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Compatibility with existing classical network infras-
tructure offers a scalable path towards deploying large-
scale quantum networks. Here, we demonstrate O-band
polarization-encoded quantum entanglement distribu-
tion over an installed 24.4-km fiber while coexisting with
a state-of-the-art fully-loaded C-band classical commu-
nications line system and a picosecond-level precision
L-band synchronization signal. The classical system car-
ries two 800-Gbps channels while the remainder of the
C-band is filled with amplified spontaneous emission
as is standard for such state-of-the-art communications
systems. We examine the spontaneous Raman scatter-
ing spectrum generated from this broadband C-band
light and offer insights into wavelength allocation for
O-band quantum channels. Optimal wavelength selec-
tion and narrow filtering enable well-preserved Bell
state fidelity when coexisting with 21.4-dBm aggregate
launch power across the C-band suitable for 36 Tbps
transmission. To the best of our knowledge, this is the
first implementation of entanglement-based quantum
communications between two remote nodes coexisting
with independent classical communications traffic. We
demonstrate coexistence of quantum entanglement with
ultra-high power levels and record classical bandwidth,
offering promise for real-world entanglement-based net-
working integrated within high-capacity communica-
tions infrastructure.

http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION

Recent years have seen rapid progress in quantum networking
research, a topic of current importance for distributed quan-
tum computing, quantum cryptography, sensing, and metrol-
ogy [1, 2]. As researchers work to develop quantum networks
beyond laboratory research, it is important to consider how they
will scale for future commercial or public use. Optical trans-
mission at telecommunications wavelengths in fiber has a long
history of successful use in intra- and inter-city networks for
classical communications to enable global connectivity. This has
motivated decades of work and significant advances in quantum
communications over quantum-dedicated dark fiber [3–5]. How-
ever, high demand for optical fiber and high cost of installing
new fiber links suggest that integrating quantum networks into
the existing classical communications infrastructure presents
a more efficient and scalable path to developing widespread
quantum networks. Wavelength-division multiplexing offers
compatibility with dominant commercial optical networks and
allows increased fiber capacity by housing many quantum and
classical signals within the same fiber. Furthermore, "coexisting"
classical and quantum networks can allow easy integration of
classical signals for quantum network management (such as
synchronization, routing information, or communicating mea-
surement results) [6–8].

As a significant step towards such integration, we demon-
strate distribution of quantum entanglement in a real-world net-
work infrastructure. Our quantum signal travels simultaneously
with high-power, state-of-the-art classical C-band communica-
tions in the same fiber, demonstrating coexistence with record
bandwidth and ultra-high launch powers. Furthermore, we
present the first (to our knowledge) real-world implementation
of entanglement-based coexistence with independent classical
communications. We distribute entanglement over an installed
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metropolitan fiber between synchronized quantum nodes in
Evanston and Chicago, operating out of a telecommunications
exchange facility. This reflects a transformative step forward
in studies on coexistence, bringing hybrid quantum-classical
networks out of the laboratory, and towards fully deployable
networks for use in academic, public, or commercial applica-
tions.

Previous studies have demonstrated strong potential for
hybrid quantum-classical networking in wavelength-division
multiplexed (WDM) optical networks as early as 1997 [9],
but the majority of experiments use weak coherent states
(WCS) for discrete-variable quantum key distribution (QKD) [9–
28], continuous-variable QKD [29–32], or measurement-device-
independent QKD [33, 34] to distribute quantum information.
A smaller number of works have demonstrated coexistence in
research motivated for entanglement-based applications [35–51].
Throughout this body of work, several wavelength allocation
schemes have been investigated in order to minimize noise in the
quantum links. Because spontaneous Raman scattering (SpRS)
is typically the dominant noise contribution for WDM quan-
tum networks, a large wavelength detuning between quantum
channels and high-power classical channels can heavily reduce
the negative impact of coexistence on quantum communica-
tions [26, 43]. The C-band is generally preferred for transmission
in fiber due to low propagation loss (∼ 0.2 dB/km), but several
studies have investigated moving either the quantum or clas-
sical channels to the O-band, at the cost of slightly increased
propagation loss (∼ 0.3 dB/km). Despite this increased loss,
these wide channel separations offer dramatic decreases in noise
(orders of magnitude SpRS suppression in some cases) that well-
compensate the extra loss, enabling robust quantum commu-
nications with coexisting classical signals [43]. Several works
have utilized this to demonstrate successful entanglement-based
communications for O-band quantum/C-band classical coex-
istence [35, 43, 50, 51] and C-band quantum/O-band classical
coexistence [40–42, 48]. This established research base provides
strong proof-of-concept for quantum entanglement-based sys-
tems to coexist with wavelength-division multiplexed (WDM)
classical fiber networks, but more work is needed to demonstrate
compatibility with real-world communications systems.

