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• REFIMEVE
• Motivations
• Network’s map 
• Performances

• Synergies with quantum technologies
• Telecommunications
• Quantum sensors network

hMps://www.cnrs.fr/en/cnrsinfo/quantum-technology-new-
france-canada-network
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quantum-noise-model-analysed--its-capacity-to-transfer-message-
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• Aim

• T/F dissemination to academic labs,

• Covers wide scientific applications

• Link between National Metrological Institutes 

(in Europe)

• Key concepts

• Mutualisation

• Accurate T/F as a service

• Key facts

• Knowledge transferred to MuQuans> Exail

• Network supervision: operational + scientific

• Open science: data availability & usability 

(FAIR)

REFIMEVE : a fiber network for T/F metrology
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Optical frequency transfer : key elements
• Fully bi-directional. A 2nd link transfers back the signal

• Unbalanced Michelson interferometer

• Guided propagation: ensure paths reciprocity

• Assumption : Forward noise = ½ Round-trip noise

•     → corrects only reciprocal noise

• Heterodyne detection: eliminates mutli-path

• Coherent regime if coherence length > 2L (need ultra-stable laser !)

• Fundamental limits set at short term by the finite velocity of light in 
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• Shorter delay, larger bandwidth

• Signal regeneration with a narrow laser (a few kHz 
at 1 Hz bandwidth, free running)Local 

 end
Remote 

 end

Repeater 
Station 

N

Repeater 
Station 
N+1

Repeater 
Station 

N-1

Link 
 N-1

Link 
  N

Multi-segment approach

Repeater laser station 
(RLS) functionalities : 

• sends back signal to station N-1, 

• corrects the noise of next link N, 

• provides a user output

Hub station (multi-branches RLS)
can correct the noise of several (~5) links

A second set-up on a second fiber transfers back the signal: « End-to-end » measurement, out of loop.

O. Lopez, et al.. OE 18, 16849–16857 (2010).

E.Cantin et al. New J. Phys. 23, 053027 (2021).
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• Link performance and monitoring example

• Signal generation monitoring example:

Exail (ex-iXblue, ex-MuQuans)’s supervision
F. Camargo et al., 57 (25) ,2018, doi.org/10.1364/AO.57.007203

Optical frequency transfer : typical performances

• REFIMEVE signal: copies stability laser x maser x cryo

• Enable comparisons with satellites links

• Source uptime since Dec. 2019 : 95 %

• REFIMEVE signal frequency: 194 400 121 000 000 +/- 2 Hz

but since 2022: 194 400 121 000 000 +/- 25 Hz

http://doi.org/10.1364/AO.57.007203
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Optical frequency transfer : typical performances

36 Chapter 3. Noise processes of coherent fiber links

The b-line is a function, separating the phase PSD into two distinct regions of
low-modulation index and high-modulation index:

S�(f) ⌧ 1 optical cycle when S�(f) ⌧ �(f),

S�(f) � 1 optical cycle when S�(f) � �(f).

Here we consider S�(f) as being the phase PSD of the E2E signal of the fiber
link. As explained in [46], when S�(f) < �(f), the noise level is small compared
to its Fourier frequency, which results in a fast frequency modulation. Equiv-
alently, in the regions where S�(f) > �(f), the noise level is high compared
to its Fourier frequency, which results in a slow frequency modulation with a
high modulation index. For an introduction to the concept of the PSD, see
appendix A. A phase noise density exceeding that of 1 optical cycle, producing
a high modulation index, results in an increase in cycle slips, which in the worst
case breaks the phase coherence of the link. Using the b-line as a guide for
limiting the phase noise proves a convenient tool in the design of long-haul fiber
links, which is illustrated in figure 3.3. This shows the phase PSD of LinkA
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Figure 3.3: Phase power spectral density (PSD) of Link A
(blue). Lines represent the level of white phase noise b0 (or-
ange), its locking bandwidth (green), and the b-line (gray). The
pink box highlights the Pound–Drever–Hall (PDH) lock limit.

in blue2, ranging from a Fourier frequency of 0.1 mHz to 1 MHz. The white
phase noise level b0 and locking bandwidth are highlighted by orange and green
dashed lines respectively. The high end of the spectrum above ⇠ 10 kHz is
limited by the Pound–Drever–Hall (PDH) lock of the transfer laser to the ultra

2Measurement made with Symmetricom S5120A phase noise test set.

38 Chapter 3. Noise processes of coherent fiber links

Figure 3.4: Phase power spectral density (PSD) of the end-to-
end signals (thick, continuous curves) and noise of the first spans
(dashed curves) of the five links in the REFIMEVE network.
Shaded areas indicate the noise compensation limit, as given by

equation 2.2.

• Output signal phase noise: the signal deteriorates with the length of the link

2x43 km 2x680 km 

b0

For short to mid-haul links (< 100 km) : negligible degradation / ultra-stable laser 
For long-haul links (>100 km), coherence is retrieved after 1 s measurement time

M. Tønnes PhD Thesis , https://hal.science/tel-03984045https://hal.science/tel-03984045.

• REFIMEVE will operate three ultra-stable laser remotely (Bordeaux, Grenoble, Calern)

• REFIMEVE will build a transportable lab. equipped with ultra-stable laser and comb
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Fluctuations relatives de fréquence pour 4 liens 
REFIMEVE

Paris-Lille-Paris 
(2 x 340 km)

Lyon-Marseille-
Lyon (2x440 km)

Paris-Lyon-
Modane-Lyon-Paris 
(2x900 km)

Paris-Strasbourg-
Paris (2x650 km)

Relative frequency fluctuations (1000s/point) with time

5×10-17

5 months (january to may 2022) 

Uptime 71%

Uptime 85%

Uptime 81%

Uptime 85%

4 links: {340,650,900,440} km x2 = 2x2330 km 
>70% / 1/2 year (2022) 

>90% uptime for several months  
next objective: 90 % / year 

Towards a highly available signal

Relative frequency fluctuations with time (days)
1000 s per point
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Simultaneous optical frequency transfer to several usersNew J. Phys. 23 (2021) 053027 E Cantin et al

Figure 6. Stability (MDEV) of the four links using MLSs, for the data displayed on figure 5, together with the free-running
stability of the first span of each links.

Table 2. Uptime (see section 4.3) and uncertainty of the four links using MLSs for the data displayed on figures 5
and 6. OADEV and MDEV are given at 40 000 s integration time.

Uptime (%) Mean (×10−20) OADEV (×10−20) MDEV (×10−20)

A: SYRTE–LPL–SYRTE 97.3 0.4 0.9 0.6
B: SYRTE–Paris–SYRTE 97.9 −1.1 5.0 2.1
C: Paris–Strasbourg–Paris 98.1 −2.3 10.2 5.0
D: Paris–Lille–Paris 93.0 1.1 10.9 6.0

link B is due to the imperfect balance of the non-common paths and to the thermal sensitivity of the
acousto-optic modulator set inside the TH2 interferometric ensemble. It copies the noise floor shown in
figure 4 with a factor 2 amplification due to the double sensitivity to interferometric noise of a cascaded
link, compared to a two-way measurement.

We can note a significant variation of the short-term phase noise of the 340 km link (link D, yellow)
which reduces generally during the night (here observed between 1:30 and 6:00 UTC). As the data were
acquired simultaneously with those of the three other links we can exclude instrumental effects related to
the lasers or the electronics used in the MLS. It possibly comes from a diminution of the traffic along the
highway near the path of the fibers or from any interruption of a noise source along the fiber. If the origin
of the noise cannot yet be elucidated in our fiber network, this is a striking example of the non-stationarity
of the short-term noise that affects ultra-stable fiber links.

