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Abstract: Distributing quantum entanglement over telecommunication fiber is a fundamental
task in metropolitan-scale quantum networks, enabling advanced applications such as quantum-
secured communication, quantum sensing and distributed quantum computing. Although
polarization entanglement is relatively easy to generate and manipulate, its distribution across
deployed fibers is challenging because of the time-varying polarization transformations imposed
by the fiber, which must be actively stabilized. In this work, we experimentally demonstrate the
distribution of polarization-entangled photons over a 62-km, partially-aerial fiber between the
National Institute of Standards and Technology and the University of Maryland. With polarization
stabilization applied to the fiber, we achieved a photon pair rate of approximately 1500s~! and
observed a time-averaged CHSH inequality parameter of S = 2.34 + 0.37. During a continuous
24-hour experiment, time-multiplexed polarization compensation sessions only cost 7.2% of the
total link operation time, leaving an entanglement distribution uptime of 92.8%. Our results
demonstrate the feasibility of distributing polarization-entangled photons over challenging fiber
conditions, which is an important step towards the practical deployment of quantum networks.

1. Introduction

The distribution of entangled photons between spatially separated nodes is a fundamental
task in quantum networking, which enables practical applications including quantum-secured
communication, quantum sensing and distributed quantum computation [1-3]. Entanglement
distribution links are also the essential building blocks for advanced protocols such as quantum
teleportation [4] and entanglement swapping [5], which ultimately enable quantum repeaters
and allow quantum networks to scale to larger sizes [6,7]. In such networks, entanglement can
be realized using different photonic degrees of freedom such as time-bin [8], frequency-bin [9],
and polarization [10]. Among these options, polarization entanglement is particularly attractive
because it is easy to generate, manipulate, and measure using standard optical components,
making it one of the most practical and widely-adopted choices in quantum network development.

However, distribution of polarization-entangled photons over fiber-based quantum networks
presents a significant technical challenge. Due to the fiber’s routing geometry and birefringence,
optical fibers impose random unitary transformations on the photons’ state of polarization (SOP)
as they propagate [11]. These transformations are sensitive to environmental perturbations such
as temperature fluctuations and dynamically induced stresses or displacements along the fiber
bundle (e.g., from wind or traffic), causing the output SOP to vary over time in an unpredictable
manner [12]. In buried fibers, the polarization transformation can remain stable for several hours
or longer [13—17], whereas in aerial fibers, the SOP can fluctuate on short time scales of seconds



as the fibers are more exposed to the environment [18-20].

In order to maintain stable polarization-entanglement distribution over deployed fiber links, the
polarization transformation of the fiber must be continuously monitored and actively stabilized.
Several different techniques for polarization stabilization have been developed and can be
broadly categorized on the basis of whether or not reference light is used. For fiber links
exhibiting slow polarization drift, stabilization is typically achieved using an in-line polarization
controller operating in a feedback loop, where the controller is adjusted to minimize a chosen
system parameter such as the polarization state visibility or the quantum bit error rate [21-26].
These methods are straightforward to implement and require minimal hardware overhead;
however, their achievable stabilization bandwidth is limited by the integration time required to
accumulate sufficient measurement statistics for reliable feedback. When the fiber polarization
transformation fluctuates on a comparable timescale, these schemes fail to maintain stable
polarization transformation across the fiber link.

Fast compensation can be achieved by injecting a polarization reference light that co-propagates
with the entangled photons through time- or wavelength-division multiplexing. The SOP of
the reference light is prepared in two or more non-orthogonal states and undergoes almost the
same fiber-induced polarization transformation as the entangled photons. At the fiber output,
the transformed SOPs of the reference light are measured and utilized as feedback signals for
the polarization controller, which is set to restore the received reference states either through
iterative optimization [18,20-24,27-31] or a single-step inverse transformation [32].

