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Precise synchronization between transmitter and receiver is crucial for quantum communication
protocols, such as Quantum Key Distribution (QKD), to efficiently correlate the transmitted and
received signals and increase the signal-to-noise ratio. In this work, we introduce a synchronization
technique that exploits a co-propagating classical optical communication link and test its perfor-
mance in a free-space QKD system. Previously, existing techniques required additional laser beams
or relied on the capability of retrieving the synchronization from the quantum signal itself, though
this is not applicable in high channel loss scenarios. On the contrary, our method exploits classical
and quantum signals locked to the same master clock, allowing the receiver to synchronize both
the classical and quantum communication links by performing a clock-data-recovery routine on the
classical signal. In this way, by exploiting the same classical communication already required for
post-processing and key generation, no additional hardware is required, and the synchronization
can be reconstructed from a high-power signal. Our approach is suitable for both satellite and fiber
infrastructures, where a classical and quantum channel can be transmitted through the same link.

I. INTRODUCTION

Modern satellite systems and constellations are in-
creasingly adopting optical communications over tradi-
tional Radio Frequency (RF) links. This is mainly mo-
tivated by three key advantages of optical links over RF
systems. First, optical communications offer a higher
bit rate and a workable communication distance than
traditional RF with lower volume, mass, and power re-
quirements. Second, the low divergence and strong direc-
tionality of optical links offer increased channel security.
Lastly, the lack of frequency license regulations is par-
ticularly advantageous since the allocation of RF bands
is close to saturation. This increased interest in optical
communications has promoted the development of test
systems and demonstrations have been carried out for
a wide variety of scenarios including: Low Earth Orbit
(LEO)-to-LEO [1], LEO-to-ground [2, 3], Geostationary
Equatorial Orbit (GEO)-to-LEO [4], GEO-to-ground [5],
and even deep space-to-ground [6]. Additionally, sev-
eral projects are under development for future demon-
strations [7].

Similarly, Quantum Communications (QC) is seeing
increased interest and deployment in terrestrial and satel-
lite communication networks. This is mainly due to QC’s
ability to solve many open problems in classical commu-
nications by exploiting quantum resources such as entan-
glement and single photons. In particular, Quantum Key
Distribution is the most mature QC protocol [8] and has
strategic importance since it allows two parties to gener-
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ate a cryptographic key whose security is guaranteed by
the principles of quantum mechanics [9]. In this regard,
Satellite-based QKD systems are of crucial importance in
the development of global-scale QC networks since they
allow to overcome distance limitations imposed by the
exponential losses in optical fibers [10]. In August 2016,
the Chinese Academy of Science launched Micius, a dedi-
cated satellite for quantum communications tasks includ-
ing QKD [11], achieving key exchanges at an interconti-
nental scale [12]. Regardless of these pioneering results,
satellite-based QKD is still far from widespread adoption
and several technological efforts must be carried out to
achieve technical and economical feasibility.

A promising approach that could result in lower costs
of QKD systems and improve their adoption in satel-
lite systems would be enhancing optical communication
links with QKD. In this way, the QKD device could share
many essential subsystems with the optical communica-
tion unit, such as the optical head and the Pointing, Ac-
quisition, and Tracking (PAT) systems. Furthermore, the
communication channel that is implemented via optical
communication could be exploited to assist the QKD in
the post-processing steps that are crucial for secure key
generation.

In this work, we extend the interconnection between
the satellite QKD system and the optical communica-
tion system by studying the possibility of synchronizing
the QKD transmitter and receiver using the clock-data-
recovery (CDR) of the optical link exclusively. Since, tra-
ditionally, most QKD systems require an additional link
to share the QKD clock, our approach reduces the over-
all complexity and hardware required for satellite-based
QKD.
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FIG. 1: a) In this figure, a QKD setup designed for testing in the laboratory is represented. The QKD source and
receiver (red) are synchronized by a clock reference (gray). b) In this figure, a QKD setup designed for space is
represented. The transmitter (light-red) is composed of: clock sources (gray), classical transmitter (blue), QKD
source (red), metallic mirror (M), dichroic mirror (DM), and beam expander (BE). The receiver (light-blue) is
composed of: a beam reducer (BE), dichroic mirror (DM), metallic mirror (M), QKD receiver (red), classical

receiver (blue), and clock data recovery (green).

