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In this paper, we present a device, designed to be used in a space payload, capable of correcting any
arbitrary polarization state. The device consists of a set of three liquid-crystal variable-retarder (LCVR)
cells, in which by selecting the appropriate values of the voltage to be applied in each of them, it can correct
the undesirable effects. In particular, the degradation effects of the polarization states, such as ellipticity
and rotation with respect to the reference system, are compensated. Among many other potential appli-
cations, this device has been conceived to be used in quantum-key-distribution (QKD) intersatellite link
or satellite-ground polarization-coding protocols as a polarization-correction device (PCD). To demon-
strate that these effects are corrected, we have carried out an experiment in which we have tested how the
BB84 protocol states are compensated after being strongly perturbed, achieving polarization extinction
ratio (PER) values around 39 dB. Our solution offers the advantage of being small and mechanism free,
being the ideal solution to be implemented in small satellites. These satellites are the core to be used in
future constellations required for a global quantum communications network.

DOI: 10.1103/8plr-m6n8

I. INTRODUCTION

Liquid-crystal variable retarders (LCVRs) have been
extensively used as light-polarization modulators for
ground-based polarimetric applications. Our group is a
pioneer in the development of these LCVRs for space
applications, implementing this technology for European
Space Agency (ESA) and NASA missions, such as the
Solar Orbiter mission [1,2] or SUNRISE I-III [3-5]. In
order to be used in these missions, we have qualified the
LCVRs for space [6], obtaining, as relevant values, an
ionizing-radiation tolerance of 100 krad, a vacuum envi-
ronment of < 10~ mbar, and a survival temperature range
of [-40°C, +90°C], and tested to withstand mechanical
loads at launch. As a result of this development and their
performance in space missions, our LCVRs have achieved
a technological-readiness level (TRL) of 9, the TRL being
scale used to measure the progress or maturity level of a
technology [7].
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The major potential that these LCVRs have in space is
that they avoid the traditional rotatory polarizing optics
and mechanisms, therefore reducing mass, volume, and
power consumption. For an instrument on board a space-
craft, where resources are very limited and the risk of
mechanical failure must be minimized, these are signifi-
cant advantages. Besides, a device using electronic con-
trols will always be faster than a mechanical one, which
is essential in polarization-control operations. In addition,
the device is proposed as ideal for use in small satellites
where classical rotary mechanisms would be impossible
to implement [8,9]. This opens up a huge potential for
using constellations of small satellites, which are essen-
tial for a future global quantum communications network
[10,11].

The potential applications in which liquid crystals can
be used go beyond polarimetry, with uses for in situ mag-
netometers [12], quantum sensors in applications such as
atom interferometry [13] and atomic clocks [14,15], and
quantum communications [16,17]. Based on this exten-
sive experience, a device that relies on this technol-
ogy is proposed to be employed in quantum satellite
communications. Specifically, in this paper we will be
discussing how this device could be used in quantum-
key-distribution (QKD) protocols based on polarization
coding such as MICIUS [18,19]. In polarization-coding

Published by the American Physical Society


https://orcid.org/0009-0000-2911-8625
https://orcid.org/0000-0002-1382-6800
https://orcid.org/0000-0003-0084-4812
https://orcid.org/0000-0003-0005-3033
https://orcid.org/0000-0001-9228-3412
https://ror.org/02m44ak47
https://ror.org/03cmntr54
https://crossmark.crossref.org/dialog/?doi=10.1103/8plr-m6n8&domain=pdf&date_stamp=2025-06-30
http://dx.doi.org/10.1103/8plr-m6n8
https://creativecommons.org/licenses/by/4.0/

A. JIMENEZ-GIRELA et al.

PHYS. REV. APPLIED 23, 064070 (2025)

protocols, free-space and satellite quantum communica-
tions use photon polarization to carry the quantum states,
in which the sender and receiver must share a common ref-
erence basis with respect to the polarization to obtain the
secret key.

