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Motivations for time and frequency dissemination

Tests of Special &  
General Relativity 

Definition & Variations in fundamental constants
Fundamental Scientific Applications

Sensing/Defense:  
Positioning, Navigation and Timing 

synthetic aperture 
global imaging

Large instruments, array of detectors 
astronomy, astro particle, geoscience 
multi-messenger astronomy

Illustrations: courtesy N . Newbury, NIST

VLBI…

Earth Science and climate change 
 geodesy, chronometric leveling

10-18/cm

Dissemination of Time and Frequency from 
standards (atomic clocks, timescales) 
for industry / society : Telecom and network 
synchronisation, smart grids, finance, manufacturing…

Timing+syntonisation: 
   ms-ns, 1e-11-1e-15
Traceability

Timing+syntonisation: 
  ns, 1e-13-1e-16 
Resiliency

Timing+syntonisation: 
ns-ps, 1e-16

Comparisons

Timing+syntonistion: 
ps, 1e-18 and better!

Comparisons



R E F I M E V E  -  J S  G R A M  -  N i c e ,  N o v e m b e r  0 6 ,  2 0 2 3

Fiber links : seminal works (Primas et al., 1988)

STABILIZED FIBER OPTIC FREQUENCY DISTRIBUTION 
SYSTEM* 

Lori E. Primas 
George F. Lutes 

Richard L. Sydnor 
Jet Propulsion Laboratory 
Pasadena, California 91109 

Abstract 

A technique for stabilizing reference frequencies transmitted over flber optic cable 
in a frequency distribution system is discussed. The distribution system utilizes fiber 
optic cable as the transmission medium to dietribute precise reference signals from a 
frequency standard to remote users. The stability goal of the distribution system is 
to transmit a 100 MH5 signal over a 22 km fiber optic cable and maintain a stability 
of 1 part in 1017 for 1000 eeconds averaging times. Active stabilization of the link is 
required to reduce phase variations produced by environmental effects, and is achieved 
by transmitting the reference signal from the frequency standard to the remote unit 
and then reflecting back to the reference unit over the same optical flber. By comparing 
the phaee of the transmitted and reflected signals at  the reference unit, phase variations 
on the remote signal can be measured. An error voltage derived from the phase 
difference between the two signals is used to add correction phase. An improved 
version of a previous electronic stabilizer has been built and results of its performance 
are reported. 

Introduction 
With the current advances in the development of precise frequency standards, greater emphasis is 
being placed on frequency distribution systems that can distribute the reference signal derived from 
a standard without appreciably degrading it. The high cost of developing and maintaining a state- 
of-the-art frequency standard makes it beneficial to have one precise standard at a complex and to 
distribute the reference signal from this standard to various users within the complex. Often the 
reference signal must be distributed tens of kilometers. Furthermore, future scientific experiments 
may also gain from having coherent signals at several remote locations. 

The Deep Space Network, supported by JPLINASA, is a prime contender for such a distribution 
syste'rn. The DSN consists of three complexes located at Goldstone, California, Madrid, Spain and 
Canberra, Australia. At each complex there are at least four stations, each supported by a parabolic 
dish antenna with an ultra- sensitive receiving system requiring a precise frequency reference. Cur- 
rently each complex is supported by a primary hydrogen maser and a backup hydrogen maser. Projects 
supported by the DSN that require this type of distribution system include unmanned space flight 

"Thia work repreaenta the reaulta of one phase of research carried out at the Jet Propulaion Laboratory, California 
Institute of Technology, under contract sponsored by the National Aeronautics and Space Administration 

Microwave distribution systems have also been used in the complex at Goldstone, California. Mi- 
crowave distribution systems have shortcomings in that they are highly susceptible to interference and 
require large input powers and repeaters to go several kilometers. Because of the limited bandwidth 
of microwave systems, the 100 MHz signal cannot be transmitted over microwave links directly. 

Fiber optic cable is the best distribution medium for transmitting precise reference frequencies. 
The loss in typical fiber optic cable is less than 0.5 dB/Km at the optical wavelength of 1300 nm. A 
typical laser transmitter puts out 0 dBm and is attenuated less than 11 dB over 22 Km. Standard 
single mode fiber optic cable has a TCD of 7 ppm/"C making it less susceptible to temperature 
changes than coaxial cable. The fiber optic cable used at the Goldstone complex is buried 1.5 m 
under the ground, making the fiber quite insensitive to diurnal temperature changes. Fiber optic 
cable has the additional advantages that the fiber is insensitive to electromagnetic interference (EMI) 
and radio frequency (RFI) and can be made less sensitive to microphonics using an optical isolator 
between the laser transmitter and the fiber optic cable. An additional advantage of fiber optic cable 
as the transmission medium is that the superior performance of the optical components make it quite 
practical to transmit the signal simultaneously in both directions in the same fiber. This proves to be 
a key factor in actively stabilizing the distribution system. 

