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Energy-time entanglement coexisting with fiber-optical communication in the telecom C band
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We study the coexistence of energy-time entanglement with fiber-optical communication in the telecom C
band. The property of noise from wavelength-multiplexed classical channels is characterized with different
wavelength settings. With the largest noise, i.e., the worst case, we measure the entanglement property of
the distributed energy-time entangled photon pairs at different data rates of fiber-optical communication. After
being distributed over 40-km spooled fiber coexisting with a bidirectional data rate of 20 Gbps, a visibility of
82.01 £ 1.10% is obtained by measuring the Franson interference. With the Bennett-Brassard-Mermin 1992
(BBM92) protocol, a secret key rate of 343 bits per second is reached over the 40-km spooled fiber coexisting
with a bidirectional data rate of 10 Gbps. Our result paves the way for developing a cost-effective quantum
entanglement network compatible with fiber communication systems.
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Quantum communication, which is essential for building a
quantum network, is drawing more and more attention [1-5].
Recently, it has been developed rapidly with fiber-optical
communication infrastructures, in which quantum states are
distributed via fiber-based quantum channels with the clas-
sical information exchanged via classical ones [6-8]. Up to
now, most of these systems have been demonstrated with
individual fiber links, i.e., quantum and classical channels in
different fibers, to protect the fragile property of the quantum
signal at the single-photon level. However, this is not a viable
option under stringent operational expenditures or fiber-scarce
conditions for scalable quantum networks. Towards this end,
in 1997 Townsend put forward a scheme for the simultaneous
transmission of quantum key distribution (QKD) signals and
conventional data signals over the same piece of installed fiber
using the wavelength-division multiplexing (WDM) tech-
nique [9]. A series of investigations on the coexistence of
quantum and classical signals in the same piece of fiber have
been implemented with the WDM and time-division mul-
tiplexing techniques [10-19]. Among these demonstrations,
quantum entanglement coexisting with classical light is robust
to noise owing to its quantum correlation property, which is
important for developing quantum entanglement-based quan-
tum networks [20-23]. For instance, by tightly filtering in
time and frequency domains, polarization-entangled photon
pairs can propagate, coexisting with classical light over 45-km
installed fiber [24,25]. Compared with the polarization entan-
glement [25-27], energy-time entanglement is more robust
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to polarization decoherence in fiber-based quantum networks
[28-30], while its coexistence in the same fiber with classical
light has yet to be investigated.

In this Letter, we demonstrate a communication system
for the coexistence of energy-time entanglement with fiber-
optical communication using the WDM technique in the
telecom C band. In our experiment, we observe the prop-
erty of Raman noise from the classical channel and measure
the quantum correlation of distributed quantum entangled
photon pairs with different noise photons. After distributing
over 40-km spooled fiber coexisting with bidirectional fiber-
optical communication, a visibility of greater than 8§2.01 +
1.10% is obtained in a Franson interferometer. Performances
of entanglement-based QKD are analyzed with the Bennett-
Brassard-Mermin 1992 (BBM92) protocol, showing a secret
key rate (SKR) of 343 bits per second with a quantum bit error
rate (QBER) of 8.61% at a bidirectional data rate of 10 Gbps.
Our demonstration indicates the potential for developing a
cost-effective quantum entanglement network coexisting with
fiber-optical communication over the same piece of fiber.

A conceptual scheme of the coexistence of entanglement
with fiber-optical communication is shown in Fig. 1(a). Al-
ice and Bob send and receive a fiber-optical communication
signal—as classical transceivers—through a classical channel.
Meanwhile, they also receive quantum signals—as quantum
receivers—from the quantum center through a quantum chan-
nel. Alice and Bob are connected by using the same piece
of fiber link, in which the fiber-optical communication and
quantum entanglement distribution coexist by using the WDM
technique, i.e., the classical channel and quantum channel
are located at different wavelengths. Two WDM devices—
as a classical-quantum combiner—are used to multiplex the

©2023 American Physical Society
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FIG. 1. Scheme of energy-time entanglement coexisting with fiber-optical communication in the telecom C band. (a) Conceptual scheme
of the coexistence of entanglement with fiber-optical communication. A quantum center, consisting of a quantum entanglement source and
DWDMs for generating and distributing quantum entangled photon pairs to Alice and Bob. (b) Experimental setup for the coexistence of
entanglement distribution with fiber-optical communication along 40-km spooled fiber. TL: tunable laser; VOA: variable optical attenuator;
AMZI: asymmetrical Mach-Zehnder interferometer; CIR: circulator; BS: beam splitter; EDFA: erbium-doped fiber amplifier; PPLN: period-
ically poled lithium niobate; PC: polarization controller; PBS: polarization beam splitter; SNSPD: superconductor nanowire single-photon
detector; TDC: time-to-digital converter; DWDM: dense wavelength-division multiplexing. Note that DWDM1-DWDM?7 have three ports
(C: common; T: transmit; R: reflect); DWDM1 (DWDM2/3/4) transmits photons in ITU channel C35 (C57) with a bandwidth of 100 GHz;
DWDMS has four ports—two T ports for ITU channels C35 and C57, respectively.

