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ABSTRACT A rectangular metallic leaky waveguide loaded with liquid crystals (LC) and operating in its
fundamental TE mode at 1 THz is proposed to mitigate the well-known trade-off between directivity and
tunable angular range of dynamic beamscanning antennas. The radiating aperture consists of a partially
reflecting sheet (PRS) realized through a one-dimensional array of longitudinal slots etched on one of the
metallic walls of the waveguide to efficiently couple with the propagating TE leaky mode. The antenna
performance is evaluated by defining suitable figures of merit that take into account the beamscanning
feature and the gain peak. These figures of merit are evaluated for different combinations of the antenna
design parameters. After optimization, a tunable angular range of about 28◦ is reached, while maintaining
a gain of around 7 dBi. A leaky-wave analysis of a simplified model of the structure allows to design
the antenna without resorting to computationally expensive optimization processes. More rigorous models
are then considered to accurately analyze the LC dynamics and the radiating properties of the PRS.
The three-dimensional structure is finally validated through full-wave simulations, showing a remarkable
agreement with the theoretical predictions obtained with the simplified model.

INDEX TERMS Directive antennas, leaky-wave antennas, leaky waves, liquid crystals, terahertz radiation,
tunable circuits, devices.

I. INTRODUCTION
Terahertz (THz) radiation is attractive in several applica-
tion contexts thanks to its non-ionizing character, its short
wavelengths (0.03 mm to 3 mm), and its potential for estab-
lishing communications over wide frequency bandwidths.
These properties have led to ever-growing THz applications
such as medical diagnosis, pharmaceutical control, high-
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resolution imaging, material characterization, security, astro-
physics, and communications [1], [2], [3], [4], [5], [6], [7].
Still, THz technology presents a number of shortcomings

such as low energy radiation and small effective area [8]. Such
limitations can be overcome by focusing the THz radiated
power in a narrow beam that is eventually steered over a
wide angular range. This possibility is of crucial importance
e.g., in next-generation ultrafast indoor/short-range multi-
user wireless networks since focusing and directing the beam
improves the signal-to-noise ratio at the receiver, and there-
fore the coverage for a given radiated power. In addition, the
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beamsteering capability may be exploited to replace multiple
antennas with one, and thus reduce the number of compo-
nents, hardware complexity, and cost [9].
Beamsteering THz antennas have been demonstrated by

different approaches (a recent and exhaustive review can
be found in [10]) such as electromechanical scanning [11],
phased-arrays [12], multibeam switching technology [13],
reconfigurable and field-programmable metasurfaces [14]
and frequency-scanning leaky-wave antennas (LWAs) [15].
The latter are faster and more precise in beamsteering than
methods involving mechanical scanning. Besides, compared
to other electrical solutions, they offer a simple feeding
and beamsteering mechanism. Interestingly, LWAs also offer
the possibility to achieve two-dimensional (2-D) frequency-
scanning at THz when arranged in one-dimensional (1-D)
arrays as recently shown in [16] where a true-time-delay
phasing technique has been applied.

LWAs consist of a partially open waveguide which leaks
power into free space as a perturbed guided wave (a leaky
wave) that travels along the axis of propagation [17], [18].
This power leakage depends on the complex propagation
constant kz = β − jα of the dominant leaky mode, with β
and α the leaky phase and attenuation constants, respectively.
In LWAs, the leaky phase constant β is directly related to the
angle of radiation and depends on frequency, thus all LWAs
have an intrinsic frequency-scanning character. By exploiting
this mechanism, beamsteering at a fixed frequency can also
be achieved, by dynamically controlling β. Indeed, the phase
constant can be affected in several ways, e.g., by changing
the electromagnetic properties of the materials composing the
LWA. For instance, one may use tunable materials such as
graphene or liquid crystals (LCs).

Graphene has been vastly studied as a tunable element
to realize THz aborbers (see, e.g., [19], [20]), and as a
tunable partially reflecting sheet (PRS) for realizing THz
LWAs (see, e.g., [21], [22], [23]). Conversely, LCs were
less investigated at THz although their performance improves
drastically at such frequencies compared to millimeter-wave
and microwave frequencies [24], as they are closer to the
natural range of operation of LCs, namely the visible and
near infrared parts of the electromagnetic spectrum [25], [26].
In this respect, LCs offer an advantageous alternative for con-
tinuous dynamical tuning compared to traditional solutions
such as PIN diodes and varactors, whose performance rapidly
deteriorates for frequencies deeper in the THz spectrum.
Moreover, smaller wavelengths allow for smaller LC cavities
and thus more compact devices with a faster response time,
which is typically inversely proportional to the square of
the LC cavity thickness, and lower power consumption and
cost [27], [28], [29], [30], [31].