We realize that other polarization-control devices with-
out moving components are available. One of the most
important types are photoelastic modulators such as the
one described in Ref. [20], developed by NASA. These
devices are a competitor to those based on liquid crystals
mainly due to their high modulation speeds [21]. The main
problem with these devices is the high voltages that they
require, in the order of hundred of volts, compared to the
low voltages needed in liquid crystals which are below
14 V. This fact, coupled with a more complex calibra-
tion, makes them disadvantageous for inclusion in small
satellites. The same disadvantages are present in other
instruments based on Pockels and Kerr cells.

Unlike free-space ground-based quantum communica-
tions, where real-time polarization-base compensation is
not necessary in most cases, in satellite quantum com-
munications it is highly important, since the polarization
base is dynamically changing due to the constant move-
ment of the satellites in order to maintain the link [22].
Consequently, this will produce deflection and change the
reference frame of the responding terminal, calling to this
basis deviation [23]. In addition, both the optical elements
of the system and atmospheric perturbations will inevitably
deteriorate the polarization state of the quantum system,
leading to an ellipticity in the polarization states that will
decrease the polarization extinction ratio (PER).

Both effects, ellipticity and basis deviation, will lead to
an increase in the quantum bit error rate (QBER) [24],
making the channel more insecure and even inefficient for
generating secure keys. This QBER is closely related to the
PER and the basis deviation [22] as

1 PER -1 ,
+ sin” 6, (D)
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QBER =

where 6 is the basis deviation measured in degrees. It is
easy to see how the higher the PER is, the lower is the
QBER. Therefore, a thorough study of how the PER of
the system is reduced and how to avoid such a decrease
becomes crucial.

The experimental results of the PER are usually
expressed in decibels (dB). However, in order to use this
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value in Eq. (1), one should first convert the PER from a
logarithmic to a linear scale. The relationship between the
PER in decibels (PERyg) and the linear PER (PERjpe,,) 1S
given by

PER4p

PERjjnear = 10710, (2)

Although the use of liquid-crystal cells for polarization
compensation has been performed in other studies [25],
both the study with space-qualified cells and a study of
the degree of polarization quantified by the PER is omitted
in most works. To this end, in this paper, the perfor-
mance of a polarization-correction device (PCD) based on
space-qualified LCVRs is presented. In Sec. I, a theo-
retical explanation of the behavior of the PCD and how
to calculate the retardance to achieve the optimal cor-
rection is provided. In Sec. III, the experimental setup
will be explained. In Sec. IV, the experimental results of
the PCD will be presented. Finally, in Sec. V, conclu-
sions and possible applications of this device in the field
of quantum communications in satellite systems will be
presented.

II. THEORY

As mentioned in the previous section, the PCD is a
device based on LCVRs capable of correcting both ellip-
ticity and basis deviation in polarization states. The device
is initially intended to be placed on Bob and correct
these polarization states [26]. In addition, as a small mod-
ule, it would also be ideal to increase the PER of the
quantum states in small or portable optical ground sta-
tions. It is important to note that not all configurations
of these LCVRs are capable of correcting any effect in
a generic polarization state, but only specific configura-
tions. A configuration that allows us to transform any input
polarization state into any output polarization state [27],
and is therefore able to correct all possible polariza-
tion errors, consists of a combination of three LCVR
cells at the azimuthal positions of 6; = 0°, 6, = 45°, and
03 = 0° (see Fig. 1) with respect to the horizontal plane
and has been chosen because of the easier experimental
setting.

To obtain the Mueller matrix of the system, the proce-
dure described in Ref. [28] has been followed, obtaining
for our case

0
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LCVR3

LCVR1

FIG. 1. The PCD architecture.

where §1, 85, and 83 are the retardances introduced by each
LCVR.

Following the same formalism, it is simple to observe
how this matrix corresponding to the PCD system must be
the same as the inverse matrix representing the perturba-
tion to be compensated, which is called Mperturbed:

Mpcp(81,82,83) = Moghweas )

where Mp_erlturbed is the inverse matrix of the perturbation

that has changed the polarization of the photon when it has
passed through it. By solving this equation using numerical
methods, we can obtain the set values (61, §,, and 33) that
correct the whole perturbation.
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FIG. 2. The retardance-voltage curves of LCVRI used in
the experimental PCD. Similar curves have been obtained for
LCVR2 and LCVR3.