4.2. Accuracy
In order to evaluate the fractional frequency offset of the frequency transfer, we calculate the mean relative
frequency for these data sets, no corrections being applied to the data. By varying the frequency of the local
oscillator of MLS2, we first verified that the transferred frequency is not affected by this local RF oscillator,
which is thus not a limit for the uncertainty of the frequency transfer.

The uncertainty budget is therefore given by the statistical uncertainty, estimated by using the
overlapping Allan deviation (OADEV) at 40 000 s. The values are reported in table 2. We evaluate the
residual offset of the frequency transfer of the above data set as (0.4 ± 0.9) × 10−20, (−1.1 ± 5) × 10−20,
(−2.3 ± 10.2) × 10−20, (1.1 ± 10.9) × 10−20, for links A to D respectively. No significant deviation of the
mean is observed. Lower residual offsets can be obtained after extensive data analysis and dedicated link
optimization.

This accuracy fully satisfies the requirements of the REFIMEVE project, and complies with the roadmap
defined by the CCTF of BIPM for the future redefinition of the SI second at the level of 10−18.

7

E.Cantin et al., New J. Phys. 23, 053027 (2021).

• 4 simultaneous transfer (links A to D)

• Central node in Paris (11 km)

• Villetaneuse (43 km)

• Lille (340 km)

• Strasbourg (705 km)

• Relative frequency instability 

• < 1e-18 after a few 100 s

• 2200-km stabilized fiber link in total

2023 update:

• 7 links operated in parallel

• 3800-km stabilized fiber links

• Data analysis over years measurement time

unique capacity of REFIMEVE

Data: 2019

On data processing with missing data: M. Tønnes et al., 
Metrologia, 59 065004, (2022), doi: 10.1088/1681-7575/ac938e. 

.
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Extension to a White Rabbit signal

Clock
(Rb, H-Maser)

GNSS receiver
(Polarx)

WR receiver
(switch)

Time Interval Counter (TIC)

PPS_gnss PPS_wrREF

Calib.
(GNSS, 
WR)
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What you need to know:

• White Rabbit disseminates time and frequency over 
ethernet frames 

• Standardized at IEEE (1588, High accuracy profile)

• White Rabbit provides 10 MHz and 1 PPS signal output

• Exemple #2 : dissemination to LPNHE (Paris)

• Exemple #1 : Dissemination to Thales TAS (Velizy)

• Set up at LPNHE

• Credit: V. Voisin, L. Mellet, 
S. Russo, M. Guigue,       
B. Popov 

• versus prior qualification of a Cs clock in the lab

• Credit: O. Lelievre

Loop-back 
measurement

Cs-clock

-2 ns

+6 ns 6 days
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Cooperative networking
non-cooperative approach:  
no communication between agents, only between agents 
and anchors

Cooperative approach:
Users in cooperative communication systems work 
cooperatively by relaying information(s) to each other
NB: Concepts used for wireless network, normally with 
broadcast communications

REFIMEVE : 
Multicast network
Cooperative approach in the clock network (between anchors 
so far)
>Play role of Open Data and real time access to the data
At the user end : 
Can we develop an integrated cooperative architecture ?

Can we build a quantum network ?

« anchors »

« agent »

anchors  informa@on

coopera@ve  informa@on

BroadcastMul@castUnicast
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Quantum telecommunication: TF-QKD

TF-QKD/206 km: C. Clivati et al., Nat. Comm. (2022) doi: 10.1038/s41467-021-27808-1. 
see also: 

TF-QKD / 650 km: J.-P. Chen et al., Phys. Rev. Lett., (2022), doi: 10.1103/PhysRevLett.128.180502. 
CV-QKD: Y. Shao et al. Phys. Rev. A (2021), doi: 10.1103/PhysRevA.104.032608. 
Bosonic dephasing channel: L. Lami et M. M. Wilde Nat. Photon. (2023), doi: 10.1038/s41566-023-01190-4. 

Quantum key distribution (QKD) enables to share
cryptographic keys between distant parties, whose
intrinsic security is guaranteed by the laws of quantum

mechanics1–4. Besides pioneering experiments involving
satellite transmission5,6, the challenge is now to integrate this
technology on the long-distance fiber networks already used for
telecommunications7–16. The maximum secure key rate for QKD
decreases exponentially with the channel losses, an upper limit
known as PLOB bound17, and although the reach could be
extended using quantum repeaters, the related research is still at
a rudimentary level, with far from operational devices18–20.
Nowadays, intercity distances could only be covered using
trusted nodes14, whose security represents however a significant
technical issue.

A fundamental resource for next-generation long-distance
secure communications is represented by the recently proposed
twin-field QKD (TF-QKD) protocol21, because of its weaker
dependence on channel loss. In TF-QKD, the information is
encoded as discrete phase states on dim laser pulses generated at
distant Alice and Bob terminals and sent through optical fiber to
a central node, Charlie, where they interfere. This idea, sketched
in Fig. 1a, was proved secure against general attacks22–26 also in
the finite-size scenario27–29 and with the aid of two-way
communication30, but it is based on the critical assumptions
that the optical pulses are phase-coherent in Alice and Bob and
preserve coherence throughout the path to Charlie. While the first
requirement can be fulfilled by phase-locking the two QKD lasers
in Alice and Bob to a common reference laser transmitted
through a service channel, the uncorrelated fluctuations of the
length and refractive index of the fibers caused by environmental
acoustic noise and temperature changes introduce phase noise to
the system and reduce the visibility of the interference mea-
surement. In proof-of-principle experiments based on spooled
fibers31–35, this effect is mitigated by interleaving the QKD
with classical transmission that provides information on the
environmentally-induced noise and enables to periodically realign
the phases of interfering pulses31,32 (see Fig. 1b). However, this
approach becomes less effective as the length of connecting fiber
spools exceeds few hundreds of kilometers31,34,35 and in deployed
fibers36, where the attenuation and phase fluctuations are con-
siderably higher and strongly dependent on the environmental
conditions37.

We propose a solution derived from frequency metrology,
where the transmission of coherent laser radiation over thousand-
kilometer distances is employed to compare distant atomic clocks
at the highest accuracy38–44 using ultrastable lasers and phase-
stabilized optical fibers45.

In this work, we demonstrate that the same strategy can be
exploited in TF-QKD and realize a setup where the phase fluc-
tuations of both the lasers and connecting fibers are actively
canceled. We implement our solution on a real-world network
where the distance between Alice and Bob is 206 km and the net
losses are as high as 65 dB, demonstrating a significant progress
in the coherence time of the interfering signals as compared
to previous implementations31–36. We adopt a wavelength-
multiplexed approach in which an additional laser is sent in the
same fiber as the QKD lasers and used in Charlie to sense and
stabilize the channels’ optical length by interferometric means
(see Fig. 1c). In a QKD experiment, this allows simultaneous key
streaming and channels stabilization, ensuring more advanta-
geous duty-cycles and a tighter control of the optical phase on
long-haul deployed fibers, where interleaved approaches would
fail. Our work establishes a clear connection between the optical
clocks and quantum communication fields in terms of technol-
ogies and expertize, paving the way for a higher degree of inte-
gration towards long-distance quantum secure communications.