In the W-band (i.e., 75 GHz to 110 GHz), an image-line
LC-based LWA has been recently fabricated and measured,
showing an electrical scanning range of about 10◦ and aver-
age gain of about 12 dBi [31]. At higher frequencies, around
1 THz, a waveguide-based 1-D LWA has recently been pro-
posed on a theoretical basis [32]. Thewaveguide was partially

filled with an LC material sandwiched between two layers of
low-loss polymer (Zeonor(R)) and polarized through a bias
voltage applied between the bottom ground plane and the
top patterned metallic plate. The biasing scheme required
the waveguide to operate with the fundamental TM mode,
which in turn needed a perfect magnetic conductor (PMC)
at the lateral walls. The PMC walls were synthesized with a
2-D array of subwavelength patches that behave as a PMC
in a very narrow bandwidth centered around the operating
frequency of 1.05 THz. A 1-D array of transverse slots was
patterned on the aperture plane to effectively couple with
the propagating TM mode and allow for radiation. Although
full-wave simulations demonstrated interesting beamsteering
capabilities (about 15◦ of steering at 1.05 THz with an aver-
age gain of 12 dBi), the use of the TM mode in such 1-D
LWAs poses challenges in terms of fabrication and biasing
and limits its tunability and bandwidth performance, thus
calling for different designs and physics-oriented optimiza-
tion models capable of improving the antenna perfomance.

As a considerable step forward, we thoroughly investigate
a THz 1-D LWA based on LC and PRS working on its funda-
mental TEmode, which allows to replace the PMCwalls with
perfect electric conductor (PEC) walls [33]. As a result, the
structure consists of a significantly simpler rectangular metal-
lic waveguide partially filled with an LC, where one of the
walls is replaced by a PRS (here a 1-D array of longitudinal
slots) to allow for radiation. In the proposed configuration,
the LC bias voltage is applied across the LC cell, without
the voltage drop across the Zeonor layers experienced by the
previous PMC based design; this greatly reduces the driving
voltage. Moreover, we defined suitable figures of merit to run
an original optimization process (by properly selecting the
PRS impedance and LC thickness) capable of realizing an
optimum trade-off between average gain and angular range,
namely 7 dBi and 28◦, respectively, at around 1 THz. Such
an optimization considerably differs from those proposed for
more common 1-D LWAs [34], [35] that are not capable to
deal with tunable, anisotropic materials, such as LC.

The manuscript is organized as follows. First, we describe
the antenna structure and present its equivalent circuit model
(Section II). Approximate analytical formulas and numerical
means are then used to design the antenna for maximum
gain and beam steering (Section III). The synthesis of the
aperture distribution through a 1-D array of longitudinal
slots is discussed (Section IV) along with the description
of the LC dynamics under biasing conditions (Section V).
Full-wave results are reported to validate the entire analysis
(Section VI). Finally, conclusions are drawn (Section VII).

II. ANTENNA STRUCTURE AND MODEL
A. ANTENNA OVERVIEW
The antenna architecture of the proposed 1-D LWA is
sketched in Fig. 1. The waveguide cross section consists
of three dielectric layers, namely one LC layer sandwiched
between two spacers, bounded by three PECwalls and a PRS.
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The crucial difference between the two structures is due to
the presence here of the PEC side walls in place of the PMC
side walls in [32], which greatly improves the LC dynamics
(see Section V), simplifies the manufacturing process and
improves the compactness of the device.

Hence, there is a need for a specific different dispersion
analysis and optimization process (TE leaky modes have to
be studied instead of TM leaky modes) that will be soon
discussed. The LC control bias is applied between the two
PEC walls of the leaky waveguide as shown in Fig. 1(a).
The two walls are electrically disconnected from the other
conducting walls in the waveguide as discussed in Section V.
The spacers are realized with Zeonor, a cyclo-olefin

polymer (COP) with a complex THz relative permittivity
εsp = 2.3(1 − j0.001) that we have chosen for its low absorp-
tion loss and low index mismatch with respect to the ordinary
refractive index of the LC. The PRS consists of a 1-D periodic
array of longitudinal slots that effectively couple with the
fundamental TE leaky mode that propagates in the leaky
waveguide. The electromagnetic behavior of this kind of PRS
can be accurately described by a purely imaginary admit-
tance Ys = jBs that will be here used in the numerical
and full-wave analysis [35]. More details about the PRS
realization and its electromagnetic properties will be given in
Section IV.
The employed LC material is the highly-birefringent