Notably, many entanglement-based works demonstrate co-
existence with only a low-power synchronization signal [41, 42,
45, 48] or a single-wavelength classical source with unidirec-
tional [38, 44, 47, 49, 51] or bidirectional [36, 39, 46, 50] prop-
agation. Most of these works coexist with signals at launch
powers between −20 to 0 dBm, which is significantly lower than
the launch powers needed for high-capacity independent clas-
sical telecommunications traffic. Particularly, synchronization
or polarization reference signals that aid quantum links can
usually be attenuated to just above receiver sensitivity thresh-
olds [48]. Furthermore, current state-of-the-art classical telecom-
munications systems often fill the entire C-band (and sometimes
L-band) with strong classical light [52]. As such, it is important
to provide analysis of quantum systems coexisting with high-
power, broadband classical communications to replicate sharing
bandwidth on an active, real-world fiber. We also note that
commercial systems are unlikely to favor allocation for quan-
tum channels, instead prioritizing high data rate transmissions
in the low-loss C-band. Further, some high-bandwidth clas-
sical systems functionally prohibit quantum allocation within
the same transmission bands by filling all available spectrum
with amplified spontaneous emission (ASE) for channel moni-
toring [52]. However, the O-band is often left available in com-

mercial long-haul networks, making it a prime candidate for
developing quantum networks within the classical infrastruc-
ture. Despite the prominence of fully-loaded C-band classical
systems in state-of-the-art commercial communications, only
a few works with WCS (and none using entanglement-based
sources) have utilized a fully-loaded band for classical commu-
nications [18, 20–22, 26, 28, 30, 31]. Of these, we note that [26]
employs a slightly narrower C-band bandwidth than current in-
dustry standards, [22] transmits a C-band quantum signal with
a fully-loaded O-band classical signal, and [20, 21, 31] utilize
intraband coexistence, meaning that some of the available classi-
cal bandwidth must be removed for quantum use. Although it
doesn’t employ fully-loaded C-band classical signals, previous
work in our lab provides an important basis for coexistence of
high-power, independent classical communications traffic with
O-band polarization entanglement-based communications. We
have demonstrated entanglement distribution over a 48-km de-
ployed fiber loop with 18.1-dBm aggregate launch power from
an 11-channel C-band WDM source spanning 1549-1565 nm [43]
and quantum teleportation over a 30-km spooled fiber with
18.7 dBm of 400-Gbps classical traffic at 1547.32 nm [51], proving
compatibility of entanglement-based communications at coex-
istence power levels on the same order of magnitude as the
highest demonstrated with WCS [19, 28].

Additionally, progressing from laboratory-based experiments
or demonstrations over installed fiber in a loopback configura-
tion to deployed fiber links with separated measurement nodes
is crucial for proving quantum networks are compatible with
real-world classical networks. Coexistence between separated
nodes has been demonstrated with independent classsical com-
munications for WCS [19, 27, 28, 33], but previous works only co-
exist with low-power synchronization signals for entanglement-
based experiments [40, 48]. To the best of our knowledge, no
prior entanglement-based experiments have demonstrated co-
existence with independent classical traffic over deployed fiber
without a loopback.

Our work seeks to bridge this gap; we present the first (to
our knowledge) demonstration of quantum entanglement distri-
bution coexisting with a fully-loaded C-band source, enabling
entanglement-based communications under conditions mimick-
ing a real-world commercial WDM communications link (includ-
ing deployed fiber, co-location with an active telecommunica-
tions exchange facility, and synchronized, physically-separated
measurement nodes). We further present the SpRS spectrum in
the O-band generated by our broadband C-band source, offering
insights into optimal wavelength allocation for WDM quantum
networking in the O-band. Our quantum signal coexists with
21.4 dBm of 1.6-Tbps C-band classical communications (span-
ning a 4.9-THz bandwidth) and an L-band classical synchro-
nization channel. This synchronization signal enables real-time,
synchronous quantum measurements to picosecond-level pre-
cision between remote nodes. We maintain high entanglement
fidelity after entanglement distribution over a 24.4-km deployed
fiber link between Evanston and Chicago, proving the potential
for deployed quantum networks integrated within the classical
WDM communications infrastructure.

2. EXPERIMENTAL DESIGN

We distribute polarization-entangled photon pairs between
Northwestern University in Evanston and StarLight Interna-
tional/National Communications Exchange Facility in Chicago,
as illustrated in the conceptual diagram in Fig. 1. We gener-
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Fig. 1. Entanglement is distributed over 24.4 km of deployed
fiber from Evanston to Chicago. The quantum signal is mul-
tiplexed to propagate with a state-of-the-art classical commu-
nications system and optical synchronization clock. (EPPS =
entangled photon pair source, OLS Tx (Rx) = classical optical
line system transmitter (receiver), SNSPD = superconducting
nanowire single photon detector, TDC = time-to-digital con-
verter, WR = White Rabbit synchronizer, MUX = wavelength-
division multiplexer, BW = bandwidth)

ate O-band polarization-entangled photons with a 1290-nm
signal and 1310-nm idler. The 1290-nm photon is distributed
over a 24.4-km installed optical fiber alongside 1.6 Tbps of co-
propagating state-of-the-art fully-loaded C-band conventional
telecommunications and a bidirectional synchronization signal
that enables synchronous photon counting between remote mea-
surement nodes. The Chicago measurement node is housed at
the StarLight facility, which is a 24/7 production communica-
tions exchange and a pioneering advanced network infrastruc-
ture in Chicago, serving as a major hub for global research and
education networking, integrating high-performance optical net-
works with software-defined networking for scientific discovery
and data-intensive research [53]. We operate both the quantum
and classical components of our system at the StarLight node
under standard operating conditions for a communications ex-
change facility, as would be necessary for a fully-implemented
quantum network within existing classical infrastructure.