Results
The map and detailed scheme of our experiment are shown
in Fig. 2. We use a pair of ultrastable lasers with a linewidth
of ~1 Hz and frequency νR= 194.4 THz (1542.14 nm) and νS=
194.25 THz (1543.33 nm), which are standard frequencies of the
dense wavelength-division multiplexed (DWDM) grid. The for-
mer (hereafter, reference laser) is used as a reference for locking
the QKD lasers in Alice and Bob terminals, and is frequency
stabilized to a high-finesse ultrastable Fabry−Perot cavity46. The
latter (hereafter, sensing laser) is used to detect the fiber noise
and allows its cancellation. In our experiment, we offset-locked it
to the reference laser using an optical frequency comb47,

Fig. 1 Principle schemes of TF-QKD. a In ideal TF-QKD, Alice and Bob
encode quantum states (QS) on local lasers, attenuated to the single-
photon level and with equal frequencies νA= νB. The resulting signals are
sent to Charlie, where they interfere on single-photon detectors (D0 and
D1). b In practical implementations, a reference laser with frequency νR is
sent to Alice and Bob through a service fiber, to phase-lock the QKD lasers
and ensure νA= νB= νR. After information encoding, QKD lasers are sent
to Charlie through the QKD fibers. The transmission of QS is periodically
interrupted to send reference phase states encoded in higher-intensity
photon pulses (ref.), that allow detection of changes in the propagation
path induced by length and refractive index fluctuations of the fiber. These
are counteracted by either adjusting the phase of the incoming lasers
through an actuator (act.) or by taking into account the instantaneous
phase misalignment between the QKD fibers in post-processing. c In our
approach, an additional sensing laser with frequency νS travels the service
fiber with the reference laser, and the QKD fibers together with the QKD
lasers. It can be spectrally separated because νS falls in a different channel
of the dense wavelength-division multiplexed (DWDM) grid. While QKD
lasers interfere on D0 and D1, the classical signals at νS are phase-compared
on a photodiode (PD) to detect the noise of both the service and QKD
fibers. This allows tight control of the fiber noise and simultaneous key
streaming.
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applied to it, effectively suppressing the fiber noise from the QKD
interference signal (see “Methods” for more details).
We implemented this scheme over long-haul fiber backbones

connecting INRIM, in the city of Torino (Italy), where the Charlie
terminal was located, to network nodes separated by 114 and
92 km of optical fiber with 35 and 30 dB losses (Alice and Bob
terminals respectively). The overall length of the fiber connecting
Alice and Bob was thus 206 km with an attenuation as high as
65 dB. The average loss coefficient of 0.3 dB/km is higher than the
specified level for standard optical fibers (0.2 dB/km) and includes
discrete losses of the connectors and DWDM equipment, which
play a significant role in deployed networks. These fibers are part
of the Italian Quantum Backbone and carry other services, among
which is the dissemination of atomic clock signals to research
facilities of the Country38,39. Conventionally, telecom networks
support two-way data exchange over fiber pairs, in which each
fiber allows light propagation in a single direction. On our test-
bed, in collaboration with the fiber provider, we implemented
instead a bidirectional transmission on single fiber, using different
DWDM channels for opposite directions. Using this approach,
the second fiber of the pair was dedicated to the sensing and QKD
lasers only (see “Methods”), while the service fibers carry, in
addition to the reference and sensing lasers, also standard data
traffic from other network users and time/frequency dissemina-
tion services. Specifically, this latter can be conveniently exploited
in a TF-QKD experiment to synchronize the clock signals at
the remote terminals and implement ultra-precise timing of the
quantum states encoding. Here, we used a White Rabbit precise
time protocol48,49 to distribute clock information for the optical
phase-lock of the QKD laser in Bob.
Figure 3 shows the interference between the QKD lasers

measured on a photodiode in Charlie in a 2 ms time frame,
without (a, blue) and with (b, red) active stabilization of the fiber
paths. In an unstabilized condition, several phase cycles are
accumulated in the considered interval, with an instantaneous
drift of up to 30 rad/ms. When the path is stabilized, on the
contrary, the phase remains stable over the whole acquisition
frame. In this measurement, the phase was stabilized on purpose
at a point where its fluctuations were directly mapped into
intensity fluctuations, which enabled us to compute the corre-
sponding phase noise power spectral density. This is shown in
Fig. 3c: in an unstabilized condition (blue) the phase noise rapidly
diverges at low Fourier frequencies while it is suppressed up to a
bandwidth of tens of kilohertz when stabilization is activated
(red). In both traces, the noise floor is set by the QKD lasers noise
at and within the locking bandwidth of 0.9 MHz and the self-
delayed interference of the reference and sensing lasers. These
contributions are common to the two traces. The latter becomes
proportionally higher as the length unbalance between the arms
of the interferometer increases or the spectral purity of the lasers
degrades45. The use of ultrastable lasers with 1 Hz linewidth was
crucial in our setup, where the unbalance was 22 km, i.e., 44 km of
differential path considering both the service and QKD fibers (see
the Supplementary Information for a complete frequency-domain
analysis). As the relevant noise processes extend up to ~1MHz
Fourier frequency, we note that an acquisition system with a
minimum measurement bandwidth of 2 MHz is required to fully
capture them. Devices with slower frequency response would act
as low-pass filters, leading to underestimation of the corre-
sponding phase changes.
The QBER associated to phase-decoherence can be calculated

from the standard deviation of the phase σφ as a function of the
frame duration (see “Methods”). Figure 4 shows the results in a
stabilized (red) and unstabilized condition (blue). In both cases,

Fig. 3 QKD lasers interference with unstabilized and stabilized fibers.
We record the interference between the QKD lasers in Charlie on a fast
photodiode (the traces are normalized between 0 and 1. a In an
unstabilized condition the instantaneous phase drifts by 30 rad/ms and
is folded back when it exceeds the [0: π] interval. b When the fiber is
stabilized, the phase remains stable. In this measurement, the
interferometer was stabilized far from the folding point, i.e., in a
condition where phase fluctuations were directly mapped into intensity
fluctuations, to investigate the residual noise processes. c The power
spectral density of the phase. A significant reduction in the noise is
observed in a stabilized condition (red) with respect to an unstabilized
condition (blue). The apparent plateau observed at Fourier
frequencies below 3 kHz in an unstabilized condition is an artifact
originated by the folding of the interferometer response. At high Fourier
frequency, similar noise is observed in the two traces, mainly due to the
residual QKD lasers noise within the locking bandwidth, whose servo
bumps are clearly observed around 900 kHz, and the self-delayed
interference of the reference and sensing lasers, which give rise
to the characteristic ripples pattern in the Fourier frequency range
between 10 and 100 kHz (see Supplementary Information for a
detailed analysis).
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the noise processes responsible for phase fluctuations extinguish
at timescales shorter than the inverse of the locking bandwidth of
the QKD lasers (indicated by the arrow), making σφ negligible for
integration times below 1 μs. However, in an unstabilized con-
dition, the system exceeds the 1% QBER threshold in about
100 μs. At timescales longer than a few milliseconds, apparently,
the phase fluctuations do not increase further. This is an artifact
caused by the limited range of the interferometer response, which
wraps the phase into the [0; π] interval. In practice, the phase
wanders by tens of radians in few milliseconds. When stabiliza-
tion is activated, instead, the QBER is kept below 1% for about
400 ms. Notably, for integration times of up to 100 ms the system
remains in a condition where σφ = 0.13 rad, which corresponds to
a QBER of 0.5%. This value is determined by the residual con-
tribution of the reference, sensing, and QKD lasers noise. The
increase in σφ which is observed for longer times is due to a non
perfect cancellation of the fiber noise and depends on the fact that
the measurement is based on the accumulated phase of the sen-
sing laser, while the reference and QKD lasers accumulate a
slightly different phase because of the wavelength difference and
uncommon optical paths (see Supplementary Information). This
effect is largely predictable and could be reduced with an opti-
mized design of the experimental setup and dedicated electronics.
Moreover, the residual phase drift can be detected using the same
strategy as in previous TF-QKD implementations36, where peri-
odical realignment frames are interleaved with the quantum
transmission. Then, it can be canceled e.g., using an additional
phase modulator or fiber stretcher on one of the quantum
signal paths, after it is wavelength-separated from the sensing
laser in Charlie. However, in our case, the periodicity for
these realignment frames is reduced by three orders of magnitude
(see Fig. 4b and c) as compared to other implementations.
The observed residual phase noise and QBER represent con-