nematic mixture w-1825, which is characterized by ordi-
nary and extraordinary relative permittivity values of
ε⊥ = 2.42(1 − j0.08) and ε∥ = 3.76(1 − j0.05) around
1 THz, respectively [36]. With reference to the dispersion and
radiation analysis and consequent optimization of the LWA,
the LC is at first modeled as a uniaxial crystal (a diagonal
tensor of relative permittivity). At rest, the LC molecules are
aligned parallel to the four interfaces that encapsulate the
cavity by means of a rubbed polymer layer as customary
to LC technology. The application of a bias voltage will
cause the LC molecules to re-orient from the z-axis (parallel
to the PEC side walls) to the y-axis (perpendicular to the
PEC side walls) which in turn causes the εyy permittivity
tensor diagonal component to switch its value from ε⊥ to
ε∥ (and viceversa for εzz); this behavior is responsible for
the dynamic beamscanning feature of the antenna, as the LC
switching modulates the phase constant of the y-polarized
TE propagating leaky mode. A more complete and rigorous
description of the LC dynamics will be discussed in SectionV
for the optimized structure. It will be shown that the above-
mentioned simplified model is sufficiently accurate to drive
the optimization process.

B. DISPERSION EQUATION
In order to optimize the antenna structure, it is necessary
to know its radiating performance. When properly designed,
the leaky-wave aperture field of a LWA dominates the total
aperture field, thus the radiating features are fully determined
by the leaky propagation constant, i.e. kz = β − jα.

FIGURE 1. (a) Schematic of the design; w = λ0/(2
√

Re[ε⊥]), wsp = 0.4w ,
wLC = 0.2w , d = w/2, L = 5λ0. (b) The equivalent transmission line
model.

The complex propagation constant of a leaky rectangular
waveguide as the one shown in Fig. 1(a) can be obtained by
solving for the improper (i.e., Im[kx] > 0, see [37], [38], [39])
complex roots of the relevant dispersion equation. The latter
can easily be obtained from the application of the trans-
verse resonance technique to the equivalent transmission-line
model shown in Fig. 1(b). As discussed in [32], this method
leads to the following dispersion equation

Y0 + Ys + YTL(Ysp,YLC) = 0 (1)

where Y0, Ysp, YLC, represent the wave admittances of air,
spacer, and LC media, respectively, and YTL is the input
admittance of the three-section transmission-line terminated
with a short circuit representing the ground plane. The expres-
sion of YTL depends on Ysp and YLC; it can easily be obtained
by recursively using the definition of input admittance at each
section.

As opposed to the TM case treated in [32], we are here

interested in the TE case, thus Y0 = 1/(η0
√
k20 − k2z ), Ysp =

1/(η0
√
k20εsp − k2z ), YLC = 1/(η0

√
k20εyy − k2z ), with η0 and

k0 the free-space impedance and wavenumber, respectively.
Since εyy is a function of the applied bias voltage (see
Section V) the complex roots of (1) will change accordingly.
Root-finding methods such as the Padé algorithm [40] can

be employed to obtain the wavenumber dispersion of the
TE leaky mode. A good initial guess for the algorithm is
obtained by considering the wavenumber dispersion of an
equivalent homogenous medium with an effective permittiv-
ity εeff = ε′eff(1 − j tan δeff) and a loss tangent tan δeq

kz ≃

√
k20ε

′

eff(1 − j tan δeq) −

(π
w

)2
(2)

where w is the cavity height which is set to w = λ0/(2
√
ε⊥)

with λ0 the free-space wavelength at the design frequency
f0, here chosen equal to 1 THz. In such a way the antenna
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will resonate close to f0 providing radiation close to broadside
when maximum bias is applied.

A zeroth-order approximation is used for the complex
effective permittivity which is given by

εeff =
w− wLC

w
εsp +

wLC

w
εyy (3)

whereas the equivalent loss tangent is given by [41]

tan δeq = tan δeff +
2
π

ε′eff

1 + η20B
2
s

(4)

with tan δeff := −Im[εeff/ε′eff]. In conventional LWAs the
dispersion equation is typically solved over a given frequency
range to show the wavenumber dispersion (in its real and
imaginary parts) as a function of frequency. Here, we are
interested in the antenna performance at a fixed frequency.
Therefore, in the following Section III the dispersion equation
will be solved for different values of reactance Xs = −1/Bs
and LC volume ratio wLC/w at a fixed frequency.

