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Entanglement distribution over deployed fiber links is essential for implementing quantum communication protocols.
However, environmental noise in deployed fibers, such as classical signals, stray light, and Raman scattering, can signifi-
cantly degrade entanglement, ultimately destroying the nonlocal correlations required for quantum communication. In
this work, we demonstrate noise-resilient quantum communication over 40 km of intra-city deployed fiber, with a total
transmission loss of 23.04 dB, by utilizing hyperentanglement in the time-bin and frequency degrees of freedom. By
exploiting the frequency anticorrelation of the photon pairs and implementing frequency-to-time mapping using dense
wavelength-division multiplexing combined with calibrated delay lines, we realize frequency-resolved detection that
discriminates frequency-anticorrelated entangled photon pairs from uncorrelated noise. This enables reliable entan-
glement distribution with over an order-of-magnitude improvement in signal-to-noise ratio and a substantial increase
in Bell-state fidelity, even in high-noise and high-loss conditions of deployed fibers. Moreover, entanglement—initially
lost due to entanglement sudden death—is successfully restored, enabling a clear violation of the Bell inequality. These
results establish a practical and scalable method for entanglement distribution in noisy and lossy environments, advanc-
ing the feasibility of real-world quantum communication over existing fiber infrastructure. © 2026 Optica Publishing
Group under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.576289

1. INTRODUCTION

The realization of quantum communication protocols such as
quantum key distribution (QKD) [1-7], quantum teleportation
[8-14], quantum dense coding [15-19], and quantum networking
[20,21] requires entanglement distribution between distant par-
ties. While both fiber-optic links and free-space channels are viable
platforms, recent efforts have increasingly focused on using exist-
ing deployed fiber infrastructure as a practical and cost-effective
solution, where classical and quantum signals coexist [22-24].
However, real-world implementation faces major challenges: co-
propagating classical signals, stray light, crosstalk, and spontaneous
Raman scattering introduce substantial noise that can overwhelm
weak quantum signals [22]. In addition, intrinsic transmission
loss causes exponential signal decay, further reducing the signal-

and wavelength filtering [22,31]. High-dimensional systems such
as time-bin or orbital angular momentum modes offer increased
information capacity and potential noise robustness. However,
they often require complex state preparation and detection, and
are generally incompatible with widely used qubit-based protocols
[30,32]. Wavelength filtering attempts to spectrally separate quan-
tum and classical signals but cannot fully eliminate overlapping
noise spectra in deployed fibers [31].

In contrast, hyperentanglement, simultaneous entanglement
in multiple degrees of freedom such as time-bin, polarization,
frequency, and orbital angular momentum, provides a powerful
resource for noise-resilient quantum communication [33-37].
One degree of freedom can be used to isolate quantum-correlated
signals from noise, while the other retains entanglement for

to-noise ratio (SNR) and degrading entanglement [25,26]. These
issues have become bottlenecks for scalable and reliable quantum
communication over deployed networks.

To address these limitations, various strategies have been
explored, including high-dimensional quantum encoding [27-30]
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protocol operations, such as teleportation, dense coding, or key
distribution [35]. By utilizing such quantum correlations as an
active resource, this approach achieves noise rejection capabilities
beyond conventional filtering, while maintaining compatibility
with qubit-based protocols. Although hyperentanglement-based
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noise suppression has been proposed and demonstrated under
controlled laboratory conditions [35], it has not yet been realized
in real-world deployed fiber environments.

In this work, we report the first experimental demonstration
of hyperentanglement-enabled entanglement distribution over
a 40 km intra-city fiber network, with a total channel loss of
23.04 dB. By exploiting the frequency anticorrelation of hyper-
entangled photon pairs and implementing frequency-to-time
mapping using dense wavelength-division multiplexing (DWDM)
combined with calibrated delay lines, we realize frequency-resolved
detection that discriminates frequency-anticorrelated photon
pairs from uncorrelated noise. This enables reliable entanglement
distribution with more than an order-of-magnitude improvement
in SNR (from 0.84 to 12.10), a substantial increase in Bell-state
fidelity (from 0.49 to 0.89), and restoration of entanglement that
had been lost due to entanglement sudden death. Furthermore,
we observe a clear violation of the Bell inequality by 3.53 standard
deviations. Altogether, our results demonstrate a viable strat-
egy for entanglement distribution under real-world noise and
loss, paving the way for robust quantum communication over
metropolitan-scale fiber networks.