servative estimates, as our measurements were performed on a
testbed with as much as 22 km of unbalance between the two
arms and with standard telecom diode lasers at the Alice and Bob
terminals featuring 3 kHz Lorentzian linewidth and 0.9 MHz
control bandwidth. Further improvement could be gained using

less noisy telecom lasers50,51 and faster control techniques.
However, already in the present condition, the system maintains a
QBER < 3% for timescales of the order of 1 s.
Figure 5 shows the interference pattern on a 4 s timescale, and a

zoom of a 100ms-long period where the system could be operated
at the maximum visibility in a QKD experiment. We also show a
zoom of a 100ms-long region where the interferometer operates
far from the deterministic condition. With such a stability, in a
QKD experiment, it becomes possible to gather enough photon
statistic for realigning the phase on the basis of the QBER
(see Supplementary Information). This approach can be applied as
long as the optical loss of the interferometer is not the limiting
factor, thus releasing the need for periodical realignment frames
and virtually ensuring uninterrupted operation.
The same measurements were repeated by attenuating

the QKD lasers at the remote terminals by ~80 dB, so that
only few thousands of photons/s reach the detector in Charlie,
under similar operating conditions as in recent TF-QKD
experiments31–34. For this measurement, we replaced the
photodiode with an SPD and recorded the number of counts as
a function of time. We were able to reproduce the same visi-
bility as with the classical beams, showing substantial agree-
ment between the two approaches. This aspect is treated in
detail in the Supplementary Information.
In view of the implementation of this technique in a QKD

experiment, an aspect of concern is the control of the background
photons that couple to the QKD fibers from the surrounding
environment, or are originated in the QKD fibers themselves due
to nonlinear effects. Only photons at the QKD lasers wavelength
are relevant to the count, as those in other bands can be filtered
out. To counteract the drop in performances of standard DWDM
filters outside the C-band, we combined them with broader
filters featuring 50 dB attenuation throughout the visible and
near infrared spectrum (see “Methods”). This ensures efficient
separation of the sensing and QKD lasers photons, and provides
adequate immunity to background photons from external sources
even when the network occupancy and its spectral distribution
are unknown.

Fig. 4 Phase fluctuations over time. a The deviation of the phase σφ between the two QKD lasers interfering in Charlie at different timescales, in an
unstabilized (blue) and stabilized (red) condition. For this calculation, we acquired the interference pattern over 4 s and subdivided it into shorter time
frames, calculating σφ for each frame. The shadowed areas indicate upper thresholds for relevant values of the QBER. The phase and corresponding QBER
were retrieved from the interference pattern according to the procedures described in the “Methods”. The arrows indicate timescales where the QKD
lasers noise and the uncompensated fiber noise (differential fluctuations at the two wavelengths) become relevant. For a given TF-QKD implementation,
the quantum states transmission (QS) must be interleaved with realignment frames encoding a reference phase (ref.) after a time Tal. This allows
detection and stabilization of the interferometer noise δ, and ensures that a specified QBER is not exceeded: in our case, to preserve a QBER < 1%, Tal
amounts to 100 μs and 0.1 s using an unstabilised or stabilized interferometer respectively. While in the former case realignment frames are absolutely
required (b), in the latter case it becomes possible to exploit variations in the QBER itself to derive information about the interferometer phase noise and
stabilise it. Even in the worst case scenario in which this is not possible because of a too high fiber loss, realignment frames need to be applied at a much
slower rate (c), effectively enabling duty cycles higher than 90% (see Supplementary Information).
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Continuous-variable QKD and distributed quantum sensing

CV-QKD and distributed quantum sensing :
X. Guo et al., Nat. Phys. (2020), doi: 10.1038/s41567-019-0743-x.
Theoretical proposal: Q. Zhuang et al.,Phys. Rev. A (2018), doi: 10.1103/PhysRevA.97.032329.
Related topics :

Quantum repeaters and quantum memories see T. Miyashita et al., (2021) arXiv:2108.13130 [quant-ph]
 Frequency-stabilized lasers can realize the remote coupling of a quantum memory and an entangled photon source in quantum repeaters.

Quantum synchronisation: R. Quan et al., Sci. Rep. (2016) doi: 10.1038/srep30453.
Biological measurement :  M. A. Taylor et al., Nat. Photon, (2013), doi: 10.1038/nphoton.2012.346.
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FIG. 2. Experimental setup and data. (a) A schematic outline of the experimental setup for the entangled approach with
M = 4 (see Supplementary Material Sec. III for more details). A 1550 nm laser beam is phase-modulated at 3 MHz by an
electro-optic modulator (EOM) and injected into an optical parametric oscillator (OPO). This prepares a displaced squeezed
state at the 3 MHz side-band. A beam-splitter network (BSN) splits the state into four identical and entangled probes which
are used to sense the average phase shift of �1 to �4 introduced by four �/2 wave-plates. After phase shifting, the probes’ phase
quadratures p̂j are measured with homodyne detection setups (HD1 to HD4) whose outputs are recorded by an oscilloscope.
The power spectral densities (PSD) of the individual modes as well as the average of them, P̂avg, are obtained from Fourier
transformations (FFT) of the oscilloscope traces. This setup can be reduced to the separable approach (M = 1) by removing
the BSN and sending the state to one phase shift and HD. (b,c) PSD results, estimated from 2000 FFT measurement with
5 kHz resolution, for p̂j (b) and P̂avg (c) from one experimental run for the entangled approach M = 4. We rotate all the
�/2 wave-plates by 1� and measure the side-band spectra for di↵erent �avg, known through phase calibration (Supplementary
Sec. IV). The values of �avg are 0.3�, 4.2�, 8.2� , 12.1�, 16.1�, 20.0� from the bottom to the top curve in the plots. Due to
the quantum correlations of the entangled probes, the noise of P̂avg reduces significantly compared to p̂j . From these spectra,
hP̂avgi and h�P̂ 2

avgi, which constitute the sensitivity �, are extracted: The peak and the noise level of the spectrum for P̂avg

are respectively given by hP̂ 2
avgi and h�P̂ 2

avgi = hP̂ 2
avgi � hP̂avgi2.

We choose to define our quantum states within a nar-
row spectral mode at the 3 MHz sideband frequency.
There are no fundamental restrictions in the scheme on
the optical modes employed. In any practical setting,
they would be chosen based on the nature of both the
squeezing source and the samples being probed. Here,
the 3 MHz sideband is chosen to maximize the squeezing
from our source, an optical parametric oscillator (OPO)
operating below threshold: At higher frequencies, the
squeezing reduces due to the limited bandwidth of the
OPO, while at lower frequencies, it is degraded by tech-
nical noise. A displaced squeezed state is obtained by in-
jecting into the OPO a coherent state produced by phase
modulating the injected beam at 3 MHz. The maximum
squeezing measured through the joint measurement of 4
HDs is ⇠5 dB at 3 MHz. More details on the probe
generation are in Supplementary Material Sec. III.