III. ANTENNA DESIGN
In order to drive an antenna optimization procedure,
we need to define the objective functions. Here, the rele-
vant figures of merit are represented by the tunable range
1θ := |θ0,on − θ0,off|, defined as the maximum angular vari-
ation between the beam angle in the ‘on’ and ‘off’ state of
the LC, and the average gain Gave = (Gon +Goff)/2, defined
as the average gain peak between the two LC states. In the
next Subsection II-A, we provide simple analytical formulas
to evaluate these figures of merit, whereas in Subsection II-B
the results of the numerical optimization process are shown.

A. FIGURES OF MERIT
As is known [34], [42] the radiation power pattern of a finite-
length 1-D LWA can be expressed as

P(θ) =
sinh2 a+ sin2 t(θ )

a2 + t(θ )2
cos2 θ (5)

where a = αL/2, t(θ ) = b − l sin θ , l = k0L/2, b = βL/2,
L, being the antenna length. We note that the cosine squared
term appearing in the expression is due to the polarization
of the longitudinal radiating current (here, realized through
longitudinal slots), which enforces a null at endfire as well as
beam narrowing and beam shift effects [43], [44].
From this expression a number of interesting antenna

properties can be derived. The beam angle is given by
θ0 = arcsin(β/k0) so that the tunable range1θ can be evalu-
ated as

1θ = | arcsin(βon/k0) − arcsin(βoff/k0)| (6)

where βon(off) is the leaky phase constant in the ‘on’(‘off’)
state of the LC.

The half-power beamwidth 2h is given by [34]

2h ≃ 2 sec θ0th(a)/l (7)

with th(a) = 1.39156[1− tanh(0.021a)]+a tanh(0.21a) [42].

The total efficiency (neglecting the insertion loss) of the
LWA is

etot = eap
αradβrad

αβ
(8)

where eap = 1− e−2αL is the aperture efficiency of the LWA,
whereas βrad and αrad are the leaky phase and attenuation
constants due to radiation loss for a lossless structure. Finally,
the gain is easily obtained using the previous expression
for the total efficiency and the corrected formula for the
directivity of 1-D LWAs [34]

G ≃
2etotCF(β, α,L)

(th/l)
(9)

where CF is a correction function suitable for 1-D LWAs,
whose expression is derived in [34] and not reported here
for the sake of brevity. From (6) and (9), Gave and 1θ can
be evaluated analytically, once the phase and attenuation
constants of the leaky mode are known.

It is worthwhile pointing out here that, in conventional
LWAs, the gain-bandwidth figure of merit is one of the most
used (see [17], [45] and refs. therein). This figure of merit
is evidently not appropriate for beamscanning LWAs that
work at fixed frequency as the one investigated here. Hence,
we define a different figure of merit as the product between
the tunable range and the average gain therein:

FoM = 1θ · Gave ∝ etot
1θ

2h
(10)

where the expression on the right gives another interpretation
to the FoM: it is proportional to the product between the total
antenna efficiency and the effective tunable range, i.e., the
tunable range normalized to the beamwidth.

The gain, the tunable range, and the FoM will be the
objective functions to be considered during the optimization
process, by varying the LC volume ratio and the sheet reac-
tance.

B. OPTIMIZATION
The antenna architecture described in the previous Section II
has numerous degrees of freedom, namely the overall waveg-
uide height w, the LC volume ratio wLC/w, the operating
frequency fop, the sheet reactance Xs, and the antenna length
L. A full-wave optimization process of the antenna over this
5-D parameter space would be prohibitive in terms of com-
putational resources. On the other hand, the semi-analytical
procedure outlined in [35] cannot be applied here due to
the presence of a multilayered cross-section with a tunable
anisotropic layer (viz., the LC). For this purpose, we propose
a different strategy that reduces the number of degrees of
freedom under sound physical assumptions.

First, the antenna length L does not play a significant role
in the optimization process for a two-fold reason. On one
hand, at such short wavelenghts a physical size of just few
centimeters corresponds to hundreds of wavelengths. On the
other hand, the use of materials with finite losses raises the
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FIGURE 2. (a) Beam-steering angle 1θ (in degrees), (b) average gain Gave (in dBi), and (c) figure of merit (FoM) vs. Xs and the LC ratio w/wLC
evaluated at the frequency for which β ≃ 0.95k0 in the ‘on’ state of the LC.

total attenuation constant [41]. For real materials, such as the
LC and most dielectric substrates the loss tangent is typically
in the range 10−3 < tan δ < 10−2. Thus, a few wavelengths
are sufficient to radiate most of the accepted power. We then
set the antenna length to L = 10λ0 ≃ 3 mm.
Second, we notice that w cannot be chosen arbitrarily.