Once the retardances to be included in each LCVR
are known, it will be necessary to characterize them by
obtaining their retardance-voltage relation in order to know
which voltages need to be applied. The retardances of the
LCVRs have been measured at 632.8-nm wavelength with
a variable-angle spectroscopic ellipsometry (VASE) from
J. A. Woollam. The characteristic curve can be seen in
Fig. 2 (similar curves have been obtained for LCVR2 and
LCVR3). The different voltages are shown on the X axis,
while the retardances obtained by each voltage are shown
on the Y axis.

III. EXPERIMENTAL SETUP

To validate the device, an experiment has been per-
formed in which known initial polarization states have
been perturbed and subsequently corrected. For this pur-
pose, the experimental setup shown in Fig. 3, where the
different optical elements are specified, has been used.

It is important to note that although, as mentioned above,
real-time polarization-basis compensation is required, it is
not necessary to do this for every polarization state emit-
ted at the laser frequency. Considering that this device is
initially conceived for a mission in which Bob is on a
satellite in low Earth orbit, in the commissioning phase
of the pass, the device is adjusted to the corresponding
correction after an acquisition process of the received per-
turbed states of polarization. Then, the variations of the
perturbation will be smooth—no very large changes will
be necessary to correct the polarization—throughout the
pass and of the order of tens of seconds, so the response
times of our device, about tens of milliseconds [29], would
not be a problem, as they would be 4 orders of magnitude
lower. Therefore, the experimental results shown will take
a static perturbation into account.

To generate the initial states (see Table I), a He-Ne
laser at 632.8 nm has been used in combination with the
polarization-eigenstates generator, the Meadowlark optics
calibration set. This wavelength has been used because it
was characterized in the experimental setup, but the device
would work for any other wavelength—in particular, those
used for quantum communications (808 nm, 850 nm, 1550
nm, etc.). This is because the wavelength change is not crit-
ical, as it would simply require optimization of the cells at
that wavelength, i.e., that their antireflection coatings and
thickness should have, at the very least, a 360° retardance
curve.

Although the device can be used for any protocol that
encodes information in polarization states, either prepare
and measure or entanglement based, the initial states gen-
erated are of the BB84 protocol [30] with a PER between
45.8 and 46.8 dB. To perform the perturbation, a quarter-
wave plate has been used, with its fast axis placed in
an arbitrary position, being for this experiment 17° with
respect to the horizontal axis chosen for the optical system.

064070-3
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TABLEI. The Stokes parameters measured for the initial input
states.
Initial state So S S S3
H 1.000 1.000 0.000 0.000
v 1.000 —1.000 0.000 0.000
D 1.000 0.000 1.000 0.000
A 1.000 0.000 —1.000 0.000

A polarization-state analyzer (PSA) from Meadowlark
optics (model D3000 controller) has been used to measure
the Stokes parameters and the basis deviation. It is impor-
tant to note that the precision with which these Stokes
parameters are measured is £0.001, so this is the maxi-
mum precision of the PSA. The PSA has been subjected to
temperature control at 40 °C. This instrument would also
be used to measure the PER. However, it is not possible to
measure a value higher than 30 dB. To avoid this limiting
our PER results, the Newport model 2936-C power meter
has been used in conjunction with a high-contrast Glan-
Thompson linear polarizer (shown in position 6 of Fig. 3
when the measure is performed), with contrast 1:100 000
(50 dB), to measure both the maximum and minimum
intensity of each of the states and calculate the PER using

Tnax
PERgs = 101log,, (Ima ) . (5)

min
Note that these intensities have been measured in the
major (Imax) and minor (/ny,) axes of the polarization
ellipse, not using the standard horizontal-vertical (H-V)
basis. This method has been used to compute the PER
because it was measured with the power meter and not with

e

FIG. 3.

the PSA that could have the H-V basis defined. Both meth-
ods of measuring the PER are equivalent, as shown in Ref.
[24], in order to calculate the QBER.

