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Reconfigurable Millimeter-wave Reflectarray based
on Low Loss Liquid Crystals
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S. Sutormin, Victor Ya. Zyryanov, Jose A. Marcotegui, and Miguel Beruete

Abstract—This paper reports on the development and evalu-
ation of a reconfigurable millimeter-wave reflectarray based on
liquid-crystal (LC) substrate operating in the D-band (105-125
GHz). The reflectarray is composed of a high-impedance surface
with a meta-array of 33 x 29 patches on a 2-mm-thick quartz
substrate, separated from the ground plane by a 40 um-thick
LC layer. 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 degrees 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.

Index Terms—Reconfigurable reflectarray, high impedance
surfaces, liquid crystals, beam steering, D-band, millimeter
waves.

I. INTRODUCTION

ESEARCH on wireless communication systems has seen
a rapid increase in recent decades, leading to the devel-
opment of new technologies. Driven by the implementation of
5@, the emergence of 6G, and the IoT paradigm, wireless tech-
nology has undergone sustained evolution to meet the wider
bandwidth requirements and higher operation frequencies.
Smart antennas that can electronically steer beams are a crucial
component in this revolution in wireless communications.
Reconfigurable or tunable reflectarray (RA) antennas have
gained significant attention in recent years due to their ad-
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vantages over conventional phased arrays. The integration
of active elements such as PIN diodes and MEMS [1]-[4]
has resulted in a reduction of physical size, as well as low
cost and ease of integration. However, the manufacturing
and integration challenges, as well as the parasitic effects at
submillimeter waves, have limited their use in frequency bands
above 50 GHz [5]. To fully utilize this frequency range, new
techniques for dynamic control over the RA’s electromagnetic
response are needed.

Liquid crystals (LCs) offer a promising solution for the
development of electronically reconfigurable/switchable RA
antennas that operate at short millimeter and terahertz waves,
without the mentioned drawbacks of current technology. LCs
are a special aggregate state of matter with characteristics of
both solids and liquids. Their uniaxial nature and the ability
to rotate/align the molecules by applying an external biasing
voltage or other techniques allow for tuning of the effective
dielectric permittivity. Since their introduction [6], LCs have
primarily been utilized in high-resolution displays (LCDs) [7]
and optical frequency spatial light modulators [8]. Recent work
[9] has demonstrated the potential of active LC-plasmonic
metasurface in developing electrically switchable color tags,
with a dynamic wavelength shift of greater than 100 nm at a
low driving voltage (0-5 V), leading towards the possibility of
next-generation dynamic optical devices.

One of the main challenges in using LCs for tunable devices
at lower frequencies such as microwaves and millimeter waves
is the contrast between the LC layer thickness (typically 2-
10 um) and the wavelength (in the centimeter and millimeter
scale). When the radiation propagates perpendicular to the LC
layer, this results in a weak wave-LC interaction, leading to
minimal tuning of the response when the LC is modulated.
Additionally, the values of the LC permittivity along the
ordinary and extraordinary axes are not significantly different,
which means that a large LC thickness is necessary to obtain
significant phase differences at the output. However, a large
thickness of the LC would require high external voltages to
bias it properly, ultimately causing damage to the LC due to
dielectric breakdown.

To overcome these limitations, resonant structures can be
used to obtain LC-based tunable devices at microwaves, mil-
limeter waves, and terahertz as reported in [5], [10], [11],
[12]. The underlying mechanism is based on the property
that the phase (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.
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Hence, in the vicinity of the resonance, a 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 [13], 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 [14], 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 pum cavity filled with a LC substrate by dynamically
switching the permittivity of the LC substrate in the two halves
of a RA aperture. In [15], a RA consisting of 52x54 identical
cells, each one composed of three parallel dipoles of different
lengths placed on an LC substrate and operating in F'-band was
proposed. This design exhibited an 8% fractional bandwidth
with moderate losses (~7 dB), using a low cost manufacturing
process able to produce antennas in frequencies from 60 to
500 GHz. In [16] a particular configuration of a unit cell,
composed of a microstrip patch was analyzed. Applying low
frequency AC bias voltages of 10 V, a 165° phase shift with a
loss between 4.5 and 6.4 dB at 102 GHz and 130° with similar
losses at 130 GHz was demonstrated.