In order to have a fast, radiating, TE leaky wave, i.e.,
0 < β < k0, the electrical length of the waveguide height
should be in the range 0.5/

√
εeff < w/λ0 < 0.5/

√
εeff − 1.

This requirement follows from the resonance condition
for having the fundamental leaky mode radiating at angle
θ0 which reads w/λ0 ≃ 0.5/

√
εeff − sin2 θ0. Here, we set

w = 96 µm to have broadside radiation (θ0 = 0◦) in the
limit case wLC → 0 and Xs → 0 at the design frequency f0.
This choice will ensure the TE leaky mode to be above cutoff
for any combination of wLC and Xs.
A different choice would simply change the beam angle.

Still, the beam angle has an impact on the FoM defined
in (10): the higher the beam angle, the higher the FoM.
Unfortunately, 1-D LWAs are not efficient when radiating too
close to endfire, so we disregard design parameters that lead
to antenna configurations radiating under these conditions.

At this stage, we are left with three out of five parameters,
among which the operating frequency fop is subject to certain
physical constraints. Indeed, fop has to be greater than the
leaky cutoff (i.e., the frequency for which β > α) and smaller
than the frequency for which β < k0. In order to further
reduce the dimension of the parameter space and to test the
antenna performance in the same operating conditions, we fix
fop to the frequency for which β = 0.95k0 (that corresponds
to θ0 ≃ 72◦) when the LC is in the ‘on’ state. This condition
ensures, for each pair of Xs and wLC/w, that the objective
functions are evaluated for LWAs that do not radiate too close
to endfire. (Note that when switching to the ‘off’ state β and
in turn θ0 decrease). A different choice of fop angularly shifts
the beam peak according to the frequency-scanning behavior
of LWAs. This angular shift, can be compensated by adjusting
w, as both the frequency and thickness act in the same way
on the leaky phase constant.

As shown in Fig. 2(a)–(c), the angular range, the average
gain, and the FoM have been calculated according to (6), (9),

and (10), respectively, for a simultaneous variation of Xs and
wLC/w. The evaluation of1θ requires to solve the dispersion
equation twice for each pair of Xs and wLC/w: the first for the
‘on’ state and the second for the ‘off’ state. The evaluation
of Gave requires to solve the dispersion equation four times
for each pair of Xs and wLC/w in order to obtain the leaky
wavenumber in the ‘on’ and ‘off’ state for both the lossless
and the lossy structure; the latter distinction is necessary
to evaluate the total efficiency as previously explained in
Subsection II-A. Finally, the FoM is obtained by multiplying
1θ and Gave. The results of Fig. 2(a)–(b) show that 1θ
mostly depends on wLC/w and is almost independent from
Xs, whereasGave is considerably affected by both wLC/w and
Xs increasing for lower values of the former and higher values
of the latter. These results are consistent with the theoretical
expectation that a higher value of wLC/w improves 1θ , but
has a detrimental effect on the gain, thus establishing a trade-
off, which is clearly revealed by the FoM shown in Fig. 2(c).
In particular, it is found that the highest FoM is obtained for
Xs = 70� and wLC/w = 0.05. However, this choice would
lead to a very limited tunable range (see Fig. 2(a)). We thus
set wLC/w = 0.2 to have 1θ > 25◦. The optimum sheet
reactance value for this choice corresponds to around Xs =

90�. These values are used to synthesize a practical PRS (see
Section IV) and to accurately determine the LC dynamics (see
Section V) of the antenna prior to the full-wave validation of
the entire structure reported in Section VI. As a final remark,
we should point out that for the pair wLC/w = 0.2 and
Xs = 90�, the working frequency to have β = 0.95k0 in the
LC ‘on’ state is fop = 1.01 THz. For the sake of convenience
we consider fop = 1 THz with negligible variations on the
antenna performance.

IV. PRS REALIZATION
In [32], it was shown through the equivalence theorem that a
1-D array of transverse slots, when used as a PRS, efficiently
couples with the TM leaky mode. By the same token, a
1-D array of longitudinal slots efficiently couples with the
antenna under investigation that radiates through the TE leaky
mode. For this purpose, we consider a unit-cell consisting of
a longitudinal slot at the interface between the spacer and
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FIGURE 3. Sheet reactance vs. frequency of the longitudinal slot for
realizing the PRS (parameters in the text). The CST full-wave simulations
are obtained for different angles of incidence in the range 20◦ ≤ θ0 ≤ 80◦.
(Parameters: py = 50µm, pz = 75µm, ws = 21µm, ls = 63µm).

the air to simulate the same environment in which the PRS
will be inserted. We then consider a rectangular unit cell with
py = d ≃ 50 µm to match the waveguide short side and pz =

