains. When the 
temperature (T) exceeds the transition temperature (Tc) the conducting clusters grow and 
form conducting paths throughout the film (percolation) as shown in Figure 4.

Later Kim et al. referred to the same region of phase co-existence as “monoclinic and corre-
lated metal” (MCM) in 2006 [29], while Qazilbash et al. named it “strongly correlated metal” 
(SCM) [30]. The shaded region in Figure 4(ii) represents this state in VO2 over a finite tem-
perature range in the transition region.

Kats et al. [31, 32] coined the term “naturally disordered metamaterial” and put forward the 
following arguments.

1. In the VO2 transitional state, the film comprises nanoscale structures of metallic- and insu-
lator-state VO2, and the resulting medium behaves as a “tunable disordered metamaterial.”

2. Metallic puddles of nanoscale dimensions emerge inside the dielectric phase of VO2, these 
puddles then grow and coalesce, eventually leading to a fully metallic state upon transi-
tion. The size of these metallic puddles is of the order of infrared frequencies. Temperature-
sensitivity of these metallic structures allows for a control of the ratio between metallic and 
semiconducting phases, thus VO2 can be viewed as a “natural, reconfigurable, disordered 
metamaterial” with variable effective optical properties across the phase transition”

Figure 4. (i) Schematic diagram of the phase change in the VO2 film. The metallic domains nucleate sporadically (a) 
and as the temperature approaches TC (b), the domains grow larger and cluster. Percolation occurs above TC (c). (ii) the 
phase diagram of VO2 and the resistance-temperature curve showing the insulator-to-metal transition. The shaded area 
highlights the strongly correlated metal (SCM) region. Image reproduced with permissions form the original publisher.

Metamaterials and Metasurfaces156

3. The co-existence of metallic and insulating phases during the phase transition results in 
widely tunable optical properties. Here manipulating the naturally occurring nanoscale 
metallic structures in the SMT region can be imagined as a “reconfigurable disordered 
metamaterial”. One key application for such transition is tunable optical switching in the 
NIR region.

Lastly Zhang et al. [33] described the growth of metal nanoparticles in a dielectric matrix 
as aperiodic or disordered yet still offering the functionality of near “perfect metamaterial 
absorbers” (PMA). Authors successfully show that neither ordered lithographical nanostruc-
tures nor self-assembled colloidal magnetic nanoparticles are necessary to attain “control-
lable metamaterials” as surfaces with controlled-reflectance or tunable PMAs (Figure 5).

The similarity between the surface structure of materials shown in Figures 4(i) and 5(ii) is 
striking. This and the most recent investigations legitimate, to our sense, the description of 
vanadium oxide operating in the narrow window of the phase co-existence as a disordered 
metamaterial. The following sections will emphasize few ways in which VO2 metamate-
rial region can be used to demonstrate some key application possibilities utilizing its high 
responsivity.

Figure 5. (i-a), Illustration of a near perfect metamaterial absorber (PMA) with random non-prefabricated metal nano 
particles. (i-b), Cross-sectional view of the PMAs with random Au-NPs layer constructed on the ZnO/Ag bi-layer 
structure [33]. (ii) Infrared images of VO2 undergoing phase transition in the metamaterial region, showing the 
formation, percolation and coalescence of the metallic puddles (blue dots). The emissivity of the surface decreases on 
phase transition due the IR reflecting property of the rutile VO2. Image reproduced with permissions form the original 
publisher.
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phase fraction of one in respect to the other is highly controllable and tunable via external 
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highlights the strongly correlated metal (SCM) region. Image reproduced with permissions form the original publisher.
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4.1. Temperature controlled electrical resistivity switching

The disordered metamaterial state of VO2 is very stable [34], as long as the surface is main-
tained at a constant temperature within the hysteresis region. The phase fraction of semicon-
ducting to metallic remains undisturbed. Subsequently, it is effectively conceivable to balance 
out the metamaterial at any level inside the hysteresis band by controlling the temperature. A 
useful utilization of this behavior could be a thermally triggered electrical switch [35], which 
may work by providing tiny yet instantaneous heat pulses as well as cooling pulses of small 
amplitudes of the order of (1–3 K). These temperature inputs convey the metamaterial to cycle 
between resistive “Off” and conductive “On” states while keeping a similar base temperature 
around the phase transition window.

Thermally controlled electrical resistivity switching behavior of VO2 is displayed in Figure 6. 
At a constant temperature of 67°C, VO2 films are stabilized at the disordered metamaterial 
structure. This temperature is provided using a heating stage while simultaneously moni-
toring the electrical resistance. This highly resistive state is considered as an “off” state. A 
quick heating pulse of ΔT ~ 3 K drives the coalescence of the metallic rutile domains, to make 
the film conducting. Soon after which it is retained by the stabilization of the temperature 
at 67°C. This difference in temperature arises from the hysteretic temperature difference 

Figure 6. Thermally-driven switching of the VO2 disordered metamaterial. The “off” and “on” states are determined 
by the sudden drop or increase in electrical resistance because of small changes in the temperature given in the form of 
thermal activation pulses as shown in the inset. Image reproduced with permissions form the original publisher.

Metamaterials and Metasurfaces158

between the forward and in reverse phase transition temperatures because of hysteresis 
width as detailed schematically in Figure 6. The metamaterial is driven to a high resistance 
“off” state by providing a cooling pulse, which encourages the shrinkage and confinement 
of the metallic domains. Consequently, the metamaterial features a resistive semiconducting 
behavior even when it relaxes back to 67°C. Hence, tiny accurate temperature inputs are reli-
ably implemented for abrupt resistivity switching of VO2. The strength of the thermal pulse 
has a direct impact on the response of VO2 metamaterial. This kind of temperature inputs in 
the form of short pulses allows VO2 to achieve a highly resistive “off” state or conducting “on” 
state at the same steady state temperature. Furthermore, the resistance switching profiles can 
be altered by providing the VO2 films with varying cold and hot temperature pulses as illus-
trated in Figure 7.

