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ABSTRACT The slow response time of planar Liquid Crystal (LC)-based phase-shift metasurface and
Reconfigurable Intelligent Surfaces (RIS) cells is addressed in this paper by introducing a polymer network
LC (PNLC) mixture suitable at mm-wave bands. Since the conventional effective isotropic model used in
optical cells for describing the PNLC is not suitable in RF, an effective anisotropic and uniaxial model for
such mixture is provided and experimentally validated at 100 GHz for the first time. In order to compare the
temporal performance and tunability of the PNLC, transmissive and reflective cells, containing conventional
LC and PNLC, have been manufactured and measured at optical and mm-wave frequencies. The temporal
responses of PNLC are also compared for both RF and optical cells, obtaining relevant differences between
their improvement factors, which are also discussed. Specifically, a 50 fold response time improvement
is attained in cells designed to work at 100 GHz, although at the expense of a 3X tunability reduction.
The model, which is robust to varying angle of incidence and cell dimensions, has been experimentally
validated by designing and manufacturing a PNLC reflectarray cell of a different geometry. The cell shows
reconfigurability times of 210ms, representing a significant improvement with respect to state-of-the-art
response time in mm-wave cells, which are in the order of several seconds.

INDEX TERMS Uniaxial model, metasurface, polymer network liquid crystals, reflectarray, RIS, mm-wave.

I. INTRODUCTION
Electronically reconfigurable metasurfaces are expected to be
within the next trends in wireless communications. In the case
of phase-shifting reflecting surfaces such as reflectarrays or
Reconfigurable Intelligent Surfaces (RIS) [1], [2], [3], [4],
their operating principle is based on dynamically modifying
the spatial phase distribution of an incident electromagnetic
wave, in order to obtain a reflected field that radiates a
desired pattern [5], [6], [7]. This is done dynamically by
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introducing specific phase shifts in the different unit cells that
compose the surface, employing one of many different tech-
nologies [8]. Amongst them, lumped elements such as PIN
diodes or varactors have been intensively used due to their
fast switching capabilities [9], as well as RF MEMS [10] and
graphene conductivity tuning [11]. However, these mecha-
nisms either do not work at higher frequencies at a reasonable
cost or are still quite immature. On contrary, Liquid Crystal
(LC) is a well-developed technology with a large and estab-
lished manufacturing industry, especially in optics. LCs can
be used to provide electronically tunable local phase-shifting
capabilities to each unit cell or pixel of a metasurface by
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varying the pixel electrical permittivity [12], [13]. Applying
a biasing electric field to any given pixel with a LC cavity
makes its anisotropic molecules rotate, which results in a
variation of their macroscopic effective dielectric properties.

The major advantage of LC lies in its low cost and ease
of implementation in electrically large devices. Since all
the pixels share the same LC cavity, the entire surface can
be filled in a single-step process during the manufacturing
stage, as opposed to lumped elements. Besides, the power
consumption of this technology is close to zero, as bias-
ing the pixels requires a certain voltage but there is very
low current flow. Their operating frequency range is wide
(DC to visible), thus allowing for tunable metasurfaces in mm
and sub-mm wave frequencies. Although LC-based resonant
devices at low GHz bands have been implemented, the true
potential of this technology lies in the higher frequencies
(100 GHz and above), contrary to other technologies in
which increasing the frequency worsens their applicability.
However, the thick cavity structures (∼ 100µm) required
in mm-wave devices lead to slow response times of the LC
molecules, currently in the order of seconds [14], [15]. In RF
LC based devices the achievable phase range is limited by the
variation in LC permittivity and electromagnetic resonances
are needed to increase it. This, in turn, adds losses, which
limits the minimum thickness of the LC cavities. In conven-
tional LCs, that is, pure nematic uniaxial LC materials that
have not been mixed or altered, their molecules respond in
micro to milliseconds to an externally applied electric field
excitation, hereby the molecule rise time may be reduced
using overdrive techniques in the bias signals [16], [17].
However, the LC relaxation response, when the excitation
is removed, is governed exclusively by the material elastic
constants and surface anchoring and not by an external driv-
ing force. Consequently, thick LC cavities lead to increased
relaxation times, which becomes the limiting factor in the
device dynamics. To dynamically reconfigure an LC-based
reflecting surface requires updating the bias voltages in all the
cells of the array. Therefore, rapid responses to both voltage
increase (excitation) and decrease (relaxation) are needed as
the global temporal response of the array will be given by the
slowest transition. In RIS, for instance, this can be a problem
for applications requiring fast reconfigurability (e.g. high-
mobility scenarios or tracking [18]).

