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We demonstrate the distribution of single-photon-level pulses from a mode-locked laser source over a phase-stable
fiber link, achieving an optical timing jitter of less than 100 as over 10 minutes of data accumulation. This stability
enables a fidelity greater than 0.998 between two stabilized 2.1 km long deployed fiber links. Building on time and
frequency metrology techniques traditionally used for high-stability optical atomic clock signal distribution, we
use time and frequency multiplexing to achieve an isolation of quantum and classical channels of 8 x 1010, Our
results mark a necessary step towards scalable, high-rate quantum networks with a provable quantum advantage.
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1. INTRODUCTION

The future success of many quantum technologies, including
computing [1], communications [2—4], sensing, and metrology
[5,6], hinges on the ability to reliably distribute quantum en-
tanglement across a network. Because quantum states cannot
be copied, transmission loss poses a fundamental challenge
for long-distance quantum communication. Overcoming this
limitation requires quantum repeaters, which enable efficient
distribution of entanglement over lossy channels. The first quan-
tum repeater architecture, proposed by Duan, Lukin, Cirac, and
Zoller (DLCZ) [7], relies on quantum interference between two
indistinguishable pathways corresponding to the emission of a
single photon from spatially separated atomic ensembles. Af-
ter interfering these two paths, the detection of a single photon
heralds the creation of an entangled state between the ensem-
bles (as shown in Fig. 1(a)), provided that the photonic paths are
indistinguishable. A central challenge for DLCZ-based architec-
tures is their sensitivity to optical phase fluctuations. Because
the distributed entangled state depends critically on the rela-
tive phase between the photonic paths, all fiber links in the
network effectively form a large interferometer. Path-length fluc-
tuations on the order of tens of nanometers are sufficient to wash
out interference and significantly reduce entanglement fidelity.
Entanglement purification [8—10] can be used to create higher
fidelity entanglement from multiple lower fidelity entangled
states. However, the number of required copies increases as the
initial entangled state fidelity drops. Consequently, even modest
reductions in phase-noise-induced infidelity can substantially
enhance repeater throughput and link distance.

In this work, we demonstrate a telecom-wavelength, multi-
fiber, quantum-compatible phase-stabilization technique for
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DLCZ-style quantum repeaters that performs nearly an order
of magnitude better in interference visibility compared to pre-
viously reported approaches. Using methods adapted from the
atomic clock and optical time-transfer communities, we inde-
pendently stabilize two 2.1 km single-mode fibers in the inter-
ferometric configuration required for entanglement swapping
in a quantum repeater. Excess noise was intentionally intro-
duced by aerially suspending the fibers, in contrast to equivalent
underground deployments, providing a stringent test of stabiliza-
tion performance under realistic environmental perturbations.
In this deployed-fiber demonstration, we achieve three critical
performance benchmarks for path-entangled quantum network-
ing: (1) optical RMS timing jitter around 70 as over 20 sec-
onds (corresponding to a global phase noise of A¢ryg =0.085
radians) and a timing drift of less than 100 as over 10 minutes,
(2) path indistinguishability exceeding 99.6 %, and (3) isolation
between classical stabilization signals and the quantum chan-
nel greater than 8 x 10'0, defined as the ratio of photons in the
classical channel to those coupling into the quantum channel.
Our approach is suitable for both matter-based and high event
rate all-optical DLCZ repeater architectures needed to support
municipal-scale distributed quantum applications.

A key advantage of the DLCZ architecture lies in its scal-
ing behavior: repeater protocols based on two-photon encodings
(e.g., polarization or frequency) typically exhibit entanglement
rates that scale linearly with the transmission efficiency, 7,
whereas DLCZ-type protocols retain a /n scaling [11]. This
more favorable scaling makes DLCZ-style repeaters partic-
ularly attractive as network length and complexity increase.
As a result, state-of-the-art quantum repeater demonstrations
[12,13] are based on variants of the DLCZ protocol. However,
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simultaneously stabilizing multiple deployed fibers is challeng-
ing and typically requires using bright classical light to measure
relative path length changes. However, this bright light must co-
exist with the single-photons used to perform the entanglement
swapping. To prevent unwanted crosstalk between the classical
and quantum channels, a high degree of isolation is required.

Fluctuations or drifts in the relative phase between different
paths place a fundamental upper bound on the achievable en-
tanglement fidelity, F. For a path-entangled state, this bound is
given by:

Pl
F(Adrus) = (W panlv pn)| = 5 (1+cos(Aprus)). (1)

where A ¢rys is the root-mean-square phase error. Recent ex-
perimental demonstrations highlight the impact of this limita-
tion. In Ref. [12], the repeater links exhibited an RMS phase
error of 0.297 radians, corresponding to a maximum achievable
fidelity of ~0.98. Similarly, Ref. [11] reported an RMS phase
error of 0.609 radians, limiting the fidelity to ~ 0.91. The sta-
bilization requirements for a phase-sensitive quantum repeater
are also subtly different than those needed for other quantum
communication protocols, such as twin-field quantum key distri-
bution (TF-QKD) [3,4]. In recent TF-QKD demonstrations the
light in the quantum channel is bright enough to use to directly
track the phase, removing the need for a separate stabilization
light source. Additionally, the needed corrections can be done
via post processing. In contrast, for general purpose DLCZ-style
repeaters phase fluctuations must be dynamically corrected ei-
ther by dynamically adjusting the path lengths involved or by
applying corrections to the stored qubits at the end stations.

