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Abstract By time-interleaving QKD pulses into gaps between classical data frames, we experimentally
demonstrate the C-band co-propagation of a polarization-encoding decoy-state BB84 QKD channel and
a 10-dBm 100 Gb/s QPSK channel over 100-km fiber with minimum Raman noise interference.
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the commercial success of QKD technologies Fig. 1: State-of-the-art of QKD/classical coexistence.
is integration into existing fiber networks and
sharing fibers with classical data traffic. demonstrate the co-propagation of a polarization-
There have been several QKD/classical coex-  encoding decoy-state BB84 QKD channel with a

istence solutions developed. One method is to ~ 10-dBm 100-Gb/s QPSK channel over 100 km of
move the QKD channel to the O-band®. Thanks fiber. Our method leverages the low fiber loss
to the large wavelength separation, this method ~ ©of the C-band while removing the power limit of
Significanﬂy reduces the SpRS noise[6| and en- classical Channels, enabling Co-propagation with-
ables coexistence with Tb/s classical data traffic ~ out sacrificing the performance of either QKD or

with launch power of more than 20 dBmIZHT9, But classical channels. Fig.[1|shows the state-of-the-
the high fiber loss in the O-band limits the fiber ~ art coexistence works in terms of the maximum

distance to less than 80 km[6|, even using G.654 fiber distance of QKD channels and the maxi-
ultra-low loss fibers?H9l. Network compatibility is mum power allowed for classical channels. O-
another issue since most deployed optical routers ~ band results are labeled by blue circles, which
only support C-band operations. Another method ~ allow Tb/s and high-power classical communica-
is the C-band coexistence with attenuated classi-  tions but are bounded to 80 km. The C-band re-
cal Channe|s|11|_ This method On|y works for low sults are labeled by red triangles, which are all
data rate communicationsf2-(8 where there is below a dashed line, showing a trade-off between
p|enty of power margin so classical channels can QKD distances and classical channel power. Our
be attenuated to matching receiver sensitivities. ~ result, labeled by a star, is the only outlier above
For 100 Gb/s and beyond, normal QKD opera- the trade-off limit.

tion is impossible unless the classical channel is

attenuated below receiver sensitivities!¥. This ~ Operation Principles

method trades the performance of classical chan- The operation principles of the time-interleaving
nels for lower SpRS noise and will not work in real technique are shown in Fig. [2(a). The QKD and
deployments since attenuated classical channels classical channels use two different wavelengths

will not meet the distances or BER requirements. in the C-band. QKD pulses are embedded into
In this paper, we use time-interleaving tech- the gaps between classical data frames. After
niques to embed QKD pulses into the gaps be- fiber propagation, QKD and classical channels

tween classical data frames and experimentally can be separated in both wavelength and time
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Fig. 2: (a) Operation principles. (b) Experimental setup. (c) Raman cross-section. (d) Noise counts in and out of gap windows.

domains using spectral filtering and temporal gat-
ing, respectively. A narrow bandpass filter (BPF)
blocks the out-of-band SpRS noise and gated
SPDs eliminate the out-of-window noise.

Experimental Setup

Fig. [2(b) shows the experimental setup. We build
a polarization-encoding decoy-state BB84 QKD
system with a center wavelength of 1546.12 nm
(ITU-T Ch39, 193.9 THz). The intensity modu-
lator (I M;) generates pulses and prepares de-
coy states. The pulse width is 200 ps with a 25
MHz repetition rate. The polarization modulator
(Pol-M) consists of a circulator, a phase modula-
tor (PM), and a Faraday mirror (FM)29H22l A vari-
able optical attenuator (VO A;) controls the pulse
intensity at point A at single-photon levels. An op-
tical switch selects one out of the two classical
channels, 10 Gb/s OOK or 100 Gb/s QPSK, to be
interleaved with the QKD channel. The classical
channel wavelength is tunable across the C-band.
To emulate gaps between classical data frames,
1M, carves 15-ns gaps on continuous data traffic.
An EDFA and VO A, control the classical channel
power. The classical launch power at point A is
10 dBm, which is at least one order of magnitude
higher than other C-band works®-191 Three
fiber lengths, 20, 50, and 100 km, are tested, with
10 Gb/s OOK for 20 and 50 km fibers, and 100
Gb/S QPSK for 100 km fiber. The QKD synchro-
nization channel is omitted since a 25 MHz optical
clock signal has too low power to impact the QKD
performance. The classical and quantum chan-
nels are mux/demux by 100-GHz DWDMs. A 20-
GHz narrowband filter is used to block the out-

of-band noise. Single-photon detectors (SPDs)
work in gated mode with a 4-ns gate width to
eliminate out-of-window noise. The SPDs have
20% detection efficiency, 10 us dead time, and
a dark count rate of 6e-6 per gate. The optical
misalignment is 0.5-1%. We use a three-intensity
decoy-state protocol with mean photon numbers
per pulse of 0.85, 0.04, and 1e-3 for signal, decoy,
and vacuum states, and emission probabilities of
0.9, 0.05, and 0.05, respectively.