In this work, a reconfigurable RA with low losses and
moderate bandwidth is implemented using a novel nematic
LC composition. With an LC thickness of 40 um, this res-
onant structure was designed to operate in the frequency
band of 105-120 GHz corresponding to an average wave-
length/thickness ratio of 67 and to allow independent electric
control of RA unit cells in one dimension (for 1D beam
steering). This investigation introduces two key advancements:
1) the experimental verification of the low losses exhibited by
the developed LC composition in meta-devices, and 2) the
identification of an optimal RA configuration that strikes a
balance between fabrication simplicity, precise phase control,
moderate bandwidth, and harnessing the advantages of the new
LC composition’s low losses.

Hence, our experimental 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 reconfig-
urable 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 performance, 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 crystals’ immense technological potential in reconfig-
urable devices operating at millimeter waves.

This paper is organized as follows. In Section II, the opera-
tional principle of the design, along with its basic electromag-
netic features, is described. Additionally, the proposed design
and simulated electromagnetic response of the reconfigurable
RA are presented. In Section III, the fabrication process of the
RA prototype is outlined, and a detailed experimental study is
conducted. The key findings and conclusions are summarized

in Section IV. Finally, the properties of the LC composition
used in the study are discussed in an Appendix for the sake
of completeness.

II. DESIGN AND NUMERICAL RESULTS

A. Operation Principle of the LC-based RA: the Role of High
Impedance Surfaces

A LC-based reflectarray (RA) often presents a significant
difference between the operating free-space wavelength A and
the LC layer thickness hyc. Their electromagnetic properties
can be understood through the concept of high-impedance sur-
faces (HIS) [18], also known as artificial magnetic conductors,
which were originally introduced as ultra-thin substrates for
low-profile antennas in the microwave antenna engineering
community.

In a conventional design, a LC-loaded RA consists of a
single-layered, capacitive frequency-selective surface or meta-
surface (MS) patterned on a thin dielectric slab (in this case,
the LC layer, referred to as LC), with a uniform back metal-
lization, i.e. a ground plane (GP). The MS impedance Zj;s in
the RA operation frequency band must satisfy 3(Zars) < 0
for it to be considered capacitive. The thinnest HIS is achieved
when the MS is composed of disconnected subwavelength
metallic elements, such as patches [see Fig. 1(a)], operating
at frequencies w below any possible plasmonic resonance,
W < Wpes. In the limit w — 0, the metallic elements
do not support surface currents and act as effective lumped
capacitances Crrs: Zayslw — 0 = V(GwCars).

When the LC thickness (hrc) is much smaller than the
operation wavelength (hpc/A < 1, ultra-thin regime), and
disregarding dissipative losses, the input impedance of the
“grounded” LC layer becomes purely inductive [18]:

Zin = jZrc tan(y/erckohrc) = jwLlic (D

where ¢1,¢ is the relative permittivity of the LC layer (for
the moment in this analysis we are neglecting LC anisotropy
for simplicity), Zrc is the characteristic impedance of the
LC layer and kg is the free-space wavenumber. The term L;¢
represents the effective inductance of the “grounded” layer,
which, for ultrathin LC, is linearly proportional to its thickness
h LC-

Lic = pohre 2)

where 1 is the free-space magnetic permeability and it has
been assumed that the LC crystal has a negligible magnetic
response at subTHz frequencies. The structure can then be
modeled as a parallel connection of Z;5 and Z ¢, as shown
in Fig. 1(b), forming a resonant circuit. In the lossless case
with a purely capacitive MS, the total impedance Z is:
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The reflection coefficient S7; can be obtained from the
total impedance through the next well-known relation [19]:

Sll =

“4)
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Fig. 1. Conventional HIS configuration (a) and its simplified (b) and complete (c) equivalent circuit representation. The lumped resistance R g is introduced
to take into account ohmic dissipation in the MS metallization and dielectric losses in the LC layer, while Rgp describes ohmic dissipation in the GP [17].
(d) Qualitative spectral behavior for the HIS reflection phase. (e) Illustration of the vector distributions of surface currents induced in the MS and GP layers
at the HIS resonance (full-wave simulations) and the electric field distribution lines in the LC.

