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Optical phase stabilization, tracking, and locking in long fiber links are pivotal for the functionality of many communi-
cation protocols and distributed sensors. However, conventional phase stabilization methods use strong optical probe
signals that may contaminate and destroy fragile quantum signals propagating in the same fiber link. Here, we exper-
imentally demonstrate phase locking of fiber spools up to 100 km and over 120 km deployed optical communication
link using faint coherent states with an average of just & 650,000 photons per second detected at the receiving detector
as a probe signal. The power spectral density of phase noise, integrated from 1 Hz to 50 kHz, yields an excess rms phase
noise of 110 mrad (corresponding to timing jitter below 0.09 fs) for a 100 km fiber spool and 140 mrad (corresponding
to rms timing jitter below 0.12 fs) for deployed fiber. The displacement-enhanced measurement protocol that we employ
for phase stabilization yields Fisher information that is greater than that of homodyne and heterodyne measurement
protocols for fiber links longer than 100 m and, therefore, exceeds the canonical shot noise limit of accuracy. By imple-
menting this stabilization strategy with a 50% duty cycle, we enable time-division multiplexed faint light and quantum

payloads to coexist within the same communication channel.
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1. INTRODUCTION

Faint light [1] is increasingly used in optical networks and distrib-
uted sensors. Most notably, actively developing quantum networks
require single photons, squeezed light, and other exotic states
for exchanging quantum bits and distributing the entanglement
[2—6]. Maintaining a known optical phase between nodes is essen-
tial for many quantum network protocols, such as entanglement
swapping, quantum-repeaters-enabled long-distance commu-
nication, and optical interferometry in telescope arrays assisted
by quantum networks [7—11]. A faint coherent state paired with
quantum state discrimination can be used for resource-efficient
classical communication, enabling the multiplexing of quantum
and classical traffic in the same network, but those protocols are
typically phase-sensitive [12—14]. Additionally, distributed optical
fiber sensors often require phase measurement and correction for
accurate and reliable operation [15,16]. While optical fibers are
a convenient medium, environmental factors such as acoustic
noise and temperature fluctuations result in a significant phase
variation of fiber links over time. This problem is known in classical
networks, and multiple solutions exist to either extract or cancel
phase instability effects [17-20]. Typically, to extract a phase
reference, strong classical light is used as a probe signal [21-23].
However, strong probe signals introduce broadband noise into
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faint quantum channels via, e.g., Raman scattering [24-20],
preventing the scalable use of wave-division multiplexing. The
level of noise can be decreased by spectral detuning of quantum
and classical channels, but phase references in spectrally detuned
channels do not directly correspond to these in the target channel
[27]. Alternatively, noise can be controlled by time-division mul-
tiplexing (TDM) of the quantum payload and the strong probe
signal [28-30]. Unfortunately, to be effective, long dark time bins
are necessary to prevent cross-talk due to Rayleigh and in-band
Brillouin scattering and multiple back-reflections at the fiber inter-
faces. Indeed, the dark time bin should be equal to the round-trip
time of the optical signal through the network link. Such a lengthy
dark time bin will limit the stabilization bandwidth beyond that
required for the phase noise cancellation in links longer than a few
kilometers. Therefore, strict power limitations for coexisting probe
signals must be applied to preserve quantum information.

We will refer to states of light that are weak enough so that they
can be detected by single-photon detectors without significant
saturation as faint light [1]. Recently, phase estimation [31,32] and
stabilization [33—36] with faint coherent light were demonstrated
in short fiber links (low-frequency noise regime), but proposed
methods were not demonstrated in and may have limited appli-
cability for longer links with higher-frequency noise. In this work,
we use faint coherent states as a probe signal with a duty factor of
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50% to allow TDM of user quantum payloads. Our phase stabi-
lization technique uses photon-counting detectors, common in
quantum networks, and employs a displacement-enabled phase
estimation protocol that yields Fisher information (FI) above
the homodyne and heterodyne limits [31]. We use probe signal
pulses with an average of 650,000 photons per second for phase
tracking and stabilization. This optical power is more than 4 orders
of magnitude lower than that of conventional phase stabilization
techniques that use strong optical reference pulses, e.g., with opti-
cal powers as high as a few nanowatts for the stabilization of over
100 km long common fiber links [37].