An experimental run is shown in Fig. 2b. In this par-
ticular run, a displaced squeezed state with an average
photon number of N = 2.48 ± 0.12 in each mode is pre-
pared of which Ne,sqz = 0.30 ± 0.01 photons are from
the squeezing operation and Ne,coh = 2.19 ± 0.11 are

from the phase modulation as this distribution is near-
optimal for the entangled case. We then impose 12 di↵er-
ent �avg values by phase shifts at each node while record-
ing the Fourier transformed homodyne detector outputs;
the spectra around the 3 MHz sideband for six of the
�avg values are shown in Fig. 2b (see Supplementary
Material Sec. V for more details). These outputs yield
poor estimates of the individual phase shifts (because the
squeezing in each mode is only ⇠0.8 dB) but the aver-
aged phase shift obtained by summing the photo-currents
produces an entanglement-enhanced estimate with signif-
icantly lower noise. The spectra for the averaged photo-
currents are shown in Figure 2c. For comparison, we also
simulate the separable approach by directing the entire
displaced squeezed state (with properly optimized pa-
rameters) to a single node. We then perform the phase
estimation at that node and scale the obtained sensitivity
by

p
4 to get the projected performance for an average

over four identical sites. An example is shown in Fig
2b for N = 2.63 ± 0.11, with Ns,sqz = 0.31 ± 0.01 and
Ns,coh = 2.32± 0.10.
We quantify the performance of the sensing network by

4
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c

FIG. 3. Phase sensitivity results. (a) Sensitivity to �avg for di↵erent average number of photons per sample N for the
entangled scheme (�e) and the separable scheme (�s). The sensitivities predicted in theory, �opt

e /�opt
s , are plotted with shadowed

lines, where the shadows show the upper/lower bound within the overall e�ciency ⌘ = 73.5%±1.5% of our experimental setup.
SQL: the standard quantum limit, for which no squeezer but only coherent states are used. The result shows that both schemes
perform better than the SQL and that the entangled network outperforms the separable network. (b) Data points are the
values of µe (the proportion of N originating from the squeezing process) obtained in the experiment. The solid curves are
the optimal µe that minimize � at a given N . The contours indicate the values of �opt

e /�e. (c) As (b), but for the separable
approach. All error bars are plus/minus standard deviation assuming normal distribution.

estimating the sensitivities of the two approaches based
on the averaged homodyne measurement outcomes, Pavg.
By extracting the rate of change with respect to a
phase rotation, |@hP̂avgi/@�avg|, as well as the variance,

h�P̂ 2
avgi, of Pavg, we deduce the sensitivity using Eq. (1).

For the experimental runs described above, we obtain
sensitivities of �e = 0.099± 0.003 and �s = 0.118± 0.002
for the entangled and separable approach, respectively.
This corresponds to single shot resolvable distributed
phase shifts (that is, phase shifts for which the signal-
to-noise ratio is unity) of 5.66� ± 0.18� for the entan-
gled case and 6.76� ± 0.11� for the separable case with
⇠ 2.5 photons. Using a coherent state in replacement of
the squeezed state, the minimal resolvable phase for 2.5
photons is 9.06� ± 0.07� corresponding to the standard
quantum limit. Note that these angles are larger than our
small phase shift approximation (which requires �avg to
be much smaller than ⇠ 7� for the conditions in this ex-
perimental run, see Supplementary Sec. I). In practice
this means that it is necessary to probe the sample more
than once to resolve the small phases implemented in
the experiment. Sampling the phases K times will result
in

p
K times smaller resolvable phase shift angles. The

entangled strategy will still benefit from the enhanced
sensitivity per probe.

We find the sensitivities for di↵erent total average
photon numbers both for the entangled and separable
network, and plot the results in Figure 3a. For ev-
ery selection of the total photon number, we adjust µ
to a near-optimal value for optimized sensitivity (Fig-
ure 3b,c). It is clear in Figure 3a that both realizations
beat the standard quantum limit (reachable by coherent

states of light), and most importantly, we see that the
entangled network outperforms the separable network.
The ultimate sensitivity of our entangled approach is not
reached in our implementation. However, homodyne de-
tection will not even in principle saturate this bound and
non-Gaussian measurements are in general needed (see
Supplementary Material Sec. II).

Our results experimentally demonstrate how mode en-
tanglement, here in the form of squeezing of a collec-
tive quadrature of a multi-mode light field, can enhance
the sensitivity in a distributed sensing scenario. Im-
portantly, we show this enhancement in an experimen-
tally feasible setting where the sensitivity of standard co-
herent probes are enhanced through quadrature squeez-
ing. This approach allows for easily tunable probe pow-
ers in order to adapt the setup to the specific applica-
tion. Furthermore, because the entanglement is gener-
ated from a simple beam-splitter network, it is straight-
forward to scale to more modes where the sensitivity
gain may be even larger, cf. Fig. 1c. The main limi-
tation will be the channel e�ciency which will eventu-
ally limit the gain. Consequently, we believe that tech-
niques demonstrated here have direct applications in a
number of areas. Specifically, beam tracking relevant for
molecular tracking [23, 24] could directly benefit from
these techniques. Such applications impose limits on
the allowed probe power to prevent photon damage and
heating of the systems. Mode-entanglement can thus be
used to increase sensitivity without increasing the probe
power. Using squeezed coherent light for quantum non-
demolition (QND) measurement has also been exploited
for generation of spin squeezing in atomic ensembles [29]

Phase sensitivity results:

Sensing from multiple, spatially distributed, entangled 
systems:  
Application for detection of gravitational waves, magnetic 
fields, and even biological measurements
Either using twin-photons, Greenburger-Horne-Zeilinger 
states, CV-entanglement

Experimental demonstration of sensing of an averaged phase 
shift among N=4 distributed nodes
4-mode entangled continuous variable (CV) state, 
Deterministic quantum phase sensing with a better sensitivity 
for entangled (e) than separable (s) measurements 
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Quantum network of clocks
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Figure 2 | Entangled state preparation between distant nodes. a, The
centre node (j= 1) initiates the initialization sequence by preparing a local
GHZ state across the qubits {bj}Kj=2 and 11, as well as (K− 1) EPR pairs on
the qubit pairs {(aj, 1j)}Kj=2. Quantum teleportation expands this GHZ state
to the first qubit within each of the individual nodes. b, Originating from the
teleported qubits, the nodes grow the GHZ state to involve all the desired
local qubits by employing local entangling operations. The procedure
results in common GHZ states over all atoms of the nodes.

T < (ÑγLO)
−1, where γLO is the LO linewidth, preventing any

quantum gain in the estimation.
To circumvent this problem, we use entangled states consisting of

products of successively larger GHZ ensembles, see Supplementary
Information and ref. 16. In this approach, atoms are split into
several independent, shared groups. We write the number of the
first group of atoms as Ñ = 2M−1K , for some natural number M .
Furthermore, the network shares additional groups of atoms, each
containing 2jK (j= 0, . . . ,M − 2) equally distributed between the
nodes and prepared in GHZ states. Moreover, each node has a
small number of uncorrelated atoms interrogated by the LOs. Using
a protocol reminiscent of the phase estimation algorithm11,16,17,
measurement results from each level j allow one to directly assess
the bits Zj ∈ {0, 1} of the binary fraction representation of the
laser phase ΦLO= δCOMT =2π[(Z1 −1)2−1+Z22−2+Z32−3 . . .] (see
Supplementary Section I.B for details). This yields an estimate
of ΦLO with Heisenberg-limited accuracy, up to a logarithmic
correction, see Supplementary Information:

$ΦLO=
8
π
log(N )/N (2)

even for Ramsey times beyond the limits of the laser frequency
fluctuations [T >(Ñγ −1

LO )], where N represent the total number of
clock atoms employed in the scheme. The logarithmic correction
arises as a result of the number of particles required to realize this
(incoherent) version of the phase estimation algorithm.