2. ALL-OPTICAL DLCZ ARCHITECTURE

Although most quantum repeater architectures rely on matter-
based qubits at the end stations, an all-optical implementation
of the DLCZ repeater is possible. In this approach, matter-based
qubits are replaced by on-demand single-photon sources and lin-
ear optical elements, with entanglement encoded in the photonic
path degrees of freedom. In principle, single-photon sources
can operate at gigahertz rates, leading to substantially higher
entanglement swapping event rates. Available all-optical quan-
tum memories [ 14] mean that this architecture is best suited for
high-performance metropolitan-scale quantum networks. The
techniques developed in this work show that optical paths in a
high-bandwidth, all-optical DLCZ-based quantum repeater can
be stabilized with high visibility and strong isolation between
classical and quantum channels. This represents a critical first
step toward building scalable, high-performance, all-photonic
entanglement swapping in metropolitan-scale networks.

The proposed all-optical DLCZ-based quantum networks is
depicted in Fig. 1(b). In such networks, the role of each atomic
ensemble is replaced by a heralded single-photon source and
a beamsplitter. Consider a quantum repeater consisting of two
remote locations A and B. After passing through a 50/50 beam-
splitter, the single photon at node A (B) is transformed into
the path-entangled state % (lO}u(b)ll)u/(b/> + |l)a(b)|0)u/(b/)),

where a (b) and a’ (b”) are the output modes of the beamsplitter,
[1) is a single photon state, and |0) is the vacuum state. This is
analogous to the entangled state generated between a two-level
system A (B) and a photon emitted into mode a’ (b”) at the start of
the DLCZ protocol, ‘/LE (|g>A(B)|]>a’(h/) + |e>A(B)|0>a’(b’))' One
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Fig. 1. (a) Simplified DLZC scheme entangling two remote
atomic qubits. Initially, each atom is prepared in an excited state
with a probability of decaying to the ground state and emitting a
photon. Emitted photons from either atom are coupled into fiber
and sent to a Bell State Measurement (BSM) comprised of a 50/50
beamsplitter (BS) that erases which-path information followed by
single-photon detectors at either exit port. When a single photon is
detected in the BSM, it is unknown which atom A or B is in the
ground state, resulting in the entangled Bell State between atoms
A and B. Here the relative phase A¢ depends on the difference in
phase due to path length differences between ¢4, and ¢ . (b) In the
all-optical version of DLCZ, the role of the atom is replaced by a
single-photon source and beamsplitter. This initially creates entan-
glement between the paths a and @’ at node A and entanglement
between the paths b and b’ at node B. Modes a’ and b’ are sent to a
remote BSM station where the detection of a single-photon leaves
modes a and b entangled with one another. The entanglement at
nodes A and B can be measured using independent weak-local os-
cillators |) and | 8) as described in the text.

path at each node is stored locally (a and b) while the other path
is sent to an entanglement swapping station (a” and b") where a
Bell state measurement (BSM) is performed using linear optics
as shown in Fig. 1. The two paths from the remote nodes are
interfered on a beamsplitter. If a single photon is detected at an
output port of the beamsplitter, this heralds the successful en-
tanglement of the two local paths (A and B) stored at the remote
nodes [15-17]:

1
V2

The phase term, A¢, represents the difference in accumulated
optical phase between the two paths a’ and »” with a length
difference of AL. The relationship between phase and length,
A¢ =k x AL, where k indicates the wavevector, demonstrates
the sensitivity of the quantum state to perturbations in optical
path length. Therefore, to distribute path entanglement over op-
tical fiber links with high fidelity, it is necessary to actively

W patn) = —= (10)al1)p £ € 2211)4[0);) - ()
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stabilize the fiber length. An additional overall sr phase shift is
introduced depending on which detector in the BSM fires. Using
feed forward, this extra phase shift can be corrected.

The two remote nodes can in principle couple each of their
entangled paths to an atomic ensemble to create entanglement
between their respective ground and excited states. Alterna-
tively, the remote nodes can either store their quantum states
in a phase-stable variable optical delay that acts as a memory,
or they can directly measure their path entangled qubit using
a weak local oscillator as shown in Fig. 1(b). A weak local
oscillator and single-photon detector can approximate single-
qubit measurements in a path-entangled encoding [18,19]. A
weak local oscillator, for instance, can perform the projective
measurements needed to show a violation of a Bell inequality
needed for advanced device-independent quantum communica-
tion protocols as shown in [19-21]. The benefit of an all-optical
DLCZ repeater is that the heralded photon source may oper-
ate at trial rates orders of magnitude higher than comparable
matter-based systems, but comes with the additional require-
ment that the local oscillators at each location share the same
phase.