Beyond deployed network architecture, the coexistence of
quantum networks with control systems such as time synchro-
nization or channel monitoring is gaining interest because of
limited fiber availability, high-precision timing measurements
across separate locations, or probing perturbations to the quan-
tum system [6, 7, 50, 54]. Here, we multiplex our quantum and
classical signals with an optical clock for high-precision synchro-
nization (∼ 5 ps root-mean-square jitter) using White Rabbit
timing protocols [7, 55]. This enables live remote correlation
measurements of entangled photon pairs between Evanston
and Chicago. We integrate our quantum signal with state-of-
the-art classical transmissions; the 1290-nm entangled photon
is wavelength-division multiplexed to propagate alongside a

L-band White Rabbit clock signal and a fully-loaded C-band
classical system, demonstrating the potential for highly efficient
use of deployed optical fiber bandwidth.

A. Fully-Loaded C-band Classical Communications
The classical optical line system (OLS, green in Fig. 2), based on
reconfigurable optical add-drop multiplexing technology (and
comprised here of Ciena Corporation’s 6500 Reconfigurable
Line System, Waveserver 5, & WaveLogic 5 Extreme), trans-
mits an aggregate C-band launch power of 21.4 dBm spanning
the 1528.4-1566.9 nm telecom wavelength range, as well as a
1511-nm optical supervisory channel (OSC). The OLS also con-
tains a 1610-nm channel, which is turned on only during cal-
ibration and not depicted in Fig. 2 as the OLS was calibrated
once before performing experiments. The OLS requires two-way
communication for calibration and normal operation; return
communications are carried by an independent 24.4-km optical
fiber installed alongside the fiber used for quantum transmission
and coexistence. For this experiment, the OLS is populated by
two state-of-the-art 800-Gbps channels centered at 1541.3 nm and
1557.4 nm, totaling 1.6 Tbps. The remaining C-band spectrum is
automatically filled with ASE, which allows channel monitoring
for system health and rapid addition of data-carrying channels to
the OLS without requiring recalibration due to changing power
levels [52]. Both the data-carrying channels and ASE are am-
plified by an internal erbium-doped fiber amplifier calibrated
such that the received power spectrum across the C-band is
flat in amplitude after propagation (leading to the tilt visible in
Fig. 2, where the optical power is measured directly after the
transmitter). Because the dominant source of noise for quantum
communications in this system is contributed by spontaneous
Raman scattering [43], total transmitted classical power over a
constant wavelength span is the relevant variable for determin-
ing the amount of generated noise. Significantly, the fact that the
power spectrum remains constant regardless of channel popula-
tion means that classical data transmission in this experiment
could be increased to 36.8 Tbps without changing the impact on
the quantum system.

WR 

sync

800-Gbps 

channels

C-band ASE

OSC

Fig. 2. Optical spectrum analyzer (OSA) measurement of the
Ciena classical OLS (green) and WR synchronization signal
(red) with 0.01 nm resolution. The peak at 1511 nm is the OSC
on the OLS and the oscillations at 1541.3 nm and 1557.4 nm
are the 800-Gbps data channels. Relative powers of the WR
clock and OLS do not factor in experimental insertion losses.
(WR = White Rabbit, OLS = optical line system, OSC = optical
supervisory channel, ASE = amplified spontaneous emission)

We characterize the spectrum of SpRS noise generated by the
OLS as a function of wavelength in the O-band (representing
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possible quantum channels). The entangled photon pair source
(EPPS) used in our experiment generates a broadband spec-
trum due to type-0 spontaneous parametric down-conversion
(SPDC) that spans ∼ 40 nm centered at 1300 nm. Although not
employed here, this source is compatible with WDM quantum
networking using multiple quantum channels for multi-node
or high-rate distribution [43]. However, SpRS is not uniform
across all O-band channels; it has a complex spectrum generat-
ing higher or lower noise for different channels [43]. As such,
it is worthwhile to study the spectrum of SpRS generated by
coexisting classical sources to examine the impact of hybrid
quantum-classical WDM networks. While SpRS from variable
single-wavelength sources across the C-band has been studied
extensively [11, 28, 43, 56], broadband sources (such as the fully-
loaded C-band OLS used here) can create an aggregate SpRS
spectrum with new features and insights for WDM quantum
networking.

(b)

(a)

Fig. 3. (a) Left axis (red dots): Single photon counts across the
O-band from spontaneous Raman scattering (SpRS) over the
24.4-km deployed fiber due to the classical OLS at 18.3 dBm.
Counts are reported in kilo-counts per second (kilo-cps) nor-
malized by classical launch power and tunable bandpass filter
bandwidth. Right axis (black stars): Transmission loss over
the 24.4-km deployed fiber as a function of wavelength. (b)
Left axis (black dots): Signal-to-noise ratio (SNR) as a function
of wavelength simulated from the measured SNR at 1290 nm
(black star), loss spectrum, and SpRS noise across the O-band.
Right axis (red diamonds): Simulated visibility as a function of
wavelength due to measured changes in loss and SpRS noise.

