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Abstract—In this work, a systematic design of Fabry-Perot
cavity antennas based on leaky waves is proposed in the THz
range. The use of different topologies for the synthesis of homog-
enized metasurfaces shows that a specific fishnet-like unit-cell
is particularly suitable for the design of efficient THz radiating
devices. Accurate full-wave simulations highlight advantages and
disadvantages of the proposed geometries, thoroughly considering
the bounds dictated by technological constraints and the homog-
enization limit as well. The radiative performance of different
designs for achieving theoretical directivities ranging from 15
dB to 30 dB is evaluated with reliable analytical and numerical
methods, and completely validated with full-wave simulations.
The relevant results corroborate the proposed systematic design,
consolidating the validity and the usefulness of the leaky-wave
approach, well-established at microwave frequencies, to the more
challenging and still unexplored THz range.

Index Terms—Leaky-wave antennas (LWAs), leaky waves,
Fabry-Perot cavity antennas, terahertz, metasurfaces.

I. INTRODUCTION

IN recent years, the fruitful combination of microwave
and optical techniques has considerably narrowed the so-

called ‘THz gap’, a term reflecting the lack of efficient THz
components [1]. In spite of this remarkable progress, the
demand of efficient THz antennas is still high [2], [3]. Indeed,
even though various solutions have been proposed [4]–[6],
such as lens-coupled antennas [7]–[9] and integrated horn
antennas [10]–[12] to name but a few, the price for their superior
radiating performance is paid in terms of high fabrication costs
and complexity [6].

To develop flat, low-profile, and also reconfigurable THz
planar antennas, graphene has been considered, exploiting
the propagation of highly-confined surface plasmon polaritons
(SPP) [13] in order to enhance radiation [14]–[16]. Despite the
attractive reconfigurable properties and low-profile features of
such graphene THz antennas, it has been shown that plasmonic
losses dramatically affect the efficiency of these devices [17].
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Graphene antennas based on nonplasmonic solutions have been
proposed demonstrating that the efficiency can be recovered at
the price of a reduced reconfigurability [18], [19]. In any case,
the quality of graphene (which mainly determines its price and
its reproducibility as well [20]) plays a key-role in determining
the performance of such antennas. In this regard, recent works
[21], [22] have also established the fundamental limitations in
the performance of any graphene-based device.

Significant efforts are thus still needed to improve the
performance of THz radiating systems. To this purpose, we
propose here a systematic design of a specific class of THz
antennas, namely Fabry-Perot cavity leaky-wave antennas (FPC-
LWAs) [23], which allows for high radiating performance at
a low cost and with low complexity of fabrication. To date,
FPC-LWAs have been employed from microwave to the visible
range, but in the THz range actual valid configurations are still
lacking, except for graphene-based designs [18], [19].

Specifically, object of this study are those FPC-LWAs
constituted by a grounded dielectric slab covered by a metallic
patterned metasurface which acts as a partially reflecting
sheet (PRS) [23]. Such periodic PRSs are studied in the
homogenization limit [24] (i.e., with the period much smaller
than the wavelength), so that a single impedance boundary
condition suffices to accurately describe the electromagnetic
response of the PRS as a whole. More precisely, an in-depth
study of the effects of the geometry of the unit-cell on the value
of the homogenized impedance is carried out for both cermet-
and fishnet-like topologies [25], showing that some designs
are more convenient than others to realize highly-reflective
impedances, and thus improve the directivity of the FPC-LWA
[26].

As a result of this analysis, a fishnet-like unit-cell is chosen
to synthesize four different PRSs, which allow for achieving
theoretical directivies of 15 dB, 20 dB, 25 dB, and 30 dB. The
radiating performance of the four proposed designs is rigorously
evaluated using both the leaky-wave approach and the reci-
procity theorem (which accounts also for the contribution of the
spatial wave [27]), and is then validated with full-wave results,
showing a remarkable agreement. We should mention here that
the proposed fishnet-like PRS has the following interesting
features with respect to other existing PRSs: (i) it provides
a very low purely imaginary impedance (and consequently
a very high directivity) in the THz range without requiring
extreme variation of its geometrical parameters when compared
with similar homogenized metasurfaces such as patches or
strips [28]; (ii) the high filling factor (the ratio between the
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area covered by the metal and the unit-cell area) and the
topologically-connected geometry make it particularly attractive
in view of its potential use in a FPC-LWA filled with a tunable
material (e.g., a liquid crystal [29]–[31]); by applying a driving
voltage between the ground plane and the PRS it would then
be possible to change the electromagnetic properties of the
filling material, thus enabling beam-steering capabilities at
fixed frequency as in graphene THz LWAs (see, e.g., [16],
[17]). We also note that, differently from patches and strips
for which there exist well-known homogenization formulas
[28], no analytical formulas have been reported so far for such
fishnet-like PRSs, thus motivating the in-depth study carried
out in this work.