To date, most reported entanglement distribution experiments have been carried out in buried
optical fibers, which are well isolated and inherently stable [13—-16]. However, a smaller yet
non-negligible portion of the existing fiber infrastructure relies on aerial fibers, which experience
more challenging environmental conditions. In this work, we demonstrate the distribution of
entangled photons over a polarization-stabilized, partially-aerial fiber connecting the National
Institute of Standards and Technology (NIST) and the University of Maryland (UMD). This
62 km link exhibits significantly poorer polarization stability compared with buried fibers and is
dynamically stabilized with a pair of active polarization compensation (APC) devices deployed
across the link. Over a continuous 24-hour experiment, we measure a time-averaged Clauser-
Horne-Shimony-Holt (CHSH) inequality parameter of S = 2.34 + 0.37 with a violation of the
classical bound observed for more than 20 hours. This experiment demonstrates the feasibility of
implementing quantum networks over a challenging, real-world aerial fiber environment.

2. Experimental setup

A schematic of the entanglement distribution experiment is shown in Fig. 1(a). A polarization-
entangled photon source located at NIST generates pairs of signal and idler photons initially
prepared in the Bell state |®*) = %(|H H) + |VV)). The signal and idler photons are spectrally
filtered to an optical bandwidth of about 0.3 nm, centered at 1555.75nm and 1549.32nm
respectively (ITU 100 GHz grid channels 35 and 27). The signal photons are detected locally
at NIST, whereas the idler photons are transmitted to UMD through a 62 km fiber. The optical
loss of the fiber link was measured to be approximately 18 dB. This end-to-end loss accounts
for about 12.4 dB of intrinsic fiber attenuation (assuming a typical attenuation of ~0.2 dB/km)
and an additional 5.6 dB of insertion loss due to field splices, patch panels and optical switches.
The polarization transformation of the fiber link is stabilized by a pair of active polarization
compensation modules deployed at NIST and UMD; details of their operation are provided in
the following section. A pair of polarization analyzers, each consisting of variable retarders and
polarizing beam splitters, are placed at the two locations to set the polarization measurement
basis for the incoming photons.

Superconducting Nanowire Single-Photon Detectors (SNSPDs) are deployed at both sites to
detect the incoming photons with > 70% detection efficiencies. At UMD, the detector output
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Fig. 1. (a) Schematic of the entanglement distribution experiment over a 62 km, partially
aerial fiber. Idler photons from the entangled photon pairs are transmitted across the
single-photon fiber link, which is polarization-stabilized with a pair of automated
polarization compensation modules. The signal photons are detected locally at NIST,
and a parallel fiber from the same TX/RX pair transmits the timing information of
the signal photons to UMD. The signal-idler coincidence events are recorded with a
time-tagging unit located at UMD. (b) Measured signal-idler coincidence histogram
which exhibits a Full Width at Half Maximum (FWHM) of 1.6 ns. (c) Relative delay
between the signal and idler photon detection times monitored over a 24-hour period.

is connected to a time-tagging device to record the arrival times of the idler photons. On the
NIST side, the SNSPD photon-detection signals are converted into optical pulses by triggering
a 1550 nm pulsed laser, which are transmitted to UMD through a parallel optical fiber from
the same TX/RX pair. At UMD, the received optical pulses are converted back into electrical
signals by a high-bandwidth photodiode, and are recorded by the same time-tagging device. Such
an Electrical-Optical-Electrical (E-O-E) link effectively connects the SNSPD output at NIST
directly to UMD, enabling photon coincidence identification between distant nodes using a single
time-tagging unit.

To characterize the temporal correlations between the distributed photons, we record the
signal-idler coincidence histogram using the time-tagging unit. As shown in Fig. 1(b), the
measured coincidence peak exhibits a Full Width at Half Maximum (FWHM) of approximately
1.6 ns. This temporal spread in coincidence events is partially attributed to the timing jitter of the
SNSPDs (~100 ps) and fiber chromatic dispersion experienced by the idler photons (~300 ps),
while the dominant contribution is likely from the timing jitter in the E-O-E link (~1.5 ns).