Different solutions have been proposed to overcome this
limitation, although none of them has been successfully
implemented in mm-wave. For instance, by using dual fre-
quency LCs, the LC molecules can be actively forced to
rotate in both directions depending on the bias frequency,
which allows controlling the relaxation times through the
applied electric field [19]. Alternatively, polymer network LC
(PNLC) mixtures achieve better time response, which is the
focus of this work.

In PNLCs, a conventional LC is doped with a monomer,
which upon polymerization yields a three-dimensional net-
work that anchors the LC molecules in volume [20], [21],
[22]. This network subdivides the entire LC cavity into

domains, and since the anchoring energy of the molecules
is much stronger in these small domains, the relaxation time
is greatly reduced. However, the polymer network leads to a
higher required excitation field and a reduced range of the
effective LC permittivity, which in practice implies a reduc-
tion of the achievable phase range. The unknown properties of
many LCmaterials in the mm-wave regime, together with the
difficulty of obtaining a proper electromagnetic model of the
complex PNLC molecules that allows designing and achiev-
ing reasonable phase ranges, are some of the challenges that
has made this strategy go unconsidered in RF beyond few
GHz, although it is known to work well in optics [23], [24],
[25], [26]. Some works reported its usage in low-frequency
transmission line phase shifters [27], [28], but without pro-
viding an electromagnetic model of the mixture that enables
further design optimization. Although a PNLC model based
on effective scalar permittivities (isotropic model) is used in
optic ranges, it is not suitable in resonant structures, where the
electromagnetic fields are more complex, and a more sophis-
ticated model is needed to include the boundary conditions
imposed by the device. In [17] and [29], an uniaxial model
was demonstrated to be appropriated to accurately describe
both steady and dynamic models, for conventional LC mm-
wave metasurfaces and biasing sequences. However, these
models can not be applied to PNLCs, as their molecules are
not really uniaxial (sometimes could be assumed as biaxial)
and the elastic constants of the new mixture are unknown.
Currently no model of PNLC mixtures allows for predicting
the response of resonant devices, and consequently, an accu-
rate design of a device to meet specifications in mm-wave
bands is not possible.

In this paper, a PNLC mixture which allows for the poly-
merization of the LC polymer dopant and works at 100 GHz
is presented. This mixture has not been introduced before and
is the first of its kind to show operability in mm-wave bands.
Together with the mixture, a PNLC effective permittivity
model for planar phase-shifting metasurfaces is obtained,
enabling the design of devices with relaxation times reduced
orders of magnitude with respect to using a conventional LC.
It is shown for the first time that an uniaxial model can be
used to emulate the complex behaviour of PNLCs in multi-
resonant cells with enough accuracy, only by considering
effective values of dielectric anisotropy. The model should be
obtained from measurements for each PNLCmixture, dopant
concentration, cell geometry and angle of incidence, as it tries
to describe a more complex molecule than the uniaxial. How-
ever, it is shown that once the model is obtained, it is general
enough so that it can be used under different incidence angles,
cell thickness and slight cell geometry variations. The model,
which allows to obtain the static electromagnetic response of
the PNLC cell for extreme excitations, has been validated by
designing andmanufacturing an electronically reconfigurable
reflecting metasurface for phase control (reflectarray cell)
with enough phase range to allow beam scanning. The novel
designed cell provides millisecond-range relaxation times,
improving substantially the response times of state-of-the-art
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FIGURE 1. Sketch of a) transmissive and b) reflective LC cavities in repose state. Both conventional LC and PNLC cavities are shown on left and right, and
the respective LC and PNLC molecular models are shown for the RF case.