2. EXPERIMENT

Consider the distribution of a time-bin entangled photon pair pre-
pared in the Bell state

1
)y _
l®™) ﬁ(IEE) +ILL)), (1)

where |E) and |L) denote the early and late time-bin modes,
respectively [38,39]. Time-bin entanglement is particularly
well suited for fiber-based quantum communication due to its
robustness against polarization-mode dispersion. However, when
propagating through deployed fibers, photons encounter substan-
tial noise from sources such as stray light, co-propagating classical
signals, and spontaneous Raman scattering. These noise contribu-
tions can be effectively modeled as a depolarizing channel [40,41],
which captures the loss of coherence due to uncorrelated noise.
Under this model, the transmitted time-bin state is described by
the density matrix:

po=(1— p)¢pP) P + §ﬁtb, @)

where p (0 < p <1) represents the noise portion and ﬁtb is the
identity operator in the time-bin basis [42,43]. The first term
corresponds to the signal component, while the second represents
maximally mixed noise. This leads to the SNR of 2(1 — p)/p,
which decreases as the noise portion p increases, ultimately degrad-
ing the entanglement of the photon pair transmitted through the
depolarizing channel.

The degradation of entanglement under high noise severely
limits its usefulness for quantum communication via deployed
fibers. To overcome this problem, we exploit hyperentanglement in
the time-bin and frequency degrees of freedom. By taking advan-
tage of the strong frequency anticorrelation of the photon pair
[44—47], we implement a frequency-resolved detection scheme
that distinguishes entangled photons from uncorrelated noise. The
frequency-resolving module maps different frequency components
to distinct arrival times, enabling selective detection of frequency-
anticorrelated pairs [48,49]. This approach effectively filters out

uncorrelated noise and restores entanglement even in high-loss and
high-noise conditions.

The hyperentangled state after transmission through the depo-
larizing channel is described by

p1=01— I oM 1Y) (v + b ® Mg, 3)
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where |Y) = ;N ZZFI |nang), with ng=N4+1—rna, is
the N-dimensional frequency-anticorrelated state. The basis
state |#a7p) denotes the frequency modes of the photons sent to

Alice and Bob, and ﬁfreq is the identity operator on the frequency
subspace.

To isolate the frequency-anticorrelated entangled photons from
the uncorrelated noise, we apply a frequency-resolving module
that maps each frequency mode to a distinct temporal mode. This
is achieved by discretizing the frequency domain into /V bins and
assigning a specific time delay to each via optical path differences
[35]. As a result, frequency modes are converted into distinguish-
able arrival times, enabling selective detection of correlated photon
pairs and effective suppression of uncorrelated noise. Figure 1(a)
illustrates the joint spectral intensity of the hyperentangled pho-
ton pair overlaid with spectrally flat white noise induced by the
depolarizing channel. The noise uniformly spans the full frequency
range, while the entangled pairs are confined to the diagonal due
to their anticorrelation. After isolating the anticorrelated modes
via temporal filtering, the residual noise is significantly reduced, as
shown in Fig. 1(b).

After the frequency-resolved detection, the resulting quantum
state is given by the projection onto the frequency-anticorrelated
modes:

N
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where C is the normalization constant. Compared to Eq. (2), the
noise term is reduced by a factor of 1/ N, reflecting the spectral
filtering effect of the frequency-resolving module.

The resulting SNR is then
A=) X ) (¢

SNR ~
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2N(1 —
_Na-p) 5)
V4

This expression shows that the SNR increases linearly with N,
enabling significant enhancement of entanglement robustness in
high-noise and high-loss fiber environments through the use of
hyperentanglement and frequency-resolved detection.