We offer a systematic study of the phase noise accumulated in
fiber links of different lengths up to 100 km with interferometric
visibility of above 88% using faint light stabilization. We have
also successfully stabilized the phase of the deployed fiber loop
spanning over 120 km between the National Institute of Standards
and Technology (NIST, Gaithersburg campus) and the University
of Maryland (UMD, College Park campus) with interferometric
visibility of above 86%, sufficient to demonstrate quantum effects
[38,39].

To our knowledge, this is the first report on optical phase track-
ing and stabilization for metropolitan-scale optical networks that
employsa faint probe signal and photon-counting-enhanced phase
sensing. This work enables the scalable use of metropolitan-scale
optical fiber networks for multiplexed and coexisting classical—
quantum traffic. It also enables essential quantum networking
protocols, including DLCZ-like [40] quantum repeaters for
intercity entanglement distribution.
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2. EXPERIMENT

Using faint coherent light as probe signals for phase tracking and
stabilization requires the application of single-photon detectors
and enables measurement methods from the quantum playbook.
In particular, because the quantum resource in the probe states is
limited, it is important to maximize the quality of the estimator,
if possible, beyond the conventional measurement means. To this
end, it was shown that the quantum Fisher information (QFI)
of the phase estimator for coherent states is a constant that does
not depend on the measured phase and is greater or equal to the
FI offered by ecither a homodyne or a heterodyne arrangement.
While a measurement at the QFI limit may be hard, displaced
photon counting provides the FI advantage over homodyne and
heterodyne methods in the wide vicinity of a certain (target) phase.
This phase estimation scheme is inspired by quantum receiv-
ers [14] and has been introduced by Izumi ez al [31]. The
displacement-based photon-counting measurement is described
by a displacement operator D(ﬂ ), where | B) represents the coher-
ent state of the reference light. This operator is applied to the
coherent state of the probe signal at a beam splitter, as shown in
the bottom inset of Fig. 1. Note that the transmittance/reflectance
ratio of the displacing beam splitter is arranged such that 99%
of the probe signal and 1% of the reference light impinge on the
detector to improve overall system efficiency. When applied to the
probe coherent state |«), we require that D(ﬂ) |a) = |vac), where
|vac) is the vacuum state when the phase of |} is equal to that of
the target. The advantage occurs because displacement measure-
ments are set to displace the probe faint coherent state to vacuum
with subsequent verification by a single-photon detector. In our
work, we use displacement measurements to implement the phase
stabilization protocol for metropolitan-scale optical networks.

Visibility measurement/
quantum payload

Fig.1. Experimental setup for phase stabilization. An attenuated ultra-stable reference laser is sent through a 1:99 fiber beam splitter 1 (FBS-1) into an
unbalanced Mach—Zehnder interferometer. One arm of the interferometer carries the probe signal through a long optical fiber spool or a deployed fiber
loop, while the other arm uses a short fiber to carry the reference light. Acoustic optical modulators (AOMs) are used to modulate phase and frequency in
both arms. The optical probe signal from the long arm is displaced by the reference light in the short arm at the 99:1 FBS-2 and detected by a supercon-
ducting nanowire single-photon detector (SNSPD). Photon detection events are analyzed with a field programmable gate array (FPGA), which estimates
the phase drift in the fiber link. Then the FPGA applies a compensating phase shift to the input fiber link (long arm, AOM-1) to match the phase of the dis-
placement signal in the short arm and achieve destructive interference at the interferometer output (i.e., the displacement to vacuum). Inset in the bottom
left: the displacement-based photon-counting protocol; see text. Inset in the top left: time-division multiplexing used in this work. The phase stabilization
signal operates with a 50% duty cycle to accommodate quantum or classical, but faint payloads. Imagery (©) 2024 TerraMetrics. Map data (©) 2024 Google.
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The aim of phase tracking and stabilization is to ensure that the
phase of the input probe signal is continuously known with high
accuracy. Here, a feedback mechanism compensates small phase
deviations of the input probe signal with respect to the reference
signal in order to maintain the phase lock, i.e., the phase difference
measured by this method is nearly always small. Thus, by design,
our tracking protocol overcomes the shot noise limit that bounds
the performance of the homodyne and heterodyne measurements.
We systematically estimate the degree of advantage obtained with
this method using Fisher information.