The PCD, with its controller, is positioned to correct
the perturbation generated by the quarter-wave plate. As
mentioned previously, this PCD consists of three space-
qualified LCVRs, each with a 30-mm clear aperture,
response times of about tens of milliseconds, and an over-
all transmittance of approximately 89%. The three are
housed in a mount (see Fig. 4) that provides active tem-
perature control to keep them at 40 °C. This temperature
has been selected because keeping the liquid crystal cells
above room temperature enhances the internal dynamics
of the liquid crystals and, therefore, provides the response
times previously mentioned. We have also ensured, as
shown in Fig. 2, that we have more than the required 360°
of retardation.

The steps followed for the experiment are described as
follows. First, the experimental matrix of the system that
has perturbed the initial states has been obtained by mea-
suring the output Stokes vectors using six known states,
the four linear states of the BB84 protocol as well as the
two circular ones:

1.000 0.000 —0.001 —0.013
v | —0.003 0.656 0.532 —0.513
perrbed =\ 0 001 0.455 0271  0.855

—0.006 0.577 —0.812 —0.070

(6)

Following this, the Stokes and PER parameters of the
perturbed states (see Table II) have been measured. The
PCD has then been placed in position and the retardances

The experimental setup: (1) He-Ne laser (632.8 nm), (2) quarter-wave plate, (3) polarized-state generator, (4) quarter-

wave plate rotated by 17° with respect to the horizontal axis of the optical system, (5) PCD, (6) Glan-Thompson polarizer (7) PSA,

(8) Newport power meter (model 2936-C), and (9) PCD controller.

064070-4
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FIG. 4. The PCD mount that provides active temperature
control.

of each cell have been determined using the process
mentioned in Sec. Il to obtain Mp;imrbed. Once the calcu-
lated retardance for each LCVR has been set, the Stokes
parameters and the PER of the corrected states have been
measured. These values will be referred to as nominal val-
ues. Finally, following an improved version of the method
described in Ref. [31], the new voltages of the LCVRs
have been calculated to improve the results and fixed in
each of them. This improvement comes from compensat-
ing deviations from an ideal system, the matrix shown
in Eq. (3), and of the PCD itself, as well as the azimuth
accuracy and nonideal effects of the LCVRs. Then, the
measurements of the corrected states have been performed
after applying the fine tuning to the nominal values, thus
obtaining the final values of the Stokes parameters, the
basis deviation, and the PER.

IV. RESULTS

The numerical results are presented in Table II, where
the experimental errors of these values are £0.001 for the
Stokes parameters and +0.01 for the PER and basis devi-
ation. The values of the Stokes parameters are normalized
to Sp. We have chosen to present the results of perturba-
tions that provided sufficient degradation in the PER. To
illustrate these results, the values are represented in Fig. 5.

Looking at Table II, it is straightforward to see how the
quarter-wave plate used to perturb the initial states reduces
the PER by a factor of 7.9 in the worst cases (diagonal-
antidiagonal, D-A) and by a factor of 4.6 in the best cases
(H-V). After the correction introduced by the PCD and
the application of fine tuning, PER values of more than

—
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S

) (b)

states:

TABLE II. The Stokes parameters, PER, and basis deviation of (e) (f)
the BB84 states at each experimental step.
Basis ' I
deviation
S1 ) S3 (degrees) PER (dB)
Perturbed
H 0.653 0458 0.577 17.52 10.01
v —0.665 —0.459 —0.582 17.22 9.86
D 0.536 0.272 —0.808 13.47 5.84 (2) (h)
A —0.522 —0.267 0.807 13.57 5.69
Corr}elcted 1011 —0.017  0.003 0.49 3911 FIG. 5. The polarization ellipses of the BBS84
v _1'007 :0'003 0.008 0'11 39'07 (a),(c),(e),(g) representations of the perturbed states (H, V, D,
D _0'01 5 1'01 0 0'002 0' 44 37'75 and A, respectively); (b),(d),(f),(h) represen_tat_ions of the cor-
A 0: 011 — 0:983 0: 003 0:32 3 9: 17 rected states. The red color represents left-elliptical polarization,

blue right-elliptical polarization, and purple linear polarization.
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39 dB are achieved. It is important to note that although
our test is performed in a simple way, we are introduc-
ing a strong perturbation. This strong perturbation, which
is not expected in a real system, includes the representa-
tive contributions to the possible perturbations caused by a
complete optical system.