The measured SpRS spectrum due to the OLS over the
24.4-km fiber link is presented in Fig. 3(a) alongside a plot of the
transmission loss across the O-band. The observed spectrum can
be considered a summation of the SpRS that would have been
generated by independent, single-wavelength sources across the

C-band. We used an 18-GHz full width at half max (FWHM) tun-
able wavelength bandpass filter to characterize SpRS count rates
from the OLS in a broadband superconducting nanowire single
photon detector (SNSPD) at the end of the 24.4-km fiber with an
efficiency ≈ 82% across the O-band. The OLS was set to a launch
power of 18.3 dBm and filtered out before the tunable filter by
two cascaded O-band/C-band wavelength-division multiplex-
ers (WDMs), leaving only the SpRS photons and detector dark
counts. The impact of dark counts (an average of 470 counts
per second) is subtracted out from raw measurements so as not
to factor into the results. Figure 3(a) displays SpRS counts in
log scale, normalized by launch power and filter bandwidth in
kilo-counts per second (kilo-cps). Although a significant amount
of noise is generated across the full spectrum by the high-power
OLS, narrow spectral filtering – particularly in the lower noise
region of the O-band (< 1300 nm) – can reduce the background
noise to the order of dark counts. In our experiment, quantum
channels are filtered by 7-GHz FWHM bandwidth Fabry-Pérot
etalons and isolated to a single etalon transmission peak using
dense wavelength-division multiplexer (DWDM) filters with
100-GHz channel spacing to select phase-matched photon pairs
centered around the 1300-nm pump for the signal (1290 nm) and
idler (1310 nm). We filter narrowly into the joint spectrum to
reject most generated SpRS (strongly limiting the effect of SpRS
noise to degrade quantum transmissions) but widely enough
to maintain source coincidence rates [57]. The measurements in
Fig. 3(a) were taken with a launch power and system efficiency
that differ from later measurements coexisting with entangle-
ment distribution, but provide a useful reference for the rela-
tive strength of SpRS noise as a function of wavelength across
O-band quantum channels.

Furthermore, O-band quantum channels benefit from an
anti-Stokes frequency detuning and reduced Raman gain gen-
erated by C-band wavelengths, particularly for channels <
1300 nm [43]. As can be seen in Fig. 3(a), a ∼ 6x reduction in
SpRS noise is gained by selecting a 1290-nm channel over the
more standard 1310-nm within the O-band. For the broadband
source, this result differs slightly from data on single-frequency
pump SpRS noise that indicates a larger benefit from shifting
from 1310 nm to 1290 nm [43], as the noise spectrum is sum of
SpRS generated by wavelengths spanning the full C-band. The
improvement additionally comes at the cost of slightly increased
transmission loss (+0.6 dB additional loss over 24.4 km), but
offers a worthwhile advantage in robustness. This advantage is
demonstrated through simulations of the signal-to-noise ratio
(SNR) and visibility of quantum channels across the O-band
(Fig. 3(b)). The SNR across the O-band is calculated by normal-
izing measured loss and SpRS noise spectra to the measured
SNR at 1290 nm in our experiment (shown as a black star in
Fig. 3(b)), providing insights into the single channel quantum
noise levels given our experimental parameters. This simulation
reflects transmission over the 24.4-km link with an aggregate
C-band classical launch power of 21.4 dBm.

We further simulate entanglement visibility across the
O-band, shown as red diamonds in Fig. 3(b). We use:

V(λ) =
Cmax(λ)− Cmin(λ)

Cmax(λ) + Cmin(λ)
(1)

for the visibility V(λ) where Cmax(λ) (Cmin(λ)) is the maximum
(minimum) coincidence count rate per pulse as a function of
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quantum wavelength λ. The coincidence rates are calculated as:

Cmax(λ) = µηi(λ)ηs(λ) + Si(λ)Ss(λ) (2)

Cmin(λ) = Si(λ)Ss(λ) (3)

using the total channel efficiencies ηi,s(λ), singles count proba-
bility Si,s(λ), and mean photon pair number µ generated in the
waveguide. Subscripts i and s refer to the idler and signal chan-
nels respectively. Wavelength dependence is added to channel
efficiencies ηi,s(λ) by scaling the efficiency at 1290 nm η1290

i,s by
the fractional wavelength-dependent propagation loss X(λ) rela-
tive to 1290 nm, such that ηi,s(λ) = X(λ)η1290

i,s . We approximate
the 1290-nm channel efficiencies η1290

i,s as the measured herald-
ing efficiencies. For simulation as a function of wavelength, the
singles counts Si,s(λ) are modeled according to Eq. 4 [57, 58],

with dark counts Ndark
i,s and SpRs noise counts NSpRS

i,s (λ).