The experimental setup is shown in Fig. 1. We utilize a faint
signal in the C-band (1550 nm) from the ultra-stable laser to sta-
bilize the long optical fiber link with displacement measurement
and single-photon detection. The ultra-stable laser boasts a spectral
width of just a few Hz, resulting in a coherence length of thousands
of kilometers and negligible phase noise. For this demonstration,
we use an unbalanced Mach—Zehnder interferometer (MZI) to
extract the phase information and phase lock the fiber link. The
laser light is split using a 1:99 fiber beam splicter (FBS-1), and
1% output is sent through the long fiber (optical fiber spools and
deployed fiber), which serves as a probe signal, while 99% is sent
through the short fiber with 1 m length and serves as a displacing
reference signal |B) (local oscillator). Subsequently, the displace-
ment occurs at FBS-2, where the coupling ratio is 99:1, meaning
that 99% of the signal from the probe (long) arm is transmitted,
while 1% of signal from the reference (short) arm is reflected. The
intensities at the output of FBS-2 are balanced by adjusting the
intensity of the reference signal to match that of the probe, leading
to destructive interference (displacement to vacuum), thereby
achieving maximal interferometric visibility. The splitting ratio
of the first beam splitter (FBS-1) is not relevant to the protocol,
so long as light is balanced on the FBS-2. We use acousto-optical
modulators (AOM-1 and AOM-2) to frequency-modulate both
channels, and the AOM-1 is also used to compensate for phase
noise introduced by the fiber spool. Alternatively, for phase-
tracking applications, AOM-1 can be placed before the long fiber
link, and AOM-2 can be used to adjust the phase of the local oscil-
lator and track the phase of the input, which would reduce the
power of probing states that traverse the fiber even more.

The output of the FBS-2 is connected to a commercial super-
conducting nanowire single-photon detector (SNSPD) with an
estimated detection efficiency of 95.7(5)%, a recovery time of
around 30 ns, a timing jitter of < 100 ps, and a dark count rate of
v~ 10 counts/s. The SNSPD photoelectronic detection pulses
are sent to the FPGA for photon counting, phase shift estimation,
and feedback control (see Section 1 of Supplement 1 for details).
Since the goal of this work is to develop a phase-stabilized optical
fiber link for blended networks with coexisting classical-quantum
traffic, we implement time-division multiplexing to send the
probe signal for 7,, with 7 reserved for the quantum or classical
faint payload, as shown in the upper left inset of Fig. 1. The duty
factor 74/ T in our experiment is 50%, but it can be arbitrary so
long as 7, is significantly longer than the detector’s recovery time
and T = 7, + 74 is shorter than the phase fluctuation times. The
cycle duration, 7, is adjusted for different fiber lengths to optimize
the feedback bandwidth, and the average number of photons per
pulse that we used varies from 6.5 to 97.5 for 7, from 10 to 150 ps
correspondingly (see Section 1 of Supplement 1 for details). In
all the experiments, we keep the detected probe power (measured
as the average number of detected photons during 7;) constant at
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~ 650,000 photons per second, equivalent of & 83 fW with 0.5%
statistical uncertainty. This number is estimated by averaging the
number of detections per second over 200 data points during 7,
when light from the reference path is blocked. To provide out-of-
the-loop verification of phase stability, we measure the visibility of
the interference fringe during the quantum payload time 7.

