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Abstract—A reconfigurable liquid crystal (LC) based reflec-
tarray (RA) designed for operation in the D-band from 105
to 125 GHz is numerically demonstrated. The device has a
configuration of a high-impedance surface with a meta-array of
29×33 patches on a 2-mm-thick quartz substrate separated from
the ground plane through a 40 µm-thick LC layer. The electric
biasing of the LC-loaded RA unit cells is realized by introducing
narrow inductive strips connecting neighboring patches in one
dimension. A novel LC composition with low dielectric losses (<
0.003) and high dielectric anisotropy (> 1.3) has been developed
for operation at millimeter-waves. The results demonstrate a
reflection phase tunability of 210° and low insertion losses of
2.5 dB. Furthermore, the device was demonstrated as a proof
of concept for 1D beam-steering applications, exhibiting an
operational bandwidth of 12 GHz.

I. INTRODUCTION

Reconfigurable or tunable array antennas have attracted a
significant interest in the last years due to their advantages
over conventional phased arrays such as adaptability, ver-
satility, spectrum efficiency, reduced size and weight, cost-
effectiveness, and interference mitigation [1]. Active devices
have been an interesting option to modify the radiation prop-
erties of designs operating at millimeter-waves (mmWaves)
incorporating active elements like PIN and MEMS [2]–[4].
Nevertheless, the difficulty in manufacturing, the losses, and
the parasitic effects on these devices at sub-millimetre waves
discourage their use in frequency bands above 50 GHz [5].
Additionally, complex networks are required to feed these
devices and integrate them in the final structure, taking
care not to disturb the radiation performance and assuring
compactness. Moreover, the bandwidth limitations due to the
possible interactions of the fields with the feeding network or
just for the operation band of the active element can hinder a
satisfactory final result.

Liquid crystals (LC) are a promising alternative in the
technology of electronically reconfigurable/switchable reflec-
tarrays (RA) operating in the mmWaves and terahertz band.
LC is a particular aggregate state of matter which has char-
acteristics of both solids and liquids [6], [7]. Two essential
characteristics of LC molecules are that they are uniaxial
and can be rotated/aligned by applying an external biasing
voltage (amongst other techniques), allowing for tuning of the
effective dielectric permittivity. Since their introduction, the

Fig. 1. Schematic representation of the manufactured RA: (a) Isometric
exploded view of all the pieces composing the RA and showing in the center
the PCB used to realize the bias connection. Inset, front view of the 2-mm-
thick quartz wafer with active patches (MS) and contact pads, which has a
size of 34 mm by 60 mm. . (b) Photo of the assembled device prepared
for connection to a 33-channel voltage generator. LC-based RA unit cell: (c)
isometric view with the main dimensions; (d) cross-sectional view, showing
the materials and arrangement.

main applications of LCs have been related to high-resolution
displays and spatial light modulators operating at optical
frequencies [8]. It is worth highlighting that a fundamental
obstacle to translate LC based tunable devices to lower
frequencies such as microwaves and mmWaves is the stark
contrast between the LC-layer thickness (typically 2-10 µm)
compared to the wavelength (in the centimeter and millimeter-
scale). When the radiation propagates perpendicular to the LC
layer, this results in weak wave-LC interaction, leading to the
negligible tuning of the response when the LC is modulated.
Moreover, the values of the LC permittivity along the ordinary
and extraordinary axes are not drastically different; hence, a
large LC thickness is necessary to obtain significant phase
differences at the output. However, a large thickness of the



LC would imply high external voltages to bias it properly,
resulting in damage of the LC due to dielectric breakdown.

To overcome these limitations, resonant structures can be
devised to obtain LC-based tunable devices at microwaves
and mmWaves [5], [9]. The underlying mechanism is based
on the property that the phase (for the moment, it could be in
transmission or reflection) near a resonance undergoes a fast
variation, leading to a steep slope in the frequency response.
Intuitively, this fast variation can be interpreted as if the
structure was made effectively larger. Hence, in the vicinity of
the resonance, modulation of the LC permittivity by rotating
the LC molecules from the ordinary to the extraordinary axis
or vice versa can lead to a significant phase difference at
the output. In [10], LC unit cells operating in the X-band
were analyzed. A tunable dynamic phase range of 221° was
achieved over a band of 220 MHz (fractional bandwidth
of 2.2%) using a K15 nematic LC. A similar strategy was
exploited in [11], where a printed RA antenna was simulated
and manufactured in the X-band. There, a reconfigurable
monopulse-shaped radiation pattern was demonstrated using
a metallic microstrip patch sitting on a 500 µm cavity filled
with a LC substrate by dynamically switching the permittivity
of the LC substrate in the two halves of a RA aperture. In
[12], a RA consisting of 52�54 identical cells composed of
three parallel dipoles of different lengths placed on an LC
substrate and operating in the F-band was proposed. This
design exhibited an 8% fractional bandwidth with moderate
losses (�7 dB), using a low-cost manufacturing process to
produce antennas in frequencies from 60 to 500 GHz.

