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Abstract: We investigate the coexistence of clock synchronization protocols with quantum
signals in a common single-mode optical fiber. By measuring optical noise between 1500
nm to 1620 nm we demonstrate a potential for up to 100 quantum, 100 GHz wide channels
coexisting with the classical synchronization signals. Both “White Rabbit” and pulsed laser-based
synchronization protocols were characterized and compared. We establish a theoretical limit of
the fiber link length for coexisting quantum and classical channels. The maximal fiber length
is below approximately 100 km for off-the-shelf optical transceivers and can be significantly
improved by taking advantage of quantum receivers.

© 2023 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Synchronization of quantum network nodes is essential for the successful realization of quantum
communication protocols including quantum key distribution [1] and entanglement distribution
[2—4] as well as entanglement swapping [5,6]. Because many quantum communication protocols
were demonstrated using fiber spools to simulate a network [7—12], the quantum nodes are co-
located and the long-distance synchronization has limited exposure to environmental variabilities.
Furthermore, practical deployment of these protocols using remote network nodes requires
precise time synchronization. Recently, entanglement distribution was demonstrated in a
dedicated quantum network using the Global Positioning System (GPS) based protocol for time-
synchronization [13]. The nanosecond-scale timing jitter was sufficient to verify entanglement
distribution in post-selection, and the authors found that the fidelity can be significantly improved
with lower time jitter enabling a shorter coincidence window [14]. Other techniques, such as
the White Rabbit (WR) precision time protocol (PTP) [15, 16] , which has been standardized
in the high-accuracy PTP (HA-PTP) [17], can be used to achieve picosecond scale timing
distributed via a fiber-optic network [18]. All such techniques rely on classical communication.
Using a secondary optical fiber for time synchronization is often impractical [19] and in some
circumstances can be prohibitive. Because the optical power (photon rate) at the receiver
of classical channels are 7 to 12 orders of magnitude higher than that of quantum channels,
classical optical pulses can generate significant noise in coexisting quantum channels. This
effect is significantly more pronounced in long-distance links, because the launching power in
classical channels is significantly higher than that required at the receiver to mitigate fiber losses.
Despite the challenges, the coexistence was demonstrated in a single mode common fiber for a
limited case of classical channels with quantum key distribution channels that use weak coherent
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Fig. 1. Experimental setup. The yellow loop represents the common optical fiber
spool used for the measurements. The common fiber is connected to a CWDM
that multiplexes and demultiplexes of quantum and classical channels at each end.
The bandwidth intended for the quantum use is further divided into narrow DWDM
channels. Another pair of CWDMs is placed before the classical transmitters to remove
out-of-band noise generated by the transmitter’s source. A pair of variable attenuators
are introduced in transmission channels between the CWDMs to control the input
power of classical signals launched into the common fiber. Noise measurements are
performed with an superconducting nanowire single-photon detector (SNSPD) in the
1547.72 nm DWDM channel on both Alice and Bob sides. Timing jitter is measured
between the 10 MHz rubidium clock driving the WR leader switch (grandmaster clock)
or the pulsed laser and the WR follower switch (boundary clock) or the fast InGaAs
detector correspondingly. See [26] for WR logo copyright information.

pulses [20-22]. In addition, a limited experimental demonstration of coexistence for entangled
states distribution has been reported in conference proceedings [23,24]. However, the coexistence
of classical and quantum channels was not studied in a systematic way.

In this work, we build and characterize the two-node time-synchronized quantum network
testbed (TSQNT) and test coexistence of quantum links with classical synchronization protocols
in a common (SMF28) single-mode optical fiber, here the only classical signals in the fiber are the
signals produced by WR synchronization protocol. We employ WR [25] and a pulsed-laser-based
synchronization protocols for this study. We use 1270 nm, 1310 nm, 1330 nm, and 1490 nm
classical bi-directional transceivers and a 1310 nm pulsed laser.

In our study, we offer a heuristic model for background generation in long fiber links. We
make systematic background measurements in one of the dense wavelength division multiplexing
(DWDM) channels (1547.72 nm, 100 GHz bandwidth), then we estimate the background in the
range from 1500 nm to 1620 nm. Separately, we verify and characterize the synchronization
quality between the two distant nodes.