In this experiment, we use optical fiber spools ranging from
1 m to 100 km to characterize the performance of our stabiliza-
tion method as a function of the fiber link. We also stabilized the
deployed optical 60 km fiber link in a loopback configuration
(a total of 120 km). This particular link is between the National
Institute of Standards and Technology (NIST) and the University
of Maryland (UMD), artistically depicted in Fig. 1 (the exact fiber
layout is not disclosed). The fiber link consists of multiple SMFs
interconnected through passive optical switches and fiber patch
panels, notshown in the figure. Note that this fiber link is primarily
aerial (% 75%). Therefore, we anticipate increased noise and insta-
bilities due to environmental factors such as temperature variations
and wind.

Quantum or faint light payloads can be launched along with
the probe signal with an extra unbalanced FBS. The single-photon
detectors used for stabilization can, in principle, be reused for
quantum payload detection by switching the reference signal off.
However, a particular quantum protocol defines a particular way of
quantum signal injection in the phase-stabilized channel.

3. RESULTS AND DISCUSSION
A. Fisher Information Advantage

The error associated with phase estimation due to the mea-
surement uncertainty depends on the choice of a measurement
strategy and follows from the Fisher information calculations.
It is well understood that, for an unbiased estimator, the ulti-
mate lower bound for variance is given by the Cramer—Rao
bound, Var[¢p] > 1/(M x QF(¢)), where M is the number of
measurements and QF(¢) is the quantum Fisher information
[41]. In the ideal case, the QFI for the phase measurement with
coherent states does not depend on the phase ¢ and is given by
QF (¢p) =4(n), where (n) is the average number of photons.
When classical phase measurements such ashomodyne and hetero-
dyne detection are used, the FI for a given average photon number
is Fhom(¢p) = 4(n)cos’[@] and Fe(P) = 2(n), respectively. It
can be shown that displaced photon counting yields better FI than
either homodyne or heterodyne measurements for a wide range
of phases [31]. The FI for ideal displacement photon counting is
F cilieal = 2(n)(1 + cos[¢]). This strategy has a significant practical
advantage for the measurement of phases in a relevant range of val-
ues [see Fig. 2(a)]. Displacement measurements are set to displace
the coherent state to vacuum and overcome the shot noise limit
that bounds the performance of the homodyne and heterodyne
measurements. The shot noise limit is a specific manifestation
of the standard quantum limit related to the quantum nature
of light. We point out that overcoming this limit is considered a
quantum advantage in the literature [42—45]. Here, we refer to
this advantage as the Fisher information advantage (FA) obtained
with displacement measurement compared to all canonical phase
measurement arrangements (homodyne and heterodyne).

To analyze the practical performance of displaced measurement
versus canonical measurements, we calculate the FI normalized
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(a) Comparison of Fisher information of non-ideal displacement measurement in our experiment (green curve) with classical homodyne (blue

wave) and heterodyne (orange line) measurements; (b) the histogram of the phase noise measured by the phase stabilization algorithm in a 12 km optical
fiber spool over 7.5 s (500,000 measurement pulses of 7= 30 ps duration with 50% duty cycle); and (c) average Fisher information advantage (F4) of
displacement phase noise measurements used for the phase locking for the ideal displacement measurement (black squares) and for our experimental setup

(green circles). Dashed lines are guides for the eye.