In this work, a reconfigurable RA with low losses and
moderate bandwidth is implemented using a novel nematic LC
composition [13], see Fig. 1(a) and (b). With an LC thickness
of 40 µm, this resonant structure was designed to operate
in the frequency band of 105-120 GHz. Hence, our exper-
imental results underscore the ground-breaking capabilities
of LC technology in the millimeter wave domain. We have
successfully achieved precise beam guidance in the intended
direction by utilizing an LC-based reconfigurable reflectarray.
A pivotal aspect of this research was the development of a
unique LC composition tailored exclusively for millimeter-
wave applications. Our device demonstrates exceptional per-
formance, with impressively low loss values of approximately
2.5 dB. This novel LC composition requires further testing and
optimization to exploit its capabilities fully. Nonetheless, this
investigation provides compelling evidence of LC immense
technological potential in reconfigurable devices operating at
mmWaves.

II. DESIGN, NUMERICAL AND EXPERIMENTAL
RESULTS

The unit cell of the proposed RA has a width dx = 0.9 mm
and a height dy = 1.05 mm, as depicted in Fig. 1(c). The
structure consists of two quartz wafers, of thickness 2 and 6
mm respectively, represented in red. Quartz was selected due
to its low dielectric losses in the frequency range of interest,
as discussed below. The LC material, depicted in cyan, is
deposited between both wafers and has a height of 40 µm
(hLC = 40 µm). The metasurface (MS) is patterned on the
bottom surface of the 2 mm quartz wafer, laying over the

Fig. 2. Simulated and measured characteristics of the RA for different
orientation angles of the LC director and a biasing voltage variation from 0 V
to 10 V, respectively. Simulation results: (a) reflection coefficient magnitude
in dB; (b) reflection phase in degrees. Measurement results: (c) reflection
coefficient magnitude in dB; (d) reflection phase in degrees.

LC substrate. The MS unit cell consists of a rectangular alu-
minum patch with transverse dimensions wx = 0.65 mm and
wy = 0.08 mm and thickness t = 0.4 µm connected through
narrow strips 70 µm-wide to the vertically neighboring unit
cells (represented in orange), which serve to distribute the
same electric potential to all patches for LC biasing. The lower
electrode is composed of a uniform, 0.4 µm-thick aluminum
layer, serving as the ground plane (GP) bottom electrode, and
held at a zero potential. As shown in Fig. 1(b), two thin
orienting layers are deposited onto both the MS and GP. They
are made of poly(vinyl alcohol) and have a subwavelength
thickness (� 0.1 µm) so they have negligible impact on the
electromagnetic response of the device. These orienting layers
are crucial in LC technology as they ensure proper alignment
of the LC molecules through a mechanical rubbing process.
The LC molecules are aligned parallel to the y-axis in the
present design when no bias voltage is applied.

All the full-wave simulations in this work were performed
using the commercial electromagnetic software CST Mi-
crowave Studio® [14]. Aluminum was modeled as a lossy
metal with conductivity σ = 3.56 × 107 S/m, and quartz as
a dielectric with a complex relative permittivity εQuartz =
3.78(1�j0.002). The inherently anisotropic LC medium was
modeled using a complex dielectric permittivity tensor ��ϵ. In
general, the local components of ��ϵ at every point of the LC
layer depend on the orientation of the local director vector of
LC molecules. This vector is the local optical axis of each
LC molecule and is a function of the local bias electric field
inside the medium [13].

Fig. 2(a) and (b) show the amplitude and the phase of the
reflection coefficient for an angular variation on the orientation
of the local director vector from 0 to 90°. As shown in Fig.
2(a), there is a resonant dip in the spectrum of the reflection
coefficient magnitude which shifts from 117 to 108 GHz when