The HIS resonance is achieved at the angular frequency
whrs = 1/v/CysLic where the total impedance goes to
infinity. The typical spectral behavior of the reflection phase
Arg{S11} near the HIS resonance is shown in Fig. 1(d).
As shown there, Arg{Si;} undergoes a strong variation
near wprs, at which the phase is exactly equal to zero and
then S11 = +1, as corresponds to an artificial magnetic
conductor. Hence, the response of HISs is complementary
to ordinary electric conductors (metals) that behave as low-
impedance surfaces, for which S7; = —1 which implies that
|Arg(S11)| = 180°. As illustrated in the inset in Fig. 1(e),
the artificial magnetic properties of the HIS-structure originate
from large antiparallel surface currents flowing in the MS and
GP layers at the HIS resonance. These currents are induced
almost in phase and form an effective magnetic dipole with a
magnetic flux concentrated mainly between the MS and GP.
The circuit is closed through displacement currents arising
between the top patch and the bottom ground plane. This
electric field associated to this capacitance is schematically
sketched in Fig. 1(e).

From this figure it is clear that the capacitance strongly
depends on the permittivity of the LC crystal. In particular,
it will depend mainly on the LC tensor component parallel
to the z axis. This fact along the rapid change of Arg{Si1}
near resonance is crucial for the operation of the LC-loaded
RA. Actually, the phase tunability of the RA is achieved by
rotating the LC molecules by means of a biasing quasi-static
external electric field, which, in essence, varies the effective
permittivity seen along z, directly affecting the LC-loaded
MS capacitance Css. A rapid change of Arg{Si;} is also
important as it enhances the sensitivity to a variation of the
permittivity.

In practical RA implementations, the biasing is achieved
by using the top MS and GP as electrodes. In the case of a
patch array MS, this is done by interconnecting the patches
through thin inductive strips. Excitation of the structure is then
achieved by applying an electric field perpendicular to these
strips. Another option is to utilize a MS with an ’inductive’
topology, characterized by a metal layer with slot-like resonant
elements that operate at frequencies where the imaginary com-
ponent of the impedance, (Z)ss), is negative. In this case,

when the MS inductance Lj;s cannot be neglected [Fig. 1(c)],
the HIS resonance for the lossless regime (Ryrs = Rgp = 0)
is achieved at the frequency [17], [20]:

LMS ) —1/2
Lic

(&)

1
wHIS VCusLic <1 -
It is clear that the narrower the fractional HIS bandwidth
Awprs/whrs, the stronger the tunability. Derived from the
definition |Arg{Si1(whrs £ 1/2Awgrs)} = 90° [17], un-
der the condition wyrsLpc < 1o, the bandwidth is bound to
the hc/Amrs ratio via a weakly non-linear law [17], [20]:
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Relation (6) illustrates the key feature of the HIS configu-
ration: the bandwidth is proportional to the thickness of the
structure. A supplementary conclusion arising from (6) is that
the bandwidth can be additionally decreased by increasing the
MS inductance Lj;s (see also [17]).

B. RA Unit Cell Design

The unit cell of the proposed RA has a width d, = 0.9 mm
and a height d, = 1.05mm, as depicted in Fig. 2. 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 um
(hpc = 40 pm).The MS is patterned on the bottom surface
of the 2mm quartz wafer, laying over the LC substrate. The
MS unit cell consists of a rectangular aluminum patch with
transverse dimensions w; = 0.65 mm and w, = 0.08 mm and
thickness ¢ = 0.4 um connected through narrow strips 70 um-
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
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Fig. 2. Schematic view of the LC-based RA unit cell: (a) isometric view
with the main dimensions; (b) cross-sectional view, showing the materials
and arrangement. (c) Schematic representation of the LC molecules in the 0
V and biased states. (d) LC permittivity tensor orientation in both states.

of a uniform, 0.4 um-thick aluminum layer, serving as the GP
bottom electrode, and held at a zero potential.

As shown in Fig. 2(b), two thin orienting layers are de-
posited onto both the MS and GP. They are made of poly(vinyl
alcohol) and have a subwavelength thickness (< 0.1 um) 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. In the present design, the LC
molecules are aligned parallel to the y-axis when no bias
voltage is applied.

C. RA Full-Wave Simulations

All the full-wave simulations in this work were performed
using the commercial electromagnetic software CST Mi-
crowave Studio® [21]. Aluminum was modeled as a lossy
metal with conductivity o = 3.56 x 107 S/m, and quartz as
a dielectric with a complex relative permittivity eQuartz =
3.78(1 — j0.002).

