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The telecommunications industry’s deployment of billions of kilometers of optical fiber has created a vast global
network that can be exploited for additional applications such as environmental sensing, quantum networking, and
international clock comparisons. However, for reasons such as the unidirectionality of long-haul fiber links, tele-
com fiber networks cannot always be adapted for important applications beyond data transmission. Fortunately, new
multicore optical fibers create the opportunity for application coexistence with data traffic, creating multifunctional
networks. Toward that end, we propose and demonstrate the faithful transfer of ultrastable optical signals through
deployed multicore fiber in a way that is compatible with the unidirectionality of long-haul fiber optic systems, demon-
strating fractional frequency instability of 3 × 10−19 at 10,000 s. By supporting state-of-the-art optical atomic clocks,
subsea multicore fibers can break the distance barrier for ultrastable optical frequency transfer, opening the door to
intercontinental optical clock comparisons at the highest level, with applications in fundamental physics, relativis-
tic geodesy, and the redefinition of the second. © 2025 Optica Publishing Group under the terms of the Optica Open Access

Publishing Agreement

https://doi.org/10.1364/OPTICA.558821

1. INTRODUCTION

Fiber optic cables are the arteries of modern telecommunication
networks, forming a dense web around the globe and interconnect-
ing a data-hungry world. Amazingly, a single standard optical fiber
is capable of transmitting hundreds of terabits of data every second
[1], approaching its capacity limit. Even so, ever-increasing data
traffic demands, driven by cloud computing and streaming ser-
vices, are predicted to soon outpace fiber optic network capabilities
[2,3].

In parallel to this growth in data traffic has been the growth
in other applications that look to utilize the telecom industry’s
investments in deployed optical fiber systems. Some of these appli-
cations can directly utilize the telecom infrastructure, allowing for
the simultaneous use of data-carrying optical fiber interconnects.
Successful examples include environmental sensing and moni-
toring, where light launched through the fiber is used to measure
strain and temperature changes to detect seismic events [4], analyze
automobile traffic patterns [5], and aid in deep-ocean research

[6,7]. Other applications of deployed optical fiber, on the other
hand, do not easily mesh with network infrastructure. A notable
example is the transmission of ultrastable signals from optical
clocks and oscillators, of utmost importance for the redefinition
of the SI second [8,9], tests of fundamental physics [10], and
geodesy [11]. Consequently, long-distance optical clock transfer
over fiber has required dedicated fibers and special equipment
installations along the fiber path and therefore does not fully reside
within the standard telecom network. Moreover, these restric-
tive infrastructure requirements are uneconomical in undersea
interconnects, and comparisons of state-of-the-art optical atomic
clocks over intercontinental baselines have been, unfortunately,
precluded [12].

Here we show how advanced fiber technology, created to
meet increased data traffic demands, can simultaneously offer
compatibility with a range of other applications, creating a new
opportunity for the formation of a vast multi-purpose network.
Multicore fibers (MCF), where several light-guiding cores reside
within a single fiber strand, can increase data-carrying capacity
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to Pb/s rates on a single fiber [13]. The prospect of MCF as the
future long-haul telecom fiber has motivated the deployment
of test beds in Italy [14] and China [15]. Moreover, MCF and
associated technologies are sufficiently developed to enable com-
mercial deployment of a subsea two-core MCF in the near future
[16], and mass production of MCF has begun [17]. We add to the
functionality of MCF by demonstrating state-of-the-art optical
clock transfer and synchronization while operating each core uni-
directionally, thus remaining compatible with standard telecom
infrastructure. Over 25.2 km of deployed MCF, we transfer laser
light with added fractional frequency instability of only 3× 10−19

at 104 s. This added noise is low enough not to degrade the per-
formance of the state-of-the-art optical atomic clocks and can
be achieved while co-propagating with other broadband light
(e.g., data traffic) within the same core. Moreover, we show the
relative timing error between cores to be just tens of attoseconds
across 6.3 km of fiber, supporting synchronization at the highest
level. When considering the relevance of precision timing to other
applications such as quantum networking [18–20], it is clear that
the utility of MCF goes far beyond its original goal of increasing
data capacity and provides a path toward networks that serve a
multiplicity of scientific and technological applications (Fig. 1).