LC-based reflectarray cells. The improvement is quantified
at a cell level rather that an antenna level, given that studying
the temporal evolution of the cell S-parameters facilitates the
measurement and provides better accuracy than measuring
the temporal evolution of the radiation pattern of a complete
surface. Once the cell response is known, the radiation pattern
of the whole device is analytic, and its temporal response
matches that of the cell. As an additional contribution, the
differences in the temporal improvement factor of themixture
in optics and RF, together with their cause, are analyzed.

This represents an interdisciplinary work, since it requires
the convergence of two different technologies: the develop-
ment of LC mixtures and the design and analysis of resonant
metasurfaces at mm-wave, whose behaviour is completely
different from optic devices.

II. THEORETICAL BACKGROUND
A. CONVENTIONAL LC
Given the anisotropic and inhomogeneous orientation of rod-
like molecules of conventional LCs in a cavity, an uniaxial
permittivity model is required to describe it. Eq. (1) relates
the tilt angle of the conventional LC molecules with the
macroscopic permittivity tensor.

εr (r, t) = ε⊥I +1εr n̂(r, t)⊗ n̂(r, t), (1)

where I is the 3 × 3 identity matrix, 1εr = ε|| − ε⊥
is the dielectric anisotropy, ε|| and ε⊥ are the parallel and
perpendicular dielectric constants, and n̂(r, t) is the macro-
scopic vector that defines the local orientation of the LC
molecules, which will vary along r when an electric field
is applied. Since in RF the phase shift is created by the
resonances, and εr determines the resonances frequency shift
upon external bias excitation, a larger dielectric anisotropy
facilitates designing structures with larger phase range and
bandwidth. The value of n̂(r, t) for a conventional nematic
LC with uniaxial molecules can be obtained by solving the
Ericksen-Leslie equation [17], [30], which considers the elas-
tic properties of the material and predicts the LC molecule
rotation for a given excitation.

In cavities filledwith conventional LCs (Fig. 1), amolecule
switching plane and pretilt angle θp of the LC director is
defined by placing and rubbing a thin polyimide layer on
the enclosing plates. In thin cells, such as those used in
optic devices, the polyimide provides an anchoring energy
that aligns the molecules under no external excitation [31].
In thick cells, this effect is diluted, resulting in even larger
relaxation times. However, the slow transition times of
LC-based mm-wave reflecting surfaces are rarely analyzed,
as will be seen. In most of the research works and even
in some commercial LC devices (e.g. Kymeta [32]) a slow
second-scale response is assumed [5], [12], which is insuffi-
cient for some applications. The modelling presented in this
section, however, does not apply to PNLC mixtures.

B. POLYMER NETWORK LC (PNLC)
A PNLC consists of a conventional nematic LC doped with a
reactive mesogen (RM), which is polymerized in situ inside
the cavity. In our case, the RM is in itself a LC, which
will align with the conventional LC. Upon polymerization
the RM becomes an aligned polymer, which will act as an
alignment agent in the volume of the LC. If the polymer is
cured while the mixture is in a relaxed state, the polymer
network will promote the relaxed alignment of the conven-
tional LC in the whole volume of the cavity. Consequently
higher bias fields must be applied to switch the cavity (in
the order of 1-10 V/µm depending on the cavity thick-
ness and the dopant content) and a much reduced relaxation
time is achieved. In fact, the response time depends on the
domain size (i.e. the monomer concentration) rather than on
the cavity thickness, and therefore could be advantageous
in larger cavity LC devices (i.e. lower frequencies) whose
temporal response would be degraded using conventional
LCs. A second side effect of the polymerization is that not
only will the polymer itself not switch with the applied field,
but also a significant part of the remaining conventional LC
will be anchored so strongly to the rigid polymer network
that it will not realign with any applied field of a reason-
able magnitude. Therefore, while PNLCs accelerate how fast
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FIGURE 2. Process flow followed in this paper. First, in a mixture pursuit stage, the new PNLC mixture is proposed
and its performance is first measured in optics. If the time response improvement is satisfactory, in the model
pursuit stage the mixture is iteratively modelled from a mm-wave S-parameters measurement and by comparing
it with CST simulations. Finally, if the mixture tunability is enough at mm-wave, the model can be used to design
and manufacture a definitive cell.

n̂(r, t) relaxes, it comeswith a reduction in permittivity tuning
range.