Using stronger thermal activation pulse as shown in Figure 7(i) allows the “on” and “off” 
states of the system at points (b) and (c) respectively, take benefit of enhanced resistivity 
change. Whereas a weaker thermal activation pulse as shown in Figure 7(ii) dampens the 

Figure 7. The schematic of thermal switching process based on the hysteresis curve. The result of implementing two 
different amplitudes of the thermal activation is illustrated in (i) and (ii). c → a → b: Cooling pulse; b → d → c: heating 
pulse. Image reproduced with permissions form the original publisher.
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amplitude of switching. This enables better control of the metamaterial to program almost 
any desired switching pattern. Such an extent of adaptability demonstrates the usability 
and unwavering quality of this thermally activated electrical resistivity switching in VO2 
metamaterial.

It is worth noting that sharp transition with a minimal hysteresis width of ΔT = 3 K is neces-
sary to attain high switching amplitude while implementing a small thermal activation. The 
effectiveness of such metamaterial will substantially enhance, provided a reliable approach 
is developed for the tuning of the SMT temperature without affecting its quality in terms of 
amplitude, sharpness, and hysteresis width.

4.2. Negative thermal emissivity control and smart cermet concept

Thermally triggered emissivity modulation is emphasized in this section. The low tempera-
ture semiconducting phase of VO2 features high thermal emissivity and infrared transmis-
sion. This transition occurs in a narrow temperature range of (64–68°C) where VO2 films 
have the coexistence of both metallic and semiconducting phases. This, kind of disordered 
metamaterial state is similar to a cermet. With the increase in temperature, metallic inclusions 
nucleate and grow inside the dielectric (Semiconducting) phase [30, 35, 36]. Therefore, a con-
cept of “smart cermet” with tunable optical properties based on disordered VO2 metamaterial 
is introduced.

The concept of tunability is addressed by accurate temperature dependent control of the 
dimension and density of metallic particles in the dielectric matrix, which result in the varia-
tion of emissivity of the coating. An interesting aspect of VO2-based smart cermet is that, 
both metallic and dielectric entities are composed of one and the same material albeit at two 
different phases. Hence, just a singular layer of VO2 can be engineered to express (i) a fully 
dielectric state, (ii) a variable state with metallic inclusions embedded in the dielectric matrix, 
or (iii) a complete metallic state by simple temperature adjustments. This kind of flexibility is 
unheard of with conventional cermet coatings.

A thermal camera was employed to investigate the phase transition from semiconducting 
monoclinic to the metallic rutile that occurs with thermal cycling. Upon heating, the sur-
face appears colder above the transition due to thermal emittance of the metallic phase. This 
behavior is termed as negative differential thermal emittance. During the heating step, VO2 
undergoes an abrupt semiconductor to metal transition (SMT) at 67.5°C resulting in a drop 
of emissivity from 0.8 to 0.1 within a narrow ΔT of 2°C. The images in Figure 8(i), (ii) and 
(iii) provide a visual representation of the material undergoing SMT, by formation of metallic 
puddles in the semiconducting phase, which grow in number and coalesce, thus converting 
the whole layer metallic. These metallic puddles lower the overall emissivity by reflecting the 
infra-red radiation.

While cooling, the emissivity abruptly rises and peaks up to 0.94 at 63.5°C marked as region 
(a) in Figure 8. This peculiar rise of emissivity is quite reproducible and is systematically 
observed in all our films. At 63.5°C the density and size of the metallic inclusions align in such 
a way that a near perfect thermal emittance is reached. This rise in emissivity from 0.8 to 0.1 
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(ΔƐ = 0.7), or 0.94 to 0.1(ΔƐ = 0.84) using VO2 coatings, is unprecedented with conventional 
variable emissivity coatings. Such a negative differential thermal emittance was previously 
reported and VO2 was shown to operate both as perfect emitter and absorber in a tunable 
phase change material. The short rise in the emissivity during the cooling cycle is correlated to 
the formation of nanoscale metallic inclusions in a configuration that enhances light absorp-
tion [37–41].

Perfectly reversible and reliable emissivity transition is recorded for VO2 films during 
extended thermal cycling tests. Furthermore, the transition characteristics were shown to be 
immune to the cycling rate. The stability of the metamaterial state was observed upon an 
extended Raman mapping of the mixed phase region over 100 hrs [34].

The reproducible behavior is in line with the ramp reversal memory effect in VO2 reported 
recently [42], where the nucleation of the metallic puddle during the heating cycle occurs at 
the same spot over successive cycles. Upon temperature cycling, IR imaging reveals the nucle-
ation of the metallic phase exactly at the same positions and confirms its systematic growth in 
an identical manner as the preceding heating cycle for consecutive cycles. This behavior is of 
paramount importance for a tunable and reliable light modulation.

VO2 metamaterial coatings provide enhanced flexibility versus traditional cermet coatings 
which have a fixed density and distribution of metal particles. Guo et al. [39] presented how 
metallic inclusions can be modified to impact light-matter interaction. Authors investigated 
the applications of metallic inclusions as light trapping sites for solar energy-harvesting. 

Figure 8. Temperature-dependent emissivity of VO2 across the SMT and the infrared images of three selected regions 
(a-i, b-ii and c-iii) on the hysteresis curve. Metamaterial region is shown as a shaded area on the hysteresis curve. Image 
reproduced with permissions form the original publisher.
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Hence by controlling the size, shape and density of metallic inclusions in the metamate-
rial state, VO2 coatings clearly presents itself as versatile and an attractive alternative. The 
property of tuneable emissivity opens up many possibilities for the design and integration of 
smart functionalities through innovative light modulation existing technologies.