Si,s(λ) = µηi,s(λ) + Ndark
i,s + NSpRS

i,s (λ) (4)

Here, both NSpRS
i,s (λ) and Ndark

i,s are the count rates per pulse,
accounting for temporal filtering from a 300-ps coincidence de-
tection window. Spectral filtering (7-GHz) and polarization inde-
pendence of noise counts are automatically factored in by using
measured values in the experimental setup at 1290 nm for Ndark

i,s

and NSpRS
i,s (1290 nm). We note that SpRS nosie is proportional to

the spectral and temporal filtering widths, meaning that the very
narrow 7-GHz filtering used in this work significantly reduces
SpRS noise compared to other works with wider filtering [57].
The wavelength-dependent values for NSpRS

i,s (λ) are obtained
by scaling the SpRS spectrum in Fig. 3(a) to the measured SpRS
counts at 1290 nm, which further adjusts the reported spectrum
to a 21.4-dBm launch power and relevant insertion losses that
are used to generate the results presented in Section 3 of this pa-
per. We assume constant pair rates and detector efficiency across
the O-band (leading to a constant µ and Ndark

i,s ); these values may
vary slightly as a function of wavelength in real systems. Simi-
larly, we take propagation loss in the idler path to be equal for
all wavelengths as the fiber distance is negligible (a few meters
on the optical table) and we set NSpRS

i = 0 since there is only
classical light in the signal path. This model can be extended to
consider configurations with coexisting classical light in both
quantum paths by adding a non-zero value for NSpRS

i . For the
simulations presented in Fig. 3(b), we use µ = 0.009, ηi = 0.03,
ηs = 0.001, Ndark

i = 1.8 × 10−7, and Ndark
s = 3.8 × 10−7 as

measured at 1290 nm.
Interestingly, although the simulated SNR drops off at

1280 nm, the simulated visibility begins to drop more signifi-
cantly starting at 1300 nm (Fig. 3(b)). We see a relatively flat,
high visibility for wavelengths < 1300 nm. Meanwhile, for
channels > 1300 nm, SpRS noise increases at a higher rate than
propagation loss decreases, leading to the significant drop-off in
visibility seen in Fig. 3(b). The increase in tolerance to noise for
visibility over SNR is due to coincidence-based detection, which
helps filter vacuum emission and can lead to a higher noise tol-
erance for coincidence-based photon counting systems [57, 59].
We see that wavelengths in the 1260-1290 nm range offer the
highest entanglement visibility under coexistence with a fully-
loaded C-band source. Although higher loss doesn’t prohibit
higher rate operation (as per [43], µ can be increased to raise
rates while still maintaining visibilities higher than those for
channels with stronger SpRS noise), these simulations justify

our 1290-nm wavelength selection. The insights gained from
Fig. 3 can be used to select optimal quantum channel allocation
or determine how other channels would be affected in a multi-
channel quantum source while coexisting with a broadband
C-band source.

B. Synchronization Clock

25 km

TDC TDC
50:50

RF(b)

TDC

50:50

RF(a)

Fig. 4. Histograms of photon arrival time difference relative
to an identical signal copy for either one TDC (black stars) or
two TDCs synchronized by White Rabbit (red dots). Inserts
show diagrams of the experimental setups for jitter measure-
ments on (a) one TDC and (b) two synchronized TDCs on a
50:50 split 50-MHz RF signal. (b) is synchronized by White
Rabbit (WR) with a 25-km fiber spool between TDCs. Mea-
sured root-mean-square timing jitters are σ1TDC = 3.5 ps and
σ2TDC = 4.6 ps. From this, the increase in jitter due to WR
synchronization is calculated to be σWR = 3.0 ps [60]. (TDC =
time-to-digital converter, RF = radio frequency)

Following similar considerations, we select an L-band syn-
chronization channel at 1590 nm (shown in red in Fig. 2), chosen
for both wide wavelength separation from the quantum chan-
nel and bandwidth availability between the occupied C-band
spectrum and calibration channel at 1610-nm for the OLS.
Because Raman noise significantly decreases with increased
quantum-classical channel separation, selecting an L-band clock
channel maintains the availability of the C-band for classical
data traffic while minimizing the clock’s contribution to SpRS
noise (much like the O-band/L-band wavelength allocations
in [43]). Our synchronization signal is distributed bidirection-
ally from 1G small form-factor pluggable (SFP) transceivers (FS
CWDM-SFP1G-ZX-1590) using White Rabbit timing protocols
(Safran WR-LEN) to establish a common time base between time-
to-digital converters (TDCs, Swabian Instruments Time Tagger
X) at each location with picosecond-level precision for timing
accuracy [7, 55]. The SFPs are rated for 80 km propagation with
a listed receiver sensitivity of −28 dBm. White Rabbit typically
operates with bidirectional SFPs at two different wavelengths [7],
but we opt to use a single wavelength with bidirectional prop-
agation over a single fiber to minimize occupied bandwidth.
Because SFPs are not commonly sold with this configuration, we
utilize single-wavelength SFPs and circulators to route signals
from the transmitter and to the receiver at each node (Fig. 5).
With the chosen large frequency detuning from the quantum
channel (L-band to O-band) and low power requirements for
propagation (< 0 dBm launch power), we observe a negligible
increase in SpRS noise when including the two-way 1590-nm
clock signal. Due to the negligible noise even at 0 dBm launch
power, we do not fully optimize (minimize) SFP launch power;
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Fig. 5. Diagram of experimental implementation of entanglement distribution. The Sagnac loop source generates polarization en-
tangled photon pairs at 1290 nm and 1310 nm by second harmonic generation cascaded with non-degenerate spontaneous paramet-
ric down-conversion. The 1310-nm photon is kept in Evanston, where it is filtered to ensure isolation from the pump and its polar-
ization is characterized before it is detected. The 1290-nm photon is multiplexed with the classical OLS and synchronization clock
and then distributed over a 24.4-km deployed fiber to Chicago. The classical signals are de-multiplexed and the 1290-nm photon is
filtered to remove induced SpRS noise before its polarization is characterized. Photon detections are analyzed for coincidences to
verify the entangled state by two TDCs synchronized by the White Rabbit optical clock. (CWDM = coarse wavelength-division mul-
tiplexer (WDM), DWDM = dense WDM, FWDM = O-Band/C-band WDM, CIRC = circulator, FPC = fiber polarization controller,
PBS = polarizing beam splitter, PBS* = PBS with 180◦ phase flip on the V path, λ/2 = half-waveplate, λ/4 = quarter-waveplate,
LCR = liquid crystal retarder, PPLN = periodically-poled lithium niobate waveguide, SNSPD = superconducting nanowire sin-
gle photon detector, FPE = Fabry-Pérot etalon, C = common port, P = pass port, R = reflect port, Tx = transmitter, Rx = receiver,
OLS = classical optical line system, WR = White Rabbit synchronization, TDC = time-to-digital converter, pps = pulse per second,
ASE = amplified signal emission, PDFA = praseodymium-doped fiber amplifier, MZM = Mach-Zehnder modulator, POL = linear
polarizer, RF = radio frequency modulation, CW = continuous wave)