By continuously tracking the center of the coincidence peak, we can also evaluate the relative
delay between the two parallel fiber links. As illustrated in Fig. 1(c) the peak-to-peak difference
in relative delay between the two fibers is only about 110 ps over a 24-hour period, while short
term variations over a few hours are on the order of tens of picoseconds. This level of passive
stability is achieved because both fibers belong to the same TX/RX pair and are physically



bundled together, thereby experiencing nearly identical variations in optical path length due to
temperature and stress fluctuations.

3. Fiber stabilization
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Fig. 2. (a) Stokes parameters of probe light measured at the output of the fiber link. (b)
Fidelity of the output SOP measured over a 1-minute interval (shaded region in (a)).
Fidelity is calculated relative to the SOP at the beginning of the interval (Fidelity = 1
att =0).

The 62 km optical fiber connecting NIST and UMD is about 70% aerial-based and exhibits
poor stability compared to buried fibers. To characterize the stability of the link, we injected a
polarized probe light and monitored its SOP at the fiber output. The measured Stokes parameters
of the transmitted light are shown in Fig. 2(a), which reveals different rates of polarization
fluctuations at different times of the day: at night, the output polarization drifts slowly and
can remain stable for over tens of minutes, whereas during daytime the polarization state drifts
away by tens of degrees within a matter of seconds. As shown in Fig. 2(b), the fidelity of the
transmitted SOP can drop below 95% in less than 20 s during certain periods, rendering the
distribution of polarization-entanglement infeasible without active polarization stabilization.
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Fig. 3. (a) Six polarization basis states measured across the aerial fiber at different
wavelengths. (b) Fidelities of fiber polarization transformation at different wavelengths,
calculated with respect to the transformation at 1550 nm.

In addition to the temporal fluctuations, we also characterized the wavelength dependence
of the fiber’s polarization transformation. In this measurement, probe light prepared in six
polarization basis states (H, V, D, A, R, L) is transmitted across the 62-km fiber at different
wavelengths ranging between 1545 nm and 1555 nm, and the output states were recorded as
points on the Poincaré sphere surface as shown in Fig. 3(a). Based on the measurement results,
we extracted the fiber’s polarization transformation matrix and plotted the expected polarization
fidelity as a function of wavelength in Fig. 3(b), calculated with respect to the transformation



at 1550 nm. We note that this represents the process fidelity between the extracted polarization
transformation matrices, rather than the state fidelity between individual polarization states.

Fig. 3(b) shows a rapid decline in fidelity as the wavelength detuning increases. This dictates
that the polarization reference signal should be spectrally placed as close as possible (<1 nm) to
the entangled photons to ensure almost identical polarization transformation for both signals.
Moreover, over the 0.3 nm bandwidth of the transmitted idler photons, the fiber’s polarization
transformation remains nearly constant (fidelity> 99%). This guarantees that the idler photons do
not suffer from depolarization during transmission, hence the purity of the distributed entangled
photons should be preserved.
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Fig. 4. (a) Simplified schematic illustrating the working principle of the APC injec-
tor/compensator pair. (b) Sequence of six polarization reference states generated by the
APC injector (red) and the corresponding states measured by the APC compensator
after fiber transmission (blue). (c) Exemplary timing sequence of the APC compensator
trigger voltage level.

The aerial fiber is stabilized by a pair of Automated Polarization Compensation (APC) modules,
consisting of an injector and a compensator deployed across the link. A simplified diagram of
the APC modules is shown in Fig. 4(a). At NIST, the APC injector launches about 0.5 mW of
laser light into the fiber, whose SOP is cyclically modulated among a sequence of six designated
reference polarization states, denoted by the red dots in Fig. 4(b). It is worth noting that while
two non-orthogonal reference states are sufficient to enable polarization stabilization, we chose
to incorporate a sequence of six states. This number of reference states was found to provide a
balance between the improved measurement accuracy and the reduced modulation speed, yielding
an optimal system-level performance.