II. SETUP

Synchronization between transmitter and receiver is
crucial in QKD and, in general, in any quantum com-
munication experiment such as the distribution of en-
tanglement. QKD is implemented by sending a train of
qubits, namely short (∼ 1ns) optical pulses attenuated
to the single-photon level which are then encoded in a
suitable degree of freedom. Synchronization then allows
the receiver to know the expected time of arrival of the
qubits and to discard the detections that are generated
by the background noise or the detector’s dark counts
by defining a suitable detection window. This filtering
procedure is crucial for the success of Quantum Commu-
nication protocols, especially when compared to classical
communication, mainly due to the single-photon nature
of the signal and the discrete nature of single-photon de-
tectors. Achieving narrow detection windows increases
the signal-to-noise ratio and performance. Typical detec-
tion windows for QKD are of the order of a few nanosec-
onds [13], and their effective widths depend on the ability
of synchronization and the intrinsic jitter of the receiver
apparatus.

It is worth noting that the start time of the com-
munication and the repetition rate are not enough to
fix the reference system due to the drifts of physical
clocks. To compensate for drifts in classical commu-
nication, it is possible to recover the transmitter’s fre-
quency directly from the received signal with a clock-
data-recovery algorithm (CDR). Qubit-based synchro-
nization algorithms have also been developed for quan-
tum communication [14], but the performances of such
procedures are non-optimal in the presence of fading
quantum channels.

An alternative solution for QKD is to phase lock the
source and the receiver with an external clock as shown in

Fig.1-a. The clock signal is then shared between the two
parties directly or by using a dedicated optical link that
exploits a pulsed laser and a photodiode. This solution
is already used in many setups [15–17] and may require
clocks with different repetition rates (locked in phase) to
match the instrumental requirements between source and
receiver.

Here, we present a synchronization technique that
instead exploits a laser communication link that co-
propagates with the QKD signal. The setup is shown
in Fig.1-a and is designed to satisfy the prepare-and-
measure quantum key distribution protocol. The trans-
mitter is composed of three subsystems: a clock refer-
ence, a classical transmitter, and a QKD source. The
clock reference locks in phase the QKD source with a
standard telecommunications free-space transmitter. Its
optical output in the C-band is merged by a dichroic mir-
ror with the output of the QKD source.

The discrete-variable QKD source is realized with a
laser source and a polarization modulator controlled by
an FPGA-based system implemented on a ZedBoard
(Zynq7020) evaluation board [18]. The laser at 800nm
generates a train of pulses with repetition rates of
50MHz. The pulses are then converted into quan-
tum symbols by intensity [19] and polarization modu-
lation [20], implementing a three-states one-decoy BB84
protocol [21, 22]. The optical signal is then transmitted
through a telescope to the receiver, where it is divided
between the QKD receiver and the classical receiver by
a dichroic mirror. From the classical receiver, the clock
is recovered with a CDR and locked into a phase-locking
loop (PLL) that generates the reference signal for the
QKD receiver. The QKD receiver is composed of a po-
larization analyzer, followed by four silicon single-photon
detectors, and a time-to-digital converter (TDC) with
81ps resolution. Each photodetector is measuring a dif-
ferent polarization state: |H⟩ horizontal, |V ⟩ vertical, |D⟩
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diagonal, and |A⟩ antidiagonal.
For the classical communication channel, a 1.25Gbit