The paper is organized as follows: in Section II, the basic
properties of FPC-LWAs are briefly reviewed. Section III
is devoted to the impedance synthesis of different unit-cell
topologies. In Section IV, the results of the previous Section
are used to design four different FPC-LWA layouts whose
radiating performance is then validated by numerical results
and full-wave simulations. Finally, conclusions are drawn.

II. FABRY-PEROT CAVITY THZ LEAKY-WAVE ANTENNAS

The literature on FPC-LWAs is vast and their experimental
realizations in the microwave range are numerous [23]. Here,
we briefly summarize the main properties of this class of
radiators, as they have already been extensively described in
[23], [26].

From a general viewpoint, an FPC-LWA is a kind of 2-D
quasi-uniform LWA (according to the classification provided
in [23]) obtained as a perturbation of a metallic parallel-plate
waveguide, where the upper plate is replaced with a PRS to
permit radiation. Two specific features distinguish an FPC-LWA
from other 2-D LWAs: (i) the thickness h of the slab is close
to half a wavelength in the medium, h ' 0.5λ0/

√
εr (λ0 and

εr being the design wavelength in vacuum and the relative
permittivity of the dielectric filling, respectively), to enhance a
resonance condition which maximizes directivity at broadside
[32]; (ii) as for most of quasi-uniform 2-D LWAs, the PRS is
described by a single homogenized impedance [24].

The PRS can take various forms, e.g., a denser dielectric
superstrate [32], a dielectric multilayer [33], or graphene [18].
Here, we focus only on those PRSs characterized by a periodic
lattice of ‘subresonant’ elements, i.e., with period p � λ0.
Note that throughout the paper we assume to deal with a
patterned metallic screen, treating the metal as a perfect electric
conductor (PEC). Results are almost the same for thick enough
good metals such as Cu, Ag, Al, Au, as discussed in Section IV.

The hypothesis p� λ0 is also known as the homogenization
limit [24], [28] and, as long as it is fulfilled (see Section IV
for further assumptions), it allows for describing homogenized
PRS by means of a purely imaginary impedance Zs = jXs

(no ohmic losses are expected for PRS made by PEC). Under
these assumptions, FPC-LWAs are conveniently studied with an
equivalent circuit model. The knowledge of the PRS impedance
is provided by simple and accurate formulas for well-known
geometries [28], [34] (e.g., patches, strips, etc.); otherwise,
the value of the impedance can be obtained from full-wave
simulations.

Fig. 1: Illustrative example of Fabry-Perot cavity leaky-wave antennas based on
homogenized metasurfaces. At the upper-left corner, three different unit-cells of
the homogenized metasurface are reported, along with their relevant geometrical
parameters. The fishnet-like unit-cell is selected to obtain a directive (‘pencil’)
beam as we show in Sections III and IV. At the bottom-right corner, two
different types of excitation are illustrated: a slot etched in the ground plane,
either fed by a waveguide or back-illuminated by a non-directive THz source.

Once Zs is known, the transverse resonance technique
[23] can be applied to the equivalent circuit model to derive
the relevant dispersion equations, whose zeros represent the
wavenumbers of the eigenmodes of the structure in both the
bound (viz., surface waves), and the radiative (viz., leaky waves)
regimes. Under certain conditions [35], [36], the fundamental
TE-TM pair of leaky modes is sufficient to describe radiation
from such FPC-LWAs. In these cases, the relevant complex
leaky wavenumbers kz = βz − jαz , [βz and αz being the
phase and attenuation (or leakage) constant, respectively], for
TE and TM polarizations allows for determining the radiating
properties (i.e., the pointing angle and the beamwidth, mainly
determined by βz and αz , respectively [23]) of the structure
on the H- and E-plane, respectively (i.e., the xy- and xz-plane,
respectively, with reference to the structure of Fig. 1) [37].
Interestingly, as long as Xs � η0 (η0 ' 120π being the
vacuum impedance), it has been shown [26] that the directivity
at broadside D0 is inversely proportional to the square of Xs:

D0 ' (
√
εr/π)−2(Xs/η0)−2. (1)

whereas the fractional bandwidth FBW (defined as the range
of frequency, normalized to the operating frequency, for which
the radiated power density at broadside has decreased by less
than 3 dB) is directly proportional to the square of Xs:

FBW = (2
√
εr/π)(Xs/η0)2 + tan δe, (2)

where tan δe is the loss tangent of the dielectric filling (which
is non-negligible in the THz range).

As is manifest in Eqs. (1) and (2), a tradeoff is established
between FBW and D0. Consequently, lower values of Xs lead
to highly-directive FPC-LWA working in a narrow bandwidth,
whereas higher values of Xs lead to moderately-directive FPC-
LWA working in a considerable bandwidth. Furthermore, when
FPC-LWAs are designed in the THz range, one has to consider
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Fig. 2: Directivity at broadside D0 vs. surface reactance Xs calculated as in
Eq. (1). Black, blue, green, and red dashed lines higlight the values of the
reactances required to achieve theoretical directivities of 15, 20, 25 and 30
dB, respectively.

several additional technological constraints: (i) the availability
of low-loss THz materials, (ii) the availability of efficient
THz sources, (iii) the fabrication tolerances. These practical
considerations lead us to the following systematic design flow:

• With regard to (i), a commercially available h = 100 µm
Zeonor substrate which exhibits among the lowest loss-
tangents (viz., εr = 2.3 (1− j0.001) [38]) in the THz range
is considered. This fixes the design frequency to f0 = 1 THz.

• With regard to (ii), the FPC-LWA excitation will be obtained
by etching a slot oriented along the y-axis in the ground
plane; this can be either back-illuminated with a coherent
THz source, or fed with a THz waveguide. The dimensions
of the slot is set to 200 µm and 100 µm along the
y- and z-axis (see Fig. 1), respectively, for a threefold
reason. Firstly (considering guided-wave excitation), such
dimensions are equal to the cross-section of commercial
THz waveguides operating in the 900–1400 GHz band
[39]. Secondly (considering free-space excitation), these
dimensions provide a good energy coupling with commercial
THz lenses (which focus the energy over a spot size of
around 1 mm with a 2-D Gaussian profile [40]). Thirdly,
these dimensions allow for modeling the slot as a (resonant-
like) horizontal magnetic dipole (HMD) source, as required
for exciting a pair of TE-TM leaky modes in a FPC-LWAs
[23].

• With regard to (iii), the unit-cell period of the PRS is set to
p = λ0/5 = 60 µm to facilitate the PRS manufacturing (to
fulfill the homogenization limit [28], p should preferably be
smaller than λ0/4). As a matter of fact, 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 [41]. The choice of p = λ0/5
allows for designing details of the mask down to p/20.

On this basis, the next Section will focus on the synthesis
of four suitable reactance values Xs to achieve theoretical
directivities at broadside of 15, 20, 25, and 30 dB. Such values
are theoretically realized with reactance values of 75, 45, 25,

and 15 Ω, respectively by means of Eq. (1), as is clear from
Fig. 2, where D0 has been calculated for 0 < Xs < 200 Ω.
Obviously, as Xs increases, Eq. (1) looses accuracy (since it
has been derived for Xs � η0) and should be intended as an
upper bound.

III. PROPERTIES OF HOMOGENIZED METASURFACES

We use HFSS to derive the reactance values Xs for different
PRS geometries with p = λ0/5 at f0 = 1 THz. The unit-
cell, constituted by the PRS etched at the interface between
two different homogeneous dielectric media, is excited with a
Floquet wave. The surface impedance is then retrieved from
the simulated S-parameters [28]. The PRS consists of square
patches, strips, and fishnet-like elements (see Fig. 1). The
latter are obtained as a superposition of strips and patches. All
elements are symmetric along the principal planes as discussed
in Subsection III-C. The reactance Xs of the PRSs is evaluated
for a wide variation of their relevant geometrical parameters,
i.e., the gap g for the patches, the width w for the strips, and
the combinations of both g and w for the fishnet. Specifically,
g and w have been varied with step 0.05p from 0.05p to
0.4p, which represent the lower and upper bounds dictated
by fabrication tolerances (see Section II) and homogenization
limit considerations [28], respectively.