2. Experimental setup

The two-node TSQNT is shown in Fig. 1 and includes both quantum and classical components.
Quantum nodes, shown as Alice and Bob, utilized narrow (100 GHz) DWDM channels ranging
from 1500 nm to 1620 nm. Clock synchronization is implemented with (a) a pair of WR switches,
configured as a grandmaster (GM) and a boundary clock (BC), with commercial transceivers
using pair of wavelengths to transmit (Tx) and receive (Rx) data: 1310 nm and 1490 nm or 1270
nm and 1330 nm, and (b) a <100 ps pulsed laser at 1310 nm and 10 MHz repetition rate.
Because classical light sources may have a broad background that extends to the wavelength



range of quantum channels, the fiber from the classical transceiver is sent through a pair of
commercial coarse wave division multiplexing (CWDM) modules at each end of the common
optical fiber. The WR or laser signals are demultiplexed and then only active WR wavelength
pairs or pulsed laser wavelengths are connected to another commercial CWDM and multiplexed
into the common fiber. In that way, the broad background that can be generated by transmitters
is filtered out. According to specifications, the adjacent CWDM channels are suppressed by
more than 30 dB and for not-adjacent channels by at least 40 dB. The range of wavelengths from
1500 nm to 1620 nm is intended for quantum use. In our setup, those wavelengths are accessible
through the six 20 nm wide CWDM channels (1510 nm, 1530 nm, 1550 nm, 1570 nm, 1590 nm,
and 1610 nm). We use a commercial DWDM to extract a single quantum channel where the
measurements are made (at 1547.72 nm with 100 GHz bandwidth) for both Alice and Bob sites.
Further, we use a spectrometer for a separate measurement of background light in each of the six
CWDM channels to quantify the amount of background noise in other quantum communication
channels. We measure background photon rates at both the Alice and Bob nodes of the quantum
channel. Noise due to back-scattering (BS) propagates in the opposite direction to the transmitted
signal, whereas noise due to forward-scattering (FS) co-propagates with the transmitted signal.

To verify synchronization, the WR leader or the pulsed laser are driven by a stable rubidium
clock at 10 MHz at the Alice node. Then the 10 MHz clock signals from Bob and Alice nodes
are compared. In case of the WR switches, the 10 MHz outputs from the GM clock and the BC
were compared. In the case of a pulsed laser, the rubidium clock signal was compared to the fast
(25 GHz bandwidth) InGaAs detector output. We used a low-jitter (1.5 ps RMS) time-tagger to
quantify the timing jitter of the two synchronization distribution arrangements.

‘We make measurements for a set of 4 fiber spools with lengths: 1 km, 6 km, 12 km, and 25
km. Variable attenuators in transmission (Tx) channels connecting inner and outer CWDMs are
used to attenuate input classical signal power in the common optical fiber channel.

3. Results and discussion

3.1. A heuristic model for noise generation in a common optical fiber channel

Consider a narrowband classical signal at wavelength A, and a launching power Pj, (measured in
photons per second) propagating in a fiber. After propagation distance / the signal power will
decrease due to attenuation:

Pigna (1) = Ps(1) = Pine™ !, (1)

where «ay is the attenuation at a signal wavelength A,. Formally, oy = f(As) in (1), however,
because both classical and quantum channels are spectrally narrow (typically, < 1 nm), we
assume that attenuation is constant in each channel. The average number of back-propagating
noise photons at the transmitter end generated in a quantum channel at A, with bandwidth d1, by

the signal due to inelastic scattering in any short section of the fiber [/, [ + d!], where d/ — 0 is:
PP (1) = Y e Py(1)dlda,,

where a;, is the attenuation constant at wavelength A,, the exponential factor e~ ! describes
losses in the fiber for the noise photons as they back-propagate to the fiber input, and ,BEE A isa
coefficient relating signal photon rate at A5 to the noise photon rate at A, because of inelastic
backscattering in a fiber of a unit length and bandwidth. By integrating this expression over the
fiber length, we can obtain the average number of noise photons back-scattered into a channel
with bandwidth d4,, from the entire fiber link of length L for a given launching signal power Pjj:
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Fig. 2. Theoretical dependencies of the BS and FS noise generated in a single
DWDM channel (with 100 GHz bandwidth) at 4, = 1550 nm (e, = 0.17 dB/km) by a
narrowband signal at A = 1310 nm (@ = 0.32 dB/km) as a function of a single mode
optical fiber length and fixed launching power P;, = 10! photons per second.