Figure 9(i) shows tuning of emissivity by controlling the heating and cooling cycles. Choosing 
to limit the extent of cooling to the temperature that enables the maximum emissivity (marked 
by a blue circle in Figure 9(i-b) and restarting the heating stage in the subsequent cycle in 
Figure 9(i-c), one can take benefit of the observed emissivity spike to further enhance the 
amplitude of the emissivity. Such control of temperature cycles yields tunable emissivity 
of VO2 metamaterial between 0.94 and 0.1. Figure 9 (i-d, e and f) illustrates an example of 
how the emissivity can be controlled between 0.1 and ≤0.94, by selecting the temperature of 
cooling down at any intermediate value. Similar approach can be utilized to change emis-
sivity from 0.94 to 0.1 simply by adjusting the temperature in the heating cycle as shown 
in Figure 9(ii). The memory effect mentioned earlier, helps us to maintain the system at a 
set value of emissivity even after consecutive cycles. Therefore, the temperature is a reliable 
parameter to precisely control cermet architecture. Temperature cycles can be conveniently 

Figure 9. Variable emissivity as shown from (i-a) to (i-f) is achieved by adjusting the minimal temperature of cooling 
cycle and beginning the subsequent heating cycle immediately. Precise emissivity state can be reached by adjusting the 
cooling and heating temperature. Image reproduced with permissions form the original publisher.
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designed to adjust the upper and lower limit of emissivity values within the 0.1–0.94 range. 
In terms of application, a light modulating devise with rapid transitions can also be designed, 
since switching in VO2 occurs at picosecond time scale [43].

Thermally controlled switching of emissivity in VO2 films is demonstrated in Figure 10(a). 
Initially VO2 films are stabilized at a steady temperature of 68°C in the metallic state with 
low emissivity. A programmed cooling pulse of ΔT = 1.5°C decreases the temperature of the 
system to 66.5°C, driving the system to from a low emissivity state at Ɛ = 0.1 to a high emis-
sivity of Ɛ = 0.94.

Temperature increase via a programmable heating pulse of identical amplitude pushes the 
system to the lower emissivity. This way, VO2 metamaterial state can be used as an optical 
switch with controlled emissivity stages that correlate directly with the infrared reflection 
property. The concept of smart cermet could be envisaged for applications such as an infra-
red shutter and for emissivity modulation.

A slightly different switching profile is shown in Figure 10(b). Switching emissivity is 
achieved by providing tiny temperature inputs in either direction by maintaining the system 
at a steady temperature in the middle of the hysteresis loop. Small temperature inputs lead to 
large changes in emissivity, thereby leading to efficient and low power consuming alternative 
to already available emissivity control mechanisms.

Micro fabrication and additional processing challenges like multilayer deposition, MEMS 
fabrication and patterning coatings are requiring for coatings to have emissivity control and 
infrared modulation [44, 45]. Infrared reflection in VO2 coatings is an intrinsic one, which 

Figure 10. Thermally-controlled emissivity switching with double thermal pulses of ±1.5°C amplitude, without (a) and 
with (b) time delay. Image reproduced with permissions form the original publisher.
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means in order to achieve light modulation no further processing or fabrication steps are nec-
essary. Remarkable emissivity change is produced by tiny temperature inputs. These changes 
in emissivity are a direct result of the changes occurring in the topography of VO2 metasurface. 
Therefore, a tunable yet modular emissivity state is achieved by changing the dimension, den-
sity of metal inclusions into a semiconducting matrix, ultimately functioning as a smart cermet.

4.3. Localized phase change and IR reversible patterning

Now that we have established VO2 films when operating in the region of transition tempera-
ture (TC) behaves as a naturally disordered metamaterial. Physical properties related to the 
material like resistivity, reflectivity and emissivity can be altered depending on extent of 
phase transition. Through simple temperature control VO2 might exhibit contrasting behav-
iors depending on the state at which the metamaterial is set to operate. Figure 11 shows the 
three states namely, a high emissivity monoclinic state at 66°C, a reconfigurable emissivity 
metamaterial state around 66–69°C and lowered emissivity rutile state above 69°C.

As the metamaterial region manages to be stable as long as it is held at the required tempera-
ture, it’s viable to locally alter the phase of VO2 to either monoclinic or rutile depending on 
the nature of temperature stimulus. Such localized phase transition can be observed evidently 
with a thermal Infrared camera due to significant changes in the IR reflectivity and emissivity 
of between the two phases. Therefore, the metamaterial can be designed to have localized 
phase transformations by the usage of precise temperature changes in specific areas as shown 
in Figure 12.

Multitude of ways can be hypothesized to enforce a localized and restricted phase change in 
VO2. For the ease of understanding, we restrict these operations to those that result in local-
ized temperature manipulations that can trigger SMT in VO2 at the exact point of contact. 
However, in this discussion we will focus on localized laser heating for modification of 
metamaterial.

Local laser heating provides a contactless method to locally change the phase of the meta-
material. It is a non-invasive way of pattern transfer. By adjusting the power and focus of 
the laser one can achieve localized heating, this technique is easily scalable very convenient. 
As shown in Figure 13, patterns or words can be made by simply moving the laser across 
the VO2 meta state that is kept at a constant temperature on the edge of phase transition. 

Figure 11. Nature of VO2 metasurface in the three different temperature ranges.
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The localized heating provided by the laser results in the selective phase transition resulting 
in desired pattern or shapes. Although the patterns are invisible to naked eye, they however 
are clearly visible under infrared imaging. A simple temperature cycle of heating above the 
Tc and cooling back to the metamaterial state erases the pattern and reset the surface for next 
use. Thus, resulting in a so called Infrared black board.

Several concepts of achieving localized phase transition in VO2 metamaterial are presented 
in this article. Making patterns with contrasting electrical and optical properties on the same 
material whilst maintaining both of them stable with the use of temperature modulation will 
open numerous application possibilities for future Opto-electronic devices, that take advan-
tage of high speed optical switching and finds use in cutting edge applications such as emis-
sivity regulation, infrared camouflage, and infra-red tagging for identification.

Figure 12. Controlling the VO2 metasurface in hot or cold state by localized phase transformation.

Figure 13. Images from an IR camera showing the laser drawn pattern (LIST) undergoing the display erase and 
reset process, controlled by temperature cycling. The pattern disappears as the steady state temperature is above 
69°C. Lowering the temperature to 66°C resets the system and primes for new a pattern.
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means in order to achieve light modulation no further processing or fabrication steps are nec-
essary. Remarkable emissivity change is produced by tiny temperature inputs. These changes 
in emissivity are a direct result of the changes occurring in the topography of VO2 metasurface. 
Therefore, a tunable yet modular emissivity state is achieved by changing the dimension, den-
sity of metal inclusions into a semiconducting matrix, ultimately functioning as a smart cermet.
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ture (TC) behaves as a naturally disordered metamaterial. Physical properties related to the 
material like resistivity, reflectivity and emissivity can be altered depending on extent of 
phase transition. Through simple temperature control VO2 might exhibit contrasting behav-
iors depending on the state at which the metamaterial is set to operate. Figure 11 shows the 
three states namely, a high emissivity monoclinic state at 66°C, a reconfigurable emissivity 
metamaterial state around 66–69°C and lowered emissivity rutile state above 69°C.

