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Abstract: Terahertz (THz) radiation is a very appealing band of the electromagnetic spectrum due
to its practical applications. In this context, the THz generation and manipulation is an essential
part of the technological development. The demand of THz antennas is still high because it is
already difficult to obtain directive, efficient, planar, low-cost, and easy-to-fabricate THz radiating
systems. In this regard, Fabry-Perot cavity leaky-wave antennas are gaining increasing attention
at THz, due to their very interesting radiating features: the combination of planar designs with
metamaterials and metasurfaces could offer a promising platform for future THz manipulation
technologies. In this short review, we focus on different classes of leaky-wave antennas, based on
materials with tunable quasi-optical parameters. The possibility of producing directive patterns with
particularly good efficiencies, as well as the capability of dynamically reconfiguring their radiating
features, are discussed by taking into account the risk of increasing costs and fabrication complexity.

Keywords: terahertz; leaky-wave antennas; metasurface; liquid crystals; graphene

1. Introduction

The terahertz (THz) band conventionally occupies the region of the electromagnetic spectrum
between the high-frequency limit of the microwaves, often indicated as 300 GHz, and the low-frequency
edge of the infrared frequency range, usually fixed at 10 THz. This corresponds to wavelengths
in the range between 300 µm to 1 mm. Historically, THz detection was conceived for interstellar
dust sensing between 100 GHz and 3 THz. Nowadays, several applications have been exploited,
such as molecular spectroscopy and high-resolution imaging [1], non-destructive testing [2], security
screening [3], explosives and drug detection [4], monitoring of water content in human tissues [5],
and high data-rate communications [6,7]. Moreover, THz communications are gaining an increasing
interest, connected to the possibility to have access to Tbps wireless links [8]. In this context, there is a
request to develop antennas, which (i) could be fabricated with low-cost materials, (ii) are light and
simple to integrate, and (iii) may exhibit reconfigurable properties.

Among the class of planar antennas, leaky-wave antennas (LWAs) are promising devices at
THz frequencies. LWAs are travelling-wave antennas and they are well-known radiating systems at
microwaves from decades. In LWAs, radiation phenomena are interpreted as an energy leakage of a
wave that propagates in a partially open structure. The wave propagating in a LWA progressively loses
its energy due to both the (undesirable) losses in the medium and the radiation losses [9]. Because of
such energy outflow, leaky waves are described by a generally complex propagation wavenumber.

The main advantages of LWAs are the simple fabrication and design as well as the ubiquity of
leaky-wave phenomena from microwaves (i.e., the historical starting point of the leaky-wave theory),
to nano-optics (thanks to the current developments in metasurfaces and nanostructured materials).
For this reason, they are perfectly suitable for being scaled at THz frequencies.
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This review aims to analyze and describe the design of novel reconfigurable Fabry-Perot cavity
leaky-wave antennas (FPC-LWAs) layouts for THz applications, focusing on the fabrication constraints
that could have an impact on the FPC-LWA layout in the THz range. After introducing in Section 2
the theoretical background of the leaky waves and the leaky-wave antennas, in Sections 3 and 4, we
focus on two complementary approaches for the design of tunable THz FPC-LWAs by means of an
electro-optical control. In Section 5, we present and discuss the strategies for a wide reconfigurability
of the THz radiation pattern by means of two-dimensional (2D) materials with tunable quasi-optical
parameters. Conclusions are drawn in Section 6.

2. Leaky-Wave Antennas

LWAs are travelling wave antennas in which the propagating modes responsible for the radiation
(i.e., the leaky waves) are characterized by a generally complex propagation wavenumber kz = βz − jαz,
where βz is the phase constant and αz is the attenuation constant. Moreover, in order to effectively
radiate [10,11], the leaky wave propagating in the structure has to be a fast wave, i.e., characterized by
|βz| < k0 where k0 is the free-space wavenumber. Therefore, the operation of a LWA is quite different
from a slow-wave or a surface-wave type of antenna, for which radiation mainly takes place at
discontinuities (e.g., at the edge of the structure) [12]. In the absence of ohmic losses, αz takes into
account only power losses due to radiation and it is called “leakage constant”: it represents the rate of
decreasing of the aperture field due to the leakage mechanism of radiation.

LWAs can be divided into several categories, according to their geometrical structure and their
principle of operation [13]. A rigorous description goes beyond the aim of this work and can be found
in [14]. A first distinction can be made between one-dimensional (1D) and two-dimensional (2D) LWAs,
that differ from each other for the nature of the leaky waves propagating in the structure. In the former
case, leaky waves propagate along a longitudinal direction with a planar wavefront; in the latter case,
leaky waves radially propagate with a cylindrical wavefront. This important distinction considerably
affects the radiation features: a 1D LWA usually produces fan beams, while a 2D LWA mainly radiates
pencil beams or fully conical beams.

