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Abstract. Quantum key distribution (QKD) in a space-Earth communication link is a diffi-
cult technical task. Aside from precise mutual pointing of the optical axes during the satellite
QKD session, the polarization reference frame coincidence of the satellite and the receiving
station is also required. Satellite motion causes a rotation of the polarization reference frame in
respect to ground station measurements of quantum states, which contributes to the error rate
in time. In order to reduce the quantum bit error rate, we designed and tested a polarization
correction device for the receiving ground station that is included as a part of our data analysis
and processing module. We have measured the polarization properties of the ground-based
receiver and showed the evolution of four polarization states over time for a typical satellite
passage. An average polarization extinction ratio is equal to 200:1 for the optical free-space
receiver. We have calculated the maximum permitted deviation of the polarization reference
frame at the performance of the compensation system, which is less than 5.8 degrees when bit
error rate is equal to 1,5%.
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Annoramua. KBaHTOBOe pacrpeaeseHne KIIIoueil Mo JIMHUM CBSI3U KOCMOC-3eMJIsl SIBJISIETCS
CJIOXKHOI TexHUYecKol 3amaudeii. [ToMMMO TOYHOTO B3aUMMHOI'O HaBelle€HUSI ONTUYECKUX OCEil
BO BpeMsI ceaHca KBAaHTOBOM CBSI3UM CO CIIYTHUKOM, Takxke TpeOyeTcsl COBIaJeHHuEe IOJSIpU-
3aIIMOHHON CHUCTEMBI OTCUYETAa KOCMWYECKOTO allfapara W MpUEeMHON Ha3eMHOU cTaHUWU. B
CTaThe TPEICTAaBICHBI PE3YAbTATHl TECTOB CHUCTEMBI KOPPEKILIMU TOISIPU3ALINA IIJIsI Ha3eMHOMU
CTAHILIMK, KOTOPAsI BXOAUT B COCTaB IIPUEMHOTO MOIYJIS aHaau3a U 00paboTKu maHHBIX. [1po-
BeIeHBI U3MEPEeHUS TIOJIIPU3ALMOHHBIX CBOMCTB HA3eMHOM NMPUEMHOI CTAaHUMU JIJIST YeThIpeX
MOJISIPU3ALIMOHHBIX COCTOSIHUI OT BPEMEHU B XOJA€ CUMYISLMU TUMTMYHOTO MPOJIETA CITyTHU-
Ka. YcpedHeHHbI KO3(P(MUUUEHT NOJSIpU3aLMOHHON 3KCTUHKIMHU IJIS ONTUYECKOTO MPpUEM-
Huka coctaBui 200:1. MakcuMaabHO JOMYCTUMOE OTKJIOHEHUE MOJISIPU3aLMOHHON CUCTEMBbI
OTCUeTa MPU paboTe CUCTEMbI KOMITEHCAIIMU COCTABJISICT MeHee 5,8 TpaaycoB IIpU OorpaHUde-
HUM UTOrOBOM BeJMYMH ook B 1,5%.
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Introduction

Quantum key distribution in a Space-Earth optical communication link is a challenging
technical task [1,2]. The development of an equipment requires a solution of many issues
including the precise optical axes pointing of a ground station and a satellite payload, but also
the highly necessary polarization reference frame coincidence of them. The problem of pointing
and tracking is successfully solved in our previous articles [3,4]. The solution to the polarization
rotation problem is reported here.

The satellite reference frame has a time dependent rotation relatively at the ground station,
even when the satellite system is stabilized along the nadir axis [5]. Such angular movement
creates a shift in the angles of the polarization bases during a QKD communication with the
satellite, which increases the error rate when decoding quantum states.

In this work we consider the effect of a time dependent rotation of the polarization basis
and describe the method which helps to compensate this polarization deviation. The observed
polarization characteristic of an optical ground station allows us to determine the maximum
mismatch angle of polarization reference frames encoding and decoding photon states.

Methods
A ground-based receiver for QKD is located in the Zvenigorod observatory, about 80 km from
Moscow. A Ritchey—Chretien Alt-Az telescope with an aperture of 0.6 m and a focal length of
4.8 m is used to gather a quantum signal. The main optical part of the receiver for satellite quantum
key distribution with a satellite consists of a mirror telescope, an optical signal processing unit,
and a polarization analyzer (PA).

© Oymmuuckuii A. B., Xmenés A. B., Mepsnuukun B. E., Kypoukun B. JI., Kypoukun lO. B., 2022. Uznarens: CaHKT-
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4 Simulation of physical processes >

The polarization analyzer acts as a free-space decoder of quantum states that allows using the
BB84 protocol for satellite-to-ground QKD. The optical signal analysis and processing system
(APS) includes a motorized half-wave plate. Its time-dependent angular motion may be regulated
by a predicted function to correct the rotation of the reference frame of polarization bases
measurements, as shown in figure 1. By altering the angle of the half-wave plate fast axis, a unit
can align the decoder's polarization reference frame in relation to the transmitter's polarized
photons.

In order to test the compensating system, we simulate the relative rotation of the satellite to
the Alt-Azimuth telescope polarization reference frame. A polarized laser source with an intense
output power and a wavelength of roughly 850 nm is positioned in front of our receiving ground
station. This source is mounted in a high-precision rotary holder, altering the angle of the output
linear polarization.

Firstly, we should define the zero point of our receiver, setting a horizontal |H)-polarization
on the laser source. Rotating the half-wave plate of the compensation system in APS, we find its
angular position that corresponds to the maximum number of clicks on the single photon detector
coupled to the |H)-channel of the polarization decoder.

) 4 APS module v
7V basis operation H/V basis
Shifted |H) Corrected |H)
state state
—_— P 1 H
APS goal: minimize angle ©
Fig. 1. Polarization conversion in APS module
Polarization extinction ratio To Obtain the expected error rate
25 S— S of the ground station, we measure
PERD PERA the polarization characteristics of the
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polarization decoder channels. The

Fig.2. Polarization extinction ratio (PER) obtained in the results of polarization extinction

local test coefficient depending on time for

these channels are presented in figure

2. The average value of the PER of these polarization states for our setup turned out to be less
than 0.5% (Fig. 2).

PER, %

Results

Based on the PER values acquired from experiment for the stationary transmission of polarization
states, the compensating mechanism appears to be operational. Because the simulation of the
satellite QKD session was conducted in the presence of a strong optical signal, we can only
estimate the optical OQBER of our system without taking noise into account.

Let us estimate the permissible angular error of polarization reference frame rotation when the
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upper bound of expected OBER is under 1.5%:
ER-1
BER =(0OBER +
Q exp Q opt ER +1

sin’ 0

max> (1)

where ER — reciprocal of average PER, 6 — angular error value, OBER, o the specified (expected)
limit parameter for error rate, OBER " — optical part of error rate.

Hence, taking into account ER 200 from local polarization test and consequently
QBER =0.5%, QBER = 1.5 %, we can calculate O , using estimated and experimental

measurements as follows:
ER+1)-OBER
0, =arcsin \/ ( ) o

, 2
ER -1 )

Omax =5.78°. 3)
Conclusion

We have demonstrated the work of the analysis and processing module in operating mode
simulation. The APS module can successfully compensate for polarization reference frame rotation
and the average optical QBER is 0.5%. Finally, we estimate the maximum allowed angular error
for the compensation system, as a consequence of complexity of the precise satellite rotation
prediction.
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