λ0/4 ≃ 75 µm to treat the PRS as a homogenized metasur-
face in order to fully characterize its electromagnetic response
under TE polarization with a scalar sheet impedance. We per-
formed several full-wave simulations by varying both the slot
length ls and width ws to find a pair of practical values that
allowed for synthesizing the required value of Xs = 90 �
at fop = 1 THz for an angle of incidence of θ0 = 55◦

(corresponding to the average of the beam angles across the
entire tunable range). Full-wave results for ws = 21 µm and
ls = 63 µm are shown in Fig. 3 over the frequency range
0.9 THz to 1.1 THz, for different angles of incidence in the
range 20◦

≤ θ0 ≤ 80◦. It is noted that the spatial dispersion of
this PRS is remarkably small for the angular range of interest,
viz., 40◦ < θ0 < 70◦, thus the reactance values obtained
for different angles of incidence within this range will not
substantially change, with negligible effects on the antenna
optimization.

V. LC DYNAMICS
When zero bias voltage is applied, the nematic LC molecules
are oriented along the z-axis by thin polymeric alignment
layers (not shown in Fig. 1). The thickness of such layers
is in the order of tens of nanometers and their impact in
the antenna performance is negligible. The low-frequency
(KHz) LC control voltage V0 is applied between the top
and bottom PEC surfaces, as shown in Fig. 1(a). In order
to electrically isolate the lateral PEC/PRS walls from the
voltage-application electrodes, a small gap has to be intro-
duced by slightly reducing the waveguide thickness d or
width w. Given the electric breakdown strength for Zeonor
(Eb > 100 V/µm [46]), a micron-sized gap is sufficient
without perturbing appreciably the THz properties of the
leaky mode.

FIGURE 4. (a) Tilt angle profile ψ(x, y ) and (b) twist angle profile φ(x, y )
calculated in the LC-filled waveguide for w = 100µm and V0 = 5 V.
(c) Maximum and average tilt angle as a function of the applied voltage.

In the presence of a bias voltage, the molecules of the
positive-dielectric anisotropy LC mixture tend to align with
the direction of the applied field. Their average local orien-
tation is described by a spatially dependent unit vector, the
nematic director n̂. We define the LC tilt angle ψ measured
from the z-axis in the zy-plane and the LC twist angle φ, mea-
sured from the z-axis in the zx-plane. Under this definition the
director is expressed as

n̂ = cosψ sinφx̂ + sinψ ŷ + cosψ cosφẑ (11)

such that for zero bias voltage ψ = φ = 0 and n̂ ≡ ẑ. The
elements εij of the LC relative permittivity tensor ε̂ depend
on the nematic director via

εij = ε⊥δij +1εninj (12)

where δij is the Kronecker delta, 1ε = ε⊥ − ε∥, hence the
diagonal and anti-diagonal components read εxx = ε⊥ +

1ε cos2 ψ sin2 φ, εyy = ε⊥ + 1ε sin2 φ, εzz = ε⊥ +

1ε cos2 ψ cos2 φ, εxz = εzx = 1ε cos2 ψ sinφ cosφ,
whereas the off-diagonal components read εxy = εyx =

1ε cosψ sinψ sinφ and εyz = εzy = 1ε cosψ sinψ cosφ.
Although in ideal, planar LC cells the twist angle is

zero, in laterally confined finite cavities, such as the one
here investigated, the LC molecules are twisted owing to
the dielectric permittivity mismatch at the LC/lateral wall
interface, which leads to a vertical component of the bias
field and hence some twist [47]. However, as far as the
antenna analysis is concerned, the twist angle does not play
any role. The LWA is designed to operate on the funda-
mental TE leaky mode, which has a single field component
Ey. Hence, the dependence of the antenna properties on
the LC orientation is described only by the correspond-
ing εyy element of the LC permittivity tensor, which is a
function of the tilt angle only. This greatly simplifies the
analysis.

Figure 4 summarizes the electro-optic behaviour of the
investigated LC-filled waveguide. The calculations of the LC
orientation profile as a function of the applied voltageV0 were
performed by means of a rigorous tensorial formulation of
the Landau–de Gennes theory [48], [49]. Hard anchoring was
assumed at all the four LC cavitywalls with a pretilt (pretwist)
angle of 1◦(0◦). The elastic constants of the LC mixture
1825 are K11 = 12.5 pN, K22 = 7.1 pN, K33 = 32.1 pN
and the low-frequency LC relative permittivities are εl

⊥
=

91836 VOLUME 11, 2023



W. Fuscaldo et al.: Reconfigurable THz Fixed-Frequency Beamscanning

FIGURE 5. (a) Numerically calculated dispersion diagram, (b) S11 vs. frequency, (c) normalized far-field patterns for the considered LWA operating in its
off (red) and ‘on’ state (blue), and (d) directivity (blue), gain (black), and efficiency (red) vs. LC tilt angle ψ(◦). In (a) circles and squares represent the
values of the phase and attenuation constants, respectively, as obtained from CST full-wave simulations. The insets in (c) reproduce the 3-D far-field
radiation patterns obtained from CST full-wave simulations at 1 THz. In (d) theoretical and CST results are reported in solid lines and circles, respectively.