by the QFI, F(¢)/ QF (¢), considering our experimental condi-
tions where the displacement visibility (which is also equal to the
maximum achievable interference visibility, i.e., when the probe
state exactly matches the reference state) is Vp =0.99599(1),
and the dark count rate is v & 10 counts per second, as shown in
Fig. 2(a). The green line illustrates the FI for our experimental
case. The dip in FI at ¢ = 0 is caused by the imperfect visibility and
dark counts. As the average number of photons (#) used for the
phase estimation increases, the impact of the feature reduces (see
Section 2 of Supplement 1 for details). Unless stated otherwise, all
reported uncertainties are statistical uncertainties; the sample size
is chosen using the Allan deviation long-term stability analysis, as
described later in the paper. To estimate the average effective Fisher
information advantage (£ A) in phase measurements, we calculate
the FI of the displacement measurement for our experimental
conditions Fyis(¢) and separately compute the histogram of the
phases measured by the stabilization algorithm, Pey, (), for every
given fiber length. The average Fisher information advantage of
our protocol in a phase measurement is

_ ffn Fdis(¢)Pexp(¢)d¢

FA= ,
./;n Fhom(¢) Pexp(¢)d¢

1)

where Fjom(¢) is the FI achievable in the ideal homodyne mea-
surement. Here, we compare our method to the homodyne because
its FI is maximal (reaches QFI) for the target phase. Most of the
phases measured during locking fall into a sufficiently narrow
range [Fig. 2(b)]. Here, we calculated the FI per detected photon
without adjusting for the detection efficiency. This approach was
chosen because it appropriately gauges the advantage gained by
changing the detection scheme only, as opposed to employing a
detector with higher (or lower) detection efficiency. We also point
out that, in a comparable homodyne measurement, either a similar
single-photon detector (with a similar detection efficiency) or
an InGaAs photodiode (whose detection efficiency is typically
significantly lower than what was used here) would be used.

We estimate Pep(¢p) for all fiber lengths, including the
deployed link (see Section 4 of Supplement 1 for data). Then
we compute F A for the ideal (Vp =1, v = 0) displacement case
and for our experimental conditions [see Fig. 2(c)]. As expected,
the idealized displacement offers a FI advantage over the classical

phase measurement in all cases. Interestingly, displacement mea-
surement under our imperfect experimental conditions has a clear
advantage for all fiber lengths except the shortest 1 m fiber link.

B. Interferometric Visibility

To verify the quality of the phase stabilization, we use time-division
multiplexing to send a probe signal instead of the quantum payload
and measure the interferometric visibility. Indeed, in a perfectly
stabilized link, this out-of-the-loop verification measurement
should yield the vacuum state and the unit visibilitcy. We analyze
the interference pattern of the coherent signal after FBS-2 with
SNSPD (see Section 3 of Supplement 1 for details). The visibility
can be calculated as V = ({%)max — (#)min)/ (%) max + (%) min)»
where (7) may is the maximum average photon count rate, which
is about 4 times greater than the photon count rate of the probe
signal (i.e., (72)max & 4(n)). The minimum average count rate,
(72) min> is determined by averaging the number of photons detected
at the output of the stabilized interferometer. Because we operate
in the photon-starving regime, to avoid extra shot noise, we do not
reconstruct an interference fringe for visibility characterization.
We instead measure (#)min and (#)max separately. Note that the
(72) max measurement is quite accurate, and this value does not
significantly fluctuate in our measurement. Therefore, by focusing
on measuring the (7) yin, we reduce the influence of the shot noise
on the visibility measurement. In Fig. 3, we show that the measured
interference visibility reduces for longer optical fiber spools. For all
the fiber spool lengths ranging from 1 m to 100 km, we have mea-
sured visibility greater than 0.885. Given the long-term stability
of those measurements, data were accumulated for an extended
time, making uncertainties small, such that error bars in the figure
are smaller than the data points and therefore not visible. For the
deployed optical fiber, our method achieved visibility of 0.865(5),
consistent with the fiber spool measurements. The larger statisti-
cal uncertainty of this measurement is due to reduced long-term
stability; see Allan deviation analysis.