Similarly, the average number of co-propagating noise photons at the receiver end generated
by the signal because of inelastic scattering in any short section of the fiber [/, / + d/] into a
quantum channel at wavelength A, is:

(1) = 2 g, e” TV Py(Ddlda,,

where ,8 is a coeflicient relating the signal photon rate at A to the noise photon rate at 4,,
because of inelastic forward- scattering (FS) in a fiber of a unit length. The average number of
noise forward-scattered photons in the entire link of the length L for a given launching signal
power Pjj, is:

(emmt —em®E)BIS | ddnPin

Prs(L) = —— . 3)

This model of backward and forward scattering relates the expected background noise to the
total length of the optical fiber network links and transceiver launching power via a pair of
parameters, 85° , and 813 | . Therefore, by quantifying 85°, and % | , background noise in
quantum links that are coexisting with classical links can be predlcted For example, Fig. 2
shows a theoretical dependence of the BS and FS noise generated in a narrowband channel at
Ap = 1550 nm (@, = 0.17 dB/km) by a narrowband signal at g = 1310 nm (a5 = 0.32 dB/km) in
dependence on the common optical fiber length for a fixed launching power P;, = 10'* photons
per second. The noise conversion constants 555 o, and BFS 1.2, are set to close to the values
extracted from the fits of experimental data, bandwidth da, corresponds to the bandwidth of a
single DWDM channel (100 GHz). The dependencies demonstrate similar behaviors for a short
fiber length L < 10 km. In longer links, the BS saturates to a constant value Pin[a’is’ 2/ (@s+an).
This is because the back-scattered light generated further away from the measurement node is
strongly attenuated. In contrast, the FS decreases with the link length. This decrease is most
evident for links L > 20 km because both the signal and co-propagating noise are attenuated;
less noise is generated further away from the source.

The above theoretical model does not account for additional terminal losses (IL) at the fiber
link input and output terminals. These losses can be extracted from a set of simple measurements.




Thus, measured background noise can be related to generated background noise:

PES oo (L) = Pes(L)nyny,

PRS o (L) = Pes(L)nf 0,

PRo (L) = Prs(Lyny .

PEISAteXp(L) = PFS(L)UESU:?“,

“

where “A” and “B” label Alice’s and Bob’s terminals, respectively. ng exp (L) is the experimentally

measured average number of noise photons back-scattered from the entire fiber link of length L
where top indexes denote input and output terminal: in this example “A” used as a signal input
and “B” as the output. Thus, the transmissivity of the whole link is:
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output and input optical powers, and ni;;er“al = e~ L jg the transmissivity of the fiber link at
wavelength “A,”. The theoretical transmissivity is based on fused silica attenuation constants at
corresponding wavelengths (for the values used in this work, see Table 1). Both raw experimental
noise counts rates and corrected for fiber link insetion losses at the fiber terminals (p* and 7®)
count rates (Pgs(L) and Pgs(L)) in the 1547.72 nm DWDM channel are shown in Fig. 4 along
with model curves (2) and (3) plotted for coefficients ﬁgi 2, and ,BESS o, extracted from (4) using
data obtained for the 25 km link.

In designing practical links, the output signal power is set given the sensitivity of the available
receiver. Therefore, a formula for background noise based on the output signal power (rather
than the launching power) is useful. These expressions can be easily obtained from equations
(2) and (3), by replacing the launching power with the received power Py, = Poye . Then the
expressions for noise in BS and FS channels can be written as:

where ' is the total transmissivity of the link measured in the experiment as the ratio of
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3.2. Background noise as a function of the fiber length and synchronization signal
power

The noise photon rate is corrected for the superconducting nanowire single-photon detector
(SNSPD) detection efficiency of 0.957(5) [27] for polarization that maximazes the detection
efficiency and 0.495(5) for orthogonal polarization (certain orientation of the superconducting
nanowire meander results in polarization sensitivity of common SNSPDs, see for example [28]),
depolarizer transmissivity of 0.847, fiber adapters transmissivity of 0.956, DWDM transmissivity
of 0.40(2), and CWDM transmissivity of 0.73, which results in total system detection efficiency
of 0.172(9).

Table 1. Approximate values of fused silica attenuation constants for different wave-
lengths, based on a simplified model from [29].