4.7 and ε∥ = 21.7 [36]. Figure 4(a) shows the tilt angle
profileψ(x, y) over the LC cavity cross-section for V0 = 5 V.
At the cavity walls the tilt angle is fixed by the anchoring
conditions and progressively increases towards the maximum
value at the cavity center. The equivalent twist profile φ(x, y)
shows four lobes of alternating sign and low absolute values,
as evidenced in Fig. 4(b). The dependence of the maximum
and average tilt value as a function of the applied bias voltage
is investigated in Fig. 4(c). Switching of the LC molecules
occurs above a threshold of approximately 1.5V. AtV0 ≃ 6V
the tilt obtains its maximum value of 90◦. The average tilt
value increases less steeply due to the anchoring at the cavity
walls and reaches 75◦ for V0 = 10 V. Given the sinusoidal
dependence of εyy on the tilt angle, working in the interval
up to 10 V provides almost the entire tunability range for
the LWA while keeping single-digit values for the operation
voltage.

VI. RESULTS AND DISCUSSION
The in-depth analyses of the previous sections confirm the
soundness of the approximations adopted for the LC mod-
eling and the PRS representation that we used to design the
antenna. Here, we assess a full-wave validation of the entire
three-dimensional (3-D) structure and compare the numerical
results with the theoretical expectations. For this purpose,
a metallic rectangular leaky waveguide as the one depicted
in Fig. 1(a) is designed, with the final parameters reported in
Table 1. The cross section of the antenna waveguide (viz.,
96µm × 53µm) matches the dimension of commercially
available waveguide transitions (viz., 106µm× 53µm, WR-
0.43) [50] through two linearly tapered extensions of length
λ/5 ≃ 60µm. These two extensions are entirely filled with
Zeonor to encapsulate the LC cell within the waveguide and
achieve a good impedance matching. We note that the cutoff
frequency of the air-filled waveguide is about 1.4 THz which
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TABLE 1. Design parameters.

scales down to about 0.9 THz when considering the Zeonor
dielectric filling. Two waveguide ports are then used at the
two terminations: one to feed the antenna in its fundamental
TE mode, the other one to emulate the effect of an absorber.
The 3-D structure is then simulated with the time-domain
solver CSTMicrowave Studio [51]. We obtained from CST a
validation of the dispersion properties of the antenna by defin-
ing near-field sample locations along a straight line inside the
LWA and extracted the attenuation and phase constant from
the electric field amplitudes and phases at those samples.
As shown in Fig. 5(a), both the phase and attenuation con-
stant retrieved from CST (circles and dots) are in very good
agreement with theoretical (solid lines) results obtained by
numerically solving for the leakymodes of (1) in the ‘off’ and
‘on’ states of the LC (in blue and red, respectively), except
for frequency points below the leaky cutoff for which the
electromagnetic field is mostly reactive.

We obtained from CST both the S11 over the frequency
range of interest (see Fig. 5(b)) and the normalized far-field
1-D power patterns (see Fig. 5(c)). The results of Fig. 5(b)
show that the insertion loss is lower than −10 dB at the oper-
ating frequency of 1 THz, thus having minor effects on the
realized gain of the antenna. We should stress that, although
the antenna exhibits a good impedance matching over a large
bandwidth, the performance is optimized at 1 THz. For a
different choice of the frequency the beam peak will scan
according to the frequency-scanning behavior of LWAs (see
Section III-B) and following the frequency dispersion of the
leaky phase contant shown in Fig. 5(a).
In Fig. 5(c) the full-wave patterns (in circles) are com-

pared with the analytical radiation patterns (in solid lines)
obtained through (5) when the leaky wavenumbers at 1 THz
shown in Fig. 5(a) are used. The agreement is impressive and
confirms the expected tunability and directivity. Specifically,
the pattern scans an angular range of about 28◦ going from
38◦ to 66◦, with a beamwidth of about 2h ≃ 16◦ and
exhibiting a directivity (gain) that goes from 11.27(7.52) dBi
to 13.30(6.73) dBi, as shown in Fig. 5(d). Although the beam
is more directive as the LC state switches from the ‘off’
to the ‘on’ state, the gain decreases because of the reduced
total efficiency. It should be stressed that CST includes mis-
matching losses in the evaluation of the total efficiency, which
are instead neglected in our theoretical model; this aspect
explains the slight disagreement between theoretical and CST
results for the gain and the efficiency.