As suggested by Fig. 3(b), we generate the polarization-modulated reference signal at the same
wavelength as the idler photons (1549.32 nm), ensuring that they undergo identical polarization
transformation during fiber transmission. At UMD, the transformed reference-signal SOPs,
which are denoted by the blue dots in Fig. 4(b), are measured by a polarimeter in the APC
compensator. For each set of received reference states, the compensator computes in real time
their fidelities relative to the original SOPs. We define a cost function that is inversely proportional
to the minimum of these fidelities as the feedback error signal to actuate an in-line polarization
controller. The feedback loop implements a gradient-descent algorithm to minimize this error
signal, aiming to achieve a near-unity fidelity which indicates a fully-compensated fiber channel.



Since the reference signals and the idler photons are generated at the same wavelength,
polarization compensation and entanglement distribution must be performed in a time-multiplexed
manner. This is achieved using a pair of optical switches in the APC modules, which alternately
switch the fiber link between the two operations. The time-multiplexing sequence is illustrated
in Fig. 4(c). When polarization compensation begins, the APC injector and compensator take
control of the fiber and evaluate the fidelities of the received reference states. If the minimum
value of the measured fidelities exceeds our preset threshold of 98%, the APC takes no action
and immediately releases the fiber for entanglement distribution. If this fidelity falls below 98%,
the APC compensator activates the compensation feedback loop and proceeds until the fidelity
exceeds a 99% target threshold, or until a timeout limit of 55 seconds is reached [33]. After each
compensation session, the optical fiber is switched back to the entanglement distribution path for
a 3-second measurement period before the next compensation session begins. These 3-second
intervals are regarded as the “uptime” for the entanglement distribution link, given that the idler
photons can only be detected during this time window.

4. Results

With an average pump power of 1.2 mW, we measure approximately 2 x 10> photon pairs per
second when both signal and idler photons from entanglement source are detected locally using
SNSPDs. In the entanglement distribution experiment, the aerial fiber introduces an optical loss
of about 18 dB while other components, such as fiber connectors and polarization controllers,
contribute an additional 3 dB. Without connecting the polarization analyzer on either side, about
1500 pairs of entangled photons are directly detected between NIST and UMD every second
within a coincidence window of 1.6 ns, set to match the FWHM of the coincidence peak shown
in Fig. 1(b). The width of the coincidence window is set empirically to maximize the number
of captured coincidence counts while still maintaining a good coincidence-to-accidental ratio
of about 12. Furthermore, as illustrated in Fig. 1(c), this chosen coincidence window is much
larger than the drift in relative delay between the two parallel fibers, hence the recorded number
of coincidence counts remains stable over long term measurements.
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Fig. 5. (a) Exemplary polarization-correlation fringes measured with active polarization
stabilization. For the measurement with NIST analyzer set to 90° (V), the solid blue
curve shows the fitted result including all data points, while the dashed blue curve
shows the corrected fit obtained by excluding the outlier marked by the blue arrow. (b)
Polarization compensation time spent by the APC before recording each data points in
(a). The prolonged compensation time (41 seconds) is likely caused by a temporary,
volatile change in the fiber environment.

To characterize the polarization-entangled state distributed across the aerial fiber link, we
performed a series of polarization-correlation fringe measurements. The received signal and
idler photons are sent through the two polarization analyzers located at NIST and UMD, and



Table 1. Measured visibilities and CHSH S-values of the polarization-entangled state
before and after transmission over the 62-km aerial fiber.