The obtained visibility allows for the observation of quan-
tum phenomena in phase-stabilized networks. For instance, Ref.
[39] defines the minimal visibility required to demonstrate the
non-locality of a single photon that violates the Bell inequality,
necessitating phase stabilization to achieve at least that visibil-
ity. We point out that in addition to phase stabilization, other
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Fig. 3. Interferometric visibility achieved by stabilizing the phase
of long fiber links using a faint probe signal at 1550 nm, resulting in
A 650,000 photons per second detected at the receiver. The results for
fiber spools of different lengths are marked with black dots, and the vis-
ibility measured in the deployed optical link is marked with a green star.
The statistical uncertainty of measured visibilities is smaller than the plot
markers’ size for fiber spools. The dashed line is a guide for the eye.

protocol parameters should be controlled to experimentally
demonstrate non-local effects; the better the phase stabilization,
the less stringent these requirements are [39].

C. Phase Noise Analysis

To analyze the performance of phase stabilization in optical fiber
links, we calculate the power spectral density (PSD) of the phase
noise with and without the stabilization (see Fig. 4). The PSD gives
a spectral characterization of the phase noise 77 situ [46]. The PSD
can be calculated from the signal at the output of the unlocked
interferometer; however, those measurements are limited to phases
® € (—m, ), and therefore discontinuities of the phase occur
for the phase drift beyond 27, resulting in apparent, but not real
high-frequency noise on a Fourier transform. The unique feature
of our implementation gives access to the complete record of the
phases measured at each phase stabilization step from the FPGA.
We calculate the PSD of the phase noise accumulated in an
unstabilized fiber link from the series of phase noise increments
per each t;, yielding complete phase traces ® € (—o0, 00) (see
Section 4 of Supplement 1 for details and data). This strategy
yields the spectrum of noise undistorted by phase discontinuities.
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The bandwidths of the phase noise measurements are deter-
mined by the sampling period in the FPGA, T (refer to Table 1
in Supplement 1 for details). Since 7 is optimized for different
fiber lengths, the resulting measurement bandwidth also differs for
each length, ranging from 3.33 kHz for a 1 m fiber to 50 kHz for a
deployed fiber link of 120 km. This relatively low bandwidth c.f.
[33] is due to the low photon count in the probe field. Figure 4(a)
shows that as the fiber spool length increases, the PSD of the phase
noise with no stabilization increases.

The PSD of the residual phase noise in the stabilized fiber link
is obtained from the out-of-the-loop interferometric visibility
measurement. To count out-of-the-loop photons, the output
from the SNSPD is routed to a time tagger synchronized with the
payload part of the cycle (74, shown in Fig. 1). When stabilization
is enabled, we observe a significant overall reduction in the residual
phase noise in all our experiments [Fig. 4(b)]. Phases are calculated
from the measured count rate in the approximation of small phase
fluctuations as ¢ ~ | arccos[(1 — 7min/(2(7))) Vb]|, where nyi,
are the measured photon count rates at the output of the stabilized
interferometer, (#) is the average photon count rate of the probe
signal, and Vp = 0.99599(1) is the visibility of the displacement.

The PSD of residual phase noise is integrated from 1 Hz to the
highest accessible frequency to find the timing jitter, demonstrat-
ing phase stabilization of the shortest fiber link with the timing
jitter smaller than 0.01 fs and 120 km deployed fiber with 0.12 fs
of jitter rms [Fig. 4(c)]. The timing jitter metric is common in the
literature on frequency transfer and phase stabilization [47]. It can
also be used to estimate expected error rates in quantum communi-
cation protocols. This jitter corresponds to the total accumulated
rms phase noise of & 10 and ~ 140 mrad at an optical frequency of
193 THz (1550 nm), respectively.

We further analyze the long-term stability of our stabilization
algorithm using the Allan deviation (ADEV) [48] (see Fig. 5).
Here, we evaluate long-term variations of the interferometric
visibility (phase noise). We collect visibility measurements in 1 s
intervals, spanning a total duration of 2000 s for fiber spools and
200 s for the deployed fiber, and calculate the ADEV with the
Stable32 software suite [49]. This key metric can be used to esti-
mate the contribution of random, uncorrelated noise and the time
scales associated with the long-term drift of the setup, e.g., due to
uncontrolled fiber instabilities.