As mentioned above, when compared to pure LCs, whose
elastic constants and other material properties allow for mod-
elling both in statics and dynamics, PNLCs are harder to
model given that the RM material (typically between 1% and
20%) is not switchable once polymerized. Therefore, com-
puting n̂(r, t) is not feasible. As a consequence, some works
tried to approximate the PNLC dynamics by adding an aux-
iliary term to the Ericksen-Leslie equation using an effective
electric field for the relaxation stage [33], valid only for small
excitations and reorientation angles. Alternatively, its static
behaviour could be modelled by using a range of effective
scalar permittivities, εeff ,max and εeff ,min (1εeff = εeff ,max −
εeff ,min), which yields reasonable results in phase-shifting
optic devices under the isotropic assumption. However, in the
case of RF metasurfaces with resonators, and given the com-
plexity of the electric fields induced by these, the anisotropy
has considerable effects on the resulting phase [34] and the
effective permittivity model must include it to properly gen-
eralize. Therefore, to design a structure requires obtaining
n̂(r, t) frommeasurement data, at least for some steady states.
In this paper the dielectric permittivity (which intrinsically
includes n̂(r, t)) will be modelled using an uniaxial effec-
tive anisotropic model deduced from measurements at the
relaxed (V = 0) and maximum (V = Vsat ) excitation
states. Since both steady states are homogeneous for conven-
tional LCs, the effective permittivity will be also assumed
to be homogeneous for both in the PNLC model. It will
be shown that, although the complete LC elastic model can
not be used in PNLCs, the proposed model is capable of
capturing the static behaviour of the mixture if effective val-
ues are considered, which enables designing different struc-
tures. The details of the model derivation are explained in
Section III.

III. CHARACTERIZATION OF MM-WAVE PNLC CELLS
In this section, the PNLC is characterized from an electro-
magnetic point of view at mm-wave frequencies, obtaining
effective permittivity values that can later be used in a design
procedure using this specific mixture. The model will be
derived frommeasurements of experimental cells in RF. To do
so, a monomer (RMM34C provided by Merck [35]) 20 wt%
will be mixed with a LC host that allows polymerization (not
all LCs can be mixed) and that provides dielectric anisotropy
at mm-wave bands (MDA-98-1602 by Merck). Likewise, the
improvement in terms of cell dynamics will be evaluated by
comparing the transition times of the PNLC mixture and the
conventional LC, both in optics and RF. The complete process
of obtaining a validmixture, its modelling atmm-wave bands,
and using it to design new structures is detailed in Fig. 2.

A. OPTICAL CELLS: MDA (CELL 1), MDA+PN (CELL 2)
To compare the improvement of response times in mm-
wave and optics for the same mixtures, firstly both doped
PNLC and undoped LC sample cells have been manufactured
and measured in optical frequencies. This allows a quick
check of the mixture capabilities to improve the temporal
response of the LC molecules, and will allow a compari-
son between the optical and mm-wave cells. Given that the
time reduction comes from a faster mechanical response of
the LC molecules, an improvement measured in the optical
regime will translate into an improvement in RF as well.
However, as will be seen, the improvement will not be the
same due to the different convergence of the magnitudes
being measured (optical intensity and RF phase), and other
fabrication matters. In PNLCs, relaxation times reduce as the
monomer concentration increases. Here, a 20% concentration
was chosen considering the trade-off between time response
reduction versus tunability and the saturation bias voltage
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FIGURE 3. a) Schematic of the optical setup b) Picture of the setup. The inset shows the manufactured MDA and PNLC transmissive cells.

FIGURE 4. Measured excitation transition of MDA transmissive cell 1.