The inherently anisotropic LC medium was modeled using
a complex dielectric permittivity tensor €. In general, the local
components of € 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. Since the biasing of the LC is done by applying a
low-frequency AC voltage (typically 1 kHz) [22], in a strict
sense, an accurate electromagnetic analysis of the RA should
involve two subsequent stages: 1) calculation of the 3D spatial
distribution of the quasi-static electric field inside the LC cell
to get the geometrical distribution of local directors taking into
account the geometry of the MS electrode (with an AC bias
voltage as a variable parameter); 2) full-wave high-frequency
simulations of the RA response at millimeter-waves using

the 3D spatial distribution of the dielectric permittivity tensor
€(z,vy, z) obtained from the previously calculated LC director
distribution. This two-stage scheme for the electromagnetic
analysis of LC devices is non-trivial and is not directly
implemented in commercial electromagnetic simulators. In a
recent work [11], an analytical method is proposed to solve
this problem. The dynamic differential equation governing the
LC performance under different bias states is solved exactly
by combining a finite-element software (COMSOL) and a full-
wave electromagnetic analysis tool (CST). This comprehensive
method is fully justified for complex unit cells comprising
several elements such as the one discussed in [11]. In our
case, given the simple geometry of the considered unit cell,
this problem can be solved approximately by assuming that
the LC director is rotated uniformly below the upper patch
as the biasing voltage is varied and is kept with the original
orientation (parallel to y) outside the patch. This assumption
is reinforced by the good agreement with the experimental
results presented in Section III.

TABLE I
DIELECTRIC PROPERTIES OF THE EMPLOYED LC.
el 8’” Ae’ tand | tan6H
247 325 0.78 0.003 0.002

The seed values of the dielectric permittivity tensor of
the LC substrate were extrapolated from the results for the
frequency range of 27.5-29 GHz presented in [23] and were
subsequently optimized and fitted to the measurement results
(see Section III) leading to the optimal values summarized in
I. The optimization developed was a multi-objective process
provided by the CST Microwave Studio®. The values of the
real part €, | and loss tangent tan §, | of the complex relative
dielectric permittivity €, || = €l7H (1—jtand, ) parallel and
perpendicular to the vector of the high-frequency electric field,
respectively, are presented in Table. I (see Appendix)

In the implemented electromagnetic model, the orientation
of the LC director vector n was specified by the angle «
counted from y-axis in yz-plane: i = (0, cos «, sin ). In the
unbiased state (V3 = 0) the LC molecules are oriented along
the rubbing direction, i.e. y-axis [a = 0, Fig. 2(c), top and (d)
“0 V)], and the permittivity tensor in the chosen coordinate
system xyz has a diagonal form [24]:

g1 0 0
i=0=1]0 ¢ 0 7
0 0 €1

Likewise, in the maximum bias state the LC director is
oriented perpendicular to the wafer surface, i.e. along z-axis
[ = 90 deg, Fig. 2(c), bottom and (d) “Biased”)], and the
permittivity tensor transforms to:

€1 0 0
g(‘/b = Vmax) =10 €1 0 ®)
0 0 5”

To cover all possible intermediate orientations of the LC
optical axis in the CST Microwave Studio® we introduced
the local coordinate system z’1y’z’ associated with the LC
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Fig. 3. Simulated characteristics of the RA for different orientation angles « of the LC director: (a) reflection coefficient magnitude in dB; (b) reflection

phase in degrees; (c) phase curves normalized to the case of O deg.

layer, in which the z’-axis coincides with the x-axis of
the global coordinate system zyz and the 3’-axis coincides
with the LC director vector 7, respectively. The unit vector
basis ey, e, , e, of the system z'y’2’ is as follows: e, =
(1,0,0),e, = (0,cos o, sin ), e,» = (0, —sin e, cos ).

The unit cell response was simulated in the frequency
domain using a Floquet modal analysis. A transverse electro-
magnetic (TEM) mode with electric field parallel to y and nor-
mal incidence was used to excite the structure. The structure
parameters w, Wy, dg, dy, were optimized to get the maximum
possible phase excursion of the reflection coefficient between
the extreme cases of the LC permittivity while keeping at the
same time the highest possible magnitude of the reflection
coefficient in the operation band between 105 and 125 GHz.
The LC layer thickness hrc was fixed at a value of 40 um
defined by the thickness of spacers available. As mentioned
above, only the tensors corresponding to the LC substrate
below the patch were rotated, assuming that only that area
would be properly biased in the experimental demonstration.