We plot the ADEV from 1 sto 500 s, where the first point in the
ADEYV plot shows the standard deviation of the visibility (phase

(c)

Frequency, Hz

T

Power spectral density (PSD) and timing jitter of phase noise in fiber links. (a) PSD of the phase noise recovered from the stabilization algorithm

feedback (see text for details), (b) PSD of the residual phase noise obtained from the photon counting data with stabilization enabled, and (c) integrated
residual phase noise displayed as rms timing jitter. Color coding corresponds to the length of the fiber link and is the same in all plots. The legend is shown in

chart (b).
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Fig.5. Allan deviation of the phase stability for different fiber lengths.

noise) measured in 1 s intervals after stabilization is enabled, which
yields an uncertainty below 20 mrad in fiber spools of up to 100 km
and below 50 mrad in a 120 km deployed fiber link. For all fiber
spools, the ADEV decreases for averaging times up to 200 s and is
reduced to below 5 mrad. The results confirm the phase stability
enabled by our phase stabilization system on a minute scale. After
200, the ADEV is constant or starts increasing, which may be due
to the polarization drift in the fiber that may occur at the time scale
of minutes. It is even more evident in the deployed fiber, where the
ADEYV saturates after 40 s. Due to the large polarization drift of
the aerial fiber and the lack of an active polarization compensation
system in the setup, we were unable to obtain ADEV data beyond
50 s for the 120 km link [50]. Nonetheless, we obtain a below
10 mrad ADEV uncertainty in the deployed fiber for averaging
times greater than 10 s. Although we did not specifically monitor
the weather conditions for the duration of the measurement, this
Allan variance measurement shows that the conditions were stable
on thescaleof ~ 10ss.

We expect that better interferometric visibility and phase stabil-
ity can be achieved in the same or similar arrangement by further
optimizing the stabilization algorithm and photon count rates
and switching to buried fiber as opposed to aerial deployed fiber.
Particularly, the RF generation latency of the feedback electronics
can be reduced and AOMs can be replaced with electro-optic
modulators. These may allow for faster feedback that is equivalent
to the higher phase stabilization bandwidth. In addition, the use
of better single-photon detectors, e.g., with lower latency and
recovery time, could significantly improve the optimization space
of future implementations.

4. SUMMARY

We have demonstrated that displacement measurement can be
used for Fisher information-enhanced phase tracking and sta-
bilization with single-photon counting in long fiber links. We
show experimentally that our method yields Fisher information
above that of classical homodyne or heterodyne detection. We have
implemented the phase stabilization algorithm with a duty factor
of 50% to allow time-division multiplexing of user faint probe
signals and quantum payloads. We use attenuated laser light with
an average of just & 650,000 photons per second as a probe signal,
which is more than 4 orders of magnitude lower than the probe sig-
nal optical power of conventional phase stabilization techniques.
We measure the integrated phase noise from 1 Hz to the highest
measured frequency of 110 mrad corresponding to rms timing
jitter below 0.09 fs in fiber spools and 140 mrad corresponding to
rms timing jitter of & 0.12 fs in 120 km deployed fiber.

Our experiments demonstrate high interference visibility and
a substantial reduction in phase noise, highlighting the effective-
ness of our method. We confirm the long-term phase stability of
phase-locked SMF fiber links by calculating the Allan deviation.
Beyond sharing phase reference between two parties, this protocol
enables the coexistent multiplexing of quantum and faint classical
traffic in the same fiber. Our work enables the demonstration of
quantum phenomena, such as metropolitan-scale single-photon
non-locality, and represents a significant step toward scalable and
robust quantum networks, paving the way for future advancements
in quantum communication technologies.
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