The simulations have been initially carried out at a single
frequency f0 = 1 THz since it is expected that, as long
as Xs � η0, the operating frequency fop does not differ
significantly from the design frequency f0. The results of
the simulations are reported in Figs. 3(a)-(c) for all the
considered geometries. As expected, the reactance of the patch-
based PRS is negative (see Fig. 3(a)) due to its dominant
capacitive behavior. As the gap decreases, the absolute value
of the impedance decreases and the capacitive effect increases.
Conversely, the reactance of strip-based and fishnet-based PRS
is positive due to their dominant inductive behaviors (see
Fig. 3(b)). It is worth noting here that the absolute value of
Xs for a patch-based PRS is never lower than 100 Ω, thus
revealing that a patch geometry is not suitable for the design
of a directive THz FPC-LWA [see Eq. (1)]. Although it is
possible to decrease the impedance value of patch-based PRSs
by employing more complex geometries, e.g., a double-sheeted
array [42] or Huygens’ metasurfaces with anisotropic sheet
impedance [43], such cases are not here considered as it goes
beyond the scope of this work.

Conversely, the strip-based PRS can achieve values of Xs

as low as 30 Ω for large widths (with respect to the period)
of the strips. Moreover, reactance values greater than 30 Ω do
not allow to achieve theoretical directivities greater than 25 dB.
(The impact of substrate losses will be analyzed further.)

A. Impedance Synthesis of Fishnet Metasurfaces

As a possible solution, we have considered the fishnet-like
element obtained as a superposition of patches and strips of
the same dimensions. As shown in Fig. 3(c), this geometry has
many advantages with respect to the previous configurations.
As a matter of fact, the fishnet design allows for spanning
values of Xs from 100 Ω to few ohms in the same parameter
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Fig. 3: Surface reactance Xs of (a) a patch-based PRS as a function of the gap g between the patches, (b) a strip-based PRS as a function of the width w of
the strips, (c) a fishnet-based PRS as a function of both g and w. In (c) the iso-lines of the reactance at 15, 25, 45, and 75 [Ω] are reported in white dashed
lines. All PRSs have a periodicity of p = λ0/5.

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: any pair of g and w lying on the iso-lines
at 15, 25, 45 and 75 Ω [see white dotted lines in Fig. 3(c)]
satisfies the corresponding impedance value. Note also that
even a very low value of Xs such as 15 Ω can be synthesized
without requiring an extreme parameter variation. Conversely,
an extreme variation is needed for strip-based PRSs.

Furthermore, the filling factor FF of the fishnet is evidently
larger than that of the single strip or patch equivalent design.
This is an additional remarkable property of the fishnet
element in the light of its use in a FPC-LWA filled with a
tunable material such as a liquid crystal [29]–[31]. As recently
demonstrated [30], the electric field applied across the fishnet
plates permits almost a total reorientation of the optical axis
of a liquid crystal; such a property is highly attractive for the
development of THz reconfigurable antennas. Note that this
would not be possible in a patch-based PRS (which has a
comparable filling factor) due to the intrinsic cermet topology
which does not allow for biasing the whole PRS with a single
pair of electrodes.

B. Spatial Dispersion of Fishnet Metasurfaces

As shown in [24], [28], the grid impedance of patches for
TE polarization and that of strips for TM polarization exhibit a
spatially-dispersive character. Interestingly, we show here that
the grid impedance of an array of fishnet-like unit-cells exhibits
almost negligible spatial dispersion. In Fig. 4(a) the surface
reactance Xs of a fishnet unit-cell of period p = λ0/10, and
geometrical parameters g = w = p/10, has been simulated
in the frequency range 0.5 < f < 1.5 THz, for angles of
incidence varying from θ = 0◦ to θ = 80◦ referred to the
vertical x-axis (colors gradually shade from blue to red).

The HFSS simulations confirm that the surface reactance of
the fishnet-like unit-cell is essentially spatially nondispersive.
Interestingly, we have verified with numerous HFSS simulations
(not shown here for brevity) that this property is exhibited
by all the unit-cells with fishnet-like topology, regardless of
their geometrical parameters (provided that they are within the

homogenization limit). We note that the spatially-nondispersive
property of the fishnet-like elements might be of particular in-
terest for future designs which take into account the possibility
to dynamically steer the beam, as in [29].