Fig. 3 shows the amplitude and the phase of the reflection
coefficient for different values of o varying from 0 to 90°. As
shown in Fig. 3(a), there is a resonant dip in the spectrum of
the reflection coefficient magnitude which shifts from 117 to
108 GHz when the LC tensor is rotated from 0° to 90°. In
all considered cases, its magnitude is above —2.5 dB within
the entire frequency band. This resonance is accompanied
by a phase variation [Fig. 3(b)] which can be modulated
by rotating the LC tensor. A maximum phase excursion of
266° is obtained at 113 GHz. To ease the comparison, all the
phase curves have been normalized in Fig. 3(c), by simply
subtracting the phase of each case to that of the 0° state of
the LC tensor. There, it can be appreciated clearly the range
of phases achieved by rotating the permittivity tensor. These
results provide a complete characterization of the reflection
phase as a function of « and confirm the necessity of working
in the vicinity of a resonance to observe a significant phase
excursion.

A beam steerer that operates in reflection can be designed
by incorporating a phase variation into the metasurface, as
described by the following equation:

o(x) = kod (sin(6,.) — sin(6;)) )

where 6, is the desired reflection angle, 6; is the angle of
incidence and ¢(x) is the phase of each column composing
the RA, achieved by rotating «. Note that a modulation of
the RA phase can only be achieved along the x axis since the
columns are electrically connected and share the same biasing
voltage.

For the numerical analysis, a single row consisting of 1 x 33
unit cells was considered, with periodic boundary conditions
applied along the y-direction (infinite in that direction) and
open boundary conditions with an additional space (open+add
space) along the x- and z-directions, as depicted in Fig. 4(a).
The structure was illuminated by a plane wave with £,
transversal electric (TE) polarization with an incidence angle
of 6; = 10 deg. Fig. 4(b) displays the calculated radar cross
section far-field patterns for the cases under consideration,
at the frequency where the deflected peak has its maximum
amplitude (refer to label). Fig. 4(c)-(f) presents 1D cuts at
various frequencies, illustrating different output angles (from
20° to 35°). Through this analysis, it becomes evident that
the deflected peaks can be observed at the primary frequency,
alongside the presence of a specular beam at 10°. The cross-
polar response is above —60 dB (it is not represented in
the plot), indicating negligible influence on the overall per-
formance. To enhance the clarity of this analysis, we have
included contour plot diagrams representing the radar cross
section far-field patterns as a function of frequency and angle
when the RA is configured to produce a reflected beam at 20°,
25°, 30°, and 35°, respectively, as depicted in Fig. 4(g)-(j).
As shown there, in all cases the main reflection beam occurs
at 10° (that corresponds to the specular reflection) in all the
considered bandwidth except at the operation band wherein the
RA is able to deflect the beam towards the desired direction
(as indicated by the dashed lines).

III. PROTOTYPE FABRICATION AND CHARACTERIZATION

To corroborate experimentally the previous results, the
designed RA prototype was fabricated and measured. The
prototype contains 29 x 33 unit cells with overall dimensions
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Fig. 4. (a) Beam-steerer simulation scenario where 6; = 10 deg is the angle of the incident beam and 6, is the angle of the beam reflected in the desired
direction. (b) Radar cross section far-field pattern at the frequency of maximum amplitude for the deflected peak (see label) for four different beam-steering
cases. Radar cross section far-field pattern at different frequencies and for a beam reflected at (c) 20°, (d) 25°, (e) 30° and (f) 35°. Contour plot diagram for
a beam reflected at (g) 20°, (h) 25°, (i) 30° and (j) 35°. Scale is in dB and each panel is normalized to the maximum.

of 29.7 x 30.45 mm. Fig. 5(a) provides a detailed illustration
of the biasing configuration used in the prototype. The 33
columns are connected to corresponding metallic pads to in-

troduce the biasing voltage, thereby enabling proper operation
of the LC.