To achieve high-fidelity (>0.99) path-state entanglement dis-
tribution, several conditions must be met. Phase stability is
crucial, as even small fluctuations in optical path length can
introduce phase noise that limits the measurement fidelity. A
phase change of A¢ =0.1 radians reduces the fidelity to about
0.9975 (discussed in more detail in Section 3.A). Additionally,
the optical paths from source to measurement must be highly
indistinguishable, that is, there must be no identifying infor-
mation about which source a photon came from that reduces
the interference visibility at the repeater. Photons from the two
sources must have the same polarization, spectral and temporal
profiles, and arrive at the same time within femtoseconds. Fi-
nally, a high degree of isolation between quantum and classical
channels is required to ensure that the relatively high-power sta-
bilization laser does not overwhelm the single-photon detectors
or lower the fidelity with noise photons. Implementing a full en-
tanglement swapping demonstration is beyond the scope of this
manuscript. Instead, we focus on independently stabilizing the
two deployed fiber paths that would connect nodes A and B to the
swapping station in a Mach—Zehnder interferometer (as shown
in Fig. 2) that would enable such a demonstration. We use an at-
tenuated laser at 1550 nm to simulate a heralded telecom photon
source operating with a bandwidth of 1 nm at a repetition rate of
500 MHz and average photon number of 0.08. A major benefit
of our scheme is that the stabilization signal that is distributed
can in principle be used to lock independent weak local oscilla-
tors needed to carry out the measurements on the path-entangled
qubits.

3. THE CLASSICAL CHANNEL
A. Optical Phase Stabilization

To achieve the desired level of phase stability, we employ an ex-
perimental technique that closely parallels a fiber stabilization
architecture used in the distribution of high-stability optical sig-
nals from optical atomic clocks [22], see Fig. 2. These fiber links
enable relative frequency comparisons of remote optical clocks
at the 10718 level [23].

A key difference between stabilization schemes is that in
atomic clock networks the light used to stabilize the network
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link is also the light that must be transmitted. In the current
demonstration, the classical signal used for stabilization is sep-
arate from the quantum signal. However, to achieve the best
stabilization performance, the classical channel must sample the
same fiber length and refractive index fluctuations as the quan-
tum channel. As a result, it must co-propagate with the quantum
signal, sharing the same optical frequency and polarization. One
of the challenges in this architecture is isolating the classical and
quantum signals from one another. To achieve this, we use me-
chanical choppers to time-multiplex the classical stabilization
light and the single-photon-level quantum signals. Additionally,
we sacrifice some channel commonality by operating them about
8 nm apart, with the classical channel at 1542 nm and the quan-
tum channel at 1550 nm. This allows for further isolation via
wavelength division multiplexing.

The classical channel consists of a narrow-linewidth con-
tinuous wave (CW) laser at 1542 nm, stabilized to an opti-
cal reference cavity that enables a full-width half-maximum
linewidth, Av, less than 10 mHz [24]. The choice of stabilization
laser is important since the coherence time of the laser, Ty, =
1/(sr Av), must far exceed the transit time of light through the
optical fiber. If the laser phase drifts over the fiber transit time,
the system cannot separate laser noise from fiber noise, caus-
ing the laser’s phase fluctuations to be imprinted onto the link
instability.

The CW light is chopped by a 6 kHz chopper with 50% duty
cycle, which is anti-synchronized with a 25% duty cycle chop-
per located before the single photon detector in the quantum
channel. We use mechanical choppers because they achieve the-
oretically perfect extinction while other modulators (e.g., EOMs
or AOMs) can achieve only up to 60 dB extinction under very
carefully controlled conditions. After chopping, a fraction of
the CW light is split off by a beam splitter and used as a sta-
ble interferometric reference, while the remainder of the light
traverses the optical fiber. At the remote end, about 4% (Fres-
nel reflection) of the signal is retro-reflected from the flat fiber
tip such that it returns through the fiber and interferes with
the reference light at the local end, generating an error sig-
nal that is used to feedback and suppress the fiber noise. An
acousto-optic modulator (AOM) is located at the remote end of
the fiber, which shifts the reflected optical frequency by twice
the RF drive frequency (80 MHz). The AOM shifts the in-
terference signal frequency away from DC, which avoids DC
noise sources such as photodetector flicker noise and renders
the stabilization immune to laser power fluctuations. Addition-
ally, placing the AOM at the end of the link frequency-shifts
the returning light, allowing reflections from the fiber end to be
distinguished from unwanted reflections within the link. This
separation improves the signal-to-noise ratio of the stabilization
signal [25].

A fiber stretcher serves as the fast feedback actuator (>20 kHz
bandwidth), while a motorized delay line provides slow, large-
range path-length adjustments. It is essential that the actuator
modify the optical path length rather than only the optical phase
(as would an acousto-optic modulator), because the stabilization
must control both the phase and the arrival time of the propa-
gating wavepackets. Using a fiber stretcher in conjunction with
a free-space delay line also allows the link to be stabilized at one
wavelength while achieving similarly high levels of stabilization
for another.