C. Modal Coupling of Fishnet Metasurfaces

A low TE-TM modal coupling is fundamental to reasonably
treat the surface impedance as a scalar value (as has always
been considered in this work). Indeed, the homogenization
approximation allows to write the surface impedance as a
dyadic quantity Zs where the diagonal elements are related to
the TE-TM polarizations, whereas the off-diagonal elements
are related to the TE-TM cross-coupling [24]. Therefore, to first
reduce Zs to a diagonal matrix, it should be verified that the
TE-TM cross coupling of the fishnet-like unit-cell is negligible.

To this purpose, in Fig. 4(b) we have reported the values
of the coupling between the TE and the TM polarizations in
both reflection S11 and transmission S21 (due to reciprocity
the S-matrix is symmetric) for incidence at φ = 45◦ (φ being
the azimuthal angle measured from the y-axis to the z-axis,
see Fig. 1) and θ = 0◦, 40◦, 80◦ on the same fishnet design
of Fig. 4(a) (results were qualitatively the same for the fishnet
layouts proposed throughout the paper). As can be seen, the
amount of coupling is always negligible (below −70 dB) for
any angle θ (we have reported only three values for clarity
purposes), even in the case φ = 45◦ where the maximum
TE-TM cross-coupling is expected (the coupling being absent
for plane-wave incidence along the symmetry planes of the
structure, i.e., for φ = 0◦ and φ = 90◦). This property allows
us to consider Zs as a diagonal matrix. Moreover, since we are
interested in the behavior of Zs at normal incidence θ = 0◦,
there is no distinction between the diagonal elements, and
thus Zs can safely be treated as a scalar value. Even more,
the spatially-nondispersive character of the fishnet element,
together with the symmetry of the structure along the principal
planes allows us to use such a scalar value even for θ 6= 0◦;
this consolidates the validity of the dispersion analysis shown
in the next Section IV.

To summarize, the proposed fishnet element looks the
preferred choice for the modeling of the PRS since it allows
a flexible synthesis of the surface impedance. These elements
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Fig. 4: (a) Surface reactance Xs vs. frequency f of a fishnet-like unit-cell (parameters in the text) for the angle of incidence θ ranging from 0◦ (blue) to 80◦

(red) with an angular step of 10◦ (as shown in the inset the color shades from blue to red as θ increases). As is seen, the curves are all enveloped in a tight
bundle (see the inset), thus confirming the negligible spatial dispersion of the fishnet-based PRS. (b) S11 (solid lines) and S21 (dashed lines) for the TE-TM
cross-coupling of a fishnet design with parameters as in Fig. 4(a) at φ = 45◦ and θ = 0, 40, 80◦ (in blue, red, and green, respectively).

provide very low values of Xs, and thus very high directivities
without requiring an extreme, unfeasible variation of its
geometrical parameters. Moreover, its remarkably negligible
spatial dispersion together with its negligible modal TE-TM
coupling allow for a simple but accurate modeling. With these
motivations at hand, in the next Section IV we completely
characterize the radiating properties of four different FPC-
LWAs based on four different fishnet-based PRSs.

IV. FISHNET LAYOUTS

In Fig. 3(c) it is shown that all the pairs g and w which lay
on the same iso-line can be employed to design a fishnet-based
PRS with a certain impedance value. Hence, we have selected
four different pairs of g and w (see Table I for details) to
design such impedances. The choice of a specific pair rather
than others is mainly due to the easiness of fabrication and the
good fulfillment of the homogenization limit, since all the pairs
lying on the same iso-reactance line lead to the same antenna
performance. The characterization of the surface impedance
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Fig. 5: (a) Surface reactance Xs for θ = 0◦ vs. frequency f for Layouts 1,
2, 3, and 4 in red, blue, green, and black lines, respectively. (b) 2-D section
of the proposed FPC-LWA and its equivalent circuit model. Z0 and Z1 are
the modal impedances in the air and in the medium, respectively, whereas
kx0 =

√
k20 − k2z and kx1 =

√
k20εr − k2z are the vertical wavenumbers in

the air and in the medium, respectively.