The prototype was fabricated by preparing two polished
round wafers made of fused quartz, with a diameter of 60 mm.
The first wafer was 2mm thick and was used for the MS,
while the second was 6 mm thick and was used for the GP.
Both wafers were symmetrically cut to a length of 13cm,
as shown in Fig. 5(a) and (b). This form of the quartz
wafers was chosen to facilitate electric connection to the GP
electrode after assembly. The experimental characterization of
the dielectric permittivity of quartz plates in the band of 0.1
to 1.6 THz was done using a custom-made terahertz time-
domain spectrometer developed in the Institute of Automation
and Electrometry SB RAS (Novosibirsk, Russia) [25]. The
material parameters and the thickness of the samples were
retrieved from their THz spectra by means of the extraction
method described in [26]. The properties of the quartz at these
frequencies are really stable, showing a permittivity around
3.79 to 3.82 in the frequency range of 100 to 150 GHz [27]-
[29]. Moreover, the loss tangent of the quartz is <0.001, which
indicates an excellent behavior of this material with a low

impact on the losses proposed structure. The wafers were then
metalized on one surface with 0.4 um-thick aluminum using
magnetron sputtering. Contact photolithography was used to
create the MS pattern on the 2 mm-thick quartz wafer, which
included the active patch array and elongated contact pads for
electric connection to individual biasing lines. To avoid narrow
gaps between the pads, they were separated into two sets: 17
pads were placed on one side to control the odd biasing lines,
while 16 pads were located on the opposite side to govern the
even ones, as shown in Fig. 5(a) and (b).

After metallization and photolithography, the MS and GP
faces of the wafers that were to come into contact with the
LC were coated with thin poly(vinyl alcohol) orienting layers
using a spin coater (HO-TH-05, Holmarc, India). The orienting
layers were then aligned by gently rubbing them with a rub-
bing machine (HO-IAD-BTR-01, Holmarc, India), ensuring
that the unbiased LC molecules were aligned along the y axis
on the wafer surface. The LC was then injected into the gap
between the quartz wafers, which were separated by 40 um-
thick polypropylene strip spacers. Finally, the edges were
sealed to prevent LC leakage and ensure proper consolidation.

After completing fabrication of the “quartz-LC” core of
the device, an auxiliary printed circuit board (PCB) was
implemented to simplify the biasing connections, see Fig. 5.
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Fig. 5. 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.

The electric connection between pads on the quartz wafer and
PCB was done using elastomeric connectors [30]. This type
of flexible connectors, well-known in LC display technologies,
is made as a set of narrow conductive layers interleaved with
insulating ones. With elastomeric connectors the soldering
process on the quartz wafers is avoided, preserving integrity
of the LC device. Fig. 5(b) shows the final structure after
assembling. Notice that soldering joints are located on the PCB
outside the RA. The ground connection is provided through
the green wire which is attached to the GP electrode by means
of a metal foil sticky tape.

For the characterization of the fabricated RA, a Vector
Network Analyzer (MVNA-8-350, AB Millimetre) was used,
equipped with a quasi-optical bench and rotary platform. The
samples were measured in the frequency range of 105-125
GHz with a step of 50 MHz. A horn antenna was used to
transmit the wave, which was then focused on the sample by
a pair of elliptical mirrors (see inset in Fig. 6(a)). In the first
set of experiments, all biasing lines were driven at the same
voltage, so the reflected wave traveled in the normal direction
(since there was no phase difference among the unit cells).
The reflected wave was then detected by the horn antenna,
guided by the elliptical mirrors, and steered to the detector
through a directional coupler connected to the antenna. Before
performing the characterization, the setup was calibrated by
placing a mirror in the sample position. The biasing voltage
was varied from 0 V to 10 V in increments of 0.50 V, but for
clarity, the curves are presented with a step of 1 V.

Fig. 6(a) presents the measured reflection coefficient magni-
tude. The losses obtained in the measurements are comparable
to those obtained in the simulation, with a minimum reflection
coefficient around 2.5 dB. A shift in frequency towards higher
frequencies with respect to simulation results was observed,
especially near the maximum bias state. The maximum exper-
imental phase deviation was 210°, which is 56° lower than the
simulation results, as seen in Fig. 6(b) and (c). There is also
an abrupt change in phase between 1 V (light green curve)
and 2 V (dark blue curve), indicating that the LC molecules
have maximal sensitivity in this region and a small variation
in biasing voltage yields substantial changes in LC director

orientation. Despite these differences, the experimental results
validate the simulation, the good performance of the LC, and
the correct bias connection implemented in the prototype.
These results give a complete characterization of the reflection
phase with a uniform bias voltage.