As the metamaterial region manages to be stable as long as it is held at the required tempera-
ture, it’s viable to locally alter the phase of VO2 to either monoclinic or rutile depending on 
the nature of temperature stimulus. Such localized phase transition can be observed evidently 
with a thermal Infrared camera due to significant changes in the IR reflectivity and emissivity 
of between the two phases. Therefore, the metamaterial can be designed to have localized 
phase transformations by the usage of precise temperature changes in specific areas as shown 
in Figure 12.

Multitude of ways can be hypothesized to enforce a localized and restricted phase change in 
VO2. For the ease of understanding, we restrict these operations to those that result in local-
ized temperature manipulations that can trigger SMT in VO2 at the exact point of contact. 
However, in this discussion we will focus on localized laser heating for modification of 
metamaterial.

Local laser heating provides a contactless method to locally change the phase of the meta-
material. It is a non-invasive way of pattern transfer. By adjusting the power and focus of 
the laser one can achieve localized heating, this technique is easily scalable very convenient. 
As shown in Figure 13, patterns or words can be made by simply moving the laser across 
the VO2 meta state that is kept at a constant temperature on the edge of phase transition. 

Figure 11. Nature of VO2 metasurface in the three different temperature ranges.
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5. Conclusions

In conclusion this article shows vanadium oxide as a versatile material that can be used in 
multiple applications. VO2 has the potential to be a suitable candidate for smart applications, 
thanks essentially to its SMT behavior. Functionality of conventional Metasurfaces can be 
improved multifold by incorporating a VO2 sublayer in the device. The variety and ease at 
which VO2 layers can be integrated to metamaterial makes it an ideal candidate for future 
optoelectronic devices and smart responsive metasurfaces.

Looking further deep into the mechanism of the SMT in VO2 reveals an interesting facet of 
these films. The narrow hysteretic region near phase transition, comprising electrically and 
optically contrasting media, makes VO2 by itself a promising metasurface. This naturally 
occurring disordered state can be controlled with accurate temperature inputs and the ratio 
of the semiconducting to metallic parts can be configured spatially over the whole surface or 
selectively on a part of the metasurface. The rich physics involved in this phenomenon will 
help to further understand the mechanisms of phase transitions in the fundamental point of 
view whereas, the unique properties displayed by the material will inspire application pos-
sibilities new generation of semiconducting devices.
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Abstract

Graphene is a monolayer of carbon atoms arranged in a honeycomb structure which
exhibits remarkable properties including high electron mobility, mechanical flexibility,
and saturable absorption. In this chapter, the conductivity model of the graphene is first
reviewed. Based on the conductivity model of graphene, the equivalent circuit model of
graphene is discussed. By varying graphene’s chemical potential via external biasing
voltage, graphene conductivity can be flexibly tuned in the terahertz and infrared fre-
quencies. With the tunable characteristic, graphene-based metamaterial absorber and
reflectarray have been designed. Good performance in these examples illustrates that
graphene promises sufficient flexibility in the design of metamaterial devices.
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1. Introduction

Metamaterial [1–6] has attracted much attention in the scientific communities over the past
20 years. The metamaterial is a macroscopic composite of periodic or non-periodic structures
whose scale is smaller than the wavelength. Metamaterials derive their properties not from the
properties of base materials but from their newly designed structures. The property of the
subwavelength structure in the metamaterial can be described by effective medium parame-
ters [7–12] including electric permittivity and magnetic permeability. The design of the struc-
ture allows effective medium parameters to be tailored to special parameters, for example,
near-zero values and negative values, and the resultant metamaterials could flexibly manipu-
late the behavior of electromagnetic waves in ways that have not been conventionally possible
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[13–22]. For example, the well-known double negative materials, which was proposed by
Veselago [23], can support the backward propagating waves [24], and near-zero material can
tunnel electromagnetic waves through very narrow channels [25].

In recent years, metasurfaces have caused huge research interest [26–30]. Metasurfaces may be
considered as the two-dimensional counterparts of metamaterials. Due to its subwavelength
thickness, metasurfaces are easier to fabricate by using planar fabrication technology. Different
from the effective medium characterization of the volume metamaterial, metasurfaces modu-
late the behaviors of electromagnetic waves through specific boundary conditions. By design-
ing subwavelength-scaled patterns in horizontal dimensions, characteristics of electromagnetic
waves including phase, magnitude, and polarization can be flexibly manipulated. One of the
most important applications by means of the metasurface is to control the wavefront of the
electromagnetic waves by imparting local, gradient phase shift to the incoming waves, which
results in generalized Snell’s transmission and reflection laws [26].

Graphene [31, 32] consisting of a single layer of carbon atoms arranged in a hexagonal lattice
has attracted increasingly attention of the research community due to its extraordinary
mechanical, electric, optical, and heating properties. Intrinsic graphene is a zero band-gap
semiconductor which is very promising for nanoelectronics applications, because its conduc-
tion and valence bands meet at Dirac points. Graphene’s transport characteristic and conduc-
tivity can be tuned by either electrostatic or magnetostatic gating or via chemical doping
[31, 33]. The Fermi level of intrinsic graphene can be engineered to support surface plasmons
polariton (SPP) [34, 35]. These fascinating characteristics promise graphene a nature candidate
in the metamaterial/metasurface-based devices including absorbers [36–39], cloaks [40], filters
[41], antennas [42, 43], nonlinear optical devices [44], etc. In this chapter, we first review the
conductivity model and equivalent circuit model of graphene, respectively. Next, a graphene-
based metamaterial absorber with good performance including tunable absorbing bandwidth,
wide angle, and polarization insensitive characteristic is developed at mid-infrared frequen-
cies. Finally, a wideband tunable graphene-based metamaterial reflectarray is proposed to
generate an orbital angular momentum (OAM) vortex wave in terahertz.