It is important to remember that, as detailed in the pre-
vious section, both the Stokes-parameter values and the
basis deviation have been obtained using the PSA, while
the PER values have been obtained by measuring the
intensities using the power meter.

Likewise, looking at the basis deviation, it can be seen
how the perturbing system deviates the states up to a max-
imum of 17.5°, being subsequently completely corrected
except for a marginal rotation by a maximum of 0.5° for
the H state.

With these values of the PER and the basis deviation
achieved in the corrected states, the QBER introduced by
polarization is, using Eq. (1), only 0.02%. Therefore, the
security bound of the BB84 protocol can be fulfilled [32].
These results show that since the polarization is almost
completely corrected, it will not affect the QBER. There-
fore, a wide margin is still available for other QBER
contributions.

V. CONCLUSIONS

In conclusion, we have proposed a space-validated
device based on liquid crystals that can be used in appli-
cations that require polarization control and correction. In
particular, we have evaluated this device experimentally
for use as a polarization corrector in space QKD systems
based on polarization-coding protocols such as BB84 or
BBMO92. Furthermore, considering that the contribution to
the QBER generated by the polarization error after correct-
ing it using the PCD is less than 0.02%, it is concluded that
the contribution to the QBER at a practical level is negligi-
ble, thus suggesting that the device should be ideal for use
in these protocols.

As future research, the implementation of a closed-loop
optimization algorithm focused on the search for voltages
for the correction and tracking of polarization states in
flight is proposed.

DATA AVAILABILITY

The data that support the findings of this paper are
openly available [33]; embargo periods may apply.

[1] D. Miiller et al., The Solar Orbiter mission—science
overview, Astron. Astrophys. 642, A1 (2020).

[2] Ester Antonucci et al., Metis: The Solar Orbiter visible
light and ultraviolet coronal imager, Astron. Astrophys.
642, A10 (2020).

[3] V. Martinez Pillet et al., The Imaging Magnetograph eXper-
iment (IMaX) for the Sunrise balloon-borne solar observa-
tory, Sol. Phys. 268, 57 (2010).

[4] S. K. Solanki et al., The polarimetric and helioseismic
imager on Solar Orbiter, Astron. Astrophys. 642, All
(2020).

[5] A. A. Herrero, A. Fernandez-Medina, M. Cebollero, D.
Garranzo-Garcia, A. Nufiez, A. Gonzalo, A. Sanchez,
J. Villanueva, P. G. Parejo, A. Campos-Jara et al., TuMag
for SUNRISE III mission: Development of the optical unit
of an imaging spectropolarimeter, in Ground-Based and
Airborne Instrumentation for Astronomy IX (SPIE Astro-
nomical Telescopes + Instrumentation, Montréal, Québec,
Canada, 2022), Vol. 12184, p. 88.

[6] A. Alvarez-Herrero, N. Uribe-Patarroyo, P. G. Parejo,
J. Vargas, R. L. Heredero, R. Restrepo, V. Martinez-Pillet,
J. C. del Toro Iniesta, A. Lopez, S. Finesch et al., in Polar-
ization Science and Remote Sensing V, Vol. 8160, edited by
J. A. Shaw and J. S. Tyo, International Society for Optics
and Photonics (SPIE, 2011), p. 81600Y.

[7] NASA, Technology readiness level definitions (2013),
https://www.nasa.gov/pdf/458490main_TRL_Definitions.
pdf, accessed January 29, 2025.

[8] E. Kerstel, A. Gardelein, M. Barthelemy, T. C. Team, M.
Fink, S. K. Joshi, and R. Ursin, Nanobob: A CubeSat mis-
sion concept for quantum communication experiments in an
uplink configuration, EPJ Quantum Technol. 5, 6 (2018).

[9] S.P. Neumann, S. K. Joshi, M. Fink, T. Scheidl, R. Blach,
C. Scharlemann, S. Abouagaga, D. Bambery, E. Kerstel,
M. Barthelemy et al., Q3Sat: Quantum communication
uplink to a 3U CubeSat: Feasibility & design, EPJ Quantum
Technol. 5, 24 (2018).