In the second set of experiments, a non-uniform biasing was
applied to the RA. The experimental setup consisted of two
horn antennas (working in D-band from 105 to 125 GHz) and
a sample holder where the RA was placed. The sample holder
was positioned on a rotary platform to control the angle of
incidence and the receiving antenna was placed on a platform
connected to the rotary platform to freely rotate and scan
the angular power distribution. The experimental setup was
covered with absorbing resin to minimize ambient reflections
and a 33-channel voltage generator was used to independently
feed all the biasing lines of the RA. All the setup implemented
for this second experiment is illustrated in Fig. 7(a).

To further characterize the beam steering performance of
the device, the incidence angle between the transmitter and the
RA was fixed at 10 degrees. The biasing of the RA unit cells
was properly controlled by adjusting the voltage generator
to achieve the desired angle of reflection. It is important
to note that the quantitative measurements of the device do
not directly align with the simulation results, specifically the
far-field pattern analysis. In this case, the measurement was
focused on analyzing the transmission coefficient using the
secondary horn antenna positioned at the reception location.
Although there are quantitative differences between the mea-
surements and simulations, the qualitative agreement is valid.
The transmission coefficient peak should correspond to the
analyzed output direction in simulations. Fig. 7(b), shows
the transmission coefficient for different frequencies when the
RA is configured to get a beam at 20°, 25° 30° and 35°.
Notice, that the number of analysis points along the x-axis
is relatively fewer but sufficient to provide valuable insights.
The presence of the specular beam at § =10° is clearly
evident and significantly influences the quality of the beam
at lower beam-steered angles. For a better understanding, Fig.
7(c) shows the contour plots analysis for a larger range of
frequencies. Both studies, the 1D cuts and the contour plot
analysis, demonstrated that for larger angles, the definition of
the beam improves, thereby validating our experiment.

Beyond that, analysis of Fig. 7(b) and (c), specifically to
0, = 20°, reveals that the device exhibits good pointing per-
formance over a wide bandwidth, from 105 to 120 GHz, thus
validating the correct biasing and confirming the results of the
simulation. However, at 6, = 25°, the bandwidth is reduced
compared to the previous result, and the beam resolution is
not as high. Nevertheless, the outcomes for the other angles
demonstrate good behavior, displaying adequate beam pointing
in the intended direction and retaining a sufficient bandwidth,
which in most cases extends from 105 to 120 GHz.

Table. II provides a comprehensive comparison of our
device with similar prototypes described in the literature. The
analysis primarily focuses on key parameters such as losses,
achieved phase shift, and scan angle. The devices evaluated
work at different frequencies to present a comprehensive view
of this technology. Our reconfigurable antenna (RA) stands
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TABLE 11
COMPARISON OF ELECTRICAL PERFORMANCE OF LC-REFLECTARRAYS.

Ref. Fr;:g;;:zr;cy Size L((zls];f):s Phase Shift  Scan angle

[31] 8.5-10 1x2 1.5 240° -

[32] 28.5 10 x 10 14 290° 45°

[33] 96-104 54 x 54 7 300° 55°

[34] 114.9 30 x 30 13 189.2° -
This paper 105-125 29 x 33 2.5 210° 35°

out due to its remarkably low losses, offering a balanced
combination of fabrication simplicity, precise phase control,
and moderate bandwidth. This achievement is made possible
by harnessing the advantages of the new LC composition.
However, it is important to note that further testing and
optimization of this novel LC composition are necessary to
fully exploit its capabilities.

Compared to previous works [31]-[33], our device has
the potential for improved phase shift and, consequently, an
increased scan angle. Despite this, the obtained low losses
are a significant advancement, showcasing a nearly 5 dB
reduction compared to other devices operating at the same
frequency. These results underscore the immense technological
potential of LC crystals in reconfigurable devices operating on
millimeter waves.