Active Stabilization Of A Fiber Optic Frequency Distribution Sys- 
tem 
Passive stabilization of fiber optic transmission links, such as burial of the cable, is not sufficient for 
maintaining stabilities in the range required for many applications. When stabilities higher than a 
part in 1015 are required the link must be actively stabilized. 

The phase conjugator is the key element of the actively controlled fiber optic distribution system. 
The frequency distribution system consists of a reference unit, containing the frequency standard, and 
a remote unit, where the frequency standard is to be transmitted. The method for actively controlling 
the phase variations in the fiber is based on maintaining a constant phase relation between the input 
phase and the phase of the received signal. 

A signal passing through the fiber optic cable in both directions experiences identical delay in the 
two directions. The midpoint of the signal is at the far end of the cable and experiences exactly half 
of the round trip delay. If the phases of the transmitted and received signals at the reference end of 
the cable are conjugate, the phase at the remote end is independent of phase delays in the medium 
(see Figure 1). An electronic device that detects the phases of the transmitted and received signals 
at the input to the fiber and adds enough phase to maintain conjugation is called a phase conjugator 
(see Figure 2). 

The reference unit consists of the frequency standard, the phase conjugator, a fiber optic transmit- 
ter, a fiber optic receiver, an optical coupler and a phase-lock loop (PLL) (see Figure 3). The remote 
unit consists of a 50150 mirror, a fiber optic receiver and a PLL. 

The phase conjugator compares the phase of the transmitted and received signals in the reference 
unit and an error voltage derived from the phased difference is used to control a voltage-controlled 
oscillator (VCO) (see Figure 4). The particular design of this phase conjugator requires a 100 MHz 
reference signal and a 20 MHz auxiliary signal. A previous design used a single 100 MHz reference 
signal, but required two precisely matched phase detectors and tightly controlled signal levels. By 
using the 20 MHz auxiliary signal, a single phase detector can be used to measure phase error. 

The 100 MHz signal and the 20 MHz signals are multiplied together in mixer M1 to produce 80 
MHz and 120 MHz signals. A power splitter (Sl) separates the signal out of the mixer (MI) into two 
signal paths. Band pass filters in each signal path separate the 80 MHz and 120 MHz signals. The 80 
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• Active noise compensation after one round-trip

• Strong hypothesis : noise forth and back are the same 

• 2 ends at the same place (for link stability measurements)

• RF, hF or optical signals
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Coherent optical fiber links

see review: O. Lopez et al., CRAS, 16 (5), pp. 459-586 (2015) (2015)

CCTF task force at BIPM for the redefinition of the SI-s:

https://www.bipm.org/documents/20126/52354676/CCTF_2020_Task_force_Introduction_Finale.pdf/62bb4dc1-a662-a07e-dd9c-d9ed17829d70
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Coherent Optical Links Coherent optical links are the only 
technique to date to enable 

optical clocks comparisons at 
continental scale

• Guided propagation:

• Low noise

• No interferences

• Low optical losses

• Excellent reciprocity

• Major drawback

• Point to point 

Fiber links: pro and contra

Goal for SI-s re-definition

https://www.bipm.org/documents/20126/52354676/CCTF_2020_Task_force_Introduction_Finale.pdf/62bb4dc1-a662-a07e-dd9c-d9ed17829d70
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Optical frequency transfer : key elements
• Unbalanced Michelson interferometer

• Heterodyne detection: eliminates mutli-path

• Fully bi-directional. A 2nd link transfers back the signal

• Guided propagation: ensure paths reciprocity

• Assumption : Forward noise = ½ Round-trip noise

•     → corrects only reciprocal noise

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

• Fundamental limits set at short term by the finite velocity of light in 
mediaLocal End

Noise correction 

mirror
Optical fiber 
(delay line)

laser

Photodiode

< propagation noise >
User

ω

photonic 
device

splitter

𝜑round trip = 2𝜑Fiber 

-𝜑fiber

splitter

Remote End

𝜑correction + 𝜑fiber = 0

Michelson

opto-electronic compensation

• 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

Multi-branches Laser Station (Hub station)
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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3 designs :
MLS1 : Free-space, starting point design
MLS2 : Free-space, man-in-the-middle design
MLS3 : Fibered, end-point design