The exquisite frequency stability of state-of-the-art optical
clocks and oscillators, orders of magnitude more stable than their
microwave frequency counterparts, cannot be transferred any sig-
nificant distance without being corrupted by the transfer medium.
Whereas high-fidelity ∼ 100 km scale transfer can take place over
air [21], high-performance links at longer distances have all used
optical fiber interconnects. In fiber, environmental changes couple
directly into the phase and frequency of the transmitted light,
either by temperature, humidity, and vibration inducing strain in
the glass, or by the thermo-optic effect resulting in changes to the
refractive index. This quality is advantageous for environmental
sensing but detrimental to stable frequency transfer. However,
by reflecting a small portion of the light back to the transmission
source, the fiber’s added instability can not only be measured but
also compensated for [22].

Importantly, such bidirectional use of the fiber is not supported
by long-haul telecom fiber networks. Standard telecom optical
amplifiers, installed at roughly 80 km intervals to compensate for
fiber losses, only allow unidirectional light travel in order to reduce

data transmission errors from link back-reflections and cascading
noise. Hence, while optical frequency transfer has crossed 1000 km
distances, their need for carefully tailored bidirectional amplifica-
tion has required additional hardware and signal routing that must
be kept separate from the rest of the network [23–30].

The adoption of MCF in long-haul networks can provide a
means to integrate frequency transfer at the highest level with tele-
com networks. With MCF, each core within the fiber strand can be
used unidirectionally, but with separate cores operating with light
propagating in opposite directions, including through multicore
optical amplifiers [31]. That is, one core of the MCF can be used to
transmit ultrastable clock light to the end-user, while a second core
is used to return light to the source for fiber noise compensation.
This noise compensation scheme works as long as light along the
separate cores experiences the same environmentally driven phase
and frequency shifts, which, as we show in more detail below, is
indeed the case. Crucially, operation of MCF with different cores
transmitting in different directions is not only fully compatible
with telecom data transmission schemes but is the intended con-
figuration to reduce cross-talk among the cores. Indeed, the longest
data transmission distance over the MCF link to date—18,090 km
of fiber transmitting 14.9 Tb/s per core—has been achieved with
this design [32].

We demonstrate ultrastable optical frequency transfer over
the world’s first deployed MCF, located in the city of L’Aquila,
Italy. Figure 2 shows the experimental setup. A 6.3 km MCF cable
deployed in an underground tunnel network includes four strands
of an uncoupled-core, four-core fiber that can be cascaded to form
a 25.2 km link [14]. In addition to the MCF, there is a cable with
eight strands of standard fiber (SMF-28) that runs in the same
tunnel under the city, providing a benchmark for our MCF sta-
bilization performance. Both the “transmission” and “receiver”
ends of all the fibers are located in the same room, allowing for a full
evaluation of the performance of the stabilized link. As a source of
ultrastable light, we use a fiber laser with a wavelength of 1550 nm
whose frequency is locked to a compact optical reference cavity
[34]. Locking to the reference cavity provides laser fractional fre-
quency stability at the 10−14 level, ensuring the link instability can
be measured and compensated without corruption due to noise
from the laser itself [35].
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Fig. 1. The envisioned multifunctional multicore fiber (MCF) network. Functionalities enabled by the MCF include ultrastable optical signal transfer
and coexistence of quantum and classical light in the same fiber.
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Fig. 2. Ultrastable frequency transfer over deployed MCF. a) Deployed MCF under the city of L’Aquila, Italy, as part of the INCIPICT project [33]. The
four-core MCF runs in a tunnel under the city. b) Experimental setup of the noise-canceled deployed MCF. Four 6.3 km long strands of MCF are cascaded,
forming a 25.2 km long link. All-fiber components are used in this setup. A fiber circulator acts as both a beam combiner and an isolator. Light is launched
into either end of the MCF link with fan-in fan-out (FI/FO) devices.