the 1590-nm launch powers were −9.2 dBm co-propagating and
−0.7 dBm counter-propagating (not to scale in Fig. 2; depicted
measurement does not include relevant insertion losses). The co-
propagating transmitter additionally passes through three cas-
caded C-band WDMs to remove ASE. For integration with more
advanced classical systems that span the full C- and L-bands,
the optical clock could be moved to share the O-band with the
quantum signal, at the cost of higher SpRS noise. However, with
a sufficiently sensitive receiver (easily available off the shelf), the
synchronization channel can likely be attenuated [7] enough to
allow low-error quantum communications; this is precedented
by studies on O-band/O-band coexistence for Hong-Ou-Mandel
interference [61] and C-band/C-band entanglement distribution
with powers < −10 dBm [45]. In this work, the channels of
our OLS are restricted to the C-band (plus the 1511-nm OSC),
allowing us to capitalize on the minimal noise configuration of
placing the synchronization channel in the L-band.

The White Rabbit devices send a 10-MHz clock and a 1 pulse-
per-second reference signal for synchronization to the TDCs,
which record photon arrival times and perform correlation anal-
ysis over an internet connection using Swabian Instruments’
TimeTaggerNetwork software. By placing a 300-ps coincidence
detection window around the entangled photon pulse arrival
times, we filter SpRS noise in the time domain in addition to nar-
row (7-GHz) spectral filtering. Figure 4 characterizes the timing
precision of the networked TDCs. To measure this timing jitter,
we split a 50-MHz radio frequency (RF) signal in half, sending
either both identical signals to a single TDC (Fig. 4, red) or one

copy to each of two TDCs synchronized by White Rabbit (black).
To replicate deployed conditions, we place a 25-km SMF-28 fiber
spool in the White Rabbit clock signal path. The insets on Fig. 4
present a diagram of these setups. We record the arrival time
difference between coincident signals in the histograms in Fig. 4
with 1-ps bin widths over five minutes. The widened peaks
between test cases with one TDC and two TDCs indicate a 3.0 ps
root-mean-square (RMS) jitter contributed by White Rabbit syn-
chronization (increased from σ1TDC = 3.5 ps to σ2TDC = 4.6 ps,
following [60]). The marginally reduced performance of a single
TDC compared to the specification in [60] can be attributed to the
low trigger levels (20 mV) used in this measurement. Compared
with a 70-ps photon pulse, the relatively low measured jitter
of 4.6 ps RMS with synchronization constitutes an insignificant
contribution to coincidence timing error and is important for
enabling narrow time-domain filtering of background noise and
maintaining high repetition rates for the quantum source.

C. Entanglement Generation and Distribution
Figure 5 shows the optical system in greater detail. We gener-
ate polarization-encoded entangled photons though type-0 cas-
caded second harmonic generation SPDC (c-SHG-SPDC) within
a polarization Sagnac loop pumped at 1300 nm [51, 62]. The
pump pulses are generated by a 1300-nm continuous-wave dis-
tributed feedback laser (Eblana EP1300-0DM-BO1-FA) that is
intensity-modulated by a lithium niobate Mach-Zehnder modu-
lator (MZM, EOSPACE AK-OK5-10) driven by an amplified RF
signal to generate ∼ 70-ps temporal FWHM pulses at a 500-MHz
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repetition rate. The MZM is driven by narrow RF pulses cre-
ated by sending a 500-MHz signal through a 50:50 splitter and
recombining it at an AND gate after adding a phase delay to one
arm. A bias controller (Oz Optics MBC-HER-PD-3U-0V) max-
imizes and stabilizes the extinction ratio of the optical pulses.
The pump is amplified by two cascaded praseodymium-doped
fiber amplifiers (PDFAs, FiberLabs AMP-FL8611-OB) with a
100-GHz DWDM (AC Photonics) between them to filter out
ASE from the source, which is later used as an polarization ba-
sis alignment signal spanning the quantum wavelengths. The
pump passes through a linear fiber polarizer, a second 100-GHz
DWDM to reject ASE remaining in the quantum channels, and
a fiber polarization controller (FPC) to ensure an equal split
ratio of pump polarization upon entering the Sagnac loop at
a custom polarizing beam splitter (PBS, Oz Optics) with a
180◦ phase flip in the V path and 2% taps for monitoring power
and inputting the alignment signal. Within the Sagnac loop, a
periodically-poled lithium niobate (PPLN, AdvR Inc.) waveg-
uide is pumped bidirectionally for c-SHG-SPDC; the pump is
up-converted to 650 nm before down-converting inside the same
PPLN waveguide with an approximate mean photon number of
µ ≈ 0.009 to produce a 40-nm wide non-degenerate spectrum of
entangled photons centered around 1300 nm. We select phase-
matched entangled pairs at 1290/1310 nm for the signal/idler,
which is important to achieve the highest signal-to-noise ratio
against the SpRS noise generated in the installed fiber (see Sec-
tion 2A and [43]). The generated entangled pair is aligned to
the |Φ+⟩ = 1√