over a frequency range spanning from 0.5 THz to 1.5 THz has
been performed to have a frequency-dispersive model of the
four fishnets. As shown in Fig. 5(a), almost all designs lead to a
reactance with a linear frequency dependence, thus suggesting
a dominant inductive behavior. An exception is represented by
the last design (see black solid line) which seemingly shows
a quadratic behavior. This is easily explained looking at the
geometrical parameters of the fishnet used in Layout 4, i.e.,
g/p = 0.3 and w/p = 0.1, which reveals a geometry with
very narrow strips and a lower filling factor (viz., FF = 0.61)
compared to Layout 1 (viz., FF = 0.8). As a consequence,
the inductive behavior is less dominant and the impedance
is also higher, thus leading to design with lower directivities
and higher fractional bandwidths. It is worth noting here
that the negligible spatial dispersion of the fishnet allows for
safely modeling the impedance Zs(f) reported in Fig. 5(a)
as a function of the frequency f only, without including the
dependence on the wavenumber. These models of Zs(f) have
then been implemented in the equivalent circuit model depicted
in Fig. 5(b) to perform the dispersion analysis of the structure.

Numerical results are reported in Figs. 6(a)-(d) where the
behaviors of the complex-mode normalized phase (β̂z = βz/k0)
(solid lines) and attenuation (α̂z = αz/k0) constants (dashed
lines) are shown in the frequency range 0.5 THz to 1.5 THz for
both TE (in green) and TM (in blue) polarizations. From Fig. 6
it is manifest that, as long as the impedance increases (from
Fig. 6(a) to Fig. 6(d)), the operating frequency fop (defined as
the frequency for which βz and αz are equal to each other [26])
increasingly differs from the design frequency f0 = 1 THz (see
Table I for a numerical comparison). This would also determine
a non-negligible disequalization of the radiating performance
over the E- and H-planes as shown in Figs. 6(e)–(l) (see also
the last column of Table I for a numerical comparison). Note
that the change in the operating frequency can be predicted
with good accuracy (as long as Xs � η0) by means of an
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TABLE I: Relevant geometrical parameters and radiating properties of the considered layouts.

Layout Xs [Ω] g/p w/p f
TE(TM)
op [THz] BWTE(TM) [GHz] α̂

TE(TM)
z α̂loss er,∞ [%] er [%] D0 [dB] G [dB] ∆θH(E) [◦]

1 15 0.2 0.4 0.982(0.982) 2.34 (2.34) 0.051(0.052) 0.013 75 69 27.74 26.13 8.25(8.42)

2 25 0.2 0.25 0.967(0.967) 5.72 (5.72) 0.079(0.082) 0.008 90 88 23.34 22.96 12.73(13.25)

3 45 0.3 0.2 0.949(0.950) 12.90(12.90) 0.115(0.123) 0.005 96 95 20.23 19.78 18.67(19.98)

4 66 0.3 0.1 0.925(0.926) 29.65(29.68) 0.167(0.186) 0.003 98 98 17.04 16.26 27.09(30.12)
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Fig. 6: (a)-(d) Dispersion curves βz/k0 (solid lines) and αz/k0 (dashed lines) in the spectral range from 0.5 to 1.5 THz for layouts 1 to 4 for TE (in
green) and TM (in blue) polarizations. The insets highlight the behavior around fop. Radiation patterns normalized to broadside radiation calculated with the
leaky-wave approach (red solid lines) and reciprocity theorem (blue asterisks), and validated with full-wave simulations (black circles) are reported over the
(e)-(h) E-plane and (i)-(l) H-plane. Results for layouts going from 1 to 4 are shown from (e) to (h) for the E-plane, and from (i) to (l) for the H-plane.

analytical expression [26]:

(fop − f0)/f0 = arccot [η0/(
√
εrXs(fop))] /π. (3)

Furthermore, a higher reactance Xs increases the normalized
attenuation constant at fop; this is a predictable effect due
to the weaker reflectivity of a higher Xs. It is then expected
that for higher Xs, the radiation features at broadside will be
characterized by wider beamwidths and reduced directivities.
This result is confirmed by the radiation patterns obtained
through both leaky-wave theory (red solid lines) and reciprocity
theorem (blue asterisks) [23], [26], as shown in Figs. 6(e)-(h)
for the E-plane (primarily determined by the TM leaky mode)

and in Figs. 6(i)-(l) for the H-plane (primarily determined by
the TE leaky mode). The relevant radiating properties of all
layouts over both the principal planes are listed in Table I.