Feedback
Themeasured value of the phaseΦLO, gives an estimate on the COM
detuning δ̃COM after each Ramsey cycle, which is subsequently used
by the centre node to stabilize the COM laser signal. To this end, the
centre generates the COM of the frequencies. Every node sends its
local oscillator field Ei to the centre via phase-stable optical links,
and the centre synthesizes the COM frequency νCOM by averaging
the νj frequencies with equal weights. This can be implemented via
the heterodyne beat of the local oscillator in the centre against each

incoming laser signal, resulting in K beat frequencies. Synthesizing
these beat frequencies allows the local oscillator of the central node
to phase track νCOM. The centre distributes the stabilized clock
signal to different members of the network by sending individual
error signals δ̃j= δ̃COM+ (νj −νCOM) to all nodes j, respectively, and
corrects its own LO as well, accordingly. Alternatively, the centre can
be operated to provide restricted feedback information to the nodes
(Supplementary Information).

Stability analysis
In this section, we demonstrate that the proposed quantum clock
network achieves the best clock signal allowed by quantum theory
for the available resources, that is the total atomnumber. To quantify
this cooperative gain, we compare networks of different types
(classical or quantum mechanical interrogation of the respective
LOs) and degrees of cooperation (no cooperation, classical, or
quantum cooperation).

First, we analyse the stability of the proposed quantum clock
network, corresponding to the case of quantum interrogation and
cooperation curve (a) in Fig. 3. In this case, the analysis resulting
in equation (2) suggests that near-Heisenberg-limited scaling with a
total atom number can be achieved for the entangled clock network.
In particular, for a given total particle number N and for averaging
times shorter than the timescale set by individual qubit noise
τ <1/(γiN ) (where γi is the atomic linewidth, the factor N results
from the enhanced decoherence of the entangled interrogation
state18), the network operation achieves a Heisenberg-limited Allan
deviation (ADEV) of the COM laser mode

σy(τ )∼
√
log(N )

ω0N
1
τ

(3)

up to small numerical corrections (see Supplementary Informa-
tion). The 1/τ scaling results from the effective cancellation of
the low-frequency part of the laser noise spectrum, achieved by
the cascaded protocol described above, possibly in combination
with additional stages of uncorrelated interrogations using varying
Ramsey times19,20; see ref. 16. This allows the cycle time T (which is
assumed to be equal to the interrogation time) to be extended to the
total available measurement time τ .

Eventually, for large averaging times τ > 1/(γiN ) the Ramsey
time becomes fundamentally limited by individual noise processes
that determine the atomic linewidth T ≤1/(γiN ). As a result, the
1/N scaling breaks down, and the ADEV returns to the square root
scaling with both the employed particle number and averaging time,

σy(τ )∼
1

ω0
√
N

√
γi

τ
(4)

up to constant numerical factors. Equation (4) results from
fundamental quantum metrological bounds21 (in the case of
dominating trap losses, the loss rate simply replaces γi in the above
formula), and represents the best conceivable clock stability in the
presence of individual particle decoherencewhich, in a network, can
only be achieved via cooperation. Independently operating a clock,
in contrast, can only achieve a stability scaling with the local number
of atoms (that is, σy(τ )∝

√
K/N ).

Figure 3 illustrates the comparison of an entangled clock network
with other approaches. A network in which the K nodes cooperate
classically (curve (b)), by locally measuring the individual phase
deviation φj, and combining the outcomes via classical channels,
outperforms individually operated clocks (curve (c)) by a factor of√
K (for both cases, assuming optimal quantum interrogation for

individual nodes16,22). The quantum network protocol (curve (a))
increases this cooperative advantage by an additional factor of√
K for short averaging times, while the ADEV converges to the
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• Ye and Lukin’s proposal of a cooperative network (2014)

• Aim : maximise stability beyond quantum limit

• Optical clocks + phase stabilized link + quantum channel

• Qubits partition: ½ classical feedback to LO and ½ to 
form entangled states

• GHZ quantum correlated states of « different size »

• EPR pairs nodes-center

• Quantum teleportation results in collective GHZ state 
accross all nodes of the network
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GHZ state across the qubits {bj}Kj=2 and 11, as well as (K− 1) EPR pairs on
the qubit pairs {(aj, 1j)}Kj=2. Quantum teleportation expands this GHZ state
to the first qubit within each of the individual nodes. b, Originating from the
teleported qubits, the nodes grow the GHZ state to involve all the desired
local qubits by employing local entangling operations. The procedure
results in common GHZ states over all atoms of the nodes.

T < (ÑγLO)
−1, where γLO is the LO linewidth, preventing any

quantum gain in the estimation.
To circumvent this problem, we use entangled states consisting of

products of successively larger GHZ ensembles, see Supplementary
Information and ref. 16. In this approach, atoms are split into
several independent, shared groups. We write the number of the
first group of atoms as Ñ = 2M−1K , for some natural number M .
Furthermore, the network shares additional groups of atoms, each
containing 2jK (j= 0, . . . ,M − 2) equally distributed between the
nodes and prepared in GHZ states. Moreover, each node has a
small number of uncorrelated atoms interrogated by the LOs. Using
a protocol reminiscent of the phase estimation algorithm11,16,17,
measurement results from each level j allow one to directly assess
the bits Zj ∈ {0, 1} of the binary fraction representation of the
laser phase ΦLO= δCOMT =2π[(Z1 −1)2−1+Z22−2+Z32−3 . . .] (see
Supplementary Section I.B for details). This yields an estimate
of ΦLO with Heisenberg-limited accuracy, up to a logarithmic
correction, see Supplementary Information:

$ΦLO=
8
π
log(N )/N (2)

even for Ramsey times beyond the limits of the laser frequency
fluctuations [T >(Ñγ −1

LO )], where N represent the total number of
clock atoms employed in the scheme. The logarithmic correction
arises as a result of the number of particles required to realize this
(incoherent) version of the phase estimation algorithm.

Feedback
Themeasured value of the phaseΦLO, gives an estimate on the COM
detuning δ̃COM after each Ramsey cycle, which is subsequently used
by the centre node to stabilize the COM laser signal. To this end, the
centre generates the COM of the frequencies. Every node sends its
local oscillator field Ei to the centre via phase-stable optical links,
and the centre synthesizes the COM frequency νCOM by averaging
the νj frequencies with equal weights. This can be implemented via
the heterodyne beat of the local oscillator in the centre against each

incoming laser signal, resulting in K beat frequencies. Synthesizing
these beat frequencies allows the local oscillator of the central node
to phase track νCOM. The centre distributes the stabilized clock
signal to different members of the network by sending individual
error signals δ̃j= δ̃COM+ (νj −νCOM) to all nodes j, respectively, and
corrects its own LO as well, accordingly. Alternatively, the centre can
be operated to provide restricted feedback information to the nodes
(Supplementary Information).