Then, LWAs can also be divided, according to their structure, in uniform, quasi-uniform and
periodic antennas. This distinction can affect the antenna scanning characteristics. In fact, a uniform
LWA usually scans inside the forward spatial quadrant by varying the operating frequency, while a
periodic LWA can scan the radiation beam in both forward and backward quadrants. However, some
exceptions could exist.

2.1. Fabry-Perot Cavity Leaky-Wave Antennas

FPC-LWAs as those discussed here are 2D quasi-uniform LWAs and can be considered as
partially-open and partially-guiding structures that support the radial propagation of cylindrical leaky
waves [15]. The working principle of these structures is based on the occurrence of a gain-enhancement
and was originally formulated, according to a ray-optics modeling, as a phenomenon of multiple beam
interference [16]. However, the radiation properties of the FPC-LWAs can also be addressed under the
frame of leaky-wave theory [13].

An FPC is able to radiate when the fundamental leaky modes supported by the cavity are excited
by the antenna feed. Interestingly, if a horizontal electric or magnetic dipole is selected as excitation for
the FPC-LWA, the antenna radiates a directive pencil beam at broadside at its frequency of operation.

For frequencies close to the operating frequency, an FPC-LWA emits a conical beam that has the
cone axis along the vertical x-axis (see Figure 1a) [13,17,18].

An FPC-LWA layout consists of a grounded dielectric slab (GDS) covered with a partially reflecting
sheet (PRS) [19]. The PRS can assume several shapes, e.g., a distributed Bragg reflector, a simple
dielectric layer with a refractive index higher than the substrate, or a metasurface. In any case, the
antenna design process is the same, thanks to the leaky-wave approach.
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Figure 1. (a) an example of FPC-LWA fed by an HMD (horizontal magnetic dipole) oriented along
the y-axis [15]; (b) terminated equivalent network representing a waveguide cross-section [13]. An
FPC-LWA is constituted by a dielectric substrate with a metallization (i.e., a mirror) on the bottom
(grounded dielectric slab, GDS) and a PRS (partially reflective surface) on top. A slot for antenna
excitation is etched on the metalized side of the substrate. Note that a back-illuminated quasi-resonant
slot can be modeled as an equivalent horizontal magnetic dipole (HMD).

2.2. Antenna Parameters and Main Rules for FPC-LWA Design

The radiation properties of an FPC-LWA depend on the source type. FPC-LWAs for THz radiation
are usually fed by a horizontal magnetic dipole (HMD) because, differently from a vertical dipole, it
allows for emitting THz radiation in the broadside direction. An HMD is able to excite the pair of
fundamental TE and TM leaky modes, both characterized by a complex propagation wavenumber, as
already discussed in Section 1.

The setting of a proper design of the FPC-LWAs, i.e., a design in which some assumptions are
satisfied [17], is important for describing radiation as caused only by the fundamental leaky modes.
When these two conditions are met (i.e., an HDM is selected as a feed and the FPC-LWA is designed
according to the design rules in [20]), the TM leaky mode affects radiation in the antenna E-plane, while
the TE leaky mode is responsible for the radiation pattern in the antenna H-plane. In the condition of
broadside radiation, nearly the same attenuation and phase constant values characterize the TE and
TM leaky modes: the FPC-LWA radiates an omnidirectional pencil beam.

The pointing angles θTE
0 and θTM

0 of the beam are measured from the vertical axis (x-axis of
Figure 1) and their expression is [20].

θTE,TM
0 � arcsin

√(
βzTE,TM

k0

)2

−

(
αzTE,TM

k0

)2

(1)

Equation (1) also defines two regimes of radiation: if βz ≤ αz, the FPC-LWA emits radiation at
broadside; if βz � αz, the FPC-LWA emits a conical beam. When βz � αz, the radiation emitted at
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broadside reaches its maximum value. Such condition is usually set as the operative one and it is the
starting point in the FPC-LWA design process. The antenna beamwidth in the E- and H-plane is [15]. ∆θTE = 2α

TE
z
k0

secθTE
0 , ∆θTM = 2α

TM
z
k0

secθTM
0 for βz � αz

∆θTE = 2
√

2α
TE
z
k0

, ∆θTM = 2
√

2α
TM
z
k0

for βz � αz
(2)

It is important to point out that the beamwidths and the pointing angles are different on the E-
and H-planes when the wavenumber of the TM and TE mode differs, i.e., when the scanning angle
increases. For this reason, in several applications in which the pointing angle changes, it could be
important to select an antenna PRS that shows the same behavior for both TM and TE polarizations.
In this way, the antenna is able to emit an almost circular conical beam when βz � αz.