For performance evaluation, we split the output of the ultra-
stable laser, with 10% used as a reference for phase and frequency
measurements of the light emanating from the remote end of the
fiber. The remaining 90% of the laser light is used for transmission
through the MCF and for fiber noise compensation. The fiber
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Fig. 3. Fractional frequency instability results with the MCF. The
added instability of the stabilized and unstabilized MCF links (25.2 km),
back-to-back trials (where the MCF fiber is excluded), and a stabilized
pair of SMF fibers (25.2 km) are expressed in terms of the modified Allan
deviation. The stabilized MCF is capable of supporting the transfer of
state-of-the-art optical atomic clocks, despite being limited by the uncor-
related fibers from FI/FO devices. Relative core-to-core instability of
unstabilized 6.3 km of MCF link without FI/FO is also shown. Error bars
represent 1σ confidence intervals.

noise is measured by turning a round-trip path through the MCF
into one arm of a laser-light interferometer, thereby converting
phase and frequency fluctuations (relative to a short, free-space
path in the phase noise pre-compensation section) into a fluctu-
ating interference pattern on our photodetector. Corrections are
applied to the laser frequency through an acousto-optic modulator
[also housed within the phase noise pre-compensation section of
Fig. 2(b)], pre-compensating the laser signal before transmission
through MCF.

Using a fan-in fan-out (FI/FO) device [36], we launch about
2.5 mW of ultra-stable laser light into one of the cores of the four-
core MCF. At the end of 25.2 km, another FI/FO couples the light
out of the MCF and into a ∼ 2 m long strand of SMF-28 fiber.
We use 10% of this light for the performance evaluation, while the
rest is coupled back into a separate core of the MCF for the inter-
ferometric detection of fiber noise. Photodetected signals, both
for performance evaluation and noise compensation, are digitally
sampled, providing measurements of the frequency fluctuations
and phase noise added by the MCF fiber link, as well as a digital
feedback control signal, respectively.

Link performance was characterized in terms of fractional
frequency instability [37], shown in Fig. 3. Without active stabi-
lization, the added fractional frequency instability from the link is
10−13 at 1 s of averaging, about three orders of magnitude above
what is needed to support the transfer of state-of-the-art optical
atomic clocks. Stabilization of the link reduces this instability to
below 10−16 at 1 s. Even greater improvements to the link stability
are realized at longer times, reaching 3× 10−19 at our longest
averaging time of 104 s. At this level, the stability of state-of-the-art
optical clocks can be transferred with extremely high fidelity.

Importantly, the stabilized link performance for timescales
longer than 1 s is not limited by the MCF itself but rather by the
standard fibers at both the transmission and receiver ends of the
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link, such as those that are part of the FI/FOs. We confirmed this
by repeated measurements of the fractional frequency instability of
the systems, excluding the 25.2 km long MCF. In these so-called
“back-to-back” measurements, we connected the FI/FO devices
directly to each other, leaving the rest of the system unchanged. In
this case, there remained a few spatially separated fibers where the
light travels one-way, and any environmentally induced noise was
much less strongly correlated among these fibers as compared to the
cores of the MCF. The results for two representative back-to-back
trials, shown as the dashed lines in Fig. 3, are comparable to the
results for the full 25.2 km MCF link. Thus, while the 25.2 km link
is shown to support optical clock transfer, further improvements
appear attainable by, for example, simply reducing the length of
the meter-long fibers used at either end of the link. Lastly, we also
contrast this performance with that of a 24.4 km long pair of stand-
ard fibers from the co-deployed SMF cable, whose performance
is approximately an order of magnitude worse than a pair of cores
of the MCF. This result is typical of frequency transfer over paired
fibers, where each fiber is operated unidirectionally [12,38]; even
though the separate fibers are bundled together, their noise and
instability are not sufficiently correlated to transfer signals from
optical atomic clocks.

In all the measurements described above, the only light in the
fiber was the ultrastable signal. Creating a multifunctional network
requires compatibility with other signals within the same fiber,
even within the same core. As a first step toward proving such mul-
tifunctionality, we repeated the stabilized frequency transfer over
the MCF link but with simulated data traffic filling the telecom
C-band, from 1530 to 1565 nm, with the ultrastable light multi-
plexed in its own channel at 1550 nm. Data traffic was simulated
with spectrally shaped broadband incoherent light co-propagating
with the ultrastable laser signal, both to the remote end of the fiber
and in the return path. Using spectrally shaped amplified spon-
taneous emission is a proven and well-studied method to study
nonlinear interference effects in fiber optic communication [39].
We see no degradation in the performance of the stabilized light
transfer, and we are again limited by the uncorrelated standard
fibers at either end of the MCF. More details on this measurement
are given in the Supplement 1.