Figure 1(c) shows the conceptual schematic of
hyperentanglement-enabled noise-resilient quantum commu-
nication over a 40 km intra-city fiber network. A photon pair
hyperentangled in time-bin and frequency is generated using an
unbalanced Michelson interferometer and spontaneous para-
metric down-conversion (SPDC). One photon is transmitted
to Alice through a 20 km segment of deployed fiber connecting
the National Security Research Institute (NSR) and the Korea
Research Institute of Standards and Science (KRISS), via the
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Fig. 1. Conceptual schematic of the experiment. (a) Joint spectral intensity (JSI) of an entangled photon pair, showing a frequency-anticorrelated

distribution (red line), overlaid with uncorrelated white noise (blue region). (b) JSI after selecting the frequency-anticorrelated mode using the frequency-
resolving module, which maps frequency components to distinct temporal modes. (c) a 40 km intra-city fiber network, connecting the National Security
Research Institute (NSR) to the Korea Research Institute of Standards and Science (KRISS) in Daejeon, South Korea. The total transmission loss is
23.04 dB. FM, Faraday mirror; UMZI, unbalanced Mach—Zehnder Interferometer; and SNSPD, superconducting nanowire single-photon detector.

KT Buk-Daejeon branch and the Korea Institute of Science and
Technology Information (KISTI) in Daejeon, South Korea. The
photon is reflected at the end of the channel by a Faraday mir-
ror (FM) and returns to Alice, resulting in a total propagation
distance of 40 km with an overall fiber loss of 23.04 dB. The
time-bin entangled photon pair is analyzed using unbalanced
Mach—Zehnder interferometers (UMZIs) at Alice and Bob, while
the frequency-resolving module maps photon frequencies to dis-
tinct arrival times, enabling temporal discrimination based on
frequency.

Figure 2 shows the detailed experimental setup for
hyperentanglement-enabled noise-resilient quantum commu-
nication over the 40 km fiber network. A picosecond pulsed laser
(FPL-02CT'T; Calmar Laser, pulse repetition rate of 18.02 MHz)
centered at 1552.52 nm is first split into two pulses separated by
15 ns using an unbalanced Michelson interferometer (UMI),

which is actively phase-stabilized via an auxiliary continuous-
wave laser and a fiber phase shifter (FPS). The resulting pulses are
frequency-doubled to 776.26 nm by second-harmonic generation
(SHG) in a type-0 periodically poled lithium niobate (PPLN)
crystal (length: 35 mm and poling period: 19.3 um). These pulses
then pump a type-0 PPLN waveguide (length: 20 mm and poling
period: 17.0 pm), generating photon pairs via SPDC. The SPDC
output has a 3 dB bandwidth of approximately 90 nm centered at
1552.52 nm.

The generated photon pair exhibits time-bin entanglement,
arising from the indistinguishability of the pump pulse origin,
and frequency entanglement, due to energy conservation in the
SPDC process, resulting in strong frequency anticorrelation. In
this work, time-bin modes are chosen for their robustness against
polarization-mode dispersion [50], while frequency modes pro-
vide access to high-dimensional encoding [35]. The resulting
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Fig.2. Experimental setup. A photon pair hyperentangled in time-bin and frequency is generated using an unbalanced Michelson interferometer and
spontaneous parametric down-conversion (SPDC). Signal and idler photons are sent to Alice and Bob, respectively. Signal photons travel through a 40 km
deployed fiber with a total loss of 23.04 dB. White noise is introduced by a co-propagating broadband ASE source. The frequency-resolving module maps
frequency modes to time delays via demultiplexing. FBS, fiber beam splitter; SHG, second-harmonic generation; PM, phase modulator; VDL, variable
delay line; FPS, fiber phase shifter; EPC, polarization controller; DEMUX, demultiplexer; and MUX, multiplexer.

.
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hyperentangled state, defined over these two degrees of freedom, is
described as

% (IEE) + 7 |LLY) ®/dw5dw,-f(ws,w,-> g, w;),
©)

where ¢, is the relative phase determined by the path-length differ-
ence in the UMI, and f(w,, ®;) denotes the joint spectral ampli-
tude of the two-photon state.

Following quantum state preparation, the hyperentangled
photon pair is divided into separate paths by a coarse wavelength-
division multiplexing (CWDM) filter with a cutoff wavelength
of 1552.52 nm. The signal photon, with a shorter wavelength, is
routed to Alice, while the idler photon, with a longer wavelength,
is directed to Bob. The signal photon propagates through the
deployed fiber channel and is reflected by an FM at the end of
the link, resulting in a total path length of 40 km and a channel
loss of 23.04 dB. Due to this round-trip transmission, the signal
photon acquires an additional time-of-flight of 196 ps relative to
the idler photon. To emulate realistic noisy conditions and control
the noise portion p in Eq. (4), broadband light from an amplified
spontaneous emission (ASE) source is injected into the deployed
fiber to co-propagate with the signal photon, introducing tunable
white noise.