In the leaky-wave theory [13], a leaky-wave antenna is interpreted as a radiating version of
a parallel plate waveguide (PPW), due to the presence of a PRS that allows a radiation leakage.
In fact, a grounded dielectric slab covered by a PRS (instead of a reflecting surface) supports a pair of
fundamental TE-TM leaky modes (instead of the fundamental TE-TM PPW guided modes), that can
eventually radiate if properly excited. Two key geometrical parameters in the design of a FPC-LWA [17]
are the lateral size of the antenna (i.e., with respect to the axis reported in Figure 1a, the antenna
dimensions along the y- and z-axis) and the substrate thickness. The antenna efficiency, i.e., the ratio
between the radiated and the incoming power, is related to the lateral size of an FPC-LWA. In order to
avoid pattern deterioration due to diffraction effects from edges, the lateral size of the antenna (i.e.,
lateral truncation) should be set so as the travelling cylindrical modes have radiated at least 90% of the
input power before they reach the lateral truncation [21].

Under the condition of broadside radiation and of antenna of infinite lateral extent (i.e., radiation
efficiency ≥90% by design), for the TE and TM fundamental leaky modes, the thickness of the antenna
substrate is given by a simple formula [15].

h = λ0/(2ns) (3)

where ns is the antenna substrate refractive index at the design frequency, i.e., the frequency at which
βz � αz.

2.3. Techniques for the Analysis of FPC-LWA Features

Two standard methods are usually employed for the analysis of complex structures: the mode
matching technique [22] and the transverse resonance technique [23]. The mode matching technique
is a time-consuming technique, especially if the domain of interest is composed by more than one
medium. In the situation in which only the determination of the eigenvalues is of interest, the
transverse resonance technique represents an appropriate tool [23]. In fact, the eigenvalues of a
waveguide problem correspond to pole singularities of a suitable characteristic Green’s function in
the complex plane of the propagation wavenumber. This Green’s function can be identified as the
voltage (or current) on a transmission line along one of the transverse direction of the waveguide axial
direction [24,25]. The pole singularities correspond to the transverse equivalent network (TEN) model
resonances and are usually computed using analytical methods.

A general form of terminated TEN is given in Figure 1b. The transverse wavenumber kt

that corresponds to source-free fields in the waveguide can be derived from the solution of the
resonance equation:

Z(kt) =
→

Z(kt) +
←

Z(kt) or Y(kt) =
→

Y(kt) +
←

Y(kt) (4)

where
→

Z,
→

Y,
←

Z, and
←

Y are the impedances or admittances from the left and the right of an arbitrary
reference plane. A closed-form analytical solution to this resonance equation does not generally exist,
except for very simple canonical examples, such as the parallel-plate waveguide [23,26].
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In the simple situation in which the leaky wave can be seen as a perturbation of a mode in a closed
waveguide [25], the transverse wavenumber can be considered as:

kt = kt0 + ∆kt (5)

where kt0 is the wavenumber of the unperturbed mode and ∆kt is the perturbation. If the cross-section is
homogeneous, the resonance equation can be written in terms of normalized impedances (admittances),
expanded in the point kt = kt0:

Z′(kt0) +

(
dZ′(kt)

dkt

)
kt=kt0

∆kt ≈ 0 (6)

∆kt ≈ −
Z′(kt0)(

dZ′(kt)
dkt

)
kt=kt0

or ∆kt ≈ −
Y′(kt0)(

dY′(kt)
dkt

)
kt=kt0

(7)

where Z′ = Z/Z0 is the normalized impedance, and Y′ = Y/Y0 is the normalized admittance.

2.4. Fabry-Perot Cavity Leaky Wave Antennas at THz Frequencies

Leaky-wave phenomena occur at any frequency range. For this reason, LWAs working at
THz frequencies are feasible and some examples of devices are already present in the scientific
literature [15,27–44]. In this section, only LWAs working in the frequency band between 300 GHz
and 3 THz are discussed. The choice of this specific frequency band is linked to a technological
challenge that characterizes the so-called “terahertz gap” [45]. In fact, even if the border between
millimeters waves and far-IR has not been delimited yet, below 0.3 THz, facilities developed for the
millimeter waves are available, while, above 3 THz, the mechanisms connected to the description of
far-IR radiation are predominant.

The most studied THz LWA is a leaky waveguide coupled with a hemispherical silicon lens.
It is able to operate at a fixed value of frequency [27,28] or in a frequency band of 0.2 THz [29] until
1.4 THz [30–32] wide. When the device works at a single frequency, it can show a very high directivity
(i.e., the power density emitted by the antenna versus the power density emitted by an ideal isotropic
radiator, when they radiate the same total power); for example [27], of 42.1 dB. Lens-like LWAs able to
operate in a frequency band wider than 1 THz can be employed for practical applications, such as
THz detectors. However, independently from the operating frequencies of the antenna, the radiation
efficiency is always below 75%, due to losses introduced by the coupling with a silicon lens.