2. OPERATING AT THE STABILITY LIMIT OF FIBER

Corrections to the laser frequency are applied to the light as it
travels a full round-trip through the fiber. This necessarily imposes
a limit on the level of fiber noise cancellation due to signal propa-
gation delay and is common to every actively stabilized fiber link.
This limit is best viewed in terms of the noise power spectral density
(PSD), where the fiber noise is separated into its various frequency
components. In the ideal case, where the noise between the outgo-
ing and return signals is perfectly correlated and there is full noise
cancellation on the round-trip light, the resulting phase noise PSD
at the remote end of the fiber may be expressed as [40]

SD ( f )≈ a(2π f τ)2Sfiber ( f ) , (1)

where a = 1/3 for uniform spatial distribution of the noise, τ is the
one-way transit time over fiber, and Sfiber is the unstabilized phase
noise PSD of the link (more details on this expression may be found
in the Supplement 1). As shown in Fig. 4, the calculated noise limit
closely follows the measured MCF stabilized link for noise offset
frequencies above 1 Hz. This indicates that the link performance
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Fig. 4. Phase noise power spectrum. Measured phase noise of the link
output and the calculated phase noise limit of the stabilized link. The mea-
surement follows the calculated limit above 1 Hz offset frequency. Below
1 Hz, the noise is limited by the uncorrelated fiber noise in the lab, which
is validated by the back-to-back measurement.

is as good as the best bidirectional SMF links at this length. Below
1 Hz, the predicted and measured noise curves deviate from each
other due to the uncorrelated noise of the fiber pigtails. This is
validated by the phase noise of an FI/FO back-to-back trial, also
shown in Fig. 4, and further confirms the stability limit imposed by
these fibers.

3. ATTOSECOND RELATIVE TIMING STABILITY

Whereas these ultrastable frequency transfer results rely on the high
degree of noise correlation between cores of the MCF [41], more
direct measurements on the core-to-core stability highlight the
synchronization capabilities of this fiber. By launching a laser signal
into all four cores simultaneously, we tracked the relative timing
shifts between cores across 6.3 km of deployed MCF, the results
of which are shown in Fig. 5(a). In this case, we did not stabilize
the fiber link. To eliminate excess noise from the FI/FO pigtails,
we used free-space optics to couple light into and out of the MCF
and extracted the relative phase shifts among the cores using digital
holography [42]. Details of the measurement setup may be found
in Supplement 1. Variation in the relative delay between the cores
is less than 10 fs (less than two optical cycles) over more than 7 h
of continuous measurement. This relative time delay variation
corresponds to a fractional length difference of less than 4× 10−10,
or a 2.5 µm relative path length change over the duration of the
measurement. With only femtosecond-level timing deviations
over several hours, we cannot discount the possibility that the
measurement setup itself contributes. We therefore consider this to
be an upper limit on core-to-core instability.

A statistical measure of the core-to-core timing instability is
given by the time deviation, shown in Fig. 5(b). At 1 s of aver-
aging, the core-to-core time deviation ranges from 8 to 15 as,
corresponding to only a few thousandths of an optical cycle and
remains below 100 as for averaging times beyond 1000 s. For
comparison, we calculated the time deviation of the unstabilized
25.2 km long MCF used for our frequency transfer experiments,
also shown in Fig. 5(b). These results indicate that the relative
core-to-core path length changes can be four orders of magnitude
lower than the absolute path length change along the fiber. Such
extraordinarily high relative timing stability can prove valuable in,
for example, quantum networking applications, such as quantum
key distribution and distributed entanglement [20,43,44]. In this

https://doi.org/10.6084/m9.figshare.28965389
https://doi.org/10.6084/m9.figshare.28965389
https://doi.org/10.6084/m9.figshare.28965389