NIST Analyzer 0° (H) 45° (D) 90° (V) 135° (A)
Basis
Visibility 0.97 +0.003 | 0.96 + 0.004 0.97 + 0.004 0.96 + 0.004
(local)
S-value
local) 2.69 +0.02
Visibility 0.76 + 0.03
(distributed) | 037002 1 078003 105 6 03 (corrected) | 070003
S-value 2.26 +£0.04
(distributed) 2.30 £+ 0.04 (corrected)

the photon coincidence rates are measured at different analyzer basis settings. The analyzer at
NIST is fixed to four polarization bases: 0°(H), 45°(D), 90°(V) and 135°(A). For each of the
four settings, the UMD analyzer basis is rotated from 0° to 180° in 10° increments. At each
polarization basis configuration, the time-tagging unit remains idle until the ongoing or the
upcoming polarization compensation session finishes. Immediately after the end of a session, the
time-tagging unit is activated to record signal-idler coincidences for 2 seconds. This integration
time is chosen to be safely shorter than the 3-second uptime window to avoid overlapping with
the next compensation session, while being long enough to accumulate significant photon count
statistics. During all measurements, uncertainties in the measured coincidence rates are estimated
assuming Poissonian statistics for the photon-counting events.

The measured coincidence rate varies as a function of the UMD analyzer’s basis angle, which
allows us to extract the Clauser-Horne-Shimony-Holt (CHSH) inequality parameter S [34] from
the curve-fitting results. An exemplary set of measured coincidence rates is shown in Fig. 5(a),
while the visibilities of the corresponding fitted curves [35], together with the extracted S-value,
are summarized in Table 1. The measured value of § = 2.26 + 0.04 exceeds the classical bound
of | S| = 2 and signifies the presence of polarization-entanglement between the distributed signal
and idler photons during this particular measurement. It should be noted that the maximum
coincidence rate of about 200 pairs/s shown in Fig. 5(a) is reduced from the 1500 pairs/s rate of
distributed entangled photons due to a combination of the 3 dB projection loss and about 5 dB of
additional insertion loss from the two polarization analyzers.

As detailed in Table 1, the distributed entangled state exhibits a reduction in visibility and CHSH
S-value compared to the pre-transmission state measured locally at the source. This degradation
in entanglement quality is primarily attributed to the high optical loss of the fiber link and the
large timing jitter in the detected signal-idler coincidence events, both of which lead to a reduced
coincidence-to-accidental ratio and lower measurement visibility. Another possible contribution
to the lowered S-value is the uncompensated polarization fluctuations that occur during the
3-second uptime window, which could lead to decoherence in the polarization-entangled state
over the measurement integration time.

Fig. 5(b) shows the compensation time spent by the APC before recording each data point in
Fig. 5(a). While most compensation sessions are completed within a few hundreds of milliseconds,
some longer sessions can last over tens of seconds. These prolonged sessions are likely caused
by rapid fluctuations in the fiber environment (e.g. vibrations caused by wind gusts or traffic)
that exceed the bandwidth of the APC feedback loop, and may persist even after a session
terminates. In such cases, a compensation session may either fail to reach the 99% target fidelity
and time out, or terminate successfully while the fiber transformation continues to drift during



the subsequent uptime window, thereby degrading the measurement outcomes. For example, a
41-second compensation session in Fig. 5(b) corresponds to an outlier in Fig. 5(a) (indicated by
the blue arrow) which results in a reduced visibility of 0.76 + 0.03. Excluding this data point
from curve-fitting increases the corresponding visibility to 0.82 + 0.03 and improves the extracted
S-value from 2.26 + 0.04 to 2.30 + 0.04.