Optical frequency transfer : noise floor

Design of low-temperature sensitivity 
multi-branches Michelson 
interferometers

RLS : 3-branches > 2 input/output (back, next) 
and one user output

MLS : 2x6 input/output to seed up to 6 branches 
and their  link back for traceability

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

see also work on spools and mid-haul fiber links:
F. Stefani et al., JOSA. B 32 (2015), doi: 10.1364/JOSAB.32.000787.
D. Xu et al., OE 29, (2021) doi: 10.1364/OE.420661.
D. Xu,  et al. OE 27 (2019), doi: 10.1364/OE.27.036965.

temperature sensitivity:
1st lab prototypes: 7fs / K

RLS industrial grade: < 1 fs / K
MLS industrial grade: < .04 fs / K 
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• Aim

• Wide dissemination to academic labs, that covers wide scientific applications

• Link between National Metrological Institutes (in Europe)

• Technical issues

• Signal generation

• Remote control (for installation in telecom hubs)

• Compatibility with non-metrological environment (no stable RF, no GPS…)

• Robustness

• Assessment of the accuracy and stability of the disseminated signal

REFIMEVE metrological fiber network
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•Availability of the fiber

• Dedicated frequency channel aka “dark channel”: parallel 

transmission of ultra-stable signal and data traffic in the same 

fiber on different frequency channels using dense wavelength 

division multiplexing (DWDM)

•Knowledge transfers: 

• System vision, production, installation, & operation 

•Network supervision: operational + scientific

•Data availability & usability (FAIR), documentation, archives, live 

monitoring, community management…

From fiber links to a metrological network
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REFIMEVE

•Mutualisation

• Time and frequency reference systems

• Fiber networks (national, regional,…) for education and research

•T/F as a service

•To date : ~30 academic research laboratories. 19 physically connected as of 10/2023

•6 research infrastructures: SOLEIL, ESRF, IRAM, LOFAR, LSM, + CERN

• Industrial partnership & societal impact

•Open access (FAIR)

Key concepts

Built with 2 large investment programs
REFIMEVE+ ~7M€ (2012-2024)

T-REFIMEVE ~10 M€ (2021-2029)
Acknowledged as 

national research infrastructure by 2021
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Refimeve network map (2023)

•3 international connections (DE, UK, IT) 

•New: CERN connected March 2023

•New: Belgium-France cross-connection planned

•Clocks (microwave and optical) at INRIM, PTB, 

NPL, and SYRTE are connected with fiber network

•REFIMEVE connects, by 10/2023: PhLAM, IRCICA, 

FEMTO-ST, UTINAM, LIPHY, LSM, PIIM, APC, 

IJCLAB, ISMO, LAC, LERMA, LKB, LPGP, LPNHE, 

MPQ, LP2N, SYRTE, LPL

•FIRST-TF (Research federation) acts for the 

scientific animation of the French users connected 

by the fiber network 

•EURAMET: 5 EU projects to develop technology, + 

run optical clock comparisons,…
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The signal source + network monitoring and supervision

• Link performance monitoring example:

• Optical and microwave sources are compared with an 

optical comb (femto-second laser)

• REFIMEVE signal copies the stability of the laser at 

short term, and the one of the (flywheel) maser at 

long term.

• Enable comparisons with satellites links (GNSS, 

TWSTF, ACES…)

• Source uptime since Dec. 2019 : 95 %

• REFIMEVE signal frequency: 

194 400 121 000 000 +/- 2 Hz

No He > stop cryogenic oscillator

194 400 121 000 000 +/- 25 Hz

• Signal generation monitoring example:

Exail (ex-iXblue, ex-MuQuans)’s supervision
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https://www.muquans.com/products/time-and-frequency-transfer/
https://www.keopsys.com/portfolio/bi-directional-fiber-amplifier/
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SPECIFICATIONS 
  

Optical specifications (all optical specifications given at 25°C except if notified) 

Characteristic Symb. Min. Typ. Max Units Notes / 
conditions KEOPSYS results 

Mode of operation MofO CW     by design 
Operating wavelength OW - 1542,14 - nm ITU44 by design 

Saturation Power Psat - 5 - dBm   4,1 dBm and 4,0 dBm 
Input power range Pin -45 - -16 dBm   by design 

Total gain  G 12 - 21 dB Adjustable gain 
by step < 1dB 0-22 dB, step = 1 mA 

Noise Figure NF <5 dB   
Measured in 

100GHz width at 
-45 dBm input  

<5 dBm for I >90 mA           
< 5 dBm for I >73 mA 

Optical polarization Pol random     by design 
Output power tunability OPT 10-100 % 

  
verified 

Output power stability  
(% rms over 1 hour, 

25°C) 
OPS - 0,3 1 % 0,29 % and 0,30 % 

Input monitoring  IM   NO       by design 
Output monitoring  OM   NO       by design 