2. Conductivity model of graphene

Due to its mono-atomic thickness, graphene can be considered as an infinitesimally thin
surface. With graphene’s gapless electronic band structure, conductivity is the most appropri-
ate parameter to characterize its electromagnetic properties. Hence the graphene sheet is
modeled by surface conductivity, which relates the surface current to the tangential electric
field in the graphene plane.

As shown in Figure 1, consider a graphene sheet in the presence of an electric field E
⇀¼ bxEx and

a static magnetic field B
⇀
0 ¼ bzB0. The electron in graphene is accelerated along �x direction by

the electric field force F
⇀
e ¼ �bxeEx. As the electron moves with a speed v⇀¼ �bxv, the magnetic
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field force F
⇀
m ¼ �e v⇀ � B

⇀¼ �byeB0v is generated to deflect the electron toward �y direction.

Therefore, the induced current has two components, i.e., J
⇀¼ bxJx þ byJy ¼ bxσxxEx þ byσyxEx. Sim-

ilarly, in the case of an electric field E
⇀¼ byEy and a static magnetic field B

⇀
0 ¼ bzB0, the induced

current becomes J
⇀¼ bxJx þ byJy ¼ �bxσyxEy þ byσxxEy. Hence, an interesting property of

graphene is magnetically induced gyrotropy which can be stated as

J
⇀¼ σ� E⇀ , (1)

in which

σ ¼ σxx �σyx
σyx σxx

� �
: (2)

The conductivity tensor in Eq. (2) can be determined from Kubo formalism, and the explicit
expressions of σxx and σxy for zero energy gap are [45, 46]:

ð3Þ

σyx ¼� e2v2FeB0

π

X∞
n¼0

nF Mnð Þ � nF Mnþ1ð Þ � nF �Mnþ1ð Þ þ nF �Mnð Þ
Mnþ1 �Mnð Þ2 � ℏ2 ω� j2Γð Þ2

h i
8<
:

þ nF Mnð Þ � nF Mnþ1ð Þ � nF �Mnþ1ð Þ þ nF �Mnð Þ
Mnþ1 þMnð Þ2 � ℏ2 ω� j2Γð Þ2

h i ,

(4)

Figure 1. A graphene sheet biased with a static magnetic field.
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in which vF ≈ 106m=s is the Fermi velocity, nF yð Þ ¼ 1= 1þ exp y� μc

� �
= kBTð Þ� �� �

is Fermi-Dirac

distribution, Mn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2nℏv2F eB0j j

q
is the energy of the nth Landau level, μc is chemical potential,

τ ¼ 1= 2Γð Þ is the scattering time, �e is the charge of an electron, ℏ is the reduced Planck’s
constant, T is temperature, and kB is Boltzmann constant.

In the low magnetic field limit, Eqs. (3) and (4) can be rewritten as [47]:

σxx ¼�je2 ω� 2jΓð Þ
πℏ2

1

ω� 2jΓð Þ2
ð∞

0

ε
∂nF εð Þ
∂ε

� ∂nF �εð Þ
∂ε

� �
dε�

2
4

ð∞

0

nF �εð Þ � nF εð Þ
ω� j2Γð Þ2 � 4 ε=ℏð Þ2 dε

3
5,

(5)

σyx ¼� e2v2FeB0

πℏ2
1

ωþ 2jΓð Þ2
ð∞

0

∂nF εð Þ
∂ε

þ ∂nF �εð Þ
∂ε

� �
dεþ

2
4

ð∞

0

1

ωþ j2Γð Þ2 � 4 ε=ℏð Þ2 dε
3
5,

(6)

in which ω is radian frequency. Note that Eqs. (5) and (6) are valid under the conditionffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ eB0j jv2F=c

q
≤Γ. Specially, in the absence of biased magnetic field, we have σyx ¼ 0 and thus

graphene is reduced to be isotropic. It is worthwhile pointing out that in Eqs. (5) and (6), there
are two terms: the first one is related to intra-band contribution and the second one corresponds
to inter-band contribution. The intra-band term in Eq. (5) can be analytically obtained as [48]:

σxx, intra ¼ �j
e2kBT

πℏ2 ω� j2Γð Þ
μc

kBT
þ 2 ln e�

μc
kBT þ 1

� �� �
: (7)

According to Eq. (7), the intra-band term follows the Drude model form. The real part of the
intra-band term is greater than zero and its imaginary part is less than zero.

Generally, the inter-band term in Eq. (5) cannot be analytically obtained. However, when
kBT ≤ μc

�� �� and kBT ≤ℏω, the inter-band term in Eq. (5) can be approximately expressed as [46]:

σxx, inter ¼ �j
e2

4πℏ
log

2 μc

�� ��� ω� j2Γð Þℏ
2 μc

�� ��þ ω� j2Γð Þℏ

" #
: (8)

It can be seen from Eq. (8) that for Γ ¼ 0 and 2 μc

�� �� > ℏω, σxx, inter ¼ jσ00xx, inter becomes a purely

imaginary number with a positive imaginary part. In the case of Γ ¼ 0 and 2 μc

�� �� < ℏω,
σxx, inter ¼ σ0xx, inter þ jσ00xx, inter is a complex number, whose imaginary part is still positive and

real part is σ0xx, inter ¼ σmin ¼ πe2=2h for μc 6¼ 0. The intra-band conductivity mainly accounts for
low-frequency electrical transport and the inter-band conductivity is for the optical excitations.
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Figure 2 shows real and imaginary parts of the intra-band and intra-band terms of an isotropic
graphene surface at 100 GHz and 400 THz for Γ ¼ 0:3291 meV and T ¼ 300 K, respectively.
According to Figure 2, we can see that at low-terahertz frequencies the conductivity of graphene
is mainly governed by the intra-band contribution, while at infrared frequencies, both the intra-
band and inter-band conductivities are dominant. In addition, we can know that the intra-band
conductivity has a negative imaginary part. Figure 3 gives the corresponding total conductivi-
ties at 100 GHz and 400 THz. It can be observed that the imaginary part of the total conductivity
can be positive or negative depending on the operation conditions of the graphene.