[10] L. Mazzarella, C. Lowe, D. Lowndes, S. K. Joshi, S. Green-
land, D. McNeil, C. Mercury, M. Macdonald, J. Rarity, and
D. K. L. Oi, QUARC: Quantum research CubeSat—a con-
stellation for quantum communication, Cryptography 4, 7
(2020).

[11] D. K. Oi, A. Ling, G. Vallone, P. Villoresi, S. Greenland,
E. Kerr, M. Macdonald, H. Weinfurter, H. Kuiper, E. Char-
bon et al., CubeSat quantum communications mission, EPJ
Quantum Technol. 4, 6 (2017).

[12] J. Rutkowski, W. Fourcault, F. Bertrand, U. Rossini, S.
Gétin, S. Le Calvez, T. Jager, E. Herth, C. Gorecki, M.
L. Prado et al., Towards a miniature atomic scalar mag-
netometer using a liquid crystal polarization rotator, Sens.
Actuators A: Phys. 216, 386 (2014).

[13] J. Fang, J. Hu, X. Chen, H. Zhu, L. Zhou, J. Zhong,
J. Wang, and M. Zhan, Realization of a compact one-seed
laser system for atom interferometer-based gravimeters,
Opt. Express 26, 1586 (2018).

[14] Y. Yano and S. Goka, Pulse excitation method of coherent-
population-trapping suitable for chip-scale atomic clock,
Jpn. J. Appl. Phys. 51, 122401 (2012).

[15] P. Yun, F. Tricot, C. E. Calosso, S. Micalizio, B. Frangois,
R. Boudot, S. Guérandel, and E. de Clercq, High-
performance coherent population trapping clock with polar-
ization modulation, Phys. Rev. Appl. 7, 014018 (2017).

[16] Z.Tang, R. Chandrasekara, Y. C. Tan, C. Cheng, L. Sha, G.
C. Hiang, D. K. L. Oi, and A. Ling, Generation and analysis
of correlated pairs of photons aboard a nanosatellite, Phys.
Rev. Appl. 5, 054022 (2016).

064070-6


https://doi.org/10.1051/0004-6361/202038467
https://doi.org/10.1051/0004-6361/201935338
https://doi.org/10.1007/s11207-010-9644-y
https://doi.org/10.1051/0004-6361/201935325
https://doi.org/10.1117/12.2629391
https://www.nasa.gov/pdf/458490main&lowbar;TRL&lowbar;Definitions.pdf
https://doi.org/10.1140/epjqt/s40507-018-0070-7
https://doi.org/10.1140/epjqt/s40507-018-0068-1
https://doi.org/10.3390/cryptography4010007
https://doi.org/10.1140/epjqt/s40507-017-0060-1
https://doi.org/10.1016/j.sna.2014.05.003
https://doi.org/10.1364/OE.26.001586
https://doi.org/10.1143/JJAP.51.122401
https://doi.org/10.1103/PhysRevApplied.7.014018
https://doi.org/10.1103/PhysRevApplied.5.054022

POLARIZATION-CORRECTION DEVICE WITH LIQUID...

PHYS. REV. APPLIED 23, 064070 (2025)

[17] J. T. Barreiro, T.-C. Wei, and P. G. Kwiat, Remote prepa-
ration of single-photon “hybrid” entangled and vector-
polarization states, Phys. Rev. Lett. 105, 030407 (2010).

[18] S.-K. Liao, W.-Q. Cai, W.-Y. Liu, L. Zhang, Y. Li, J.-G.
Ren, J. Yin, Q. Shen, Y. Cao, Z.-P. Li et al., Satellite-to-
ground quantum key distribution, Nature 549, 43 (2017).

[19] S.-K. Liao, W.-Q. Cai, J. Handsteiner, B. Liu, J. Yin, L.
Zhang, D. Rauch, M. Fink, J.-G. Ren, and W.-Y. a. e. a. Liu,
Satellite-relayed intercontinental quantum network, Phys.
Rev. Lett. 120, 030501 (2018).