Stability analysis
In this section, we demonstrate that the proposed quantum clock
network achieves the best clock signal allowed by quantum theory
for the available resources, that is the total atomnumber. To quantify
this cooperative gain, we compare networks of different types
(classical or quantum mechanical interrogation of the respective
LOs) and degrees of cooperation (no cooperation, classical, or
quantum cooperation).

First, we analyse the stability of the proposed quantum clock
network, corresponding to the case of quantum interrogation and
cooperation curve (a) in Fig. 3. In this case, the analysis resulting
in equation (2) suggests that near-Heisenberg-limited scaling with a
total atom number can be achieved for the entangled clock network.
In particular, for a given total particle number N and for averaging
times shorter than the timescale set by individual qubit noise
τ <1/(γiN ) (where γi is the atomic linewidth, the factor N results
from the enhanced decoherence of the entangled interrogation
state18), the network operation achieves a Heisenberg-limited Allan
deviation (ADEV) of the COM laser mode

σy(τ )∼
√
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(3)

up to small numerical corrections (see Supplementary Informa-
tion). The 1/τ scaling results from the effective cancellation of
the low-frequency part of the laser noise spectrum, achieved by
the cascaded protocol described above, possibly in combination
with additional stages of uncorrelated interrogations using varying
Ramsey times19,20; see ref. 16. This allows the cycle time T (which is
assumed to be equal to the interrogation time) to be extended to the
total available measurement time τ .

Eventually, for large averaging times τ > 1/(γiN ) the Ramsey
time becomes fundamentally limited by individual noise processes
that determine the atomic linewidth T ≤1/(γiN ). As a result, the
1/N scaling breaks down, and the ADEV returns to the square root
scaling with both the employed particle number and averaging time,
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up to constant numerical factors. Equation (4) results from
fundamental quantum metrological bounds21 (in the case of
dominating trap losses, the loss rate simply replaces γi in the above
formula), and represents the best conceivable clock stability in the
presence of individual particle decoherencewhich, in a network, can
only be achieved via cooperation. Independently operating a clock,
in contrast, can only achieve a stability scaling with the local number
of atoms (that is, σy(τ )∝

√
K/N ).

Figure 3 illustrates the comparison of an entangled clock network
with other approaches. A network in which the K nodes cooperate
classically (curve (b)), by locally measuring the individual phase
deviation φj, and combining the outcomes via classical channels,
outperforms individually operated clocks (curve (c)) by a factor of√
K (for both cases, assuming optimal quantum interrogation for

individual nodes16,22). The quantum network protocol (curve (a))
increases this cooperative advantage by an additional factor of√
K for short averaging times, while the ADEV converges to the
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Figure 1 | The concept of world-wide quantum clock network. a, Illustration
of a cooperative clock operation protocol in which individual parties (for
example, satellite-based atomic clocks from different countries) jointly
allocate their respective resources in a global network involving entangled
quantum states. This guarantees an optimal use of the global resources,
achieving an ultra-precise clock signal limited only by the fundamental
bounds of quantum metrology and, in addition, guaranteeing secure
distribution of the clock signal. b, In addition to locally operating the
individual clocks, the different nodes (satellites) employ network-wide
entangled states to interrogate their respective local oscillators (LOs). The
acquired information is sent to a particular node, serving as a centre, where
it is used to stabilize a centre-of-mass mode of the different LOs. This yields
an ultra-precise clock signal accessible to all network members.

which is subsequently distributed to the individual nodes in a secure
fashion. As a result, after a few cycles, the LOs corresponding to
each individual node achieve an accuracy and stability effectively
resulting from interrogating atoms in the entire network.

Preparation of network-wide entangled states
In the initialization stage of each clock cycle, entangled states
spanning across the nodes at different geographical positions of the
network are prepared. In the following, we describe exemplarily how
a single network-wide Greenburger–Horne–Zeilinger (GHZ) state
can be prepared. The entangled states employed in the proposed
quantum network protocol—which is described in the following
section—consist of products of GHZ states of different size. They
can be prepared by repetition of the protocol that we now describe.

For simplicity, we assume that each node j (j= 1, . . . ,K ) con-
tains an identical number n of clock qubits, which we label as
1j, 2j, . . . ,nj (in the Supplementary Information we discuss the case
where the nodes contain different numbers of clock qubits). Fur-
ther, we assume, for convenience, that the centre node (j= 1) has
access to an additional 2(K −1) ancilla qubits a2, . . . ,aK ,b2, . . . ,bK
besides the n clock atoms (a slightly more complicated procedure
allows one to refrain from the use of ancilla qubits, see Supple-
mentary Information). The entangling procedure starts at the cen-
tre with the creation of a fully entangled state of one half of the
ancilla qubits {bj}, and its first clock qubit 11. This can be real-
ized, for example, with a single qubit π/2-rotation (on qubit 11)

and a collective entangling operation, which is equivalent to a
series of CNOT gates11 (between 11 and each bj). The result is a
GHZ state, [|00 . . . 0⟩11,b2,b3,...,bK + i|11 . . . 1⟩11,b2,b3,...,bK ]/

√
2. In par-

allel, the centre uses the other half of the ancillas {aj} to cre-
ate single Einstein–Podolsky–Rosen (EPR) pairs with each node
j ̸=1, either by directly sending flying qubits and converting them
to stationary qubits, or by using quantum repeater techniques to
prepare high-fidelity entanglement12. As a result of this procedure,
one part of the pair is stored at the centre node (qubit aj), while
the other one is stored at the jth node (qubit 1j), forming the states
[|00⟩aj ,1j +|11⟩aj ,1j ]/

√
2 for every j (see Fig. 2).

Next, the centre performs K − 1 separate Bell measurements
on its ancilla qubit pairs {(bj, aj)}. This teleports the state of qubit
bj to qubit 1j (j= 2, . . . , K ), up to a local single-qubit rotation,
which is performed after the measurement outcomes are sent to
the node via classical channels. The result of the teleportations is
a collective GHZ state [|00 . . . 0⟩11,12,...,1K + i|11 . . . 1⟩11,12,...,1K ]/

√
2,

stretching across the first qubits of all K nodes.
In the final step of entangling, all nodes (including the centre)

extend the entanglement to all of their remaining clock qubits. To
do this, each node j performs the collective entangling operation
mentioned before based on 1j and targeting qubits 2j, 3j, . . . ,nj. At the
end of the protocol the different nodes share a common GHZ state
[|0⟩+ i|1⟩]/

√
2, where |0⟩ and |1⟩ are product states of all qubits

{ij : i=1,2, . . . ,n, j=1,2, . . . ,K } being in |0⟩ or |1⟩, respectively. As
discussed below, in practice the entanglement distribution can be
done either via polarization- or frequency-entangled photons with
frequency difference in the microwave domain, in which case the
ancillary qubits involved in the entanglement distribution will be
different from the clock qubits. Typically, as part of the preparation
process, time delays arise between the initialization of different clock
qubits. Its detrimental effects can be entirely avoided by proper local
timing or prior preparation of entanglement, as discussed in the
Supplementary Information.