One of the main advantages of graphene is that its chemical potential can be tuned by the
implementation of a gate voltage or chemical doping. For an isolate graphene sheet, the carrier
density ns is related with μc via the following expression [48]

Figure 2. Intraband and interband conductivities of an isotropic graphene sheet at different frequencies.

Figure 3. Total conductivities of an isotropic graphene sheet at different frequencies.
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ns ¼ 2
πℏ2v2f

ð∞

0

ε f εð Þ � f εþ 2μc

� �� �
dε: (9)

A single-layer graphene is grownon a substrate, for example, oxidized Si, and a gate voltageVg can
be applied, as shown in Figure 4. The gate voltagemodifies the graphene carrier density as [32]

ns ¼ ε0εVg=te, (10)

in which ε0 and ε are permittivities of free space and the substrate, respectively, and t is the
thickness of the substrate. Solving Eqs. (9) and (10), a relation between μc and Vg can be
obtained. An approximate close-form expression to relate μc to Vg can be given as [33]

μc ¼ ℏvf

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0ε
et

Vg

r
: (11)

Figure 5 shows the conductivity variation of isotropic graphene with chemical potential. Here
Γ ¼ 0:3291 meV and T ¼ 300 K. By changing the chemical potential, the conductivity of
graphene can be flexibly adjusted, which provides us large degrees of freedom to design
tunable graphene-based devices.

Figure 4. The graphene sheet with an external gate voltage.

Figure 5. Total conductivity of the graphene as a function of the chemical potential.
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3. Equivalent circuit model of multilayer graphene

The isolate graphene sheet can be characterized by its complex conductivity. In some designs
of graphene-based metamaterial/metasurface devices, we need to consider electromagnetic
wave interaction with the stacked periodic graphene sheets. Figure 6 shows a stack of
graphene sheets separated by material slabs. In order to study plane wave reflection and
transmission by a graphene-material stack, an equivalent circuit model [43] is developed in
this section. Consider a uniform transverse electromagnetic (TEM) wave normally incident on
the multilayer structure. Assume no higher-order modes are excited. Therefore, each graphene
sheet is equivalent to a shunt admittance Ygi (i = 1, 2,…, N), and each material slab is regarded
as a transmission line segment with a characteristic admittance Ymi and an electric length
θi = βidi, in which βi is the phase constant in each material slab and di is the thickness of the
material slab. The corresponding equivalent circuit model is depicted in Figure 7.

According to the transfer matrix approach, the ABCD matrix can be written as:

A B
C D

� �
¼

YN

i¼1

1 0
Ygi 1

� �
� cosθi j

1
Ymi

sinθi

jYmi sinθi cosθi

2
4

3
5

0
@

1
A 1 0

YmNþ1 1

� �
: (12)

Figure 6. Planar multilayer graphene.

Figure 7. The equivalent circuit model of the multilayer graphene-based structure.
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Furthermore, the S parameters can be obtained as:

S11 ¼ Aþ B=Z0 � CZ0 �D
Aþ B=Z0 þ CZ0 þD

, S12 ¼ 2 AD� BCð Þ
Aþ B=Z0 þ CZ0 þD

, (13)

S21 ¼ 2
Aþ B=Z0 þ CZ0 þD

, S22 ¼ �Aþ B=Z0 � CZ0 þD
Aþ B=Z0 þ CZ0 þD

: (14)

To determine the shunt admittance, Ygi of ith graphene sheet given in Figure 6, assume ith
graphene sheet as an array of graphene patches with a period of Di, as shown in Figure 8. The
gap between the graphene patches is gi (gi < Di), and permittivities of the material slabs at
the top and bottom part of the graphene array are εi and εi + 1, respectively. In the case of the
normally incident wave, the graphene patch array can be characterized by a surface imped-

ance Zgi, which relates the average tangential components of the total electric field E
⇀tot

tan and the

Figure 8. Periodic graphene patch array.
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average surface current density J
⇀ind

induced on it. The average boundary condition for the
patch array can be written as [49–51]

Etot
tan ¼ Zgi � Jind, (15)

in which

Zgi ¼ 1
Ygi

¼ Di

Di � gi
� �

σi
� j

π
2ωεeqDi ln csc πgi=2Di

� �� � , (16)

Here, σi is the conductivity of graphene and εeq is equivalent permittivity with the following
expression:

εeqr ¼ εi þ εiþ1ð Þ=2: (17)

It is shown that when the gap tends to be zero, the corresponding graphene patch array
becomes a whole graphene sheet and thus the surface impedance given by Eq. (16) is reduced
to Zgi = 1/ σi.

Consider a graphene-based metasurface structure, as shown in Figure 9. Here T = 300 K and
Г = 3.2914 meV are used for each graphene sheet. The chemical potential of the top graphene
layer is denoted as μc1 and the bottom one is μc2. Relative permittivity of the silicon material is
11.9. To validate the effectiveness of the equivalent circuit model, we consider three cases. The
first case is L1 = 20 μm and μc1 = 0.1 meV and μc2 = 0.2 meV. The corresponding resonant
frequency of the metasurface structure obtained by the equivalent circuit is 0.95 THz, which is
same as the result obtained by the full-wave simulation. In the second case of L1 = 15 μm and
μc1 = μc2 = 0.15 meV, the resonant frequencies solved by the equivalent circuit and the full-
wave simulation are 1.18 THz and 1.2 THz, respectively. For the third case, i.e., L1 = 12 μm and
μc1 = 0.2 meV and μc2 = 0.1 meV, the resonant frequencies solved by two methods are 1.39 THz
and 1.4 THz, respectively. Figure 10 demonstrates the absorption obtained by equivalent
circuit and full-wave simulation, in good agreement.

Figure 9. A graphene-based metasurface structure. All dimensions are in micrometer: L1 = 5, D = 20, and g = 2.
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Figure 9. A graphene-based metasurface structure. All dimensions are in micrometer: L1 = 5, D = 20, and g = 2.
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4. Graphene-based metamaterial absorber

With extraordinary electronic and optical properties, graphene has caused enormous research
interest in recent years. The conductivity or carrier density of graphene can be tuned by the
chemical potential via an external gate voltage. Various intriguing applications such as tunable
cloaks [40], reflectarray [42, 43], nonlinear optical devices [44], etc., have been proposed and
experimentally demonstrated. On the other hand, since Landy et al. proposed a thin and near-
perfect metamaterial absorber in 2008 [52], various metamaterial absorbers have been demon-
strated from microwave to optical frequencies [53, 54]. The fascinating property of the tunable
conductivity promises graphene a good candidate for the design of the tunable metamaterial
absorber. In this section, a broadband tunable, wide-angle, and polarization-insensitive
graphene-based metamaterial absorber is designed.