Wavelength, [nm] | 1270 | 1310 | 1330 | 1490 | 1550
a, [dB/km] 034 | 032 | 028 | 0.19 | 0.17

To quantify the background noise in quantum channels, we adjust the launching power of the
classical transmitters by variable attenuators. We obtain a dependence of BS and FS noise photon
rates on input photon rates (calculated from the corresponding input power of the classical signals)
in a quantum link of a fixed length with an SNSPD. We distinguish noise contributions from
different wavelengths of the input classical signal, and plot these in Fig. 3. These measurements
confirm the linear dependence of the noise on input signal power and noise reduction for signals
further detuned from the dedicated quantum channel.

Next, we measure background noise generated in the same quantum channel for different
lengths of the common fiber at a fixed launching power of 10'* photons per second, converted
from power measurements. As before, we distinguish the contribution to background noise from
the classical signal at different wavelengths; the obtained dependencies of background noise for
both FS and BS are shown in Fig. 4. We introduce a theoretical model for noise generation that
describes the observed properties of FS and BS. We also derive a system of algebraic equations
that allows the extraction of the input/output losses/transmissivities of the fiber links, and then
we obtain corresponding corrections to the raw experimental background noise data.

3.3. Background-generation constants

We use Egs. (2-5) to extract the background-generation constants 85°, ‘and 8}° | from the
experimental data for different signal wavelengths, see Fig. 5 and Table 2. The obtained values
show that almost two orders of magnitude noise reduction can be achieved by switching from 1490
nm to 1270 nm synchronization signals. Anomalous high optical loss and background-generation
constants in the 12 km fiber spool were consistently observed, as seen in Fig. 5.

This noise measurement in a single DWDM channel can be extended to a significantly wider
transmission band. Using a spectrometer, we determine the noise generated from 1500 nm to
1620 nm. To do so, we separately make spectral measurements in 1510 nm, 1530 nm, 1550
nm, 1570 nm, 1590 nm, and 1610 nm CWDM channels as shown in Fig. 6. We normalize
spectral data using the data obtained with a single-photon detector for a single DWDM channel.
Qualitatively, the noise level seen by the spectrometer is similar (to within one order of magnitude)
to that measured in a 1547.72 nm channel. The system efficiency of the spectrometer is nearly a
constant in the shown wavelength region. This large transparency window can be sub-divided to
more than 100 quantum channels similar to the DWDM channel we used for our measurement.
Thus, more than 100 quantum channels can coexist with a single synchronization channel in the
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Fig. 3. Background noise photon rate measured at different launching powers (converted
into photon count rates) and wavelengths of synchronization transmitters in a single
100 GHz wide DWDM channel of a 25 km fiber link. BS - Counter-propagating or
back-scattered noise; FS - co-propagating or forward-scattered noise, PL - marks results
obtained with pulsed laser synchronization setup. Error bars correspond to one standard
deviation. Dashed lines are guides for an eye. Note: this results was corrected for total
system detection efficiency, but was not corrected for terminal losses at fiber ports (i.e.
Pexp in Eq. (4)).
same fiber.

3.4. Synchronization using off-the-shelf classical components

We now study the background noise generated in common fiber of different lengths for a fixed
output power of 1 uW corresponding to a sensitivity of -30 dBm, typically achievable with
off-the-shelf classical receivers. Indeed, in our experiments, synchronization was achieved with
< 1 uW with the commercial receiver units. Although we chose 1 W as a benchmark for
classical synchronization, other benchmarks can be computed in a similar way. Below, we obtain
the coexistence limit for an arbitrary classical power.

In Fig. 7, we show experimentally measured background noise (shown with plot markers)
adjusted for terminal loss of the optical fiber communication links and the expected background
from the theoretical model (Eq. 6) using the experimental values of background-generation
constants from Table 2. Notice that the experimental data closely follow the theoretical curves,
except that for the 12 km spool where the anomaly high loss was observed. Independent study of
the spool has revealed a defect in the fiber that may result in coupling of the light into a cladding
of the fiber and subsequently result in higher levels of noise generated in the spool [30].

In contrast to Fig. 4, when the output power is fixed there is no saturation of the BS
noise because as we increase the fiber length we have to increase the launching power of the
synchronization signal. Interestingly, in this case the FS noise can saturate to Poutﬁgi /In/ (an—ay)
for long fiber lengths, but only when o, > «a.
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Table 2. Background-generation constants BES 1547.72 and ﬁgs 1547.72 in a single 100
GHz DWDM channel for different classical signal wavelengths extracted from the
experimental data shown in Fig. 4 using equations (2-5). The background-generation

conversion constants in SI units of 10723 [m - s_l]_l.