(Vsat ) [36]. The transmissive sample cells consist in a 75µm
thick LC cavity sandwiched between two glass plates with an
inner indium tin oxide (ITO) conductive coating, transparent
at optical frequencies with a 100nm rubbed polyimide. The
cavity edges are sealed using UV-curing adhesive (NOA 81).
This cell lacks resonators since in optical frequencies the
simple transmission allows for the detection of the phase
shift (several 360◦ cycles). In the doped case, the cells are
filled with the mixture and subsequently UV-cured to create
the anchoring networks. This can be seen in the cells of
Fig. 3b, where the PNLC sample is visibly opaquer than
the undoped sample. It is worth mentioning that the added
manufacturing step of obtaining PNLC from conventional LC
does not prevent the mass production of it, since it consists on
a simple material mixing process.

After both the pure MDA and the PNLC cells are fab-
ricated, their behavior is measured in the optical setup of
Fig. 3. The cells are placed between a 632nm (474.7 THz)
laser source and a photodetector, whose output VPD(t) is
proportional to the incident radiant power and is captured
using an oscilloscope.

To record the OFF-ON transition, a square 150V 1kHz
excitation signal VAC (t) is applied to the cell, and for
the ON-OFF transition the excitation is dropped to 0V.
Fig. 4 and 5 respectively show the measured ON and OFF
transitions of the undoped cell 1 (MDA). Both the LC bias-
ing voltage VAC (t) and the photodetector output VPD(t) are
shown. Fig. 6 shows the measured transition of the doped
cell 2 (MDA+PN). As can be observed, the excitation tran-
sitions are equally fast in both cases (<20ms from 10% to

FIGURE 5. Measured relaxation transition of MDA transmissive cell 1.

FIGURE 6. Measured temporal transitions of PNLC transmissive cell 2.

90%), but the relaxation times are greatly improved in the
PNLC cells, as they took 11ms to relax as compared to
32s in the MDA case (90%-10% in number of 2π optical
oscillations). Note that the 150V applied in this case, which is
a large voltage, is necessary for characterization (LC director
at 90◦), but during a normal operation most of the molecules
will be at intermediate states and therefore lower voltages are
expected. Moreover, this voltage could be reduced by using a
host LC that shows higher anisotropy and lower viscosity [2].
Additionally, depending on the application, a lower polymer
concentration can be used, which reduces Vsat .

B. MM-WAVE CELLS: MDA (CELL 3), MDA+PN (CELL 4)
Exploiting that MDA is dielectrically anisotropic in
mm-wave bands, a characterization is performed to study
the dielectric tunability and losses. Consequently, undoped
(Cell 3) and doped (Cell 4) mm-wave sample cells are
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manufactured and measured to characterize the electromag-
netic properties of the materials and to measure its temporal
response. In this case, the mm-wave cells with resonators are
reflective since it facilitates the measurement with a vector
network analyzer (VNA).

1) MODEL DERIVATION
From Eq. (1), the permittivity matrices in both extreme states
are:

εr,OFF =

εα 0 0
0 εβ 0
0 0 εα

 ; εr,ON =
εα 0 0

0 εα 0
0 0 εβ


(2)

In Cell 3, which contains conventional LC, the parameter
extraction process provides the conventional values of εβ =
ε|| and εα = ε⊥. In PNLCs (Cell 4) these will be effective
values, given that they actually do not adapt uniaxial struc-
ture (see Fig. 1), as aforementioned. The model consists on
deriving these values from the S-parameter measurements of
the cells. To do so, an iterative simulation process is followed
tomatch the simulated response, with test εα , εβ values, to the
measurements in the entire band.

It is also important to note that these effective εα , εβ
differ from effective scalar permittivities εeff ,max , εeff ,min
of the isotropic model used for PNLC in optical devices.
Note also that given that for Cell 3 (undoped) both ε|| and
ε⊥ are known for the conventional MDA, together with its
elastic constants and viscosity, the phase-voltages curves and
the dynamics can be computed solving the Ericksen-Leslie
equation and Eq. (1). However, the effective εα and εβ of
Cell 4 (doped) do not provide the same capability for PNLCs,
as the elastic constants and viscosity of the new mixture
can not be properly defined. Thus, the effective permittivity
matrices obtained through the PNLC model are specific for
the static extreme states, and therefore, a complete phase-
voltage and dynamic characterization of the PNLC would
require a measurement for each bias of interest. However, the
model is general enough to enable accurate designs of any
similar planar structure, cavity thickness and incidence angle
suitable for phase manipulation of mm-waves, as will be seen
in the following section.