2
(|HH⟩+ |VV⟩) Bell state using a two-step pro-

cedure of sending a broadband polarized ASE alignment signal
that spans the O-band (and is filtered to the quantum signal
and idler wavelengths as it propagates through the system) and
minimizing single photon counts for the H/V basis followed
by non-local coincidence-based compensation of the D/A basis
using a liquid crystal retarder and FPCs to adjust for rotations
during propagation [51, 63]. The 1310-nm idler is kept locally in
Evanston and sent through a quarter-waveplate, half-waveplate,
and polarizing beam splitter (collectively referred to as a po-
larization analyzer) to enable arbitrary projective polarization
measurements on the two entangled photons [64]. After fil-
tering by a DWDM and a 7-GHz Fabry-Pérot etalon to reject
pump wavelengths, the idler photon is detected at an SNSPD
(Quantum Opus Opus One) connected to the Evanston TDC
(Swabian Instruments Time Tagger X). The local SNSPD has an
efficiency > 90% and dark counts ≈ 1500 counts per second.

Meanwhile, the 1290-nm signal is combined with the classical
OLS and synchronization signal by a O-band/C-band WDM
before traveling over 24.4 km of installed SMF-28 optical fiber
to the StarLight measurement node in Chicago. We note that
the classical OLS is calibrated to transmit at maximum out-
put power (21.4-dBm aggregate launch power), which is far
above the necessary power levels for error-free operation over
25 km; we over-amplify the classical signal to demonstrate the
maximum possible effect of SpRS noise on the quantum sig-
nal. The 1290-nm photon path includes ≈ 3 dB of loss before
multiplexing with the classical signals. The installed fiber has
insertion losses of 10.6 dB at 1290 nm (0.43 dB/km) and ≈ 6 dB at
1550 nm (0.25 dB/km), which is slightly above ideal loss specifi-
cations for SMF-28 fiber. Upon arrival at StarLight, two cascaded
O-band/C-band WDMs (Lightel WDM-15-A-L-2) de-multiplex
the signals and filter out remaining classical light with > 100 dB
of isolation. The 1590-nm synchronization channel is further
de-multiplexed and sent to the White Rabbit receiver while the

C-band signal is routed to a receiver on the Chicago half of the
OLS. The quantum channel passes through a polarization ana-
lyzer, DWDM, and 7-GHz Fabry-Pérot etalon before detection at
an SNSPD with an 82% efficiency and dark counts ≈ 500 counts
per second (Fig. 5). Coincident photon detections between the
two locations are analyzed over the TimeTaggerNetwork (de-
scribed in Section 2B) to verify entanglement. Including filters,
the polarization analyzer, and other fiber components, the total
insertion loss for the 1290-nm photon is ≈ 18 dB.

3. RESULTS AND DISCUSSION

(a)

(b)

Fig. 6. Two-photon interference curves after entanglement dis-
tribution over the deployed 24-km fiber for (a) dark fiber and
(b) coexistence with the C-band OLS (operating at 21.4-dBm
launch power) and the 1590-nm optical clock. Coincidence
counts are reported for 8 second intervals as a function of half-
waveplate (HWP) angle for the 1310-nm photon, while the
polarization analyzer for the 1290-nm photon is fixed in the
prescribed bases. Visibilities in the H (green), V (blue), D (red),
and A (purple) measurement bases are listed in the legends.
All reported visibilities carry an error of ±0.5%, calculated via
the Monte Carlo method and assuming Poisson statistics for
photon counting.

The viability for entanglement distribution to coexist with
high-power, broadband classical communications is evaluated
through characterization of the two-photon interference in mul-
tiple bases and quantum state tomography after propagation
over the 24.4-km fiber link. Figure 6 presents two-photon in-
terference curves in measured coincidences between entangled
photon pulse arrivals for both dark fiber (no coexisting classical)
and coexistence scenarios. In the dark fiber configuration, the
1590-nm clock is routed through the independent paired fiber
otherwise used for return communications to the OLS. For these
measurements, the Chicago polarization analyzer is fixed in the
in the H, V, D, or A basis and we record coincidence counts as a
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function of half-waveplate angle in the Evanston polarization
analyzer. We preserve > 94.8 ± 0.5% entanglement visibility in
all measured bases (97.4 ± 0.5% in the H basis; all visibilities are
presented in the legend of Fig. 6) with little to no difference due
to SpRS noise generated by 21.4 dBm of coexisting classical light
from the OLS and optical synchronization. It is important to
note, given we use polarization-based entanglement, that SpRS
noise is approximately unpolarized over long fibers [43, 65].
Since noise is generated randomly across the Poincaré sphere,
each quantum measurement basis is affected equally. Visibili-
ties reported here are likely degraded from unity by imperfect
alignment and multiphoton pair emission in the EPPS [58].