on-off keying (OOK) signal has been implemented by a
Xilinx Kintex UltraScale FPGA (KCU105E) evaluation
board, an FMC connectivity board for the transceiver in-
terface (wearing the low-jitter 156.25MHz Clock source),
and an optical transceiver module supporting up to
11.3Gbps. The module transmitter consists of an electro-
absorption modulated laser (EML) (1552.52nm wave-
length) and its driver, the receiver of a photodetector,
and an amplification and quantification block. This mod-
ule has an output power of 0dBm and a 10−12 BER sen-
sitivity of −20dBm sensitivity for the used speed. An
SMF connects the optical module to the collimators. The
IBERT Ultrascale GTH (1.4) from Xilinx is used to gen-
erate a PRBS 31-bit pattern, which then sends and re-
ceives the data stream over the GTH transceivers to and
from the optical module. The RX clock data recovery
(CDR) circuit of the GTH transceiver extracts the re-
covered clock and data from the incoming data stream
employing a phase rotator architecture [23]. Additional
PLL blocks are used to convert and provide clocks to the
QKD source (10MHz) and to the QKD receiver (10kHz)
from the recovered clock on the communication receiver.
The TX-to-RX jitter provided to the QKD blocks has
been measured to be smaller than 0.1ns. The jitters of
the clocks themselves were smaller than 0.03ns.

III. RESULTS

FIG. 2: Temporal relation between synchronization
pulses and qubits used in our experiment. The taller
orange pulses represent the electrical pulse signal
generated by the classical receiver after the CDR

procedure, whereas the lower blue pulses represent the
quantum signals detected by the QKD receiver.

The performances of the new method used for clock re-
covery are evaluated by comparing the two setups shown
in Fig.1. Three experiments are performed: recovery of
the qubit distribution, decimation of the reference sig-
nal at the receiver, and quantum bit error rate (QBER)
estimation in a simulated communication.

The first experiment aims to recover the qubit arrival
distribution. It is obtained by counting the number of
photons arriving in a qubit slot interval of 20ns using 15
minutes of integration time. The measured arrival times
qji are re-scaled into q′ji according to the 10kHz reference

signal using:

q′ji =
qji − si
si+1 − si

·∆s (1)

where si is the measured synchronization pulse before the
qubit, si+1 is the synchronization interval adjacent on the
right of the qubits, and ∆s = 100µs is the theoretical
synchronization slot size when using a 10kHz reference
signal (see Fig.2). The plots in Fig.3 show the histogram
of the difference between the rescaled detections and the
expected arrival times obtained by:

ai = mod(q′ji,∆q) (2)

where ∆q = 20ns is the theoretical qubit slot size.
The two peaks obtained by synchronization with clas-
sical communication (left) and by direct cable connec-
tion (right) have comparable shapes and full-width half-
maximum (FWHM). The two FWHM are obtained by
fitting the histograms with a Gaussian fit.
This demonstrates that the performance of the CDR

synchronization procedure is fully equivalent to the per-
formance obtained with cable synchronization, and the
expected time of arrival can be recovered precisely. The
residual error of about 1ns is mainly due to the intrinsic
jitter of the used single photon detectors and the TDC. It
is worth noting that our scheme allows sharing the clock
frequency between the transmitter and the receiver, while
the phase of the signal (corresponding to the time of ar-
rival of the first qubit) is recovered in post-processing.
Indeed, the CDR procedure only conveys frequency in-
formation, whereas both frequency and absolute time in-
formation are required for full synchronization. In order
to perform full synchronization in real-time, the classi-
cal communication protocol would need to be adapted to
transmit absolute time information at regular intervals.
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FIG. 3: Side-by-side comparison of the arrival time
distribution obtained by direct cable synchronization
(left) and by the clock-data-recovery routine on the
classical signal (right). The crosses are the measured
values obtained from the setup, while the continuous

line is the Gaussian fit.