After distributing the hyperentangled photon pair, the mea-
surement basis for the time-bin state is set by controlling the phases
of the unbalanced Mach—Zehnder interferometers (UMZIs) for
Alice and Bob, denoted ¢4 and ¢ 3 [2,39]. The UMZIs have a
15 ns path-length difference, matched to that of the initial UMI
using a variable delay line (VDL), and are phase-locked using the
same stabilization technique. After passing through the UMZIs,
the photons undergo frequency-to-time mapping via frequency-
resolving modules, implemented as follows. Each module employs
a demultiplexer (DEMUX) composed of 12 DWDM filters that
resolve the broadband spectrum into individual frequency chan-
nels: channels 35—46 for Alice and 16—27 for Bob [50-52].
Channel pairing is based on the frequency anticorrelation of the
SPDC source: (35, 27), (36, 26), (37, 25), ..., (46, 16), where
channel numbers follow the ITU DWDM grid specification
(100 GHz spacing in the telecom C-band). The hyperentangled
state in Eq. (6) is thereby projected into

N
% (IEE)+ ¢ |LL)) ® %VZ ln, N+1—mn), (7)
n=1

where nand N + 1 — n correspond to frequency modes 74 and 7
in Eq. (4), reflecting the frequency anticorrelation.

To complete the frequency-to-time mapping, a relative tem-
poral delay is introduced by varying the fiber lengths connected to
each channel. The delay between adjacent channels is set to 1 ns at
the output of the resolving module. For Alice’s module, the physi-
cal delay is set to 1.5 ns to compensate for the chromatic dispersion
induced by the deployed fiber, which reduces the effective temporal
spacing by 0.5 ns. For Bob’s module, where the idler photon is
received directly, the channel delay is set to 1 ns. The relative tem-
poral delays were calibrated by adjusting the fiber lengths through
fusion splicing, which can be replaced by programmable VDLs for
varying link lengths. All frequency channels are then recombined
using a DWDM multiplexer (MUX), resulting in distinct arrival
times for each frequency mode. Finally, the photons are detected
by superconducting nanowire single-photon detectors (SNSPDs)
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(Opus One; Quantum Opus), and the arrival times, referenced to
the pulsed laser clock, are recorded by a time-tagger (quTAG MC;
qutools).

Using the photon arrival time information, the corresponding
frequency modes of the detected photons can be inferred, allowing
the construction of a 12 x 12 coincidence matrix (for N =12)
as shown in Fig. 1(b). Each element of this matrix represents the
coincidence count between a pair of frequency modes. By isolat-
ing the 12 diagonal elements—where frequency-anticorrelated
photon pairs are expected—the contributions from uncorrelated
noise, which predominantly populate the off-diagonal elements,
are effectively suppressed. To explore the impact of frequency res-
olution, subsets of the full 12 x 12 matrix are formed by grouping
adjacent elements into coarse-grained matrices of size 1 x 1,2 x 2,
3 x 3,4 x4, and 6 x 6. Quantum state tomography (QST) is
then performed for each case (N =1, 2, 3, 4, 6, and 12) by modu-
lating the phases of the UMZlIs, enabling reconstruction of the
density matrix and calculation of the SNR [53,54].

3. RESULTS

Figure 3 shows the measured SNR for time-bin entanglement
distributed over the 40 km deployed fiber using frequency-resolved
detection. Two cases are analyzed: one without the external noise
source (p =0.653 0.023) and one with additional broadband
noise (p =0.786 % 0.018). Notably, even in the absence of an
external noise source, the noise contribution is non-negligible
due to the substantial transmission loss in the deployed fiber
(—23.04 dB). This high loss increases vulnerability to uncorrelated
noise contributions such as auxiliary laser leakage and detector
dark counts. For SNR evaluation, only the computational basis
states | EE) and |LL) are considered. The signal is determined
from the frequency-anticorrelated coincidence counts after sub-
tracting uncorrelated coincidences, while the noise is estimated
from uncorrelated coincidences—including multi-pair emissions,
white noise, and detector dark counts (see Supplement 1). A clear
improvement in SNR is observed as the number of frequency-
resolving modes NV increases. For p = 0.653, the SNR increases