To complete the picture, Table 2 compares the relevant
figures of merit obtained in this work with those obtained
in [31] and [32] which report similar leaky waveguides based
on LC. We should stress the different radiation mechanism

TABLE 2. Performance of LC-based 1-D LWAs.

of each structure. The dielectric image-line (DIL) [52] LWA
in [31] is a 1-D periodic LWAwhich radiates through the n =

−1 Floquet harmonic of the perturbed fundamental mode
of the DIL (viz., the HE11 [53]). The antenna is designed
to radiate at approximately 90 GHz with moderate gain and
reconfigurability.

The leaky waveguides in [32] and in this work are instead
1-D quasi-uniform LWAs [18], [35] that radiate around 1 THz
through the fundamental (n = 0) Floquet harmonic due to
the deeply subwavelength character of the PRS. In [32] the
leaky waveguide is fed in its fundamental TM mode and thus
requires two PMC side walls that have a detrimental effect
in the biasing scheme that requires threshold voltages larger
than 10 V. However, the antenna improves the performance
of [31] in terms of reconfigurability (15◦ in [32] instead
of 10◦ in [31]), while maintaining almost the same gain.
This effect allows to reach a relatively large FoM. In this
work, we designed the leaky waveguide to operate in its
fundamental TE mode so as to avoid the two PMC walls, and
greatly improve the performance in terms of reconfigurability
(28◦ here instead of 15◦ in [32]). This improvement came at
the expense of a lower average gain (7.5 dBi here instead
of 11.8 dBi in [32]), which further reduced the FoM. This
side effect was predictable from the theoretical analysis in
Section III, where we highlighted the trade-off between the
average gain and the reconfigurable range. Still, the proposed
antenna can be designed to maximize the FoM, by choosing a
different pair of reactance and LC ratio as shown in Fig. 2(c).
In any case, the TE leaky waveguide has the significant
advantage of not requiring the synthesis of PMC walls which
also leads to a very low threshold voltage and an easier
manufacturing process with respect to [32].

In this regard, it is worthwhile to comment on the fabrica-
tion of this device. The PRS can be patterned on a ∼40-µm
Zeonor film using standard photolithography, which amply
provides the necessary resolution [54], [55]. The lateral
metallic walls do not need to be patterned and they can be
supported by a dielectric substrate (not shown in Fig. 1) to
provide stability and define laterally the cavity. LC infiltra-
tion can occur by capillary action considering the thickness of
the LC cavity (∼20-µm). Finally the infiltrated antenna can
be back-coupled to the reference WR waveguide. Regarding
the measurement of the antenna, the frequency-domain THz
platform Terascan (Toptica Photonics AG) enriched by an
automated stage would represent an ideal measurement setup.
The THz signal (obtained from heterodyining the optical
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signal from the fibers) coming from the photoconductive
antenna can be coupled in free-space to a metallic horn
in back-to-back configuration with the WR-0.43 waveguide
transition that feeds the leaky waveguide. The amplitude and
phase of the y-component of the electric field radiated by
the LWA can be probed over the aperture plane (a similar
technique has been used in [56]), and then used as equivalent
radiating current to obtain the far-field pattern through the
standard Stratton–Chu radiation integrals [57]. This mea-
surement has to be repeated for any biasing voltage state of
interest.

VII. CONCLUSION
We presented an original leaky waveguide operating in its
fundamental TE mode. Thanks to the inclusion of a liquid
crystal, which is sandwiched between two low-loss dielectric
polymers, the device is capable of dynamically steering a
rather directive beam (about 16◦) over an angular range of
about 28◦, by applying a relatively low bias voltage (less than
10 V) to the lateral side metallic walls. We took into account
the LC dynamics, and designed the radiating aperture so as to
obtain the highest gain for the sought tunable angular range.
The radiating aperture is then synthesized through a 1-D array
of longitudindal slots to efficiently couple with the propa-
gating TE leaky mode. The entire 3-D structure is finally
validated with full-wave simulations showing a remarkable
agreement when compared against theoretical results based
on a simple, yet accurate, model. The efficient biasing scheme
and the excellent antenna performance in terms of gain and
tunable angular range make the proposed device attractive for
future THz antenna applications.
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