With respect to FPC-LWAs, the maximum radiated power at broadside is connected to the
resonance condition of the multiple reflections. For this reason, FPC-LWAs usually work around a
narrow band centered at the resonance frequency of the FPC. The PRS can assume several forms.
In [33–35], the performances of FPC-LWAs with different metasurface geometries are compared.
A metasurface is, in general, a metallic patterned surface, in which the geometrical elements composing
the pattern have dimensions deeply below the operative wavelength [46]. It means that this surface
can be considered as a homogeneous surface with properties depending on the specific geometrical
pattern chosen for the metasurface synthesis. Even if several geometries have been investigated in
the THz range as PRS for FPC-LWAs, none of them has been fully characterized yet. However, they
show advantages common to many LWAs, such as the suitability to miniaturization and integration on
complex devices or the scalability at every THz frequency value of operation. The radiation efficiencies,
computed for the structures presented in [33–35], do not go beyond the 75%, but the high number
of degrees of freedom in the metasurfaces design may allow for higher values. In this context, a
fishnet metasurface has been recently introduced as a spatially nondispersive PRS with a design able
to synthetize surfaces that allow for directivities ranging from 15 to 30 dB [36–38].

An interesting opportunity offered by FPC-LWAs is the possibility to develop THz antennas with
a reconfigurable pointing angle at a fixed frequency. The only two ways, currently present in literature
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in the frequency band of interest, to steer the beam is the use of a graphene sheet as a PRS [39–41] or
the integration in the LWA layout of one or more liquid crystal (LC) layers [15,42]. An alternative way
to steer the beam is to change the operating frequency. An example is presented in [43,44], where a
microstrip LWA with periodic elements is investigated as a THz radar and shows a beam steering over
an angular range of 38◦, with a very narrow radiated beam. However, this kind of device has a limited
application as radar to a short range object detection [43].

Other forms of FPC-LWAs working in the THz range will be widely analyzed in the following
sections, where FPC-LWA structures implementing strategies for reconfiguring the emitted beam
pointing angle will be described in terms of design and numerical investigation.

3. Fabry-Perot Cavity Leaky Wave Antennas Based on Tunable Metamaterials

In this section, we start our analysis about the design possibilities offered by different tunable
materials by introducing an FPC-LWA structure made with a GDS covered by a metamaterial.
The metamaterials are artificial materials obtained from the combination of different materials, present
in nature, with spacing and geometrical features below the wavelength dimension. The metamaterial
of Figure 2a consists of a multilayered structure in which layers of material with high refractive index
are interleaved with LC layers. Because of both the ordinary and the extraordinary refractive index of
the LC has a value lower than the other material constituting the multilayer, the PRS can be considered
as a distributed Bragg reflector.
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3.1. Liquid Crystals for THz Antenna Design

Liquid crystals are materials that exhibit a solid crystalline phase, a liquid phase and intermediate
phases in which they flow like a liquid, but show a preferred orientation. These intermediate phases
are called mesophases. It is possible to distinguish several mesophases by changing temperature,
concentration, constituents, substituents, or other LCs or environmental properties [47]. Materials
constituted by molecules with an anisotropic shape could reveal mesophases. For this reason, it is
common to refer to LCs as rod-like molecules [48]. Thermotropic are the most extensively studied LCs.
They exhibit different mesophases as temperature increases. When the thermotropic LC is in a nematic
phase, its rod molecules have a random position. The nematic phase could remind a liquid; however,
LC molecules are aligned in the same direction defined by a unit vector called director.

When an external perturbation field is applied on LCs in nematic phase, they are subjected to
deformation, as a solid. However, in a solid, the stress produces a translational displacement of
molecules while, in LCs, molecules rotate in direction of the force without any displacement in their
centre of gravity. In general, in nematic LCs subjected to an external electric field, the director vector
experiments a torque force. LCs respond to this external force with a reorientation of their long axis,
which is influenced by several factors.
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Thermotropic nematic LC layers are usually employed in a confined geometry, called “cell”, i.e., a
cavity in which the top and bottom walls are covered with thin layers of polymeric material, typically
a polyimide or polyamide. In free space optics, the edges are usually neglected as these lie outside
the useable area of the device. This thin layer undergoes a mechanical [49] or optical [50] process
able to align the polymer chains in a same direction (planar homogeneous alignment). When the
nematic LC is in contact with this layer, it is energetically favourable that the LC director has the
same direction of polymer chains. In this way, the first layer of rods is considered as anchored to the
cell walls. The second layer follows the alignment pattern of the first layer, but experiments a lower
anchoring, and so on. When LC molecules are strongly anchored to a boundary, surface interactions
are not considered in the evaluation of rod molecules motion in nematic LCs due to external field
interactions [47].

Moreover, the electronic response of LCs to an external electric field is characterized by its dielectric
constants (or refractive indices), as well as electrical conductivities. These physical parameters are
dependent on the direction of the external field and to its frequency: the dielectric permittivity is a
tensor and its elements are, in general, complex numbers. Rod-like molecules are usually uniaxial LCs
and the permittivity tensor is:

=
ε = ε0


ε⊥ 0 0
0 ε⊥ 0
0 0 ε‖

 (8)

and similarly for the conductivity tensor. In Equation (8), the dielectric permittivity is considered as the
product of the vacuum permittivity ε0 and the extraordinary relative permittivity ε‖ of the LC, when
the director is parallel to the applied field, and it is the product of the vacuum permittivity ε0 and the
ordinary relative permittivity ε⊥ of the LC, when the director is perpendicular to the applied field.
Pure organic LCs are highly purified nonconductive materials (i.e., σ = 0), though they may become
conductive by adding ions and impurities. Electrical conductivity influences director orientation,
chemical degradation and LC lifetime.