Research Article Vol. 12, No. 6 / June 2025 / Optica 898

Fig. 5. Relative timing stability among cores of the MCF. a) Core-to-core relative delay and fractional length changes of the unstabilized 6.3 km deployed
MCF (no FI/FO) over>7 h. The time delay between cores stays below 10 fs, equivalent to< 0.4 part per billion fractional length change over the experi-
ment duration. The first 80 min of data affected by human activity near the measurement setup is removed. See Supplement 1 for the complete dataset. b)
Time deviation (TDEV) between cores of the unstabilized 6.3 km long deployed MCF. TDEV of one core of the 25 km long unstabilized MCF relative to a
reference laser is included for comparison.

case, classical light signals can reside in a separate core from the
quantum channel, providing a means for extremely tight classical-
quantum synchronization without the high-power classical light
overwhelming the weak quantum signal.

4. CONCLUSION

Multicore optical fibers are well-positioned to be the future of
long-haul fiber optic networks. We show ultrastable frequency
transfer through a 25.2 km long deployed MCF with fractional
instability reaching 3× 10−19, obtained while co-propagating
with other optical signals and without bidirectional use of any one
core. This demonstration shows the compatibility of in-network
MCF for optical clock comparisons, expanding the application
space of these optical fibers beyond data transfer. Longer transfer
distances will require the integration of multicore optical amplifiers
[45], with the ultimate goal of intercontinental clock comparisons
with precision that is otherwise unattainable. Importantly, MCF
optical amplifier testbed demonstrations have already established
the capability of low-noise, high-fidelity data transfer over thou-
sands of kilometers [31]. Of course, extending the length from the
25.2 km used here to continental and intercontinental scales will
introduce more noise and reduced feedback bandwidth due to the
long delay through the fiber. For extended fiber links on land, the
installation of laser repeater stations, similar to current implemen-
tations on standard single-mode fiber systems [29], can be used
to overcome the bandwidth limitation due to the delay. Undersea
fiber links, stretching thousands of kilometers, represent a more
formidable challenge. By taking advantage of a loop-back archi-
tecture, similar to what is currently installed with undersea optical
repeaters spaced by ∼ 80 km [4,46], the near-shore noise can be
measured and compensated with reasonable feedback bandwidth.
The noise from repeaters that span farther from shore will have a
lower feedback bandwidth, but presumably will have lower noise as
well. Ultimately, the viability of such an approach will depend on
further experimental investigation.

In addition to frequency transfer, the exquisite relative timing
stability between cores can enable quantum networking modalities
with the highest synchronization requirements. With the wide-
scale deployment of MCF on the horizon, a vast network serving a
multiplicity of scientific and technological applications is within
reach.

Funding. National Institute of Standards and Technology; Project INCIPICT.

Acknowledgment. We thank Andrew Ludlow, Fabrizo Giorgetta, and
Elizabeth Donley for their comments on this manuscript.

Disclosures. T. Hayashi is an employee of Sumitomo Electric, a supplier of
multicore fiber such as the one used in this study.

Data availability. The data from the main text and supplementary materials
are available from the NIST Public Data Repository. This is a contribution of the
National Institute of Standards and Technology, not subject to U.S. copyright.

Supplemental document. See Supplement 1 for supporting content.

REFERENCES
1. P. J. Winzer, D. T. Neilson, and A. R. Chraplyvy, “Fiber-optic transmission

and networking: the previous 20 and the next 20 years,” Opt. Express
26, 24190 (2018).

2. P. J. Winzer and D. T. Neilson, “From scaling disparities to integrated
parallelism: a decathlon for a decade,” J. Lightwave Technol. 35,
1099–1115 (2017).

3. P. J. Winzer, K. Nakajima, and C. Antonelli, “Scaling optical fiber capaci-
ties,” Proc. IEEE 110, 1615–1618 (2022).

4. G. Marra, C. Clivati, R. Luckett, et al., “Ultrastable laser interferometry
for earthquake detection with terrestrial and submarine cables,” Science
361, 486–490 (2018).