(a)

(b)

Fig. 7. Real and imaginary parts of calculated density ma-
trices of the entangled photon state after distribution in the
24.4-km link for (a) dark fiber and (b) coexistence with the OLS
and synchronization channel. Fidelity to the |Φ+⟩ Bell state is
94.2 ± 0.4% for both measurements. Moreover, the coexistence
scenario has a 98.8 ± 0.1% fidelity to the original entangled state
in dark fiber. Errors are calculated via the Monte Carlo method
and assuming Poisson statistics for photon counting.

We additionally perform 2-qubit quantum state tomogra-
phy on the entangled state and present the calculated density
matrices in Fig. 7, yielding a fidelity of 94.2 ± 0.4% with re-
spect to the |Φ+⟩ Bell state for both dark fiber and coexistence
scenarios. Because we observe no change in fidelity between
these measurements, it is likely the reduction in fidelity from
the maximally entangled |Φ+⟩ Bell state arises from imperfect
conditions, multipair emissions, and/or alignment in the entan-
gled photon source or polarization analyzers (as is also the case
for the two-photon interference measurements). As such, it is
valuable to evaluate the fidelity of the entangled photon state
under coexistence conditions with respect to the "original" state
in dark fiber so as to more clearly estimate the impact of SpRS
noise. For this analysis, we obtain a fidelity of 98.8 ± 0.1% to
the dark fiber quantum state, indicating a minimal impact on
fidelity from coexistence with the synchronization signal and
high-power OLS. Errors on all measurements were calculated
through Monte Carlo methods assuming Poisson statistics for
photon counts for all visibilities and fidelities in Fig. 6 and Fig. 7.
All reported visibilities carry an error of ±0.5%. The reported
variations in visibility and fidelity between measurement scenar-
ios are within expected errors but could be due to experimental
fluctuations in the pump power or alignment of the entangled
photon source over the course of data collection.

4. OUTLOOK

These results demonstrate that quantum-classical networks
could be implemented with little to no degradation in the quality
of quantum entanglement distribution. To the best of our knowl-
edge, this work is the first demonstration of an entanglement-
based hybrid quantum-classical network over standard fiber
alongside fully-loaded C-band classical optical communica-
tions. The classical bandwidth is the widest experimentally
demonstrated for entanglement-based coexistence, with classical
launch powers comparable to the highest reported in previous
studies on coexistence in standard fiber [19, 28] and approaching
the record for ultra-low loss fiber [16], although our work uses
a shorter fiber distance. Here, we used the maximum possi-
ble launch power of the commercial OLS, meaning real-world
systems would be unlikely to experience stronger SpRS at the
selected wavelengths. Our quantum signal co-propagated with
1.6 Tbps of classical data, but this could easily be upgraded to
over 36 Tbps without increasing the launch power or occupied
bandwidth of the classical system by replacing the auto-filled
ASE with data transmission. This would have no impact on
the quantum channel given that, for WDM networks, SpRS is
only dependent on the wavelength and power rather than the
classical data rate [26, 43]. While this work is extremely promis-
ing, further experimentation on longer fiber links (∼ 50-100 km)
would cement the effectiveness of this technology for larger
metropolitan or intercity quantum communications. Because
this study benefits from decreased SpRS noise due to selecting a
shorter wavelength quantum signal (O-band and further shifted
to 1290 nm), long-haul communications will suffer more strongly
from the increased loss compared to the C-band. However, even
with the additional loss, O-band/C-band coexistence configura-
tions will grant higher error-free transmission rates than possible
for C-band/C-band coexistence due to the orders of magnitude
lower SpRS noise. We further provide insights on the optimal
wavelength allocation for quantum channels on the O-band, as
well as to how a multi-channel quantum source would perform
across the O-band spectrum.

Moreover, this experiment provides a strong basis for fu-
ture quantum-classical networks with more advanced quan-
tum protocols. The experiment presented here, combined with
prior work on coexistence for teleportation applications [51],
suggests more advanced functions such as Bell state measure-
ments should be attainable in similar networks. Beyond enabling
shared network infrastructure with existing classical networks,
this could prove useful for distributing relevant information
such as the Bell state measurement basis in order to fully recover
the teleported state [66].

In summary, we demonstrated O-band quantum entangle-
ment distribution with picosecond-level timing precision over
24.4 km of deployed fiber alongside an L-band optical synchro-
nization clock and state-of-the-art, broadband C-band telecom-
munications carrying 1.6-Tpbs classical data traffic. Through
filtering and careful wavelength allocation, we maintained en-
tanglement fidelity under the addition of high-power classi-
cal transmissions. One measurement node was housed at an
active production communications exchange facility, proving
compatibility with standard networking conditions. This work
represents a meaningful step towards implementing quantum-
classical networks under real-world metropolitan conditions.
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