The second experiment applies the same analysis as
before but uses a decimated reference signal obtained
by decimating the 10kHz signal with different values
N , simulating a larger interval between synchronization
pulses ∆s = N × 100µs that implies a lower bandwidth
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for the clock recovery. As shown in Fig.4, the peaks
begin to spread while increasing the decimation factor.
This behavior is expected since by increasing the inter-
val between reference pulses, the frequency difference be-
tween the transmitter and receiver clocks integrates over
a longer period making the correction factor in Eq. 1 less
precise. It is noticeable that after N = 200 (i.e., 50Hz
and ∆s = 20ms) the FWHM increases drastically, sug-
gesting that a good limit for the reference clock should
be above 50Hz. This result depends on the relative sta-
bility between the source clock and the TDC clock used
in this experiment.
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FIG. 4: The figure shows the arrival distribution of each
peak making varying the decimation of the

synchronization. In the inset, we show the FWHM
trend. Each FWHM is obtained by a Gaussian fit of the

arrival distributions for a given decimation factor.

The third test was performed to explore what will hap-
pen if the synchronization signal is interrupted. It is di-
vided into three temporal intervals, each one minute long:
the first minute of QKD with synchronization active, the
second minute in which the classical channel is blocked
by placing a beam dump before the dichroic mirror at the
source, and the third minute where the classical channel
is unblocked. The QKD communication was performed
with 25% |H⟩, 25% |V ⟩, and 50% |D⟩ = (|H⟩+ |V ⟩) /

√
2

states. As shown in Fig.5, when the optical signal is
blocked (second interval), the 10kHz signal at the re-
ceiver is no longer synchronized with the source clock.
Therefore, the receiver is no longer able to predict the
arrival time of the qubits, and the QBER increases. This
is equivalent to associating with each detection one state
randomly between H, V, and D. Due to the fact that
the D state is sent twice more often than the H and V
states, QBER is expected at 50% in the Z = {|H⟩ , |V ⟩}
basis and 25% in the X = {|D⟩ , |A⟩ = (|H⟩ − |V ⟩) /

√
2}

basis. In both the first and third intervals, some post-
processing was used to identify the time-of-arrival of the
first qubit of the considered interval. It is worth noting
that because both quantum and classical signals are co-
propagating, it is unlikable to shadow only the classical
signal which is by design a stronger signal. For this rea-
son, this experiment is not trying to reproduce a physical

situation but to show that the synchronization informa-
tion of the quantum channel is carried by the classical
one.
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FIG. 5: The QBER of the communication over time
when the classical signal is blocked. At the 75th second,
the classical channel is blocked and the system loses
synchronization, increasing the QBER. At the 150th
second, the classical channel is unlocked and the

synchronization is recovered.

IV. CONCLUSION

After the experiments conducted in the laboratory, the
performance of our technique 1-b measured in FWHM
(shown in Fig.3) is comparable to the connection of typ-
ical test environments 1-a. This type of synchronization
also shows in Fig.4 some versatility in choosing synchro-
nization repetition rates, allowing the matching of re-
ceivers with different clock requirements. Future research
can be done to test this strategy in real-world environ-
ments, such as a 20 km free-space link to study the im-
pact of atmospheric phenomena such as turbulence [24].
Regarding the use of this technique in satellite-based
links, since both classical and quantum signals are co-
propagating, the Doppler effect affects both classical and
quantum signals in the same way, and therefore no addi-
tional processing would be required after the CDR: the
clock recovered by the CDR will be locked to the qubit
stream since they both undergo the same Doppler shift
with respect to the source clock.
This type of synchronization could be really beneficial

for fiber communication, where classical communication
and quantum communication share the same link. In this
case, the environment is more stable and the classical
communication is more convenient to be optical instead
of RF.
As mentioned above, future works will consist of the

demonstration of full synchronization in real-time, by
adapting the classical communication protocol to trans-
mit absolute time information at regular intervals. Such
time information represents the start of a qubit frame.
The length of such frames will depend on the availability
of the classical link: if the classical link is stable (as it
happens with fiber links) over the full session, a single
frame is sufficient. If the classical link can be interrupted
(as it happens with satellite connections), the synchro-
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nization will be lost until the start of the subsequent
frame.
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