A (o] L. [km] 1 6 12 25 Mean*
1490 (BS) 3.69(7) | 3.78(3) | 5.55(4) | 3.78(3) | 3.75(3)
1490 (FS) 3.76(7) | 3.65(3) | 5.33(4) | 3.67(2) | 3.69(3)
1330 (BS) 0.68(2) | 0.76(1) | 1.15(1) | 0.797(7) | 0.745(9)
1330 (FS) 0.66(2) | 0.72(1) | 1.04(1) | 0.718(9) | 0.699(9)
1310 (BS) 036(2) | 0.49(1) | 0.73(1) | 0.494(8) | 0.449(9)
1310 (FS) 036(2) | 0.46(1) | 0.65(2) | 0.44(1) | 0.421(9)
1270 (BS) 0.057(4) | 0.062(1) | 0.094(5) | 0.064(3) | 0.061(2)
1270 (FS) 0.057(4) | 0.059(1) | 0.085(5) | 0.057(3) | 0.058(2)

*Conversion constants obtained for 12 km fiber link are excluded from the mean values.

3.5. Synchronization performance

Further, we characterize the clock synchronization using WR switches with transceivers operating
at two different wavelength pairs and, independently, a pulsed picosecond diode laser. In both
cases, a 10 MHz clock output from the GM WR switch, locked to a commercial rubidium clock,
is used as a reference. In Fig. 8, we plot the time interval error (TIE) which is V3 times larger
than time deviation (TDEV) [31]. We use delay measurements from a low-jitter time tagger (1.5
ps RMS timing jitter per channel) to calculate TIE.

The WR measurements were performed with a 1 km fiber spool and the WR signals were
attenuated to the lowest power at which the synchronization protocol operates (this power
was different for different wavelengths and depends on particular commercial receiver module
sensitivity). With the WR setup, we measured a TIE with 1 pulse averaging giving the timing
jitter of ~ 2.18 ps, which is very close to the intrinsic jitter of the time tagger for two channels
(2.12 ps RMS). Based on this result, one can conclude that the WR switches provide picosecond
level timing jitter for short-timescale synchronization. We observe that the WR is prone to the
intrinsic timing drift on a millisecond timescale, i.e. with 10* to 10° pulses averaged.

Similarly, the synchronization over a 1 km link with a pulsed laser (PL) is tested. Here, the PL
is attenuated to the level just above the detection threshold of our system. Measurements of TIE
obtained with an off-the-shelf picosecond PL yield a higher single-shot TIE of ~ 3.5 ps, but this
higher timing jitter is most likely due to the signal-to-noise figure intrinsic to the detector. This
TIE follows the Gaussian noise averaging trend and can be reduced to 100 fs when > 10* pulses
are averaged, equivalent to a 1 ms averaging time.

We were able to synchronize two nodes with fiber lengths up to 18 km using commercial 40
km small form-factor pluggable (SFP) optical network modules operating at 1310 nm and 1490
nm pair of wavelength, and up to 12 km with 10 km SFP modules operating at 1330 nm and
1270 nm pair of wavelength. The TIE plots (not shown) measured for different fiber lengths of 6
km, 12 km, and 18 km for both WR and PL do not reveal significantly different features.
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3.6. Hong-Ou-Mandel interference in the presence of noise and imperfect synchro-
nization

Based on experimentally obtained background generation constants, we can analytically address
performance of a distributed Hong-Ou-Mandel measurement in a coexisting network environment.
First, we find the indistinguishability of two single photon pulses affected by non-simultaneous
arrival of the photons on a beam splitter. The overlap between two Gaussian pulses of width
o (RMS) that are separated by time 7 can be found analytically: exp(—(#*>/(8c2))). The
second order coherence g% is proportional to the fourth power of the field, therefore the mean
indistinguishability can be found by averaging of the squared overlap over a zero-mean normal
distribution with the width 6t (RMS) due to to the clock synchronization jitter, and in our
approximation it has a simple analytical form:

2

w (oo 2 _? _i2
e 202 ¢ 202 e 262 1
=/ dx dt = .
2no N2no V2r st 1 4 o1
—00 —00 + 2 2
o