Time multiplexing of the classical and quantum channels adds
complexity to the feedback electronics. To prevent the servo



141

Research Article Vol. 4, No. 2/25 April 2026/ Optica Quantum

5; Classi?a}lchannel: [ Attenuate to
P CW stabilization laser <--- 80MHz  single-photon level 1550 nm
E 6 kHz (50% duty cycle) i 500 MHz
o 1542 rem e * W @w @w mode-locked laser
- 4% Fresnel |
’ I 4 ey
) I -
Z’Ioltorll‘zed - Quantum channel:
elayline 80 MHz “"m Attenuated pulses
. “\N @ AN i
C‘f = In-loop PD )~ }Lﬁ

ax

‘@ 2.1 km SMF28

‘ (swapped for 2 mfiber for
»

phase noise tests)

Fiber stretcher

Fiber stretcher ’

Motorized
delayline

Quantum channel:
Single photon detection

Classical channel: 55, 6 kHz (25% duty cycle)
; A
Ipterferon.'lf-ztru': K %, Pty <
fiber stabilization @ ’ '
OutofloopPD & < < - SNSPD
(phase noise tests) I

Fig. 2. Experimental setup used for the phase stabilization and noise measurement of a deployed 2.1 km fiber link. This setup operates
by counter-propagating light from the single-photon quantum channel, in the same spatial mode as classical single-frequency light from the
phase-stabilization channel. The channels are isolated from one another by time-multiplexing the classical and quantum channels using a
mechanical chopper. The quantum signal, generated by attenuating a 500 MHz repetition rate, 1550 nm mode-locked laser to an average of <1
photon per pulse, is combined with the classical channel via a 50/50 optical beamsplitter. Length compensation is achieved using round trip
measurement of the fiber phase noise, used in a feedback loop, and actuated via a fiber stretcher and motorized delay line. Two independently
stabilized 2.1 km fiber links are employed to assess the stabilized performance of both channels by measuring the phase noise power spectral
density of the quantum channel. A third short link is used to connect the output of the free space interferometer with a superconducting
nanowire single-photon detector (SNSPD) to assess the fringe visibility of single photons traversing the stabilized fiber link. AOM, acousto-

optic modulator; PID, proportional/integral/derivative loop filter.

from unlocking when the chopper blocks the stabilization light,
we use an FPGA-based feedback algorithm [26] where we im-
plement a digital low-pass filter to limit the response bandwidth
to less than the chopper speed. This ensures that the servo re-
sponds only to the averaged phase error over multiple chopper
cycles, rather than to the brief signal dropouts.

Optical phase distribution across the network. For future
quantum network experiments, the remaining 96% of the classi-
cal light that is not reflected from the remote end of the fiber for
stabilization may be used to distribute a common optical phase
across all nodes [11,27]. Such a phase reference may be used
to lock an optical frequency comb [28] at each node, used to
pump the generation of single-photon states. The comb may also
be used to generate a radio frequency signal to clock electronic
circuits that is coherent with the distributed optical signal.

B. Quantum Channel Stability as Measured by a
Classical Signal

Although the level of frequency stabilization achieved over
fiber in atomic clock experiments is impressive, it is not suf-
ficient for transmitting path-entangled states. This is because
high-frequency phase fluctuations are averaged away during
frequency counting and do not contribute to the frequency mea-
surement. However, measurements of path entanglement require

accurate knowledge of the relative phase between paths and can-
not be averaged. As the phase error increases over time due to
unobserved path length changes, the fidelity of the entangled
state distribution decreases. Consequently, to evaluate how path
variations impact quantum state measurement, we must mea-
sure the residual optical phase power spectral density, Sy (f), of
the link and integrate this noise from the shortest data acquisi-
tion time up to the relevant measurement duration, or integration
time, T,

/T ins

/50 us

Agrms = L Sy (Hdf. (3

To measure S ® (f), we independently stabilize two fiber links,
one with a length of 2.1 km and the other about 2 m, with the
same 1542 nm chopped CW laser. We assume that the longer
fiber contributes nearly all of the added phase noise. To clas-
sically test the phase noise of the quantum channel, we split
and transmit optical pulses derived from a stabilized mode-
locked laser through each fiber and interfere the outputs on
a high-speed photodetector (1.5 GHz bandwidth) at the fiber
outputs. The mode-locked laser is based on a 500 MHz repe-
tition rate Er/Yb:glass oscillator [29], whose carrier-envelope
offset frequency is stabilized [30-32] and whose spectrum is
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Fig. 3. (a) Phase noise power spectral density (PSD) of the
1550 nm optical beatnote between 2.1 km and 2 m stabilized opti-
cal fiber links, showing the frequency-dependent phase fluctuations
as a function of chopping rate. The light outputs from the two fibers
are heterodyned to enable the combined measurement noise of both
links, with the 2 m fiber contributing much less. The gray shaded
area shows the noise floor when the two fibers are matched in length.
(b) Corresponding integrated root-mean-square (RMS) phase devi-
ation, illustrating the cumulative RMS phase noise as a function of
integration time.

phase-stabilized to the 1542 nm CW laser. The pulse is fil-
tered by a fiber Bragg grating centered at 1550 nm and with a
full-width half-maximum bandwidth of 1 nm.

The goal of the present work is not to improve the per-
formance of earlier fiber link demonstrations [22,25,27], but
to provide a stabilized infrastructure with quantum-compatible
performance for future path-entanglement and multi-node inter-
ference experiments over deployed networks. In contrast to clas-
sical time—frequency links that typically aim to maximize fiber
length, our approach deliberately limits the link length to achieve
a target quantum-state fidelity, as phase noise accumulated
across the full Fourier spectrum directly leads to decoherence
and reduced interference visibility of path-entangled states. The
demonstrated architecture therefore addresses a complementary
regime in which high phase stability and indistinguishability are
prioritized over absolute distance, enabling scalable quantum
networking protocols under realistic coexistence constraints.