Regarding dielectric permittivity, in most cases, ε‖ > ε⊥ due to molecular structure and constituents.
This condition is called positive anisotropy, i.e., ∆ε =

(
ε‖ − ε⊥

)
/Seq > 0, where Seq is the order parameter

under equilibrium condition. In general, the elements in dielectric permittivity tensor are frequency
dispersive and some LCs could change their anisotropy from negative to positive by increasing external
field frequency [47].

When an external electric field E is applied, if its strength is more than a critical value EF, called
Freedericksz transition [51], the LC director rotates by an angle θwith respect to its rest position, trying
to align itself with the field direction:

EF =
π

d

( K
∆ε

) 1
2

or VF = π

( K
∆ε

) 1
2

(9)

where d is the distance between the electrodes which apply the field, and K is a local field factor. K
takes into account the Frank elastic constants describing LC director deformation: the splay modulus
k11, the twist modulus k22, and the bend modulus k33 [48]. Under the condition of strong anchoring, if
the external field induces a reorientation of the director from parallel to perpendicular with respect to
electrodes plane:

K = k11 +
1
4
(k33 − 2k22) (10)

The rod molecules reorientation determines a change in a LC dielectric permittivity as well as in
its refractive index. In fact, as discussed above, in the absence of external fields, LC permittivity is
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expressed by Equation (8). For values of applied voltage higher than the Freedericksz transition, it
becomes [47]:

=
ε = ε0


ε‖ 0 0
0 ε⊥ 0
0 0 ε⊥

 (11)

In the application of Figure 2, we consider the nematic LC mixture 1825 [52,53] due to its high
birefringence and moderate losses in the THz frequency range. The selected LC has an ordinary
and extraordinary permittivity equal to ε⊥ = 2.3 and ε‖ = 2.42 at 1 THz, Frank elastic constants
k11 = 12.5 pN, k22 = 7.4 pN, k33 = 32.1 pN, and viscosity γ = 311.55 mPa·s [52,53]. As every uniaxial
LC, the 1825 mixture has a permittivity that, for V = 0, can be described by Equation (8) and, for V
> VF, is represented by Equation (11). For intermediate state, i.e., for 0 < V < VF, the permittivity
tensor is no longer represented by a diagonal matrix. However, if the LC director is aligned along the
z-axis, and a low driving voltage is applied, the LC molecules tilt in the xz-plane exhibiting a negligible
rotation over both the yz- and the xy-plane [15,42]. With this approximation, the LC can still be locally
modelled as a uniaxial crystal. The permittivity tensor can be generically expressed as:

=
εr(V) =


εx(V) 0 0

0 εy(V) 0
0 0 εz(V)

 (12)

where
=
ε = ε0

=
εr(V). The assumption of uniaxial LC is important in the design of an FPC-LWA because

it allows for modeling the antenna by means of a simple TEN. In the following, we will consider
only the two limiting cases V = 0 and V > VF, while the value of the permittivity in the LC layer is
considered as a medium value in the selected direction (i.e., it takes into account the local variations
due to the anchoring effect).

3.2. Design of the Fabry-Perot Cavity Leaky-Wave Antenna with Liquid Crystals

The innovative elements of the FPC-LWA in Figure 2 are its capability of changing its equivalent
impedance by applying an external bias voltage to the LC cells. The change in impedance corresponds
to a variation in the FPC-LWA pointing angle at the operative frequency. The FPC-LWA’s multilayer is
a stack of alumina layers (εr,Al = 9, tan δ = 0.01, at 1 THz) and LC cells. The multilayer is placed over
a GDS made with Zeonex E48R (εr,Ze = 2.3, tan δ = 0.006, at 1 THz, Zeon Corporation, Tokyo, Japan),
a cyclic olefin copolymer with a permittivity matched with the ordinary permittivity of the selected LC
mixture. In this way, it is possible to enhance the resonance condition of the FPC [54]. The thickness of
the layers in the stack is fixed at odd multiples of a quarter wavelength in the corresponding media.
This choice guarantees that the FPC-LWA is able to radiate a narrow beam at broadside, i.e., the antenna
is highly directive at broadside.