[20] G. van Harten, D. J. Diner, B. J. S. Daugherty, B. E. Rhein-
gans, M. A. Bull, F. C. Seidel, R. A. Chipman, B. Cairns,
A. P. Wasilewski, and K. D. Knobelspiesse, Calibration
and validation of airborne multiangle spectropolarimetric
imager (AirMSPI) polarization measurements, Appl. Opt.
57,4499 (2018).

[21] F. A. Iglesias and A. J. Feller, Instrumentation for solar
spectropolarimetry: State of the art and prospects, Opt. Eng.
58, 082417 (2019).

[22] J. Wu, L. Zhang, J. Jia, T. Wang, R. Shu, Z. He, and
J. Wang, Polarization-maintaining design for satellite-based
quantum communication terminals, Opt. Express 28, 10746
(2020).

[23] M. Zhang, L. Zhang, J. Wu, S. Yang, X. Wan, Z. He,
J. Jia, D. S. Citrin, and J. Wang, Detection and compen-
sation of basis deviation in satellite-to-ground quantum
communications, Opt. Express 22, 9871 (2014).

[24] J. Wu, Z. He, L. Zhang, L. Yuan, T. Wang, J. Jia, R. Shu,
and J. Wang, Polarization study about a telescope-based
transmitter for quantum communication, Appl. Opt. 56,
8501 (2017).

[25] Y. Shi, H. S. Poh, A. Ling, and C. Kurtsiefer, Fibre polar-
isation state compensation in entanglement-based quantum
key distribution, Opt. Express 29, 37075 (2021).

[26] A. Jimenez-Girela, P. Arteaga-Diaz, D. Merino-Pérez,
P. Garcia-Parejo, S. Rodriguez-Bustabad, T. Belenguer-
Dévila, V. Fernandez-Marmol, and A. Alvarez-Herrero,
Inflight demonstrator of quantum key distribution between
CubeSats of Q-ANSER program, in Photonics for Quantum
2023, edited by D. F. Figer and M. Reimer, International
Society for Optics and Photonics (SPIE, Rochester, New
York, United States, 2023), Vol. 12633, p. 126330C.

[27] Z. Zhuang, S.-W. Suh, and J. S. Patel, Polarization con-
troller using nematic liquid crystals, Opt. Lett. 24, 694
(1999).

[28] D. H. Goldstein, Polarized Light, Third Edition (CRC
Press, 2011).

[29] A. Campos de Espaiia Jara, P. Parejo, and A. Alvarez-
Herrero, Optimization of the response time measuring
method for liquid crystal variable retarders, J. Vac. Sci.
Technol. B 37, 062930 (2019).

[30] C. H. Bennett and G. Brassard, Quantum cryptography:
Public key distribution and coin tossing, Theor. Comput.
Sci. 560, 7 (2014).

[31] A. Alvarez Herrero, P. G. Parejo, and M. Silva-Lépez,
Fine tuning method for optimization of liquid crystal based
polarimeters, Opt. Express 26, 12038 (2018).

[32] P. W. Shor and J. Preskill, Simple proof of security of the
BB84 quantum key distribution protocol, Phys. Rev. Lett.
85, 441 (2000).

[33] The DOI to acces de publish data is https://doi.org/10.5281/
zenodo.15348919.

064070-7


https://doi.org/10.1103/PhysRevLett.105.030407
https://doi.org/10.1038/nature23655
https://doi.org/10.1103/PhysRevLett.120.030501
https://doi.org/10.1364/AO.57.004499
https://doi.org/10.1117/1.OE.58.8.082417
https://doi.org/10.1364/OE.387574
https://doi.org/10.1364/OE.22.009871
https://doi.org/10.1364/AO.56.008501
https://doi.org/10.1364/OE.437896
https://doi.org/10.1117/12.2672097
https://doi.org/10.1364/OL.24.000694
https://doi.org/10.1116/1.5122786
https://doi.org/10.1016/j.tcs.2014.05.025
https://doi.org/10.1364/OE.26.012038
https://doi.org/10.1103/physrevlett.85.441
https://doi.org/10.5281/zenodo.15348919

	I. INTRODUCTION
	II. THEORY
	III. EXPERIMENTAL SETUP
	IV. RESULTS
	V. CONCLUSIONS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