fiber-optical communication data and quantum entangled pho-
ton pairs in a quantum center. Although the setup effectively
prevents the quantum channel from being contaminated by the
classical channel, the Raman noise photons generated by the
fiber-optical communication data within the spectral region
of the quantum channel inevitably influence the property of
distributed quantum entanglement. Fortunately, the quantum
correlation could help entangled photon pairs to tolerate more
background noise than single-photon-based quantum infor-
mation applications. In our experiment, we experimentally
show that by employing the WDM technique and coincidence
detection we extract quantum entanglement from the coexist-
ing noise photons and apply it for entanglement-based QKD
with the BBM92 protocol.

Our experimental setup is shown in Fig. 1(b). In the exper-
iment, the fiber-optical communication signal from a tunable
laser at Alice (Bob), i.e., TL1 (TL2) at a wavelength of A,
is sent to a fiber link after propagating through a variable op-
tical attenuator VOA1 (VOA2), a dense wavelength-division
multiplexing DWDMS5 (DWDM6) device, and a circulator
CIR1 (CIR2). The VOA1 and VOA?2 are used to adjust the
data rates of the coexisting fiber-optical communication that

is monitored by PM1 and PM2 at port 3 of CIR1 and CIR2,
respectively. DWDMS5 and DWDMG6 are employed to sup-
press the background noise from TL1 and TL2, while CIR1
and CIR?2 isolate the bidirectional classical signals. Entangled
photon pairs are generated through the cascaded second-
harmonic generation (SHG) and spontaneously parametric
down-conversion (SPDC) processes in a single piece of a peri-
odically poled lithium niobate (PPLN) waveguide [31], which
is pumped by TL3 at a wavelength of X; = 1540.56 nm [In-
ternational Telecommunication Union (ITU) channel of C46].
The pump light power is amplified, attenuated, and monitored
using an erbium-doped fiber amplifier (EDFA), VOA3, and a
99:1 beam splitter (BS), respectively. DWDM?7 is employed to
suppress noise photons from the pump laser and the EDFA. A
polarization controller (PC) and a polarization beam splitter
(PBS) are used to manipulate and monitor the polarization
state of the pump light and ensure polarization alignment for
phase matching in the PPLN waveguide. DWDMS is used to
select signal and idler photon pairs, which are at A; = 1549.32
nm and A; = 1531.90 nm, i.e., the C57 and C35 channels,
respectively. Then the signal (idler) photons and coexisting
fiber-optical communication signal are multiplexed and sent
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FIG. 2. Experimental results of Raman noises in a quantum channel. (a) Single-side count rates of noise photons at C35 and C57 channels
with a unidirectional fiber-optical communication signal at different wavelengths. (b) Coincidence count rates of noise photons between C35
and C57 channels with a unidirectional fiber-optical communication signal at different wavelengths. (c) Single-side count rates of a photon in a
quantum channel with different powers of a fiber-optical communication signal at 1538.98 nm. (d) CAR of photon pairs in a quantum channel
with different powers of a fiber-optical communication signal at 1538.98 nm.

into the same fiber links via DWDM?2 (DWDM3), respec-
tively. After transmitting through a 20-km-long fiber link
and DWDM1 (DWDM4), the signal (idler) photons enter an
asymmetrical Mach-Zehnder interferometer (AMZI) to mea-
sure their property of energy-time entanglement. The photons
outputted from the AMZI are detected and recorded by super-
conductor nanowire single-photon detectors (SNSPDs) and a
time-to-digital converter (TDC). The coexisting fiber-optical
communication signal from Alice (Bob) to Bob (Alice) out-
puts from the transmission (T) port of DWDM4 (DWDM1).
The data rate of the received fiber-optical communication
signal is measured at R x 2 (R x 1) by using PM2 (PM1) at
Bob (Alice) as shown in Fig. 1(b).