It is worth commenting on the expected efficiency of these
devices to have a measure of the gain rather than directivity. As
a matter of fact, the very low but finite loss tangent of Zeonor
[38] contributes to raise the leakage rates in all layouts. Hence,
we have determined the amount of leakage due to radiation
α̂rad and that due to absorption α̂loss (where α̂z = α̂loss+α̂rad)
to calculate the efficiency as proposed in [44]:

er = er,∞ηr = (αrad/αz)
(
1− e−αzL

)
, (4)
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where L is the antenna length along the y- and x-axes, whereas
er,∞ = limL→∞ er and ηr are the efficiency contributions due
to the substrate losses and due to the finiteness of the structure,
respectively. Note that the values of αrad and αloss have been
determined by running two different numerical simulations:
one of the ideal, lossless structure (to determine αrad), and
one of the lossy structure (to determine αz and in turn αloss).

The values of er,∞ and er are reported in Table I for
L = 20λ0 which leads to ηr > 90% for all layouts. As a result,
it is possible to calculate the gain as G = erD0, which is just
fractions of a dB lower than the predicted theoretical direc-
tivities, thus confirming the remarkable radiating performance
of this kind of devices. Notably, the impact of the substrate
loss is more evident for highly-directive layouts leading to
an efficiency reduction of more than 20% with respect to the
layouts with the lower directivity.

However, both the adopted leaky-wave approach and the
reciprocity theorem results assume the structure to be laterally
infinite. In addition, numerical results do not take into account
a realistic excitation. Hence, we complete the validation of this
study by performing full-wave simulations (CST Microwave
Studio) for the truncated structures. The structure has then
been excited by modeling a y-oriented HMD with a slot of
lateral dimensions λ0/2 and λ0/4 along the y- and x-axis,
respectively, for taking care of the technological constraints
pointed out in Section II. As expected, [see Figs. 6(e)-(h)]
the effect of the lateral truncation (L = 20λ0) is almost
negligible due to the weak contribution of the field at the
edge of the structure (ηr > 90%). The agreement between
full-wave simulations (small black circles) and both the leaky-
wave approach (red solid lines) and reciprocity theorem (blue
asterisks) is remarkably good. Some minor differences are
observed on the E-plane for the last two layouts [see Figs. 6(g)-
(h)] probably due to a weaker validity of the homogenization
hypothesis. As a matter of fact, a closer agreement has been
observed (not shown here for the sake of brevity) when the
period of the unit-cell was set to p = λ0/10. However, such
a choice would lead to design fishnet-based PRS with mask
details at the limit of the standard tolerances for the targeted
low-cost large area photolithographic process.

As a final comment, we should note that the same simulations
have been performed by assuming a thick lossy layer of Al
(thick enough to be larger than its skin depth at 1 THz) in place
of the ideal PEC modeling the metallic part of the fishnet-like
element. However, there were no appreciable differences in
the results, except for a considerably longer computational
time, so we decided not to show the results. For the same
motivations, we have not shown results considering possible
errors due to fabrication process, such as the misalignment
of the slot with respect to the center of the structure, and a
rotation of the slot with respect to the transverse plane. In
particular, we have verified by full-wave simulations that a
misalignment (with respect to the center) of the slot of 10 µm
in the transverse plane, and a rotation around the vertical axis
of about 15 mrad barely affect the symmetry of the radiation
pattern below the sidelobe level (around -20 dB). This is a
further confirmation of the validity of the homogenization limit.
However, we should note that coupling losses may arise due to

imperfect mechanical coupling between the feeding waveguide
and the slot and due to trapped humidity.

V. CONCLUSION

In this work, we have addressed the design of FPC-LWAs
in the THz range proposing a systematic approach for the
modeling of homogenized metasurfaces. Taking advantage of
an original ad-hoc model for the full-wave characterization of
metasurfaces, we have evaluated the electromagnetic response
(in terms of homogenized impedance) of various printed PRS
to identify a suitable topology for the THz design of a highly-
directive FPC-LWAs. As a result, a fishnet-like topology has
been identified as a privileged candidate for four different FPC-
LWAs which achieve theoretical directivities spanning from 15
dB to 30 dB. After a rigorous theoretical and numerical analysis
based on the leaky-wave approach, the radiating properties
of the proposed layouts have been evaluated and validated
through full-wave simulations, showing a close agreement with
the theoretical prediction as well as a very promising radiating
performance. The proposed method may result a particularly
useful tool for a robust and reliable design of FPC-LWAs in
the THz range in view of their experimental realization.
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[16] M. Esquius-Morote, J. S. Gómez-Dı́az, and J. Perruisseau-Carrier,
“Sinusoidally modulated graphene leaky-wave antenna for electronic
beamscanning at THz,” IEEE Trans. THz Sc. Tech., vol. 4, no. 1, pp.
116–122, 2014.