The equivalent circuit model of the multilayer FPC-LWA with LCs is reported in Figure 2b.
The TEN takes into account the LC anisotropy and is the starting point of the dispersion analysis.
When no voltage is applied to the LC layers, the LC molecules are oriented along the z-axis and
εz(V = 0) = ε‖ (compare Equation (8)). When a voltage V > VF is applied to the LCs, the rod-like
molecules reorient their principal axis parallel to the external E-field and εx(V > VF) = ε‖ (compare
Equation (11)). With regard to the transverse transmission line model (Figure 2b), the characteristic
admittances, Y3, and the normal wavenumbers, kx3, of the LC layers for both transverse-electric (TE)
and transverse-magnetic (TM) polarizations (with respect to the xz-plane) are functions of the bias
voltage. Their expressions are given by:

YTE
3 =

kx

ωµ0
and YTM

3 =
ωε0εz(V)

kx
(13)
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kTE
x3 =

√
k2

0εy − k2
z and kTM

x3 =

√
εz(V)

εx(V)
k2

0εx(V) − k2
z (14)

where k0 is the vacuum wavenumber, kx and kz is are the wavenumbers in x- and z-directions,
respectively, ε0 is the vacuum dielectric permittivity, and µ0 is the vacuum permeability. However, the
selected LC mixture is uniaxial and εy does not depend on the applied voltage: only the fundamental
TM leaky mode is affected by the external bias and, thus, the TE leaky mode is not of interest in this
investigation. It also allows for showing the LWA radiation features only in the E-plane (i.e., the
xz-plane), that is the plane affected by the TM leaky mode [17].

The dispersion equation relates the frequency and the complex longitudinal wavenumber kz.
The dispersion equation can be obtained by applying the transverse resonance technique to the
transverse equivalent network of Figure 2b. Equation (4) evaluated at the cross-section correspondent
to x = h1 is

Yin,i − jYTM
0 cot(kx,0h0) = 0 (15)

where the input admittance of the i-th layer can be written as [42]

Yin,i = YTM
i

Yin,i+1 cos(kx,ihi) + jYTM
i sin(kx,ihi)

YTM
i cos(kx,ihi) + jYin,i+1 sin(kx,ihi)

(16)

where YTM
i is the characteristic admittance of the i-th layer, kx,i is the transverse wavenumber of the

i-th layer, and hi can be considered as the i-th layer thickness.
We can consider a multilayer FPC-LWA layout working at f 0 = 1 THz, as a case of study able

to underline the excellent reconfigurable properties of the proposed structure [42]. The number of
layers that constitutes the stack is fixed at 5, i.e., three alumina layers of thickness equal to 75 µm
and two LC cells 100 µm thick. Dispersion curves computed between 0.8 and 1.2 THz by means of
leaky-wave theory [55,56] are presented in Figure 3a. They are a family of curves obtained gradually
changing the voltage between zero (red curve) and the threshold voltage V∞ > VF (blue curve). From a
numerical viewpoint, the voltage changing corresponds to a dielectric permittivity commutation as
reported in Equation (12), where εx(V = 0) = ε‖, εy(V = 0) = ε⊥, εz(V = 0) = ε⊥, εx(V = VF) = ε⊥,
εy(V = VF) = ε⊥, and εz(V = VF) = ε‖. Intermediate results can be obtained for intermediate values
of voltage, i.e., intermediate values of dielectric permittivity in the x- and z-directions. For the proposed
LC cell thickness, values below 20 V are sufficient to cover almost the complete switching range,
as can be derived from LC dynamic complex numerical models that take into account molecules’
orientation states at intermediate voltage values [57]. For simplifying the analysis, it is assumed that
LC relative permittivity linearly varies with the applied voltage. For this reason, the unbiased and
biased states are always correctly predicted. Conversely, the dynamic variation of β̂z = βz/k0 and
α̂z = αz/k0, corresponding to voltage values between 0 and 20 V, could change if the permittivity
tensor is computed for the intermediate biasing states.

The frequency at which the splitting condition β̂z � α̂z is achieved can be considered as the
operating frequency. For this case of study, the operative frequency is fixed by the value obtained
when the voltage is equal to V∞ (blue curve), which corresponds to the design frequency. In fact, once
the operating frequency is fixed, it is possible to change the value of the normalized phase constant β̂z

by simply decreasing the external voltage. On the contrary, the value of the normalized attenuation
constant α̂z remains almost the same, such that β̂z > α̂z. This would allow the steering of the THz
beam with a quasi-constant beamwidth (because it is proportional to α̂z that does not change with the
voltage) at a fixed frequency.
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Figure 3. (a) dispersion curves of the fundamental TM mode computed by means of leaky-wave
theory [55,56]; (b) radiation patterns predicted by leaky-wave theory (dashed lines) or by means of
full-wave simulations with CST (solid lines) [55,56,58].

The radiation patterns, computed by means of both leaky-wave theory and full-wave
simulations [58], are reported in Figure 3b and confirm the results achieved from the dispersion
analysis. The antenna excitation is modelled with an HMD placed on the ground plane. HMD source
can be used to model a slot etched in the ground plane and back-illuminated by a coherent THz source,
such as QCLs or photomixers. For deriving radiating patterns, two methods are used: (i) taking into
account only the contribution of the relevant leaky mode (dash line) and (ii) computing them by means
of full-wave simulations (solid line). Radiation pattern for the unbiasing state (blue lines) shows a
very good agreement between LWA theory and simulations. However, in the biased state (red lines),
the LWA theory does not provide an accurate evaluation. This is probably because a higher-order
leaky-wave mode could be present, increasing the sidelobe level. Full-wave simulations, however,
correctly predicts this effect. In fact, the thickness of the LC layers extends the range of tunability, but
degrades the radiation patterns. In [42], some solutions that take into account different number of
layers and different thickness of the layers are introduced and discussed.