Figure 11 shows the designed metamaterial absorber. The unit cell of metamaterial absorber
with a periodicity of 2 μm consists of four layers from the top to the bottom: a dual ELC unit
composed of Au with a thickness of 0.1 μm, a graphene sheet, a BaF2 material with a thickness
of 0.24 μm, and an Au material with a thickness of 0.5 μm. Figure 12 shows the absorbing
spectra of the proposed absorber for the chemical potential of μc = 0.5 eV when TE- and TM-
polarized plane waves are normally incident on the proposed absorber, respectively. It can be
observed that for TE polarization, a wide absorption characteristic of 90% with a 41.12%
fractional bandwidth from 27.78 to 42.16 THz is obtained. Similarly, the absorbing band for
the TM polarization covers from 26.78 to 40.06 THz with a 39.74% fractional bandwidth.

Figures 13 and 14 illustrate the polarization and angular dependences of the proposed
absorber with μc = 0.5 eV, respectively. As shown in Figure 13, when the incident angle varies

Figure 10. Absorption of the graphene-based metasurface structure.
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from 0 to 60
�
for both TE and TM polarizations, the absorptions remain above 80% in the

whole operating band. Especially, for incident angle below 50
�
, the absorption over 90% can be

achieved. Due to the approximate symmetry of the designed absorber, the absorption is nearly
independent of polarization, as shown in Figure 14.

Figure 15 demonstrates absorption variation of the proposed absorber with the chemical
potential of graphene. For the TE polarization, the fractional absorbing band of the absorption
of 90% with μc = 0.2 eV is 44.8% from 25.08 to 39.56 THz. With the increase of the chemical
potential, the absorption curve has a blue shift accompanied by an approximately unchanged

Figure 12. Simulated absorptivity of the proposed absorber with μc = 0.5 eV for TE and TM polarizations. Reprinted from
Zhang et al. [38], with permission from the Optical Society of America.

Figure 11. The proposed graphene-based metamaterial absorber. (a) Metamaterial unit cell. (b). Infinite periodic simula-
tion model with periodic boundary conditions (PBC) around the unit cell. (c). A tunable gate voltage applied to the
proposed absorber. All dimensions are in micrometer: w = 0.16, s = 0.2, t = 0.12, m = 0.1, d1 = 0.4, and d2 = 0.2. Reprinted
from Zhang et al. [38], with permission from the Optical Society of America.
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Figure 12. Simulated absorptivity of the proposed absorber with μc = 0.5 eV for TE and TM polarizations. Reprinted from
Zhang et al. [38], with permission from the Optical Society of America.

Figure 11. The proposed graphene-based metamaterial absorber. (a) Metamaterial unit cell. (b). Infinite periodic simula-
tion model with periodic boundary conditions (PBC) around the unit cell. (c). A tunable gate voltage applied to the
proposed absorber. All dimensions are in micrometer: w = 0.16, s = 0.2, t = 0.12, m = 0.1, d1 = 0.4, and d2 = 0.2. Reprinted
from Zhang et al. [38], with permission from the Optical Society of America.
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Figure 14. Simulated variation of absorption with frequencies for different azimuth angles: (a) TM mode and (b) TE
mode. Reprinted from Zhang et al. [38], with permission from the Optical Society of America.

Figure 13. Simulated absorption performance at different incidence angles: (a) TM mode and (b) TE mode. Reprinted
from Zhang et al. [38], with permission from the Optical Society of America.

Figure 15. Variation of the absorption with the chemical potential μc: (a) TE mode and (b) TM mode. Reprinted from
Zhang et al. [38], with permission from the Optical Society of America.
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fractional band. By adjusting the chemical potential from 0.2 to 0.8 eV, the absorbing band
continuously covers from 25.08 to 44.81 THz. By comparison, for the TM polarization, the
fractional absorbing bandwidth firstly increases and then decreases as the chemical potential
increases. With the variation of the chemical potential from 0.2 to 0.8 eV, the absorbing band of
the absorption of 90% continuously covers from 25.74 to 40.06 THz.

5. Graphene-based metamaterial reflectarray for orbital angular
momentum (OAM) vortex wave

The electromagnetic waves carry both linear and angular momentums. Angular momentum
comprises spin angular momentum (SAM) and orbital angular momentum (OAM). The SAM is
associated with the circular polarization states of electromagnetic beams. The OAM arises from
spatial variations of amplitude and phase that render the beam asymmetric around its propaga-
tion axis [55, 56]. In 1992, Allen et al. found that light beamwith an azimuthal phase dependence
of exp.(ilϕ) carries an OAM, in which ϕ represents the azimuthal angle and l is the topological
charge. For any given l, the OAM vortex wave has l interwinded helical phase fronts and a phase
singularity with zero intensity on the beam axis. With a theoretically unlimited range of orthog-
onal eigenstates, OAM offers new degrees of freedom in communication in addition to tradi-
tional linear momentum and polarization degrees of freedom [57–60].