In Fig. 3, we perform classical measurements to charac-
terize the quantum channel. The figure shows the measured
phase noise power spectral density, and corresponding inte-
grated phase noise for different chopper rates of the 1550 nm
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quantum channel, while stabilized with the 1542 nm classical
channel. A slow chopper speed limits the bandwidth of the fiber
stretcher feedback and will therefore be inadequate to fully sup-
press high-bandwidth noise (100 Hz to 2 kHz) that the fiber
encodes on the light. This is seen in the 4 kHz phase noise
trace (blue) as peaks near 1 kHz, which contribute much of
the integrated phase noise. Conversely, a high chopping speed
introduces additional noise across all frequencies due to the me-
chanical timing jitter of the chopping wheel, which increases at
higher speeds. This is evident in the red and green phase noise
spectra as chopping increases from 4 kHz to 10 kHz, and the
effect is absent when the CW laser is not chopped.

The curves in the top plot of Fig. 3 are integrated from right to
left (short to long timescales) according to Eq. (3) to produce the
results in the bottom plot. We set the integration lower bound to
50 ps (20 kHz), as this is the frequency at which the fiber begins
to introduce phase noise. The features above 20 kHz are delay-
line interference fringes in the measured phase-noise spectrum,
arising from the effective optical path mismatch between the
two arms of the heterodyne measurement, T .. This delayed-
interference geometry maps the laser’s intrinsic frequency noise
into the phase-noise spectrum through the transfer function of
a delay-line interferometer, producing periodic spectral repli-
cas at multiples of 1/7 ¢ [33]. Because these replicas mask the
true high-frequency fiber noise, we do not interpret the spec-
trum in this region as representative of the link. Instead, our jitter
and fidelity calculations rely on the frequency band below the
first replica, where the measured phase noise accurately reflects
the fiber-induced fluctuations. The gray shaded region in Fig. 3
demonstrates the lower phase noise (unchopped) when the fiber
lengths are matched at 2.1 km. Although this removes the delay-
line spectral features, we opted to measure in the unbalanced
scenario to isolate the phase noise of a single fiber.

The righthand axis shows the optical timing jitter associated
with the integrated phase noise, A Tgryms = A@Prms/27fy, where
fo is the optical frequency, and theoretical path state fidelity is
given in Eq. (1). The fidelity is a measure of the indistinguisha-
bility of two states produced when one photon propagates along
two paths, according to Eq. (2). Temporal relative phase change
between two optical paths can degrade the fidelity.

For fiber length stabilization, in the absence of chopping, we
achieve an optical timing jitter well below 50 as, which theo-
retically maps to a fidelity of F >0.999. Among the different
chopper rates, 6 kHz gives the best results with an optical tim-
ing jitter of about 70 as, corresponding to F = 0.998, out to an
integration time of at least 20 seconds. Although this is evi-
dence that optical chopping degrades the fidelity, chopping is
required for high classical/quantum channel isolation in this
demonstration.

The integration time defines how long we can assume a nearly
fixed phase relationship between fiber paths, setting the maxi-
mum duration over which we can perform projective quantum
measurements reliably. To achieve higher state fidelity, mea-
surements can be taken over shorter time windows, with phase
recalibration between windows. This approach allows multiple
measurements to be cascaded for longer protocols or measure-
ments that require additional averaging.

1. In-loop vs. out-of-loop phase noise analysis

A careful phase-noise analysis of any stabilized system requires
a dedicated measurement channel that is not involved in the
feedback loop. In this experiment, each fiber is independently
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stabilized based on the phase information seen on its in-loop
photodetector. A separate out-of-loop detector, located at the
opposite beam-splitter port from the SNSPD, is used to charac-
terize the residual phase noise of the two fiber links together.
Importantly, this out-of-loop photodetector is not used in any
feedback loop and therefore provides an unbiased measure of the
stabilized system performance.

In-loop measurements, such as those obtained from detectors
used in the feedback loop, can underestimate the true residual
phase noise. This is because feedback suppresses the measured
error signal while remaining insensitive to noise sources that are
written onto the fiber by the actuator, including technical noise
that appears as a valid phase signal, such as detector noise or
electrical pickup such as ground loops, as well as phase fluctu-
ations that are not common between the classical stabilization
channel and the quantum channel. By contrast, an out-of-loop
measurement captures all phase noise that remains on the trans-
mitted optical field, including contributions outside the control
bandwidth and noise arising from non-common-mode optical
paths.

A particularly stringent out-of-loop test is obtained by in-
dependently stabilizing two fiber links and interfering them at
a common beam splitter, such that the measured phase noise
reflects the combined residual instability of both links. This ap-
proach provides a conservative assessment of phase stability
and is directly applicable to quantum networking scenarios in
which independent stabilized links must maintain mutual phase
coherence.

C. Limitations of Phase Stability in Optical Fiber

Because of the finite speed of light in optical fiber, the achievable
phase-noise suppression in an actively stabilized link is funda-
mentally limited by the fiber’s round-trip propagation time. As
the fiber length increases, the feedback bandwidth decreases,
since the system must wait for light to travel to the remote end
and back before applying a correction. This delay limits both
how rapidly phase fluctuations can be suppressed and the overall
level of suppression attainable at all Fourier frequencies. Longer
fibers also accumulate proportionally more environmental noise,
further reducing stabilization performance. To overcome this
causal limit, a long link must be segmented into multiple shorter
sections, each equipped with its own active stabilization loop.
This limitation is characterized by the following expres-
sion [25], which yields the theoretical best locked phase
noise, Sjocked(f) given the phase noise of the unlocked fiber,

S, unlocked (f) :

1 L\?
Slocked(f) ~ § (271]‘”7) Sunlocked(f)' (4)

In the expression, n is the fiber refractive index, L is the length
of the fiber, c is the speed of light in vacuum, and fis the Fourier
frequency of the power spectral density. The equation assumes
uniformly distributed noise along the fiber, which is a good
estimate in many cases.