4. Liquid Crystal Cell as a Grounded Dielectric Slab

An alternative strategy that can be employed for steering the beam emitted by an FPC-LWA
consists in substituting the GDS with a slab of anisotropic material, i.e., with a layer of LC. In fact,
an external voltage on the LC cell is able to tune the values of the nematic LC’s permittivity tensor,
dynamically affecting the propagation properties of the modes supported by the grounded anisotropic
dielectric slab (GADS). The starting point in the design of FPC-LWAs with an anisotropic substrate is
to carry out a comprehensive analysis of the modal spectrum supported by a GADS. It constitutes a
solid background for optimizing the performances of the GADS when it is covered by a PRS, i.e., when
the radiation is enabled [59].

4.1. The Grounded Anisotropic Dielectric Slab Model

The analysis of both the leaky and the surface waves excited by an HMD and supported by the
GADS is performed in the frequency range between 0.25 and 2 THz. As in the previous section, two
limiting cases are numerically studied: the LCs are unbiased (V = 0) and a bias voltage that fully
reorients the LC molecules is applied (V > VF). Again, the LC mixture 1825 is selected (no = 1.554 −
j0.018 and ne = 1.941 − j0.022 at 1 THz, where no =

√
ε⊥ and ne =

√
ε‖). According to Equation (3) and

considering a design frequency of 1 THz, the LC slab thickness is 96.5 µm. In this way, the LC layer
is an FPC at 1 THz and the TE mode always experiments the FPC at 1 THz, even if the LC is biased.
Figure 4 depicts the model employed in the study of the GADS complex mode spectra. The model
consists of an air region, the LC slab and a ground considered as a perfect electric conductor (PEC).
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The electrodes for the LC biasing are neglected as a first approximation because they do not remarkably
affect the modal analysis.
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The modal analysis of the GADS can be carried out by means of the TRT applied to the equivalent
network of the structure, as described in Section 2.3. However, the simple TEN model of Figure 4a is a
good approximation of more rigorous models developed in literature [60,61] when the LCs are uniaxial
and their ε‖ and ε⊥ differ less than 50%. The characteristic admittances and the normal wavenumbers
of the LC layer for both the TE and the TM polarizations (with respect to the xz-plane) are the same as
in Equations (13) and (14). The selected LC mixture is uniaxial and εy does not depend on the applied
voltage. Equation (4) evaluated at x = 0 gives the following dispersion equation for the TM mode of
the GADS:

jYTM cot(kx,0h0) = YTM
0 (17)

where Y0
TM is the TM characteristic admittance in the air.

4.2. Modal Spectra of Grounded Isotropic and Anisotropic Dielectric Slab

The modal analysis involves two structures: the GDS and the GADS. In the GDS, the permittivity
has an isotropic value and it is equal to either εr = ε⊥, or εr = ε‖; in the GADS, the permittivity is
the tensor of Equation (12). The complex mode spectra resulting from the dispersion analysis are
presented in Figure 5 and are slightly different between the GDS and GADS, confirming the importance
to modeling the permittivity of the substrate as a tensor. The normalized phase constant of the
surface-wave modes (SW) does not show significant variations between the GDS and the GADS models.
The leaky-wave modes (LW) are characterized by values of the normalized attenuation constant that
never decrease below 0.75. For this reason, the LW cannot represent a contribution to the radiation
and the grounded slabs need to be covered by a PRS for working as antennas. This aspect will be
investigated in the future. However, the normalized phase constant (related to the FPC-LWA pointing
angle, as expressed in Equation (1)) of the LW shows a significant variation due to the birefringence
of the selected LC mixture. This suggests that the GADS once equipped of a PRS may represent an
interesting solution for performing the beam steering of the THz radiation.

The analysis presented in Figure 5 is a preliminary numerical study that may constitute
a solid background for the experimental implementation of LC-substrate FPC-LWAs with THz
beam-steering capabilities.
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5. Graphene Fabry–Perot Cavity Leaky Wave Antennas for THz Beam Steering