To investigate the property of noise from the fiber-
optical communication channel, we measure the single-
side count rate of the Raman noise photons at C35
and C57 with unidirectional fiber-optical communication
signals at different wavelengths. In this case, the quan-
tum entanglement source is disconnected at the quan-

tum center. When the classical signal is unidirectional
from Alice to Bob, the measured results are shown in Fig. 2(a),
i.e., blue and orange dots, respectively. The laser power is
adjusted so that the receiver obtains a power of —24 dBm,
i.e., minimum required power for a data rate of 20 Gbps.
The coincidence count rates of noise photons from C35 and
C57 channels are also measured with a unidirectional data
rate of 20 Gbps at different wavelengths. The experimental
results are shown in Fig. 2(b). It can be seen that a maximum
coincidence count rate is obtained with a classical signal at a
wavelength of 1538.98 nm, which corresponds to the largest
noise in our experiment. Under this condition, we further
investigate the properties of the distributed energy-time en-
tangled photon pairs at different data rates at 1538.98 nm,
i.e., different monitored optical power in PM1 and PM2. The
measured single-side count rates in quantum channels are
shown in Fig. 2(c). Without any coexisting classical signal,
the single-side count rates of both the signal and idler photons
are 2.2 MHz. With an increase of data rates, the single-side

TABLE 1. Performances of quantum key distribution with different data rates.

Visibility Visibility
Data rate B =-—-m/2 B, = —6m/5 Raw key rate QBER Secret key rate
0 Gbps 88.51 £ 1.71% 89.31 £ 1.24% 4668 bps 6.60% 1065 bps
5 Gbps 87.28+1.21% 87.60 £2.12% 4712 bps 7.26% 818 bps
10 Gbps 85.33 £ 0.83% 84.85 +2.07% 4831 bps 8.61% 343 bps
20 Gbps 82.01 £ 1.10% 82.49 +£2.20% 5004 bps 9.86%
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FIG. 3. Quantum entanglement distribution coexisting with
fiber-optical communication. (a) Franson interference curves of
energy-time entanglement without any coexisting classical signal.
(b) Franson interference curves coexisting with 20 Gbps bidirectional
fiber-optical communication.

count rates exhibit a linear increase, which is consistent with
the increase of the Raman noise photons. Figure 2(d) shows
the decrease of the coincidence to accidental coincidence rate
(CAR) with an increase of data rates. The inset of Fig. 2(d)
gives the histogram of coincidence counts with bidirectional
received powers of —20 and —31 dBm, respectively.

We measure the entanglement property of energy-time en-
tangled photon pairs after being distributed from the quantum
center to Alice and Bob in our experiment. At Alice the
phase « is scanned with a fixed phase 8 at Bob. Without any
coexisting classical signal, the Franson interference curves
for 8 = —m /2 and f = —67 /5 are shown in Fig. 3(a) with
visibilities of V; = 89.31 £ 1.24% and V, = 88.51 &+ 1.71%,
respectively. Note that the imperfect visibilities come from the
multiphoton events of the photon pairs and the imperfection

of the two AMZIs [32,33]. With a bidirectional data rate of
20 Gbps, the results of the Franson interference are shown
in Fig. 3(b) with visibilities of V| = 82.01 & 1.10% and V, =
82.49 4+ 2.20%, respectively. The visibilities of the Franson
interference curves at different data rates are measured and
summarized in Table I. The results show that visibilities de-
crease with the data rates due to the generated Raman noise in
the fiber. Furthermore, we analyze the property of energy-time
entanglement-based QKD coexisting with fiber-optical com-
munication using the BBM92 protocol. In our experiment,
with a bidirectional data rate of 10 Gbps, a raw key rate (nis)
of 4831 bps is obtained from the coincidence measurements.
With the lowest visibility of 82.78%, we obtain a QBER
of 8.61% which is calculated by QBER = (1 — Visibility)/2.
The SKR is 343 bps from SKR > ngn[1 — 2.2H,(x)], where
H,(x) is the binary entropy function, H>(x) = —xlog, x —
(1 —x)log,(1 — x); x is the QBER [34,35]. The performances
of our entanglement-based QKD at different data rates are
summarized in Table I.

In conclusion, we have demonstrated energy-time entan-
glement coexisting with fiber-optical communication in the
telecom C band. Enabled by the quantum correlation of entan-
gled photon pairs and the wavelength-division multiplexing
technique, the distribution of energy-time entanglement co-
existing with fiber-optical communication at a bidirectional
data rate of 20 Gbps is achieved over 40-km spooled fiber,
in which a visibility of 82.01 & 1.10% is measured in the
Franson interferometer. With the BBM92 protocol, we have
reached an SKR of 343 bps with a QBER of 8.61% coexisting
with fiber-optical communication at a bidirectional data rate
of 10 Gbps. Our results pave the way for the development
of a cost-effective quantum entanglement network coexisting
with fiber-optical communication in the same fiber. In the
future, the performance of our communication system could
be improved by developing a bright integrated quantum light
source, reducing the imperfection of the Franson interferom-
eter, and extending the degrees of freedom of the photons for
multiplexing.
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