An attractive feature of graphene is that its conductivity is changeable by controlling voltage
applied to graphene via an external gate. With this characteristic, a graphene-based
metamaterial reflectarray is designed for the generation of the wideband OAM vortex waves
with tunable modes in this section. As shown in Figure 16, the designed reflectarray with a
size of 10� 10λ comprises 12 regions, each of which has the same azimuthal angle. Here, λ is
wavelength in free space at the frequency of 2.3 THz. In each region, a same graphene-based
metamaterial structure is designed. By tuning the conductivities of the graphene sheets in the
jth region, the reflection phase of πlj/6 (j = 1,…,12) is achieved such that the whole reflectarray
can generate a helical profile of exp.(ilϕ). To guarantee independently adjustable conductivities

Figure 16. Schematic diagram of the designed reflectarray. (a) The whole array divided into 12 regions, each of which is
filled by the same metamaterial unit cells. (b) The side view of the reflectarray. Reprinted from Shi et al. [43], with
permission from the IEEE.
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Figure 13. Simulated absorption performance at different incidence angles: (a) TM mode and (b) TE mode. Reprinted
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Figure 15. Variation of the absorption with the chemical potential μc: (a) TE mode and (b) TM mode. Reprinted from
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fractional band. By adjusting the chemical potential from 0.2 to 0.8 eV, the absorbing band
continuously covers from 25.08 to 44.81 THz. By comparison, for the TM polarization, the
fractional absorbing bandwidth firstly increases and then decreases as the chemical potential
increases. With the variation of the chemical potential from 0.2 to 0.8 eV, the absorbing band of
the absorption of 90% continuously covers from 25.74 to 40.06 THz.
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of exp.(ilϕ) carries an OAM, in which ϕ represents the azimuthal angle and l is the topological
charge. For any given l, the OAM vortex wave has l interwinded helical phase fronts and a phase
singularity with zero intensity on the beam axis. With a theoretically unlimited range of orthog-
onal eigenstates, OAM offers new degrees of freedom in communication in addition to tradi-
tional linear momentum and polarization degrees of freedom [57–60].

An attractive feature of graphene is that its conductivity is changeable by controlling voltage
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metamaterial reflectarray is designed for the generation of the wideband OAM vortex waves
with tunable modes in this section. As shown in Figure 16, the designed reflectarray with a
size of 10� 10λ comprises 12 regions, each of which has the same azimuthal angle. Here, λ is
wavelength in free space at the frequency of 2.3 THz. In each region, a same graphene-based
metamaterial structure is designed. By tuning the conductivities of the graphene sheets in the
jth region, the reflection phase of πlj/6 (j = 1,…,12) is achieved such that the whole reflectarray
can generate a helical profile of exp.(ilϕ). To guarantee independently adjustable conductivities

Figure 16. Schematic diagram of the designed reflectarray. (a) The whole array divided into 12 regions, each of which is
filled by the same metamaterial unit cells. (b) The side view of the reflectarray. Reprinted from Shi et al. [43], with
permission from the IEEE.
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Figure 17. The graphene-based metamaterial unit cell and its equivalent circuit model: (a) the unit cells and (b) the
equivalent circuit model. Reprinted from Shi et al. [43], with permission from the IEEE.

Figure 18. Reflection phase range for all possible chemical potentials of three graphene layers in a wide frequency band
from 1.8 THz to 2.8 THz. Reprinted from Shi et al. [43], with permission from the IEEE.
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Figure 19. The OAM beams with the different modes: (a) l = 1, (b) l = 2, (c) l = 3, (d) l = �1, (e) l = �2, and (f) l = �3.
Reprinted from Shi et al. [43], with permission from the IEEE.
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Figure 17. The graphene-based metamaterial unit cell and its equivalent circuit model: (a) the unit cells and (b) the
equivalent circuit model. Reprinted from Shi et al. [43], with permission from the IEEE.

Figure 18. Reflection phase range for all possible chemical potentials of three graphene layers in a wide frequency band
from 1.8 THz to 2.8 THz. Reprinted from Shi et al. [43], with permission from the IEEE.
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Figure 19. The OAM beams with the different modes: (a) l = 1, (b) l = 2, (c) l = 3, (d) l = �1, (e) l = �2, and (f) l = �3.
Reprinted from Shi et al. [43], with permission from the IEEE.
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of the graphene sheets in each region, a small height difference Δh is introduced to ensure the
insulation between two adjacent regions, as shown in Figure 16(b).

To obtain a desirable reflection phase in each region, a metamaterial unit cell composed of a
three-layer sandwich structure has been designed, as shown in Figure 17. Each sandwich
structure comprises graphene/Al2O3/SiO2 materials from the top to the bottom. An insulating
layer of Al2O3 material is inserted between two adjacent sandwich structures. A ground
consisting of an Au material is placed at the bottom of the unit cell. The designed unit cell
periodicity is P = 20 μm, and the thicknesses of SiO2, Al2O3, and Au materials are 12 μm,
10 nm, and 5 μm, respectively. In each sandwich structure, an external DC voltage is applied
between the graphene layer and the SiO2 layer to control the conductivity of graphene. For
convenience, the chemical potentials of the graphene layers from the top to the bottom are
denoted as “μc1,” “μc2,” and “μc3,” respectively. With the equivalent circuit model given in
Figure 17(b), the maximum reflection phase range of the proposed unit cell can be obtained.
As shown in Figure 18, the reflection phase range of the proposed unit cell can cover 360o in a
wide frequency band from 1.8 to 2.8 THz, when three chemical potentials independently vary
from �1 to 1 eV.

A wideband horn antenna as the excitation is used to generate a wave incident on the
reflectarray. Figure 19 shows the OAM vortex waves with different modes generated by the
reflectarray at 2.3 THz. We can clearly observe the spiral phase distributions of the OAM

Figure 20. Simulated OAM beams with l = 1 mode at different frequencies. Reprinted from Shi et al. [43], with permission
from the IEEE.
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vortex waves with l = �1, l = �2, and l = �3 modes and the doughnut-shaped intensity
distributions. Note that the radiation patterns with singularity in the center greatly reduce the
coupling between the reflectarray and the horn antenna. With the reflection phase range of
360

�
in a wide frequency band from 1.8 to 2.8 THz, as shown in Figure 18, the OAM vortex

waves can be generated by the proposed reflectarray in the wide frequency band, as shown in
Figure 20. It is observed that the desirable spiral phase distributions can be obtained in the
whole frequency band.

6. Conclusion

In sum, several characteristics of graphene including the conductivity model and equivalent
circuit model have been presented. Two graphene-based devices, i.e., metamaterial absorber
and metamaterial reflectarray, have been designed. By varying graphene’s chemical potential,
the wideband tunable absorption for the designed absorber and the broadband tunable OAM
modes for the developed reflectarray have been demonstrated, respectively. Graphene pro-
vides more degrees of freedom for the design of the tunable metamaterial systems.
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