
1

Design of a Liquid-Crystal Dual-Polarization
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Abstract—This paper demonstrates for the first time a dual
polarization reconfigurable reflectarray antenna based on Liquid
Crystal (LC) that operates at W-band. The antenna is electrically
large and is capable of independently steering the beam of
two orthogonal polarizations. Two different implementations
of single-layer unit cells (single resonant and multi-resonant)
capable of providing suitable phase range to independently
control the two RF polarizations with enough isolation have
been investigated. The single resonant cell was finally used to
design a complete reflectarray antenna made of 55×55 elements,
for which an accurate and efficient modeling of the cells was
implemented. The antenna shows 35º of 1D scanning range with
25dBi gain and a maximum SLL of -9dB in the entire range for
both polarizations at 98 GHz.

I. INTRODUCTION

In the recent years, the popularity of mm-wave planar de-
vices using Liquid Crystal (LC) technology has experienced a
rapid growth. The LC is a material whose electric permittivity
tensor can be changed when a quasi-static (AC) electric field
is applied through it, due to the rotation of its anisotropic rod-
like molecules. In the case of reflectarray antennas and RIS,
the LC allows to electronically modify the radiation pattern
and, thus, to dynamically scan a beam or provide adaptive
coverage to a blind zone [1]. Compared to the different existing
reconfigurable technologies, LC can be used at the hundreds
of GHz range (W-band and above) while being a low-cost
solution, especially due to the industry readiness inherited
from the optics manufacturers, where its use is widespread.
Moreover, LC allows a continuous tuning and its inherent
power consumption is close to zero.

Numerous LC-based reflectarray unit cells have been intro-
duced in the last decade, with the aim of improving the perfor-
mance in terms of reconfiguration bandwidth [2], achievable
phase shift [3], losses [4] and temporal response [5]. However,
a very limited number of reconfigurable reflectarrays with
polarization-sensitive capabilities have been presented, mainly
due to the difficult unit cell design and LC characterization
in that case. In [6], a complex 15-layer structure containing
two independent LC cavities and polarizers independently
manipulates two orthogonal polarizations. However, a simple
single-layer reflectarray based on LC with an independent
control of each polarization in the same unit cell, and how
to efficiently model it, can not be found in literature.
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In this paper, an electrically large LC-based reflectarray
antenna capable of beam-steering polarization independent
beams in W-band, together with a proper modeling process,
are presented. Two LC unit cells sensitive to both polarizations
have been designed and evaluated. The first cell (single reso-
nant) exhibits a phase range of 200º at 98 GHz and its structure
enables introducing a simple polarization bias network. The
other cell (multi-resonant) shows a complete cycle of phase-
range (>360º) in a wider bandwidth, but at the expense of
requiring another type of technology to implement the biasing.
An accurate modeling of the LC cells, that includes the bias
network to control the phase-shift of the two RF polarizations
in the same cell, is proposed. Then, a complete LC reflectarray
antenna is designed. The antenna is capable of independently
beam-steering and focusing each polarization in one plane at
least 35º with a gain of 25dBi and a sidelobe level (SLL) as
low as -9 dB in the entire scanning range.

II. DUAL POLARIZATION LC UNIT CELL

A. Unit Cell Design

In LC-based reflectarray unit cells, the structure consists on
a stack of layers, typically one of them being the LC cavity. A
common structure, from bottom to top, is the following one:
a substrate supporting a metallic ground plane, the LC cavity,
and a top superstrate electrode from which resonant elements
protrude (see Fig. 1).

The most straightforward way to independently control
different polarizations in a LC-based reflectarray element is
to bias with different voltages the cavity volume beneath the
resonant elements sensitive to each polarization, within the
same unit cell. Since the rotation of the LC molecules is
a local property throughout the cavity, this allows different
regions of the same unit cell to be biased independently to
achieve separate reflection coefficients for each polarization.
However, that introduces a strong inhomogeneity across the
transversal direction (parallel to the surface), which must be
accurately modelled in a polarization-sensitive design. Never-
theless, besides difficult to achieve, a very fine-grained model
of these structures is excessively computationally expensive
[7], and an efficient model point which considers the trade-off
between computation and accuracy must be found.