123_ o p = 0.653 (40 km) 1
I | Op=0.786 (40 km + external noise)
o
e 8
z f
w 6_-
4
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2?@@7’—1—7’—[—‘ 1

2
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Fig. 3. Signal-to-noise ratio (SNR) of the distributed time-bin state
over the 40 km deployed fiber as a function of the number of frequency-
resolving modes V. Red and blue bars indicate measured SNRs for noise
portions p = 0.653 and p = 0.786, respectively. As /V increases, the SNR
improves significantly in both cases, reflecting enhanced discrimina-
tion between the entangled photons and uncorrelated noise. Error bars
represent one standard deviation, assuming Poissonian photon count
statistics.


https://doi.org/10.6084/m9.figshare.32104930

Research Article

from 0.844+0.03 at N=1 to 12.10 £ 1.14 at N =12, corre-
sponding to a 14-fold enhancement. Even under stronger noise
conditions (p =0.786), the SNR improves from 0.45 £ 0.01
to 5.43 +0.38, showing a 12-fold gain. These results highlight
the effectiveness of frequency-resolved detection in suppressing
noise and preserving entanglement. The values of p are obtained
by minimizing the average trace distance between the theoretical
density matrix in Eq. (4) and experimentally reconstructed states
acrossall V.

To further assess the impact of frequency-resolved detection,
we reconstructed the density matrix p of the time-bin entan-
gled state after transmission through the 40 km deployed fiber.
Figures 4(a) and 4(b) show the reconstructed density matrices for
noise portion p = 0.653, without (N=1) and with (N=12)
frequency-resolved detection. The fidelity of the distributed time-
bin state with respect to the ideal Bell state |¢T) is calculated as
F(p)=(¢T|pl¢T), where p is the experimentally reconstructed
density matrix. The Bell state fidelity is significantly improved with
frequency resolution, indicating that the distributed two-photon
state more closely resembles the ideal Bell state. Similarly, Figs. 4(c)
and 4(d) show the results for a higher noise portion (p = 0.786),
where an external noise source is introduced. Again, frequency-
resolved detection substantially enhances the fidelity, confirming
its robustness against entanglement degradation across varying
noise conditions.

We now discuss the impact of frequency-resolved detection
on the distribution of entanglement between Alice and Bob
through a depolarizing channel, as the noise portion p and the
number of frequency-resolved modes N are varied. Figure 5(a)
shows the concurrence C(p) of the distributed time-bin state,
where C(p) =max(0, A1 —A; — A3 —Ag) and Aq, ..., A4 are
the eigenvalues, in decreasing order, of the Hermitian matrix
VA/PP/P [55,56]. For N=1 and p = 0.786, the concurrence
vanishes, indicating the occurrence of entanglement sudden death
(ESD) and rendering the state unusable for quantum communi-
cation [57-59]. However, as IV increases, the concurrence revives,
reaching 0.59 £0.09 at N=12. These results confirm that,

Vol. 13, No. 5 / May 2026 / Optica 981

even under noise conditions severe enough to erase entanglement
using conventional detection, the use of hyperentanglement and
frequency-resolved detection enables the successful distribution of
entanglementacross long-distance deployed fiber.

Figure 5(b) shows the Clauser—Horne—Shimony—Holt
(CHSH) S parameter [60] for time-bin entanglement distributed
over a 40 km deployed fiber with a noise portion of p =0.653.
For N <4, the S parameter remains below the classical bound
of 2, indicating the absence of observable nonlocal correlations
and the infeasibility of secure quantum communication. As
N increases, however, the § parameter gets improved steadily,
demonstrating the recovery of nonlocality—a critical resource for
entanglement-based QKD. At V=12, we observe an § parameter
0f 2.39 & 0.12, exceeding the CHSH threshold by 3.53 standard
deviations. This violation clearly demonstrates that frequency-
resolved detection enables the recovery of quantum correlations
necessary for secure QKD, even under significant noise and loss
conditions.