To include background due to coexisting signals, we write second order coherence between two
independent pulsed sources “A” and “B” transmitting single photons and background light via
fiber links to the input ports of a 50/50 beamsplitter “a” and “b”. The probability of a detection
p1, p2 per each trial on detectors “17, “2” is:

p1 = (pa+po+ph+pp)ni/2

P2 = (pa+po+ Py +pp)n2/2,



where 71, 172 are detection efficiencies of the detectors, and p3, py are the probabilities to receive
a noise photon from fiber links connecting light sources “A” and “B” to beam splitter input ports
“a” and “b”. Here, we assume that the single photon probabilities are small due to loss in an
optical link. Also, the sources are pure, gfb) (0) = 0. In addition, we assume that the noise photon
probabilities are also small, py, py < 1, which allows us to keep linear terms only. Then, the
probability of a coincidence at the detectors 1 and 2 can be written as:

o, D2 (D
2 2 |

nmn2
pi2= 5= Papu(1 = 1) + papy + papy + PoPy + PoPy + PyPa +

Because probabilities of receiving single photons and noise photons are small, we only keep
quadratic terms here. We also take advantage of the Poisson distribution of the noise photons.
The last two terms give a probability to receive two noise photons simultaneously. Then, the
zero-delay second order coherence can be estimated as g® (0) ~ p12/(p1p2) [32].

Before making more general statements, consider a use case of observing non-classical Hong-
Ou-Mandel (HOM) interference with two distant indistinguishable single photon sources for
pulses with duration of o~ = 10 ps. The (heralded) single-photon probability at the source is pg = 1.
The single-photon probabilities are attenuated by fiber propagation loss p, = py, = poe~ 5L,
The results shown here are obtained assuming commercially available 1270 nm/1330 nm classical
transmitters that deliver 1 uW to each of the two receivers (see Fig. 7). The probability of
the noise photon arrival in the same time gate where a single photon is expected is given by
Pa = py, = Noise[photons/s] X Gate[s] < 1, where detection gate time Gate = 20~ + 6. Note that
a physical implementation of a gate may be critical for long fiber links, because the ungated rate of
noise photons can significantly exceed a million (Noise[cps] >> 10°). To address this deficiency,
single-photon detectors (SPDs) should be gated with sub-nanosecond gate intervals. Because
direct sub-nanosecond gating of single-photon detectors may be difficult [33], electro-optical
modulators can be employed to gate the inputs to the SPDs.

In Figure 9, we show the expected value of the g(® (0) as a function of fiber link length
(assuming that links “a” and “b” have the same length) for different clock synchronization time
jitter values. The HOM dip is non-classical when g(® (0) < 0.5. At L=0, the g® (0) is above
zero due to imperfect single-photon overlap (i.e. due to timing jitter). We see that jitter values
below 10 ps are not significantly affecting the indistinguishability. For longer L, single photons
are increasingly lost due to fiber attenuation; while at the same time, noise due to the classical
channel becomes more dominant. We observe that g(® (0) gets affected at L > 60 km, and
becomes classical for L ~ 100 km.

Although this result is obtained assuming a particular implementation of a quantum network,
the methodology can be generalized to all types of single-photon emitters in the quantum network.
Indeed, the single-mode states temporal and spectral properties are related through a Fourier
transform such that the temporal and spectral widths are inversely proportional. Therefore,
narrow spectral filtering of “long" single photons (such as those generated by atoms and ions)
can offset the temporal duration of the wave-function to the same degree as fast temporal gating
of “short" single photons (such as those generated by parametric down-conversion or four-wave
mixing) can offset the spectral bandwidth. In all those cases, the performance of the noise filter
is bounded by the same limit due to the time-bandwidth relation required for indistinguishable
photons.

On the other hand, the limit of ~100 km is due only to the sensitivity of the off-the shelf
classical receivers employed for the WR protocol. Research grade receivers offer significantly
better sensitivities. Generally, we can find the theoretical limit of classical/quantum channel
coexistence as a function of the classical channel output optical power and the fiber link length by
resolving equation g (0) = 0.5 for Py as a function of fiber length L for measurement gating
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Fig. 9. Zero-delay second order coherence function g(z) (0) as a function of fiber
link length. Fiber link length and the 1550 nm single-photon sources are considered
identical for each time jitter value. Noise corresponds to the sum of the larger (FS or
BS) noise produced by both 1270 nm and 1330 nm classical synchronization pulses.
Gating time is given by the sum of pulse width and time jitter: 20 + ot.
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This simple form of the limit (7) can be obtained if both photons travel through the fiber links of the
same length and L >> 1 km and using BS noise for both classical wavelengths to obtain a stricter
bound. In Fig. 10, the limit is plotted for 4; = 1270 nm, 4; = 1330 nm and a single DWDM
channel at A,, = 1550 nm, for unit indistinguishability / = 1 and Fourier-transform-limited
gating corresponding to zero time jitter and dispersion compensated fiber propagation in a single
DWDM channel: Tgye = [100 GHz]™! = 10 ps. Note that this absolute limit is established as a
function of power in the classical channel, not the data rate. Nonetheless, some useful estimations
can be made.