IV. CONCLUSION

In this study, a reconfigurable LC-loaded reflectarray op-
erating near 110 GHz was designed, fabricated, and exper-
imentally evaluated. The device was configured as a high-
impedance surface with a patch meta-array patterned on a
2 mm-thick quartz substrate separated from the ground plane
by a 40 pum-thick LC layer. The electrical biasing of the LC-
loaded RA unit cells was achieved by the addition of narrow
inductive strips connecting adjacent patches in one dimension.
The simulations indicated a maximum phase excursion of 266°
with losses below 3 dB. In the 1D beam steering scenario,
when properly tuned, the reflected beam was directed towards
the desired direction at the operating frequency. The fabricated
prototype with 29 x 33 unit cells exhibited a maximum phase
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Fig. 7. (a) Photograph of the measurement scenario composed of two horn
antennas and a rotating positioner where the RA under test is placed. Contour
plot diagram for a reflected beam: (b) Transmission coefficient for different
frequencies and reflected beams at 6,,=20°, 6,,=25°, 6,,=30°and 6,=35°, (c)
Contour plot diagram for the same reflected beams. Scale is in dB and each
panel is normalized to the maximum.
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excursion of 210° with losses around 2.5 dB. The experimental
results demonstrated the capability of the device to steer
the beam in the desired direction with a good pointing in
a bandwidth of around 12 GHz. These results demonstrate
the viability of LC technology for reconfigurable devices
operating at millimeter and submillimeter waves, providing
simple solutions for new applications.

APPENDIX
A. Developed Liquid Crystal Composition

Among the most promising liquid crystal compounds
for high-frequency applications are nematic compositions
based on polycyclic substances, particularly derivatives of
n-quaterphenyl and n-quinquiphenyl with varying terminal
(R, R’) and lateral (A, B, C, D, E) substituents [23], [35],
[36]. These substances can be represented by the general
structural formulas presented in Table. III. Compared to 2-
and 3-ring compounds, 4- and 5-ring LC compounds possess
higher optical anisotropy, making them suitable for tunable LC
devices. Additionally, the incorporation of lateral substituents
into the ring molecules decreases their melting point and
enhances miscibility.

In our study, we introduced innovative techniques for the
synthesis of liquid-crystalline polyaromatic derivatives of n-
quaterpheny” and n-quinquipheny” with lateral substitution.
Our methods utilize condensation processes to create substi-
tuted cyclic fragments, as reported in [35], [36]. They stand
out for their ease of implementation, straightforwardness, and
readily available starting materials. Our developed technology
enables the synthesis of new polyaromatic LC compounds with
exceptional optical anisotropy (An > 0.4, where An is the
refractive index difference between ordinary and extraordinary
axes) and robust chemical and photochemical stability. Most of
the synthesized substances have a melting point below +80 to
+90°C (for the best n-quaterpheny” compound it is even below
+65°C) and the transition temperature to the isotropic state is
less than 210°C. The synthesized LC compounds possess rod-
shaped molecules and exhibit good solubility in most organic
solvents and compatibility with low-viscosity LC compounds.

Based on the synthesized LC compounds, we have opti-
mized and produced a promising LC composition for use
in tunable meta-devices at both microwaves and millimeter
waves. This composition, referred to as LCM-1, stands out
for its low dielectric loss (< 0.003), high dielectric anisotropy
(>1.3) and low dispersion when compared to similar products.

The results obtained allow us to draw the following con-
clusions [23], [35], [36]: (i) The value of the birefringence
of the LC molecule is a significant parameter but it is not
the main factor that influences dielectric anisotropy in the
high-frequency region; (ii) the bulk and type of polar groups
have a substantial impact on the dielectric anisotropy; (iii) the
presence of bridge fragments in the LC molecules reduces
dielectric anisotropy at high frequencies.

B. Design Guidelines

Here we summarize the design guidelines followed to im-
plement the LC RA here reported. The design process started

TABLE III
COMPONENTS OF THE DEVELOPED LC COMPOSITION LCM-1.

Substances

e’ LRI
A B C D
e LA
n-quinquipheny
A B C D

“Substituents: R, R> = alkyl, F, NCS; A, B, C, D, E = Cl, CH3.

by choosing the unit cell which in this case is a rectangular
patch resonator. It was chosen for simplicity both in design and
manufacturing. In the initial design stage, the LC permittivity
tensor values were extrapolated from measurements done in
the microwave band [23], due to the difficulty to character-
ize it properly in the millimeter-wave range. The response
of the structure was obtained performing unit cell analysis
with a commercial electromagnetic solver. After these initial
calculations, the device was manufactured and assembled, as
described in the main text. Subsequently, an experimental
characterization of the device’s response was carried out,
utilizing a uniform biasing voltage across all unit cells while
systematically varying the bias voltage. This information was
used in the next stage to adjust the permittivity tensor values
and match the experimental reflectance data with the numerical
simulator. These adjusted values were then utilized in all
simulations presented within this manuscript, ensuring the
consistency and accuracy of our results.
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