To evaluate the practical applicability of our method for
entanglement-based QKD, we estimated the quantum bit error
rate (QBER) and the asymptotic secure key rate R, derived for
coherentattacks. The secure key rate is given by [50,61,62]

R >qQ{1— f(8,)H(S) — H(S,)}, (8)

where g is the basis reconciliation factor (1/4 for the Ekert pro-
tocol), Q is the overall gain derived from the experimental
joint-detection counts, 8, and §, are the bit and phase error
rates, respectively, f(8,) is the error correction efficiency, and
H(x) = —xlog,(x) — (1 — x) log, (1 — x) is the binary entropy
function. Assuming f(8;) = 1and §, =8, = £, where the QBER
E=(1—-V)/2 is evaluated from the two-photon interference
visibility V, we observe that our frequency-resolved detection
significantly suppresses QBER. For a noise portion of p = 0.653
at 40 km, the QBER decreases from 27.64% at N =1 to 7.34%
at N=12. At low frequency-resolving dimensions (N <4),
the estimated secure key rate remains zero due to high loss and
noise. However, for N=6 and N =12, the system overcomes

(b) N =12 (p = 0.653)

(@) N =1 (p=0.653)
\

Fidelity: 0.49 £ 0.02 Fidelity: 0.89 £0.03

Fig. 4.

(C)N=1(p=0.78) (d) N =12 (p=0.786)

Re [p1] Re o]

Fidelity: 0.41 £ 0.02

Fidelity: 0.78 £ 0.04

Reconstructed density matrices of the distributed time-bin entangled state over the 40 km deployed fiber for different numbers of frequency-

resolving modes V. For the noise portion p = 0.653, the Bell state fidelity improves as IV increases from (a) N =1 to (b) N = 12, indicating that the dis-
tributed two-photon state approaches the ideal Bell state. Even under stronger noise (p = 0.786), fidelity is significantly enhanced with increasing 1V, as
shown from (c) N=1 to (d) N =12, demonstrating the effectiveness of frequency-resolved detection in mitigating entanglement degradation. Fidelity
errors represent one standard deviation, estimated viaa Monte Carlo method with 100 iterations.
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Fig. 5. Concurrence and Clauser-Horne-Shimony—Holt (CHSH)

S-parameter of the time-bin entangled state distributed over the 40 km
deployed fiber. (a) At N=1 and p =0.786, the concurrence drops to
zero, indicating entanglement sudden death (ESD). As IV increases, the
concurrence is gradually restored, demonstrating the recovery of entan-
glement enabled by frequency-resolved detection. (b) For p =0.653,
the S-parameter increases with NV, reaching 2.39 £0.12 at N=12,
thereby violating the CHSH inequality by 3.53 standard deviations.
Error bars indicate one standard deviation, estimated via Monte Carlo
simulation with 100 iterations. The solid lines represent the theoretical
curves obtained from p in Eq. (4) with the noise portion p.

the noise threshold to achieve a positive secure key rate R, > 0,
which is consistent with the observation of a CHSH inequality
violation (§> 2) at these frequency-resolved dimensions (see
Supplement 1). Notably, this secure key rate is approximately
10.17 times higher than that of a system using a single conven-
tional 100 GHz DWDM filter. By effectively overcoming severe
noise without sacrificing the key generation rate, our approach
demonstrates its practical advantage for QKD in real-world fiber
networks.

4. CONCLUSION

In conclusion, we have demonstrated a noise-resilient quan-
tum communication protocol that exploits time-bin and
frequency hyperentanglement over a 40 km intra-city fiber net-
work with a total channel loss of 23.04 dB. By implementing
frequency-resolved detection, our approach effectively suppresses
uncorrelated noise, resulting in substantial improvements in
both the SNR and Bell-state fidelity of the distributed time-
bin entangled state. For a noise portion of p =0.653, the SNR
increased by more than a factor of 14, from 0.84 £ 0.03 at N=1
to 12.10 & 1.14 at V= 12, while the Bell-state fidelity improved
from 0.49 40.02 to 0.89 & 0.03, confirming the effectiveness

of our method in realistic fiber environments. Furthermore, for
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a stronger noise portion of p =0.786, the concurrence, which
initially dropped to zero due to entanglement sudden death
(ESD) at N =1, was revived to 0.59 £ 0.09 at V= 12. We also
observed a CHSH S-parameter of 2.39 £0.12 at N=12 for
p = 0.653, corresponding to a violation of the CHSH inequal-
ity by 3.53 standard deviations. These results demonstrate that
entanglement distribution remains viable even under high-loss and
high-noise conditions, marking a significant advance toward prac-
tical entanglement-based quantum communication over existing
optical fiber infrastructure. We anticipate that our approach will
contribute to the development of scalable metropolitan quantum
networks.
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