Apart from the modeling, designing a unit cell sensitive
to two independent polarizations which includes a LC cavity
is challenging in different aspects. In a reflectarray antenna,
the different cells will have different incident angles from the
feed, which can vary their reflection coefficient. To reduce this
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effect, the size of the period should be minimized to achieve
small sensitivities with the angle of incidence. However, when
including resonant elements for each polarization, the required
area to fit them increases. Another handicap appears when
trying to minimize the cross-polarization effects of the cell.
Together with the sensitivity to the angle of incidence, the
anisotropic nature of the LC makes it difficult to maintain
the cell symmetry, which further contributes to the cross-
polarization. Therefore, a trade-off between period size, sensi-
tivity to angle of incidence, and cross-polarization levels must
be found.
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Fig. 1. a) Side view b) 3D view and c) top view of the proposed single-
resonant unit cell. Dimensions (mm): P = 1.25, L = 0.77, W = 0.15,
S = 0.165, hQ = 0.4, hLC = 0.08.

Considering all the aforementioned effects, two different
dual-polarization LC reflectarray unit cells have been de-
signed: one containing a single resonant element per polar-
ization (Fig. 1), and another one containing multiple resonant
elements per polarization (Fig. 2). In both cases, the chosen
LC is GT7-29001 (ε|| = 3.5, tanδ|| = 0.015 and ε⊥ = 2.47,
tanδ⊥ = 0.02 at 100 GHz), since it is specifically designed
for mm-wave devices.

The unit cells consist of dipole-shaped metallic elements or-
thogonally oriented (along x and y considering the coordinate
systems of Fig. 1 and Fig. 2). The geometry of the cell is such
that the cross-polarization is minimized as much as possible.
The design of the LC thickness considers a trade-off between
losses and phase range. Whereas a thinner cavity increases the
phase range and diminishes response time, it comes at the cost
of increased losses.

Fig. 3 shows the reflection coefficient as a function of
the frequency for the two polarizations (SXX and SY Y ) at
incidence angle ϕinc = 0◦, θinc = 25◦. As can be seen, the
multi-resonant cell exhibits a larger instantaneous bandwidth
and phase range than the single-resonant cell, but since it
must fit a larger number of dipoles, its period is larger and
thus its tolerance to different incidence angles is much lower.
Note that in the single-resonant case a relatively thick cavity
(hLC = 80µm) is chosen, since a single dipole resonance
cannot achieve 360◦ phase range anyway, and this way losses
are reduced and critically coupled resonances are avoided.

B. LC Bias Lines

Finally, after the RF design of the cell topology and
dimensions is finished, the metallic bias lines necessary to
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Fig. 2. Top view of the multi-resonant unit cell. Dimensions (mm): P =
1.6, l1 = 0.801, l2 = 0.745, l3 = 0.396, l4 = 0.365, w1 = 0.189,
w2 = 0.142, w3 = 0.284, w4 = 0.0945, s1 = 0.16, s2 = s3 = 0.407,
s4 = 0.1, s5 = s6 = 0.071, hQ = 0.38, hLC = 0.056.

Fig. 3. Simulated amplitude and phase of the SXX and SY Y reflection
coefficients of the (a) single-resonant and (b) multi-resonant unit cells for
OFF (V=0) and ON (V>>10V) states.

polarize the LC are added. This must be done carefully, as
an improper placing of these lines could introduce in-band
resonances and unwanted effects. In fact, in the multi-resonant
cell topology, adding the LC bias lines has a very strong
effect on the response, and an alternative solution (e.g. using
a material which is conductive for AC signals but transparent
to RF) should be used. Moreover, the complexity of this cell
would also add a lot of manufacturing difficulties. Considering
this and the aforementioned reasons, the focus of this work is
the single-resonance unit cell reflectarray, which is enough to
prove the dual polarization concept and allows to successfully
scan independent beams.