(

[
-

—
(=]
~

Entanglement distribution without fiber stabilization Entanglement distribution with fiber stabilization

20 | 3 y | 20l . ] o E

0 . L
18:00 20:00 22:00 00:00 02:00 04:00 06:00 08:00

Reference Fidelity (%)
(23
o
!
Reference Fidelity (%)
[23
o

0 . L L L S
16:00 20:00 00:00 04:.00 08:00 12:00 16:00

T T T T T
3 +20 error === 4 F +20 error =

S value
S value

| . . ! 1

0 . L L L . | |
18:00 20:00 22:00 00:00 02:00 04:00 06:00 08:00 16:00 20:00 00:00 04:.00 08:00 12:00 16:00

Time

0r 555 timeout fimit - - - - - i

Lbl ol B .
16:00 20:00 00:00 04:00 08:00 12:00 16:00
Time

oo

Compensation Time (s)
S
o

Fig. 6. (a) Minimum fidelity of the received APC reference states and S-parameter
measured over 16 hours without polarization stabilization. (b) Minimum reference state
fidelity, S-parameter value and polarization compensation time recorded over 24 hours
with polarization stabilization enabled.

Long-term performance of the polarization-stabilized aerial fiber was characterized by contin-
uously monitoring both the minimum reference-state fidelity and the S-parameter value during
entanglement distribution. Fig. 6(a) shows the measurement results obtained without polarization
stabilization. In this case, the reference-state fidelity quickly degraded to below 95% within a
matter of minutes. The S-parameter value dropped below the classical bound of 2 after about
three hours. No violation of the CHSH inequality was observed for the remainder of the 16-hour
measurement.

In contrast, with polarization stabilization enabled, the reference-state fidelity was maintained
above 98% for most of the measurement period as shown in Fig. 6(b). Over the full 24-hour
experiment, we measured a time-averaged S-parameter of 2.34 + 0.37, exceeding the classical
bound. Occasional drops in reference-state fidelity and the corresponding S-parameter value were
mostly observed during daytime measurements and coincided with the occurrence of prolonged
compensation sessions, which indicated environmental disturbances that temporarily exceeded the
capability of the APC. By excluding data acquired after these timed-out compensation sessions,
the averaged S-parameter improves to S = 2.39 + 0.14. Despite these disturbances, the APC
spent only about 7.2% of the total operation time to perform polarization stabilization, leaving an
effective 92.8% uptime for entanglement distribution over the stabilized aerial fiber link.

5. Conclusion and outlook

We have experimentally demonstrated the distribution of polarization-entangled photons between
two distant laboratories connected by a 62-km, partially-aerial fiber link. In this experiment,



the time-varying polarization transformation of the fiber was actively stabilized using a pair of
automated polarization compensation modules, which were set to maintain a minimum fidelity
of 98% for the time-multiplexed polarization reference states. Over a continuous 24-hour
measurement period, we observed a time-averaged CHSH parameter of § = 2.34 + 0.37, clearly
indicating the presence of polarization entanglement between the distributed photons. Despite
the unstable fiber condition, polarization compensation required only 7.2% of the total operation
time, leaving a link uptime of 92.8% for entanglement distribution.

To achieve even higher uptime under increasingly volatile fiber conditions, improvements
to the hardware speed and algorithmic efficiency of the polarization stabilization scheme are
required. On the hardware front, high-speed electro-optical components such as lithium-niobate-
based polarization controllers should be capable of dramatically increasing the reference state
modulation frequency and the feedback loop bandwidth. On the algorithmic front, while
optimizing the current gradient descent algorithm may provide marginal improvements, it
is unlikely to yield order-of-magnitude enhancements in the polarization stabilization speed.
However, such enhancements might be realized through a reverse-operator-based scheme similar
to what was recently reported in [32], which only requires a fixed number of reference state
measurements to actuate the polarization controller into the reverse transformation of the fiber
link.

In conclusion, our experiment demonstrates the feasibility of distributing polarization-entangled
photons over challenging fiber conditions, which is an advancement towards the realistic imple-
mentation of quantum networks. Although aerial-based optical fibers are typically considered as
unsuitable quantum channels for transmitting polarization-encoded or polarization-entangled
photons, we show that stable distribution of polarization-entanglement is achievable if the fiber
link is actively stabilized.
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