Results

Fig. [2(c) shows the measured Raman cross-
section of a classical channel at 1548.52 nm
(Ch36, 193.6 THz). To reveal the fine spectral
structure of SpRS noise, the central peak of the
pump wavelength is removed. Two local mini-
mums are located 200-300 GHz away from the
pump wavelength on both sides. The anti-Stokes
noise on the shorter wavelength side is smaller.
To validate the effectiveness of SpRS noise sup-
pression in gap windows, noise count rates in and
out of the gap window are shown in Fig.[2(d). The
noise counts out of the gap window show a simi-
lar wavelength dependence as the Raman cross-
section; but inside the gap window, noise counts
are kept low for all classical wavelengths.

Three co-propagation scenarios are tested in
the experiments. QKD with 10 Gb/s OOK over 20
and 50 km fiber, and QKD with 100 Gb/s QPSK
over 100 km fiber. Fig.[3 shows quantum bit er-
ror rates (QBER) and secure key rates (SKR) as
functions of the classical channel launch power.
Since our key rates are limited by the slow re-
sponse and long dead time of low-cost SPDs,
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Fig. 3: QBER and SKR vs classical launch power. (a, b) 20 km. (c, d) 50 km. (e, f) 100 km.

the key rates are shown in both bits per pulse
and bits per second. Since time-interleaving al-
lows continuous QKD operation without interrup-
tion, we followed the asymptotic case of infinite
decoy statesl=® for key rate estimation. With the
QKD channel fixed at 1546.12 nm (Ch39, 193.9
THz), the classical channel is tuned across the C-
band to investigate the wavelength dependence
of SpRS noise.

Fig. [Bfa, b) show the 20 km case, (c, d)
for the 50 km case, and (e, f) for the 100
km case. Without time-interleaving, QBER in-
creases rapidly with classical power. The dashed
line shows the QBER with the classical chan-
nel turned off. Time-interleaving effectively sup-
presses the SpRS noise in the gap window,
so QBER increases much slower with classical
power, as shown in the insets. The QKD per-
formance shows a wavelength selectivity for the
classical channel. The best place to put a classi-
cal channel is at Ch36 (193,6 THz, 1548.52 nm)
so that the QKD channel at Ch39 is within the
minimum of SpRS noise. QBER of 1.12%, 2.04%,
3.81% and SKRs of 1.6e-3 (40 kb/s), 2.63e-4 (6.6
kb/s), and 6.3e-6 (157 b/s) are archived for 20, 50,
and 100 km fibers. But for wavelengths far away
from the quantum channel, QKD performance de-
teriorates quickly with fiber distance. At 50 km,
no secure key is generated if the classical chan-
nel is at Ch62. At 100 km, the wavelength range
of classical channels that allows QKD operation is
from -300 GHz to +500 GHz (Ch36 to Ch44). This

is due to the dispersion walk-off effect. Raman
scattering converts the photons from the classical
wavelength A¢ to the quantum wavelength Ag. A
photon travels at the speed of \¢ before the con-
version, and at the speed of \g afterward. Due to
fiber dispersion, Ac and A have different speeds,
s0 noise photons generated at different locations
will arrive asynchronously at the fiber end. As the
SpRS noise is spread in the time domain, the ini-
tial 15-ns gap window shrinks and noise sneaks
into the gating window of SPDs. Longer fiber dis-
tance and larger wavelength separation between
the two interleaved channels lead to more severe
walk-off.

Conclusions

We experimentally demonstrated a time-
interleaving technique that enables the C-band
co-propagation of QKD with a 10-dBm 100 Gb/s
QPSK channel over 100 km of fiber. Our method
leverages the low fiber loss in the C-band while
removing the power limit of classical channels,
enabling co-propagation without sacrificing
either performance. Compared with other C-
band results, our 10-dBm launch power is at
least one order of magnitude higher. Although
time-interleaving cannot be used for counter-
propagation scenarios, it is still useful since
most deployed fiber networks use one fiber in
each direction. While we only demonstrated one
classical channel in this work, time-interleaving
can also be applied to multiple classical channels
with appropriate wavelength planning.
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