Interrogation
The use of entangled resources during the interrogation phase
enables an optimal use of the available resources via the following
procedure. Assume we have a total of Ñ qubits at our disposal
which are equally distributed between the K nodes (indexed
j=1, . . . ,K ) and prepared in a nonlocal GHZ state [|0⟩+ i|1⟩]/

√
2,

where |0 (1)⟩≡ |0(1)⟩⊗Ñ . During the interrogation time T , a clock
qubit at node j picks up a relative phase φj=δjT . Owing to the non-
local character of the state, these phases accumulate in the total state
of the atoms [|0⟩+ ieiΦ |1⟩]/

√
2, where the collective phase after the

interrogation time T is given as

Φ=
K∑

j=1

Ñ
K φj= ÑδCOMT (1)

where δCOM = νCOM −ω0. To extract the phase information picked
up by the different GHZ states, the individual nodes j measure
their respective qubits in the x-basis, and evaluate the parity of
all measurement outcomes pj. Subsequently, the nodes send this
information to the centre node via a classical channel, where the
total parity p = ∏

j pj is evaluated, and the phase information
is extracted13,14. Note, that only the full set {pj|j = 1 . . . K }
contains information.

The proportionality with Ñ in equation (1) represents the
quantum enhancement in the estimation of δCOM. However, for
realistic laser noise spectra, this suggested enhancement is corrupted
by the increase of uncontrolled phase slips for a single GHZ
state15: whenever, after the Ramsey time T , the phase Φ—which
owing to the laser frequency fluctuations constitutes a random
variable itself—falls out of the interval [−π, π] the estimation
fails. This limitation restricts the maximal Ramsey time to values
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Figure 3 | Performance of different operation schemes. Comparison of the
achievable (rescaled) Allan deviation √

γLOτω0σy using clock networks of
different types and degrees of cooperation. a, The proposed protocol
realizing quantum interrogation and cooperation (red). b, Quantum
interrogation and classical cooperation (blue). c, Quantum interrogation
and no cooperation (black). d, Classical interrogation and classical
cooperation (green). e, Classical interrogation and no cooperation (violet;
see text). The dotted base line represents the fundamental bound arising
from the finite width of the clock atoms transition (compare equation (4)).
This optimal stability can be attained only by cooperation between the
nodes. The fully quantum clock network (a) represents the optimal form of
cooperation, and reaches this boundary faster than any other operational
mode. Parameters are N= 1,000,K= 10,γi= 10−4γLO.

fundamental bound of equation (4) K times faster compared to
the case of classical cooperation (curve (b)). Although an optimal,
classical protocol (for example, refs 19,20), combined with classical
cooperation (curve (d)), eventually reaches the same stability, this
approach is atom-shot-noise limited, and hence its performance is
reduced by a factor of

√
N for short averaging times compared to

the quantum network protocol. Consequently, the optimal stability
(equation (4)) is reached at averaging times that are N times
longer than for the proposed quantum network. Naturally, all of
the above approaches are superior to a classical scheme without
cooperation (curve (e)).

As a specific example, we first consider ion clocks that can
currently achieve a stability of 2.8× 10−15 after 1 s of averaging
time23. The entangled states of up to 14 ions has already been
demonstrated24, as was the entanglement of remote ions25. We
consider a network of ten clocks, each containing ten ions. UsingAl+
(ω0=2π×1121THz, γi=2π×8mHz), we find that the quantum
cooperative protocol can reach 4 × 10−17 fractional frequency
uncertainty after 1 s. Larger improvements could potentially be
achieved by using, for example, Yb+ ions, owing to the long
coherence time (2.2×104 s) of its octupole clock transition.

The quantum gain could be even more pronounced for neutral
atomic clocks. For a network consisting of ten clocks similar to
the one operated in JILA (ref. 1), each containing 1,000 neutral
atoms with central frequency ω0 = 2π× 429 THz and linewidth
γi=2π×1mHz, the quantum cooperative scheme can achieve a
stability of ∼2 × 10−18 after 1s averaging, and is an order of
magnitude better than the best classical cooperative scheme. Future
advances, employing clock transitions with linewidths of a few
tens of µHz (such as erbium), could possibly allow for further
improvement, achieving fractional frequency uncertainty beyond
10−20 after τ ∼ 100 s. This level of stability is of the same order of
magnitude as the required sensitivity to successfully use the network
as a gravitational interferometer26.

So far we have assumed perfect operation and infinitely fast
entanglement distribution rates. In the Supplementary Information
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Figure 4 | Schematics of security countermeasures. a, The centre node can
choose to test any node j by teleporting a disentangled qubit with a certain
phase rotation. A properly operating node creates a local GHZ state
[|0⟩+eiχ |1⟩]/

√
2 from the sent qubit, measures the parity of the GHZ state,

and sends the result to the centre. The measured parity holds information
on the phase φ′=χ +φ, where φ is the accumulated phase of the local
oscillator (LO) at the node. The centre verifies φ by comparing it with the
classically determined phase of the sent LO signal with respect to the
centre-of-mass signal. b, Eavesdropping can be prevented by prescribing
that only the non-stabilized LO signals are sent through classical channels
and encoding the radio frequency feedback signal with phase modulation
according to a shared secret key.

we analyse these assumption and find that the advantage of
our scheme persists provided that fidelity of the local collective
entangling27 (which creates a GHZ state of N/K qubits) exceeds
the threshold fidelity Fth, where 1−Fth ∼1/(K logN ), and the EPR
sharing rate is higher than REPR ∼ (logN )2γi. For the optical clock
example presented above, Fth ∼ 0.99, and REPR ∼ 1 Hz. Although
local operations with fidelity ∼0.95 have been realized for N ∼ 5
ions24, the errors in such operations increase with N , making this
realization more challenging.

Security
Anetworkwith such precise time-keeping capabilities can be subject
to both internal and external attacks. Effectively countering them is
crucial to establish a reliable ground for cooperation. We consider
the network secure if the implemented countermeasures can prevent
external parties from benefiting from the network (eavesdropping),
as well as effectively detect any malicious activities of any of the
members (sabotage).

Sabotage describes the situation where one of the nodes—
intended or unintended—operates in a damaging manner. For ex-
ample, one node could try sending false LO frequencies or wrong
measurement bits in the hope of corrupting the collective measure-
ment outcomes. To detect such malicious participants, the central
node can occasionally perform assessment tests of the different
nodes by teleporting an uncorrelated qubit state [|0⟩+ eiχ |1⟩]/

√
2,

where χ is a randomly chosen phase known only to the centre.
By checking for statistical discrepancies between the measurement
results and the detuning of the LO signal sent by the node under
scrutiny, the centre can rapidly and reliably determine whether the
particular node is operating properly (see Fig. 4a and Supplemen-
tary Information), however this strategy breaks down if multiple
sabotage attacks happen within a short time.
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Quantum sensors network: a simple and classical approach 
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Perspectives and conclusions

• REFIMEVE is operational, even if all links are not yet completed

• Signal coherence at user’s end distincts mid-haul and long-haul links

• Unique capacity of REFIMEVE : parallel operation

• Enable cooperative networking

• Optical, RF and time service

• uptime > 60 % / year

• optical: ~1e-15@1s, RF ~1e-12@1s, time ~a few ns

• Coming soon: access to the data, codes, and collaborative tools

• Perspectives of application in quantum science

• Telecommunication: 

• TF-QKD with time delay stabilization demonstrated 

• CV-QKD : not yet ?

• Quantum synchronisation ?

• Quantum sensing ?

• Quantum network of sensors/clocks?

• Towards a cooperative network ?
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Fundings

LOFIC

ROME, LICORNE, TORTUE, (…)

JRP: NEAT FT, OFTEN, WRiTE, TIFOON
ITOC, ROCIT (clock comparisons)
H2020: ICOF

CLONETS
CLONETS-DS

FIBRE, TRANSFEU Research infrastructure

LIOM, REMIF, REFIMEVE+, T-REFIMEVE

SCP Time

INSU
GRAM

TOCUP, ONSEPA, (…) 
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Thank you for your attention