In order to minimize the effect of introducing such lines in
the single-resonant cell, a thorough study has been carried out
(Fig. 4). Since the antenna should be able to perform scanning
and focusing in a single plane, a column-like bias addressing
will be used, where all the unit cells of the same column are
interconnected. Several bias geometries have been analyzed
and compared to the non-biased (ideal) geometry.

The finally chosen biasing geometry can be seen in Fig.
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Fig. 4. Main conclusions of the analysis on the addressing bias geometry.
The amplitude and phase of SXX and SY Y are compared to the original
unit cell (Vx=Vy=0V state) under oblique incidence (ϕinc = 0◦, θinc =
25◦). a) Reflection coefficient comparison. b) Ideal (top) and biased (bottom)
geometries (D = 0.06mm, Wb = 0.02mm).

4b. The lines connect to the dipoles orthogonally in a region
where the electric field tends to be small, close to the center of
the dipole. This introduces an elbow-like turn on the bias line
of the y-oriented dipole, which slightly breaks the symmetry
of the cell and marginally modifies SXX . Nevertheless, the
effects of this addressing are very limited as compared the
other options, which included connecting lines continuously
along y or segmenting the ground plane.

C. Unit Cell Modelling

As previously mentioned, the modelling of these structures
must be done carefully. On the one hand, the LC cavity
is electrically very thin, and a number of high order non-
evanescent modes are excited. This makes difficult to perform
an equivalent circuital analysis and forces full-wave simula-
tions of the unit cell. Moreover, due to the presence of two
different potentials in the same unit cell (one per each dipole),
not only the z inhomogeneity must be accounted for, but also
the x− y inhomogeneity. On the other hand, using exhaustive
volumetric models for the LC cavity, which can result very
accurate since the LC director is precisely determined in the
whole cavity, results prohibitive in a design stage due to
their computation cost. To tackle the z inhomogeneity, the
community has successfully used an averaging strategy of the
director tilt angle in the past, which reduces the computation
while assuming a very limited error [7], [8]. However, the x−y
inhomogeneity problem has not been properly examined to its
full extent, as the previous LC unit cells did not have to face
this variation. Most of the cells in the literature do have an
x−y variation, but assuming that the LC of the whole cavity is
equally polarized results in negligible errors. This is because
the regions where this assumption does not hold do not have a
strong RF relevance, as the RF electric field is confined only
below the metallic elements.

However, in the unit cells proposed in this work, the RF
electric field of both polarizations must be considered, and the
volumes underneath the dipoles will, in general, have different
LC states. Therefore, to consider an accurate LC state in those
regions, a strategy to account for x − y inhomogeneity in

Fig. 5. a) AC electric field in the unit cell region where the bias fields of
the different polarizations interact the most. The E field data is from the
y = 1.2mm cut (where the x bias and y bias metallization are the closest)
and averaged across z. b) Resulting LC blocks for an accurate but efficient
simulation.

an efficient way must be introduced. The proposed solution
consists on splitting the LC region in two sub-volumes, one per
each polarization, and considering two different permittivity
tensors. However, defining the boundary of each volume
requires to look at the AC electric field of the cavity in
different biasing scenarios, especially where the interactions
between the different LC states are greater. The methodology
to determine these two LC sub-volumes is shown in Fig. 5.
The AC electric field of the region of interest, in which a
boundary of the sub-volume must be defined, is shown in
Fig. 5a for several pairs of biasing voltages (cut plane at
y = 1.2mm). For the sake of brevity, only the AC field in
one of the boundaries (red region of Fig. 5b) is shown in
Fig. 5a. Considering such AC electric field, the boundary is
placed where the interaction between both metallizations is
lowest (x = 0.972mm). Similarly, the other region where
the interaction can be strong, is also analyzed, resulting in a
boundary in x = 0.085mm, thus defining the X-polarization
LC sub-volume block. The Y-polarization block is then defined
as the subtraction between the period and the defined block
(X-pol). The resulting LC blocks are shown in Fig. 5b. Once
the two blocks are defined, the averaged E-field is used to
compute the corresponding effective homogeneous tensor. This
enables a fast but accurate simulation of the unit cells in all
the voltage state pairs in periodic environment. The phase-shift
resulting from this partition strategy has been compared with
a finer grained partitioning where only the regions below the
metallic elements are switchable, with very little discrepancy
between both but resulting in a lower computation time.