5. M. Tekinay, T. Sylvester, M. Brunton, et al., “Applications of fiber optic
sensors in traffic monitoring: a review,” Innov. Infrastruct. Solutions 8, 88
(2023).

6. N. J. Lindsey, T. C. Dawe, and J. B. Ajo-Franklin, “Illuminating seafloor
faults and ocean dynamics with dark fiber distributed acoustic sensing,”
Science 366, 1103–1107 (2019).

7. Y. Guo, J. M. Marin, I. Ashry, et al., “Submarine optical fiber communi-
cation provides an unrealized deep-sea observation network,” Sci. Rep.
13, 15412 (2023).

8. N. Dimarcq, M. Gertsvolf, G. Mileti, et al., “Roadmap towards the redefi-
nition of the second,” Metrologia 61, 012001 (2024).

9. F. Riehle, “Towards a redefinition of the second based on optical atomic
clocks,” C R Phys. 16, 506–515 (2015).

10. M. S. Safronova, D. Budker, D. DeMille, et al., “Search for new physics
with atoms andmolecules,” Rev. Mod. Phys. 90, 025008 (2018).

11. T. E. Mehlstäubler, G. Grosche, C. Lisdat, et al., “Atomic clocks for geod-
esy,” Rep. Prog. Phys. 81, 064401 (2018).

12. D. Xu, O. Lopez, A. Amy-Klein, et al., “Unidirectional two-way optical
frequency comparison and its fundamental limitations,” Opt. Lett. 45,
6074–6077 (2020).

13. G. Rademacher, M. van den Hout, R. S. Luís, et al., “Randomly coupled
19-core multi-core fiber with standard cladding diameter,” in Optical
Fiber Communication Conference (OFC) 2023 (Optica Publishing Group,
2023), p. Th4A.4.

https://doi.org/10.6084/m9.figshare.28965389
https://doi.org/10.6084/m9.figshare.28965389
https://doi.org/10.1364/OE.26.024190
https://doi.org/10.1109/JLT.2017.2662082
https://doi.org/10.1109/JPROC.2022.3212229
https://doi.org/10.1126/science.aat4458
https://doi.org/10.1007/s41062-023-01057-1
https://doi.org/10.1126/science.aay5881
https://doi.org/10.1038/s41598-023-42748-0
https://doi.org/10.1088/1681-7575/ad17d2
https://doi.org/10.1016/j.crhy.2015.03.012
https://doi.org/10.1103/RevModPhys.90.025008
https://doi.org/10.1088/1361-6633/aab409
https://doi.org/10.1364/OL.404866


Research Article Vol. 12, No. 6 / June 2025 / Optica 899

14. T. Hayashi, T. Nagashima, T. Nakanishi, et al., “Field-deployed multi-
core fiber testbed,” in 2019 24th OptoElectronics and Communications
Conference (OECC) and 2019 International Conference on Photonics in
Switching and Computing (PSC) (IEEE, 2019), pp. 1–3.

15. Y. Chen, Y. Xiao, S. Chen, et al., “Field trials of communication and
sensing system in space division multiplexing optical fiber cable,” IEEE
Commun. Mag. 61, 182–188 (2023).

16. B. Quigley and M. Cantono, “Boosting Subsea cables with multi-
core fiber technology,” https://cloud.google.com/blog/products/
infrastructure/delivering-multi-core-fiber-technology-in-subsea-
cables.

17. “Sumitomo electric launches world’s first mass-produced ultra-low loss,
multi-core fiber,” https://sumitomoelectric.com/press/2023/09/prs049.

18. J. F. Dynes, S. J. Kindness, S. W.-B. Tam, et al., “Quantum key distribu-
tion over multicore fiber,” Opt. Express 24, 8081–8087 (2016).

19. G. Cañas, N. Vera, J. Cariñe, et al., “High-dimensional decoy-state
quantum key distribution over multicore telecommunication fibers,”
Phys. Rev. A (Coll Park) 96, 022317 (2017).

20. M. Zahidy, D. Ribezzo, C. De Lazzari, et al., “Practical high-dimensional
quantum key distribution protocol over deployed multicore fiber,” Nat.
Commun. 15, 1651 (2024).