The manufacturing details of Cells 3 and 4 are as follows.
In this mm-wave case, gold resonators are grown on the inside
of the superstrate using photolithography, which divides the
structure in periodical unit cells, as showed in Fig. 7. The
manufactured devices consist of a 75µm thick LC cavity
sandwiched between a top 1.25 mm thick quartz superstrate
and a bottom ground plane made of 1µm thick gold. Both
the top and bottom substrates are treated with polyimide
alignment layers like in the transmissive cells. The resonators
increase the achievable phase range of the surface by adding
resonances to the reflecting coefficient [5], [37]. Since the
presence of a uniform ITO layer in the superstrate of reflec-
tive cells would incur losses, the gold resonators will also be

FIGURE 7. Unit cell structure of the reflective manufactured surfaces.

TABLE 1. Dimensions (mm) of the manufactured sample reflective cells
3&4 and PNLC reflectarray cell 5.

used as electrodes to bias the LC instead of using ITO. From
this structure, two identical dummy cells are manufactured,
one containing MDA (Cell 3) and another containing the
MDA+PN mixture (Cell 4). The sample dimensions of these
cells can be found in Table 1. Fig. 8 shows a picture of the
manufactured Cell 3.

The S11 parameter of both manufactured cells has been
measured in periodical environment with the same VAC (t) by
means of a quasi-optical free space measurement setup and
a VNA connected to a pair of horn antennas. To obtain a
macroscopic S11 measurement of the unit cell, all the unit
cells are short-circuited and connected to VAC (t). The S11
has been used to derive the values of the permittivity matrix
using an iterative process that compares the measured and
modelled S11 parameters, as shown in Fig. 2. That is, in order
to obtain the effective dielectric permittivity components for
any given bias, as well as the losses of both the MDA and
PNLC materials, a fitting procedure from a full-wave elec-
tromagnetic simulation (CST Studio [38]) to the measured
reflection coefficient is performed along the entire frequency
band. In the simulation, the complex dielectric permittivity
components of the uniaxial model are carefully adjusted in
each iteration. The classical infinite array (unit cell and local
periodicity) approach is used to analyze the structure, thus
considering the coupling and all the neighbouring effects of
the cells [39]. As previously mentioned, layer homogeneity
is considered by averaging the local director angle across z,
which significantly reduces the computational cost and has
relatively low effects in accuracy [40]. This is particularly
precise in the extreme biasing states of conventional LCs,
where the angle of the director is either 0◦ or 90◦ across
almost the entire cell.

VOLUME 10, 2022 127933



R. Guirado et al.: mm-Wave Metasurface Unit Cells Achieving Millisecond Response Through PNLCs

FIGURE 8. Photo of the manufactured reflective Cell 3 (a) and final
PNLC-based reflectarray Cell 5 (b).

FIGURE 9. Measured S11 amplitude of MDA (top) and PNLC (bottom)
cells 3 and 4 as a function of frequency for a permittivity matrix
characterization, from which the data of Table 2 is obtained. The
reconstructed (simulated) S11 amplitude according to this extracted data
(iterative process solution) is also shown. Extreme states in permanent
regime are shown, with 150V (ON) and 0V (OFF) VAC amplitudes, for a 45◦
incidence angle.

2) CHARACTERIZATION RESULTS AND TEMPORAL
EVALUATION
The characterization results of both MDA (Cell 3) and
MDA+PN (Cell 4) mixtures, obtained after the model deriva-
tion of the previous subsection, are shown in Table 2. To show
that the obtained results are correct, Fig. 9 shows the mea-
sured and the simulated amplitude of the reflection coefficient
(S11) for both cells after sufficient time has passed (stationary
regime), for null and high amplitudes of VAC (OFF and ON
states), and at an incidence angle of 45◦. The simulation
results have been obtained using the matrices of Eq. (2), con-
sidering the derived parameters reported in Table 2. As can be
seen, the simulation matches the measurements of Cells 3 and
4. For the PNLCs, a 3X reduction in the dielectric tunability
(1ε = ε||−ε⊥ = 0.59 in MDA and1ε = 0.19 in PNLC) and
increased cell losses (around −3dB in measurement data) as
expected is observed.