In Fig. 4, we provide an estimate of the theoretical lower
bound on the locked phase noise for our deployed fiber (gray
trace) based on the measured unlocked phase noise (black trace)
and Eq. (4). Note that the assumptions of the equation break
down at high frequencies, which manifests as a higher than
expected phase noise above 10 kHz in the figure.
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The experimental data for the locked fiber (purple trace)
closely match the theoretical estimate from about 5 Hz to 1 kHz.
We also observe that the experimental trace dips below the theo-
retical trace at certain frequencies, which is possible if the phase
noise fluctuations are not perfectly uniform along the length of
the fiber. At low frequencies, the mismatch is most likely due to
differential path length changes between the quantum and clas-
sical channels as a result of the difference in wavelengths. At
high frequencies (>1 kHz), the observed servo bump indicates
that the loop bandwidth of the fiber stretcher is around 10 kHz,
which is not present in the theoretical trace.

4. THE QUANTUM CHANNEL

To characterize the performance of the quantum channel, we
independently stabilize two deployed 2.1 km optical fibers that
terminate at the same location (i.e., the same lab). This configu-
ration is used only for phase noise measurement; in a functioning
quantum network, the fibers would instead terminate at different
locations, linking remote quantum sources. In this measurement,
both fibers are part of a 10-fiber bundle, housed in an outdoor-
compatible metal jacket, which helps minimize environmentally
induced length fluctuations. The bundle is routed through a util-
ity hallway, an environment that introduces more phase noise to
the optical signal than a 3.5 km deployed link running across
the city of Boulder, Colorado, making it a good test case for a
deployed network.

The same 500 MHz mode-locked laser used to measure the
phase noise of the quantum channel (Section 3) is attenuated
such that there is an average photon number per pulse of <1,
varied from about 0.001 to 0.9 photons per pulse. This ensures
that the interference fringes we measure are due to the quan-
tum coherent state, and that ultimately a single-photon state will
be compatible with our stabilization architecture. The relative
amplitudes distributed to each fiber are tuned to compensate
for different fiber link losses by using a half waveplate and
polarizing beam splitter to split the coherent state.

At the other end of the fibers, the quantum and classical
channels are split by a 50/50 beam splitter that directs half the
amplitude to the final beam splitter where the quantum states
from the two network links are combined and interfered. To de-
crease the channel losses and further isolate the quantum and
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classical channels, the 50/50 beam splitter can be replaced by a
dichroic mirror that splits the 1542 nm and 1550 nm photons.
A piezo-driven stage is located in one of the two interferome-
ter arms to slowly change the relative phase of the two quantum
channels.

The photons exiting one of the ports of the final beam splitter
are monitored by a superconducting nanowire single-photon de-
tector (SNSPD) with more than 90% detection efficiency [34].
A linear polarizer selects a single polarization to minimize link
distinguishability from polarization rotation. A second mechan-
ical chopper is synchronized with the first chopper that chops
the CW stabilization laser but with a relative phase of 180
degrees to block the remainder of classical light in the quan-
tum channel. The second chopper has a 25% duty cycle to
increase the robustness of the chopper synchronization at the
expense of quantum channel throughput. A 1550 nm narrow
bandpass filter serves to further isolate the classical and quantum
channels.

A. Fiber Link Indistinguishability

We demonstrate in Fig. 3 that the network links can support a
quantum signal with an integrated phase noise of less than 0.1
rads but it is also necessary that the links be indistinguishable
from the point of view of the quantum repeater. This means that
the two paths must have the same polarization rotation, attenu-
ation, chromatic dispersion, and the quantum wavepackets must
arrive at the same time.

We stabilize two similar fibers (6 kHz chopping rate) and
measure the fiber path indistinguishability by varying the rela-
tive phase of the paths with a piezo stage and tracing visibility
curves, V = (max — min) /(max + min), as seen in Fig. 5. In the
figure, we compare the visibilities of four cases with different av-
erage numbers of photons per pulse, which we set by attenuating
before splitting between the two fiber paths. We fit a sinu-
soidal signal to each dataset. The highest visibility (more than
99.7%) is seen in the second case with a peak of about 80,000
counts/second, corresponding to an average of 0.08 photons per
pulse. This is limited by the small amount of distinguishability
in the two paths. In the third and fourth cases, the average pho-
ton number is sufficiently low that the visibility is limited by the
SNSPD background counts, which is about 70 counts/s.

The phase delay responsible for sweeping the fringes is driven
by a piezo stage, whose displacement has a nonlinear response
to voltage. For this is the reason, the fringes in Fig. 5 have differ-
ent temporal periods. To correctly fit a sinusoid, it is necessary
to add a chirp parameter to the phase, i.e., ]}i,(z) =a sin(b3t3 +
byt? + byt + by) + c. However, the high quality of the fit in each
case indicates that the two optical paths remain highly indis-
tinguishable throughout the measurement despite the fact that
neither polarization nor attenuation is actively controlled.