In the previous examples, we have seen how it is possible to enhance beam-steering capabilities at
fixed frequency in FPC-LWAs by exploiting the tunable features of liquid crystals. However, in such
LC-based devices, the beam can only be steered along a principal plane, namely the E-plane, since
only TM leaky modes are affected by the axis re-orientation of the LC permittivity sensor. In order to
fully switch from a pencil beam to a conical beam, both TM and TE leaky modes need to be affected by
the application of a bias voltage. Remarkably, graphene-based FPC-LWAs have recently been shown
to effectively provide for such radiating features [62–64]. Indeed, one of the most intriguing features
exhibited by graphene (the two-dimensional version of graphite) is the electrical field-effect, i.e., the
capability to change its surface conductivity (which completely describes its electrical properties, being
graphene a 2Dmaterial) through the application of a bias voltage [65]. In particular, in the THz range,
graphene exhibits moderate ohmic losses and a wide variation of reflectivity as the bias is raised
from zero (very low reflectivity) to tens of Volts (moderate/high reflectivity) [66]. Interestingly, in the
low THz range and for fast waves (as radiating leaky waves), graphene exhibits the same surface
conductivity for both TM and TE polarization [67]. As a consequence, when a bias voltage is applied to
graphene, both TM and TE leaky modes are affected, and to the radiating features along the principal E-
and H-plane, respectively [63,68–70]. Two relatively simple realizations of graphene-based FPC-LWAs
are the graphene planar waveguide (GPW) [68] and the graphene substrate superstrate (GSS) [69].

5.1. Graphene Planar Waveguide

A GPW is the simplest configuration of graphene-based FPC-LWAs. In practice, the PRS is
represented by a uniform graphene sheet that is placed above a λ/2 thick grounded dielectric slab
(usually silicon oxide), fed through a sub-resonant slot etched in the ground-plane and back-illuminated
by a THz source (as depicted in Figure 1). The graphene sheet can be biased by placing a thin layer
of a low-loss THz conductive polymer beneath the graphene sheet and contacting the layers with
two electrodes (see Figure 6a). The greatest the bias voltage, the highest would be the reflectivity of
the graphene sheet [68]. However, the value of the maximum bias voltage depends on the voltage
breakdown of the dielectric filling the gap between graphene sheet and the conductive polymer (see
Section IV in [63] for an in-depth discussion). For antenna applications, a value of bias voltage that raises
the chemical potential of graphene up to 1 eV is considered a good trade-off (an approximate relation
between the chemical potential and the bias voltage can be found e.g., in [40,66,68]). In particular,
in the case of the GPW studied in [68], when the graphene chemical potential is raised to 1 eV, the
GPW radiates a pencil beam at broadside. By progressively lowering the bias, the beam evolves in a
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conical beam reaching a maximum angle that is dictated by both the graphene quality and the substrate
material (see Figure 6b–c). In this regard, we should mention that graphene quality considerably
affects the antenna radiating features, and very high quality graphene flakes are needed to achieve
a satisfactory performance with a GPW. However, even using high-quality graphene, a GPW is not
capable of radiating highly-directive beams. This limitation is due to the both the non-negligible ohmic
losses of graphene and the moderate values of its reflectivity. Therefore, in order to improve directivity
in graphene-based FPC-LWAs, a PRS with a higher reflectivity is needed. This idea is realized in the
GSS [69].
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Figure 6. (a) a sketch of the GPW described in 5.1 [55]. In (b,c), the evolution from a pencil beam to a
conical beam as the chemical potential is lowered from 1 eV to 0.5 eV, respectively [70]. The radiation
patterns are obtained through CST full-wave simulations [58].

5.2. Graphene Substrate Superstrate

In a GSS, a λ/4 thick superstrate layer of a high refractive index material (e.g., Hafnium Oxide) is
placed on top of the low-refractive index dielectric substrate, whereas the graphene sheet is lowered
down to an optimal position between the ground plane and the substrate-superstrate interface (see
Figure 7a). Such an optimal position can be retrieved from semi-analytical approaches
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where the objective function is represented by the search of a position that maximizes directivity
at broadside [69]. The result is a position in a middle-of-the-way between the substrate–superstrate
interface (where the interaction between graphene and the tangential electric modal field is expected
to be minimum) and the middle of the substrate (where the interaction between graphene and the
tangential electric modal field is expected to be maximum). The reason for this result lies in the
graphene electrical properties: the optimal position has to counterbalance the benefits of graphene
tenability and reflectivity with the drawbacks of graphene ohmic losses, whose effects are more
prominent in the points of maximum interaction with the electric field (see the relevant discussion
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in [63]). As a result, the GSS exhibits a higher directivity and a slightly reduced rate of reconfigurability
with respect to the GPW (see Figure 7b–c). Nevertheless, the GSS offers more degrees of freedom to
design FPC-LWAs with certain radiating features. In both cases, the quality of graphene plays a crucial
role, and this aspect is still hindering a first experimental validation of these concepts.

6. Conclusions

Leaky-wave antennas are fast traveling-wave antennas, in which radiation occurs thanks to a
power leakage during the wave propagation. They are antennas characterized by a high directivity and
by the possibility to be employed as radiating systems at microwaves as well as at optical frequencies.
For these reasons, LWAs seem to be particularly suitable for being integrated in THz systems. Among
the several existing LWAs typologies, FPC-LWAs are attractive structures because they allow for
tuning the radiating features by applying an external voltage. In this review, some strategies for
implementing a reconfiguration of the emitting radiation have been discussed and some examples
have been analyzed.
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