21. E. D. Caldwell, J.-D. Deschenes, J. Ellis, et al., “Quantum-limited optical
time transfer for future geosynchronous links,” Nature 618, 721–726
(2023).

22. L. S. Ma, P. Jungner, J. Ye, et al., “Delivering the same optical frequency
at two places: accurate cancellation of phase noise introduced by
an optical fiber or other time-varying path,” Opt. Lett. 19, 1777–1779
(1994).

23. K. Predehl, G. Grosche, S. M. F. Raupach, et al., “A 920-kilometer opti-
cal fiber link for frequencymetrology at the 19th decimal place,” Science
336, 441–444 (2012).

24. S. M. Foreman, A. D. Ludlow,M. H. G. DeMiranda, et al., “Coherent opti-
cal phase transfer over a 32-km fiber with 1 s Instability at 10−17,” Phys.
Rev. Lett. 99, 153601 (2007).

25. S. Droste, F. Ozimek, T. Udem, et al., “Optical-frequency transfer over a
single-span 1840 km fiber link,” Phys Rev Lett 111, 110801 (2013).

26. N. R. Newbury, P. A. Williams, andW. C. Swann, “Coherent transfer of an
optical carrier over 251 km,” Opt. Lett. 32, 3056–3058 (2007).

27. G. Grosche, O. Terra, K. Predehl, et al., “Optical frequency transfer via
146 km fiber link with 10−19 relative accuracy,” Opt. Lett. 34, 2270–2272
(2009).

28. M. Schioppo, J. Kronjäger, A. Silva, et al., “Comparing ultrastable lasers
at 7×10−17 fractional frequency instability through a 2220 km optical
fibre network,” Nat. Commun. 13, 212 (2022).

29. E. Cantin, M. Tonnes, R. Le Targat, et al., “An accurate and robust met-
rological network for coherent optical frequency dissemination,” New J.
Phys. 23, 053027 (2021).

30. X. Deng, X. Zhang, Q. Zang, et al., “Coherent optical frequency transfer
via 972-km fiber link,” Chin. Phys. B 33, 020602 (2024).

31. H. Takeshita, Y. Shimomura, and K. Hosokawa, “Transmission capacity
expansion using bidirectional multicore EDFA under bidirectional signal
assignment,” in Optical Fiber Communication Conference (OFC) 2024
(Optica Publishing Group, 2024), p. W4D.4.

32. D. Soma, S. Beppu, L. Galdino, et al., “18,090-km 2-core fiber trans-
mission using circulatory directional fan-in/fan-out devices,” in Optical
Fiber Communication Conference (OFC) 2024 (Optica Publishing Group,
2024), p. Th4A.4.

33. C. Antonelli, D. Cassioli, F. Franchi, et al., “The city of L’Aquila as a living
lab: the INCIPICT project and the 5G trial,” in 2018 IEEE 5GWorld Forum
(5GWF) (IEEE, 2018), pp. 410–415.

34. Y. Liu, N. Jin, D. Lee, et al., “Ultrastable vacuum-gap Fabry–Perot cavi-
ties operated in air,” Optica 11, 1205–1211 (2024).

35. S. M. Foreman, K. W. Holman, D. D. Hudson, et al., “Remote transfer of
ultrastable frequency references via fiber networks,” Rev. Sci. Instrum.
78, 021101 (2007).

36. R. R. Thomson, H. T. Bookey, N. D. Psaila, et al., “Ultrafast-laser inscrip-
tion of a three dimensional fan-out device for multicore fiber coupling
applications,” Opt. Express 15, 11691–11697 (2007).

37. D. B. Sullivan, D. W. Allan, D. A. Howe, et al., “Characterization of clocks
and oscillators,” NIST Technical Note 1337 (NIST, 1990).

38. K. Turza, P. Krehlik, and L. Sliwczynski, “Stability limitations of optical
frequency transfer in telecommunication DWDM networks,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 67, 1066–1073 (2020).

39. D. J. Elson, G. Saavedra, K. Shi, et al., “Investigation of bandwidth load-
ing in optical fibre transmission using amplified spontaneous emission
noise,” Opt. Express 25, 19529–19537 (2017).