The physical limit on the receiver sensitivity is given by the Shannon limit for receivers
based on a classical measurement and by the Holevo bound for receivers based on a quantum
measurement [34-36]. Although different implementations of receivers are possible, we estimate
that coherent states with the average energy of 1 photon at the receiver are required to communicate
one bit of classical information, which amounts an optical power reduction of to up to 8 orders of
magnitude for the signal at the receiver using the same synchronization protocol as compared
to off-the-shelf receivers. A typical WR-PTP setup requires a data rate of <100 kilobits per
second, [37]. As we see from the plot, with our assumptions on a receiver for classical information,
the WR protocol puts a limit on the length of the quantum link at ~ 300 km. Even though there is
no hard theoretical limit for the length of a fiber link as a function of classical data rate, stretching



beyond 400 km would be unfeasible, because at that point the classical signal at the output of the
fiber link will be attenuated to below one photon per second.
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Fig. 10. Classical and quantum coexistence limit as a function of fiber link length
and the output optical power of the classical signal (g(z) (0) = 0.5, red line) assuming
synchronization with negligible timing jitter (<10 ps). The area shaded with light red
shows the parameter space where the coexistence of quantum and classical channels
is not feasible. Also shown are notable use cases. When the synchronization with
off-the-shelf components and WR PTP protocol output optical power of ~1 uW is
required, the maximum length of the fiber link is ~100 km for the idealized quantum
source with unit heralding efficiency (blue dashed lines). With quantum receivers
operating near their measurement limit, the power requirements drop 8 orders of
magnitude and the extension of the fiber link to about 300 km is possible (yellow dashed
lines). Although there is no fundamental limit on the optical power at the receiver in a
classical channel, the extension of coexisting links over 400 km is unfeasible, because
the classical power of 1 photon per second at the receiver sets the practical limit for any
useful synchronization protocol (green dashed lines).
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4. Conclusion

In this work, we have built a time-synchronized quantum network testbed and shown that classical
synchronization pulses can in principle coexist with single-photon quantum channels in the
same optical fiber. The duration of single-mode single-photons does not play a role as far as
coexistence is concerned, but may be important given limits on synchronization. We demonstrate
a successful synchronization of the 2 quantum nodes and achieve a timing jitter < 2.2 ps RMS
with WR switches and < 3.5 ps with picosecond PL. We show that frequency stabilization < 100
fs RMS can in principle be achieved with a PL via averaging synchronization pulses over ~1 ms.

We have shown that background noise generated by bright synchronization signals can be
kept low by detuning the carrier frequency of classical signals to (or below) 1300 nm. In
this configuration, a sizable band (1500 nm to 1620 nm) can be used to multiplex more than



100 quantum channels. As we have shown, the synchronization achieved between the two
nodes and the background induced by a classical synchronization protocol with off-the-shelf
components is theoretically sufficient to achieve quantum HOM interference visibilities i.e. even
classically-synchronized nodes are compatible with the coexistent distribution of non-classical
states. When using off-the-shelf components, the power requirement at the receiver is typically
-30 dBm (1 W), which is significantly above the fundamental limit (Helstrom bound, [38]). We
determine the maximal achievable fiber lengths supporting coexistence for (1) current state of the
art classical equipment and (2) the future quantum-enabled classical data exchange protocols.
When using off-the-shelf components, the power requirement at the receiver limits the fiber
lengths to ~ 100 km whereas a receiver operating close to the fundamental limit improves that
fiber length more than twofold. Interestingly, the maximal practical length of many quantum
network protocols without repeaters is limited by ~100 km anyway due to fiber loss only. Here,
we have shown that the maximal length of coexisting fiber links is not significantly different and
can be improved. Thus, the limited use of fiber dedicated to quantum communication to also
exchange classical information, which can significantly simplify the architecture of the quantum
network, is fundamentally possible.
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