[17] W. Fuscaldo, P. Burghignoli, P. Baccarelli, and A. Galli, “Graphene
Fabry-Perot cavity leaky-wave antennas: Plasmonic versus nonplasmonic
solutions,” IEEE Trans. Antennas Propag., vol. 65, no. 4, pp. 1651–1660,
Apr. 2017.

[18] ——, “Complex mode spectra of graphene-based planar structures for
THz applications,” J. Infrared Milli. Terahz Waves, vol. 36, no. 8, pp.
720–733, Aug. 2015.

[19] ——, “A reconfigurable substrate-superstrate graphene-based leaky-wave
THz antenna,” IEEE Antennas Wireless Propag. Lett., vol. 15, pp. 1545–
1548, 2016.

[20] W. Zouaghi, D. Voß, M. Gorath, N. Nicoloso, and H. G. Roskos, “How
good would the conductivity of graphene have to be to make single-
layer-graphene metamaterials for terahertz frequencies feasible?” Carbon,
vol. 94, pp. 301–308, 2015.

[21] M. Tamagnone and J. R. Mosig, “Theoretical limits on the efficiency
of reconfigurable and nonreciprocal graphene antennas,” IEEE Antennas
Wireless Propag. Lett., vol. 15, pp. 1549–1552, 2016.

[22] M. Tamagnone, A. Fallahi, J. R. Mosig, and J. Perruisseau-Carrier,
“Fundamental limits and near-optimal design of graphene modulators
and non-reciprocal devices,” Nat. Photonics, vol. 8, no. 7, pp. 556–563,
2014.

[23] D. R. Jackson and A. A. Oliner, “Leaky-Wave Antennas,” in Modern
Antenna Handbook, C. A. Balanis, Ed. New York, NY, USA: John
Wiley & Sons, 2011, ch. 7.

[24] S. Tretyakov, Analytical Modeling in Applied Electromagnetics. Nor-
wood, MA, USA: Artech House, 2003.

[25] C. L. Holloway, E. F. Kuester, J. A. Gordon, J. O’Hara, J. Booth, and D. R.
Smith, “An overview of the theory and applications of metasurfaces: The
two-dimensional equivalents of metamaterials,” IEEE Antennas Propag.
Mag., vol. 54, no. 2, pp. 10–35, Apr. 2012.

[26] G. Lovat, P. Burghignoli, and D. R. Jackson, “Fundamental properties and
optimization of broadside radiation from uniform leaky-wave antennas,”
IEEE Trans. Antennas Propag., vol. 54, no. 5, pp. 1442–1452, May 2006.

[27] T. Zhao, D. R. Jackson, J. T. Williams, and A. A. Oliner, “General
formulas for 2-D leaky-wave antennas,” IEEE Trans. Antennas Propag.,
vol. 53, no. 11, pp. 3525–3533, 2005.

[28] O. Luukkonen, C. Simovski, G. Granet, G. Goussetis, D. Lioubtchenko,
A. V. Raisanen, and S. A. Tretyakov, “Simple and accurate analytical
model of planar grids and high-impedance surfaces comprising metal
strips or patches,” IEEE Trans. Antennas Propag., vol. 56, no. 6, pp.
1624–1632, Jun. 2008.

[29] W. Fuscaldo, S. Tofani, D. C. Zografopoulos, P. Baccarelli, P. Burghignoli,
R. Beccherelli, and A. Galli, “Tunable Fabry-Perot cavity THz antenna
based on leaky-wave propagation in nematic liquid crystals,” IEEE
Antennas Wireless Propag. Lett., vol. 16, pp. 2046–2049, 2017.

[30] D. C. Zografopoulos and R. Beccherelli, “Tunable terahertz fishnet
metamaterials based on thin nematic liquid crystal layers for fast
switching,” Scientific Rep., vol. 5, no. 13137, 2015.
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