B. Fiber Link Stability as Measured by a Quantum
Signal

As we assessed the short-term (<10 s) phase drift in Section 3,
we assess the long-term phase drift (>10 s) in this section. Noise
in the two regimes is caused by different experimental factors.
Fast phase fluctuations (10 Hz to 10 kHz) are primarily caused
by the pickup of acoustic and vibrational noise on the fiber link.
High-frequency fiber noise is more difficult to suppress and re-
quires a high-bandwidth and a precisely tuned PID feedback
algorithm. Slow phase drifts (<10 Hz) are easy to suppress in
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Fig. 5. Demonstration of quantum-compatible indistinguishabil-
ity between two 2.1 km stabilized fibers arranged in a Mach—Zehn-
der interferometer configuration. A free space optical path length is
swept via piezo stage (see Fig. 2) while an SNSPD detects single
photons out of one of the interferometer ports for four different num-
bers of average photons. Sinusoidal fits show visibilities of 99.61
+ 0.035% (average of 0.9 photons/pulse), 99.72 + 0.076% (0.08
photons/pulse), 97.33 + 0.116% (0.006 photons/pulse) and 87.27 +
0.190% (0.001 photons/pulse), from top to bottom. The stated un-
certainties represent the 95% confidence intervals.

Single Photons (counts/s)

feedback, so the presence of this noise in the measurement in-
dicates that the stabilization laser is not completely sampling
the quantum channel path. This occurs in part because there are
short free-space optical paths where the quantum and classical
channels do not co-propagate. Any unsampled path length vari-
ations will manifest as phase noise that reduces fidelity. In the
fiber itself, different polarizations and different wavelengths ex-
perience different phase changes, and so it is possible that our
lack of strict polarization control and identical wavelengths for
the classical and quantum channels may contribute to the slow
phase variation [27].

We measure the slow variation by sweeping the interferom-
eter fringes with the piezo-driven stage and then setting the
phase close to the fringe mid-point, which is the steepest and
most sensitive to phase variation. As seen in Fig. 6, the fringe
peak was around 900,000 counts/s so we set the initial phase to
about 450,000 counts/s. Over several trials running for 20 min-
utes each we measure that the slow phase drift consistently stays
within the 100 as bounds for about 10 minutes. This does not
account for fast phase variation, which is largely averaged away
due to the 1 second integration time of the single-photon detec-
tor. Additionally, we have not taken into account piezo creep,
where the piezo continues to change length for up to hours after
being actuated. Therefore, the phase drift presented in this study
represents a worse case.



Research Article

NAN
SVAVAY

Single Photons (k-counts/s)

480 :
] B
470 70 =
1 o))
460 35 38
] o
450 ‘ 0o =
o
¥ 1=-35 =
440 ! 5
F 1-70 ©
430 100 as ; o
420" ‘ L

0 200 400 600 800 1000 1200

Measurement Time (s)

Fig. 6. Top: A fringe sweep determines the mid-point where slow
phase drift is monitored over five trials. Bottom: The five phase drift
trials are shown zoomed in relative to the top plot.

In the future, this slow phase variation could be further im-
proved by reducing the optical path lengths that are not common
to both quantum and classical channels, namely at the central
node where the stabilization laser and single photon detector are
located. The experiment would also benefit from more passive
stabilization, such as employing a custom temperature-stabilized
baseplate instead of an optical breadboard.

5. ISOLATION OF THE QUANTUM AND
CLASSICAL CHANNELS

To fully take advantage of the phase and length stabilization of
the classical channel, there must be a very high degree of iso-
lation between the classical channel and the quantum channel.
This is because the typical classical channel has many orders-of-
magnitude more photons per second than the quantum channel.
For example: if the quantum channel contains 1 photon on av-
erage for every 100 laser pulses (500 MHz/100 = 5 million
photons/sec), and the classical channel contains 1 mW of power
to stabilize the fiber and also the mode-locked laser at the remote
node, then an isolation of 102 will ensure that there are equal
numbers of photons from the two channels at the single-photon
detector.

Achieving such a high degree of isolation is particularly chal-
lenging in the case of optical fiber phase stabilization since
the quantum and classical light sources must experience the
same path noise. The best stabilization would result from a clas-
sical light source that has the same polarization, wavelength,
and bandwidth as the quantum light source, but quantum/clas-
sical isolation requires some distinguishable property. The CW
stabilization laser is not actively polarization-controlled after
propagation through the deployed fiber. Because the stabiliza-
tion feedback senses path-length fluctuations independent of
polarization, this does not impact phase stabilization. A polar-
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izer is placed only in the quantum detection path to project
the single-photon states onto a common polarization mode and
remove polarization-induced distinguishability. Distinguishing
the two channels based on polarization is difficult because there
is strong coupling between orthogonal polarization states in op-
tical fiber and high isolation would require several stages of
polarizers.

Isolation based on wavelength [35] is more feasible due
to high-quality off-the-shelf dichroic mirrors, but this method
is fundamentally limited by the nonlinear scattering of clas-
sical photons into the quantum band via the Raman effect
[36,37]. Even with perfect wavelength discrimination, spon-
taneous Raman scattering would saturate the quantum chan-
nel if distinguished between channels by wavelength only. A
2.1 km silica fiber would scatter 1542 nm light into a 1 nm
band around 1550 nm with an efficiency around 108, which
would yield a quantum/classical isolation of at most 108 in the
experiment [38].