D. Unit Cell Results

Fig. 6 shows the simulated unit cell reflection coefficient for
different pairs of LC states using the aforementioned model.
The voltage sweep is V = Vx for X-Pol (Vy = 0) and V = Vy

for Y-Pol (Vx = 0). Thanks to the final dimensional fine tuning
in the unit cell design, the maximum cross-polarization level
of the unit cell reflection coefficient (SXY and SY X ) across
all the bias states is -12dB.

The unit cell tolerance to different incidence angles has been
tested (Fig. 7). As expected, due to the small period and high
symmetry of the unit cell, changing the incidence angle has a
very limited effect on the reflection coefficient. In the figure,
the SY Y is shown for Vy = 0V and Vy = 5V (Vx = 0) under
different incidence angles.
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Fig. 6. SXX and SY Y reflection coefficients as a function of the frequency.
a) Amplitude b) Phase.
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Fig. 7. SY Y phase under different incidence angles for two LC biasing states.

III. DUAL POLARIZATION LC ANTENNA DESIGN

With the previously proposed unit cell, an electrically
large reflectarray antenna capable of beam steering in two
orthogonal linear polarizations is designed. The reflectarray
surface contains a quasi-periodic array of 55×55 elements
whose structure can be seen in Fig. 1, and the focal points
for the two polarizations are chosen to be at (xf , yf , zf ) =
(31.3, 0, 136)mm. The unit cells are simulated in a periodic
environment. A simulation is carried out for each of the
different incident angles and pairs of biasing voltages, in
order to obtain the S-parameter matrix in each case. Then,
considering the impinging electric field from the feed, and
the desired S-parameters for a specific radiation pattern, the
reflected field on the aperture is computed in each unit cell.

The gain radiation pattern cuts in the scanning plane can
be observed in Fig. 8. As can be seen, each polarization be-
haves very similarly when pointing towards different directions
between 5º and 40º. The maximum gain is 25dBi and the
corresponding efficiency is of 24%. It must be mentioned that
the scanning region from 5º to negative angles suffers from
blockage of the feeding. However, if the distortion and gain
reduction due to the scattering on these elements are assumed,
the scanning range could be drastically increased. The time
response of the antenna is in the order of the seconds.
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Fig. 8. X-Pol and Y-Pol radiation patterns at 98GHz.

IV. CONCLUSION

A dual-polarization LC-based reconfigurable reflectarray
antenna operating at W-band is proposed in this work. Two
novel unit cells, a single-resonant one and a multi-resonant
one, have been designed such that different LC states can
control independent polarizations within the same cell and
single LC cavity, which represents a considerable complexity
reduction with respect to the state of the art. It has been
shown that the LC can be locally tuned while maintaining
low the coupling between polarizations, which is not evident
in anisotropic materials. A study is carried out to minimize the
impact of introducing the LC bias lines in the cells, after which
the single-resonant cell has been chosen for a complete design.
Together with the proposed cell, an analysis strategy has been
developed to model it accurately. The antenna is capable of
beam-steering over one plane from 5º to 40º, with a maximum
gain of 25dBi and an SLL as low as -9dB. A prototype is
being manufactured and the corresponding measurements will
be presented at the conference.
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