40. P. A. Williams, W. C. Swann, and N. R. Newbury, “High-stability transfer
of an optical frequency over long fiber-optic links,” J. Opt. Soc. Am. B
25, 1284–1293 (2008).

41. M.W. Harrington, N. Fontaine, M.Mazur, et al., “Optical frequency trans-
fer stability of 1E-15 at 1 second over correlated core pairs in a 40 km 7-
core fiber link,” in Optical Fiber Communication Conference (OFC) 2023
(Optica Publishing Group, 2023), p. M3J.3.

42. M. Mazur, N. K. Fontaine, R. Ryf, et al., “Characterization of phase
stability and core-to-core delays in a field-deployed uncoupled-
core multi-core fiber cable,” in 49th European Conference on Optical
Communications (ECOC 2023) (2023).

43. C. Agnesi, M. Avesani, L. Calderaro, et al., “Simple quantum key dis-
tribution with qubit-based synchronization and a self-compensating
polarization encoder,” Optica 7, 284–290 (2020).

44. I. A. Burenkov, A. Semionov, Hala, et al., “Synchronization and coexist-
ence in quantum networks,” Opt. Express 31, 11431–11446 (2023).

45. K. S. Abedin, T. F. Taunay, M. Fishteyn, et al., “Amplification and noise
properties of an erbium-doped multicore fiber amplifier,” Opt. Express
19, 16715–16721 (2011).

46. M. Mazur, N. K. Fontaine, M. Kelleher, et al., “Advanced distributed
submarine cable monitoring and environmental sensing using constant
power probe signals and coherent detection,” arXiv (2023).

https://doi.org/10.1109/MCOM.004.2200885
https://doi.org/10.1109/MCOM.004.2200885
https://doi.org/10.1109/MCOM.004.2200885
https://cloud.google.com/blog/products/infrastructure/delivering-multi-core-fiber-technology-in-subsea-cables
https://cloud.google.com/blog/products/infrastructure/delivering-multi-core-fiber-technology-in-subsea-cables
https://cloud.google.com/blog/products/infrastructure/delivering-multi-core-fiber-technology-in-subsea-cables
https://cloud.google.com/blog/products/infrastructure/delivering-multi-core-fiber-technology-in-subsea-cables
https://cloud.google.com/blog/products/infrastructure/delivering-multi-core-fiber-technology-in-subsea-cables
https://sumitomoelectric.com/press/2023/09/prs049
https://doi.org/10.1364/OE.24.008081
https://doi.org/10.1103/PhysRevA.96.022317
https://doi.org/10.1038/s41467-024-45876-x
https://doi.org/10.1038/s41467-024-45876-x
https://doi.org/10.1038/s41467-024-45876-x
https://doi.org/10.1038/s41586-023-06032-5
https://doi.org/10.1364/OL.19.001777
https://doi.org/10.1126/science.1218442
https://doi.org/10.1103/PhysRevLett.99.153601
https://doi.org/10.1103/PhysRevLett.99.153601
https://doi.org/10.1103/PhysRevLett.99.153601
https://doi.org/10.1103/PhysRevLett.111.110801
https://doi.org/10.1364/OL.32.003056
https://doi.org/10.1364/OL.34.002270
https://doi.org/10.1038/s41467-021-27884-3
https://doi.org/10.1088/1367-2630/abe79e
https://doi.org/10.1088/1367-2630/abe79e
https://doi.org/10.1088/1367-2630/abe79e
https://doi.org/10.1088/1674-1056/ad0629
https://doi.org/10.1364/OPTICA.532883
https://doi.org/10.1063/1.2437069
https://doi.org/10.1364/OE.15.011691
https://doi.org/10.1109/TUFFC.2019.2957176
https://doi.org/10.1109/TUFFC.2019.2957176
https://doi.org/10.1109/TUFFC.2019.2957176
https://doi.org/10.1364/OE.25.019529
https://doi.org/10.1364/JOSAB.25.001284
https://doi.org/10.1364/OPTICA.381013
https://doi.org/10.1364/OE.480486
https://doi.org/10.1364/OE.19.016715
https://doi.org/10.48550/arXiv.2303.06528