In the present setup, we multiplex the two channels in time
with an optical chopper, which, in principle, allows the quantum
signal to propagate along a completely dark fiber, eliminating
the Raman noise photons, while being periodically stabilized.
We demonstrate a classical/quantum channel isolation of (8.7 +
1.5) x 1010 by combining the optical chopping approach with an
optical filter and a temporal gating technique in post-detection
processing. With current channel losses and around 450 pW in
the classical channel, this level of isolation means that 1 out of
every 10,000,000 quantum wavepackets will have a CW noise
photon.

The optical filter rejects about a factor of 100 of the classi-
cal light at 1542 nm, while transmitting the quantum light at
1550 nm. These wavelengths are close enough that they largely
experience the same phase fluctuations in fiber, yet far enough
that they can be isolated from one another with an optical band-
pass filter. Wavelength isolation could be improved by several
orders of magnitude with a filter with a steeper band edge.

The temporal gating technique relies on the fact that pho-
tons from the quantum channel arrive at precisely defined time
intervals because they originate from a pulsed laser, whereas
the classical photons are distributed across all times since they
originate from a CW laser. The temporal gating technique ex-
ploits the fact that photons from the quantum channel arrive at
well-defined times determined by the pulsed laser repetition rate,
whereas classical photons originating from the CW channel are
distributed uniformly in time. Here, “gating” refers to a temporal
acceptance window applied to time-tagged detection events. We
choose a coincidence window of 250 ps, which equates to a duty
cycle of 0.125 over the 2 ns mode-locked laser pulse spacing.
The window is synchronized to the pulsed source, which reduces
both classical leakage counts and detector background counts by
approximately an order of magnitude, as shown in Fig. 7.

A. Chopper Duty Cycle

Importantly, the chopper before the SNSPD has a duty cycle
of 25% compared to 50% for the chopper that chops the CW
light. This allows for imperfect chopper synchronization and ex-
tra isolation from CW photons that are reflected multiple times
through the fiber. However, a lower duty cycle also decreases
the quantum channel throughput, reducing the maximum usable
rate of the quantum network. One may decrease the duty cy-
cle of the classical channel chopper while increasing the duty
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Fig. 7. Background counts due to CW stabilization laser and
detector counts while blocked as a function of the relative phase
between the two choppers. Experiments were done with/without
temporal gating in post-processing. The lowest isolation achieved
was (8.7 +1.5) x 1019,

cycle of the quantum channel, though this may also decrease the
phase stability of the link. This is because a lower duty cycle
D reduces the signal-to-noise ratio of the feedback signal and
increases detection noise Sy 4, such that Sy 4., o< 1/D. If we

assume a simple phase noise model for the fiber S f;pe, o 1/f 2,
then the frequency f,. at which Sy ;. =S4 fipe, limits the feed-
back bandwidth. In this case the bandwidth scales with duty

cycle as f,. o D'/2, which yields Adrys = S der - fe < D14,
If we reduce the CW duty cycle by 10 times from 50% to 5%,
this corresponds to an increase in integrated phase noise of about
1.8 times.

Though the back-of-the-envelope calculation indicates quite
favorable noise scaling with duty cycle, in practice, reducing the
CW duty cycle to 25% made the phase locked loop unstable and
extremely susceptible to unlocking due to small perturbations.
Nonetheless, further exploration of the duty cycle and how it
relates to loop stability and residual noise would be valuable,
though it is beyond the scope of this experiment.

6. CONCLUSION AND OUTLOOK

Quantum networks based on path entanglement are promising
because they enable high-fidelity quantum state teleportation
due to the combination of heralded single photons (for example,
from a down-conversion source) with heralded entanglement
swapping across remote network nodes. This scheme presents
a promising approach for achieving a sufficiently high quantum
state fidelity across a lossy network to support protocols with
a clear quantum advantage. For the first time, we demonstrate
phase-stabilized deployed km-length optical fiber links that are
capable of supporting the distribution of path-entangled states
with a fidelity greater than 0.99. We have achieved this by us-
ing precision frequency control techniques to stabilize optical
phase across a fiber link and a novel scheme for time multiplex-
ing classical and quantum signals, demonstrating high channel
isolation.

For a future multi-node quantum network, path length phase
must be stable not only over a single link but across the en-
tire network of many km-scale links. This will require fur-
ther suppression of fiber phase noise to guarantee a combined
fidelity >0.99 across all nodes. Passive shielding, including
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underground fiber conduits, will reduce the high-frequency
phase noise that limits the current results. A functional network
will also require active stabilization of fiber polarization and loss
to ensure link indistinguishability over time. Dispersion will also
need to be managed to match the pulse temporal profiles after
propagating through network fibers of different lengths.

Other novel techniques could allow for high quantum/classi-
cal isolation without the need to chop, thus reducing the phase
noise and channel loss added by the chopper. These include low-
loss hollow-core fibers that suffer more than 1000 times less
channel crosstalk via Raman scattering [39], or multi-core fibers
that contain many highly correlated cores in the same cladding,
exhibiting a high degree of isolation [40].
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