The temporal transitions of both MDA and PNLC struc-
tures are also recorded in the quasi-optical bench, by exter-
nally triggering VNA captures in sync with the LC driving
transitions. The measurement is performed at 97GHz, where

FIGURE 10. Measured MDA and PNLC excitation (left) and relaxation
(right) S11 phase transitions in reflective cell samples at 97GHz.

TABLE 2. LC parameters and Characterization results at 100 GHz.

the phase range ismaximum, and at an incidence angle of 45◦.
In this case, the S11 phase is measured, instead of amplitude,
since it is a more appropriate magnitude to measure temporal
responses. As shown in Fig. 10, the excitation transition is
relatively quick in both MDA and PNLC cases (<40ms),
while the 90%-10% relaxation time is reduced by a factor 50X
in the PNLC sample, from 42s to 800ms. The phase ranges are
not directly comparable since the device was not optimized
for the permittivities of the MDA nor the PNLC. Conse-
quently, very small phase shifts are seen and each device has a
completely different resonant behaviour. However, it can be
appreciated how the PNLC is much faster in the relaxation
transition while their behaviour is identical in the excitation
stage. The improvement in response time is, as expected,
significant when the LC is doped with polymer.

Table 3 shows the performance of all the manufactured
and tested cells in terms of decay times. It can be noted
that the Cells 1 and 3, which contain conventional MDA and
are designed for optics and RF respectively, exhibit different
decay times although both have the same thickness. This
can be attributed to different sources: (1) The manufacturing
tolerances of ±2µm for the LC thickness, which only relates
to a time variation of a 5%. (2) The different magnitude
being measured, i.e. optical intensity and S11 phase, whose
convergence can not be directly compared even if the LC
molecular structure is the same. In other words, the 90%
convergence of one magnitude can be achieved earlier than
the other for the same LC state. Although this effect can
be extended to PNLCs, the discrepancy in response time for
the polymer doped LCs in the optical and RF configurations
(Cells 2 and 4), as seen in Table 3, can be almost entirely
assigned assigned to (3) the different irradiation conditions
in the UV curation process. Since the top electrode of the res-
onant RF cells contains metallic dipoles, the volume under-
neath them was not completely polymerized, as opposed to
the transmissive optical cells whose mixture is completely
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FIGURE 11. Reflection coefficient amplitude (top) and phase (bottom) of
the PNLC-based reflectarray cell 5.

FIGURE 12. Measured excitation (left) and relaxation (right) S11 phase
transitions of the designed PNLC cell at 99GHz.

polymerized throughout the whole volume. This makes some
LC molecules of the PNLC RF cells to rotate slower than
those of the cells that do not include metallic resonators. Nev-
ertheless, the relaxation time was still very much improved
with respect to the conventional LC case. Therefore, the
50X factor might be enhanced by intensifying the irradiation
conditions, or by a careful design of the resonators in such
a way that they cover a small superstrate area while still
fulfilling their RF purpose.

Table 2 includes the results of two additional cells, man-
ufactured to evaluate the performance of the polymer net-
work mixed with another LC typically used in microwaves
(GT3-23001 by Merck). However, the dopant was not poly-
merizable in the presence of GT3, which is is likely to be
caused by radical scavengers in the GT3 mixture, or due to
UV-induced decomposition of one or several components of
GT3, inhibiting the polymerization.

IV. PNLC-BASED REFLECTARRAY DESIGN
In order to validate the model and characterization of the
dielectric permittivity of section III, a reflective PNLC cell
(Cell 5) was designed, manufactured and tested using the data
of Table 2. In this case, the cell (reflectarray cell) is designed
targeting a fast device exhibiting a phase range of at least
180◦, to show its applicability. This cell was manufactured
and tested using the same process as in Section III-B2. Fig. 8b
shows a picture of the manufactured surface, whose dimen-
sions can be found in Table 1.

TABLE 3. Measured temporal performance of LC and PNLC cells.

The amplitude and phase of the reflection coefficient of
the manufactured reflectarray, shown in Fig. 11, has been
measured at an incidence angle of 30◦. This angle was delib-
erately changed from the one used during the parameter
derivation (45◦) to validate the generality of the permittivity
model. As can be seen, the effective uniaxial model allows
the prediction of the cell behavior even in a different structure
and incident angle, showing geometry-independence. Given
the limited dielectric tuning of the PNLC, the phase range is
reduced but still sufficient to achieve the desired 180◦ in three
different bands (around 94 GHz, 98.5 GHz and 106 GHz),
being the 97.1 GHz-100.3 GHz the most prominent one as
shown in Fig. 11. This phase range allows for a 1-bit quanti-
zation reflectarray design. In terms of antenna performance,
this compromises the gain and sidelobe level when compared
to a 360◦ cell [46] but still continuous scanning. Fig. 12
shows the temporal response of the reflectarray, measured
at the frequency of greatest phase range following the same
procedure as in Section III-B2. The 180◦ 10%-90% ON tran-
sition takes 12ms while the 90%-10% OFF transition takes
210ms, representing the fastest achieved relaxation transition
in a thick mm-wave LC-based reflectarray with enough phase
range, to the best of the authors knowledge. Table 4 compares
this work to previous LC reflectarray works. To facilitate a
fair comparison in terms of electromagnetic performance and
temporal response, the simulated results of the Cell 5 contain-
ing pure MDA have also been included, given the accuracy
presented by its model.

To obtain a cell exhibiting larger phase range with such a
reduced dielectric tunability, imposed by the PNLC, would
require a reduction of the cavity thickness of the structure
leading to loss increase and poor coupling [47]. A poten-
tial alternative is doping new LC materials whose dielec-
tric anisotropy 1ε is large at mm-wave frequencies, so that
whenmixedwith the polymer the effective tunable anisotropy
1εeff results sufficient to achieve 360◦. One potential candi-
date is the LC GT7-29001, that in preliminary experiments
shows to be compatible with polymerization. The reduction
in temporal response could be further improved increasing
the polymer network concentration within the mixture, at the
expense of lower effective dielectric tuning range and an
increase of the required driving voltage. Moreover, the use
of new LC generations capable of polymerizing, showing
greater dielectric anisotropy in mm-wave bands, and with a
reduced saturation voltage, could pave the way to tenths of
millisecond relaxation times while using bias excitations of
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TABLE 4. Comparison of different LC reflectarray cell works.

few volts at the same thickness ranges. In regards to the cir-
cuitry required to scan the beam, the physical manufactured
structure is identical to the one implemented here. However,
the external driving circuitry to implement the three classical
strategies that allow biasing each unit cell independently
(direct, passive and active addressing), reported in the state
of the art [30], will require the handling of high-voltages due
to the PNLC.

V. CONCLUSION
A fast PNLC mixture for mm-wave phase-shift metasurfaces
has been presented and evaluated. The mixture has been
modelled based on the two extreme biasing states by using
an uniaxial effective permittivity model, obtained experimen-
tally, facilitating the design of fast LC-based structures. The
model is accurate and general enough to exhibit robustness
to varying angle of incidence and cell dimensions, contrary
to the isotropic effective model commonly used in optical
phase-shift PNLC cells. Compared to a conventional LC,
the dielectric tunability is reduced by more than a factor
of two while the saturation voltage increases. The mixture
presented in this work (MDA+PN), relaxed 50 times faster
than the pure MDA in RF cells. Given the reduced irradiation
conditions during the PNLC curation process in RF cells due
to the metallic resonators, this improvement factor is smaller
than in optical cells. A relaxation time of 210ms is achieved in
a 45µm-thick cell that operates atW-bandwhen 150V biasing
voltage is employed, although better results can be expected
under thinner cells, i.e. higher frequency metasurfaces. Alter-
natively, improved PNLC curation conditions could further
reduce these results, which requires the development of novel
manufacturing strategies with respect to the traditional PNLC
methods.
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