Input fiber IF SMF     by design 
Input connector IC FC/APC     by design 

Output fiber OF SMF     by design 
Output termination OT FC/APC     by design 

 Electrical specifications 
      

Characteristic Symb. Min. Typ. Max Units Notes / 
conditions KEOPSYS results 

Control mode CM 
Supply voltages, 

diodes T°, rack T°   
remote control 
by USB port by design 

Interface INT 
Front panel   

Diodes currents, 
diodes T°, board 
T°, status alarm 

by design 

SSH 
  

IP 
communication 
by port RJ-45 

by design 

SNMP V2   MIB designed by design 
Supply voltage (VDC) SV -40 -48 -64 V   by design 
Power Consumption PC - 8 15 W   Max 15 W 

 

Mechanical & environmental specifications  
Characteristic Symb. Min. Typ. Max Units Notes / 

conditions KEOPSYS results 

Housing  Hg 
442 x 250 x 44         (W 

x D x H) mm 
2 amplifiers     

per rack by design 

Cooling Cg Air fans     by design 
Operating temperature TO 15 - 35 °C  <1 dB variation verified 
Storage temperature TS -20 - 55 °C   verified 

 

 

F. Camargo et al., 57 (25) ,2018, doi.org/10.1364/AO.57.007203

Industrial grade fiber links

First industrial link:
Paris - Lille - Paris (2x 330 km)

Optical amplifiers:

Repeater laser stations

Tech. readiness level: from 5 in 2012 to 8-9 by 2018

up-time for 1 month : 99%

https://www.muquans.com/products/time-and-frequency-transfer/
http://doi.org/10.1364/AO.57.007203


R E F I M E V E  -  J S  G R A M  -  N i c e ,  N o v e m b e r  0 6 ,  2 0 2 3

17

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 vs time (days)
1000 s / 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

By 2023 : 

• 7 links operated in parallel

• 2x3800 km

• Data analysis over years meas. time

unique capacity of REFIMEVE

Data: 2019

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

.
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Accuracy of the optical frequency transfer

102 Chapter 5. International comparisons with a fiber network

also evaluated, which were all smaller than the contribution from polarization
asymmetry. As such, these effects can be considered to be included in the above
evaluation.

5.3.5 Statistical uncertainty contribution

The statistical uncertainty contribution of the French network to the optical
clock comparison consists of an evaluation of the performance of fiber links,
remote frequency references, NTP synchronization and frequency counter syn-
chronization, as discussed in this chapter. This is shown in the MDEV in fig-
ure 5.14, which summarizes the total statistical uncertainty contribution of the
French network to the clock comparison between SYRTE and PTB in March
2022. The stabilities of the E2E signals of the two links are shown in fig-
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Figure 5.14: Instability contribution of the French network to
the clock comparison campaign in March 2022 between SYRTE
and PTB. The contribution from the NTP and counter desyn-
chronization is calculated in relation to the relative drift of the

cavities shown in figure 5.5.

ure 5.14, and is the same curves as presented in figure 5.13. Since it will only be
the one-way uncompensated noise of the links that will induce uncertainty to
the comparison, these curves shows an upper limit of the instability induced by
the links. Assuming uncorrelated noise between the uplink and the downlink of
the fiber links, the induced uncertainties will in reality be a factor

p
2 smaller

than the represented values in figure 5.14. In the case of perfectly correlated

Statistical contributions

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

Systematic contributions

Note: scaling factor Optical / GNSS ~ 1e6

Sources of systematic error:

• Inaccuracy of the 10 MHz signal provided to 
the counter by GNSS

• Desynchronisation of the measurement

• Time error of the data time stamps (> NTP)

• Mean offset of the stabilized link

Example link SYRTE-Uni Strasbourg (>PTB)

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

shift      
(x 10-18)

statistical 
(x 10-18)

systematic 
(x 10-18)

Remote RF frequency reference at comparison point 1.7 .1 -
Instruments desynchronisation 2.9 x 10-4 2.6 x 10-12

Data timestamping 2.4 x 10-6 3.6 x 10-6 3.7 x 10-4

Optical frequency transfer, 705-km link .17 .45 < .1
Optical frequency transfer, 10-km link .11 .14 < .1

Total 1.7 1.1 <.14



R E F I M E V E  -  J S  G R A M  -  N i c e ,  N o v e m b e r  0 6 ,  2 0 2 3

5.1. An international network of NMIs 83

so far, only possible continental. As with the specific European connections
shown in figure 5.1, this can, and probably will, be more complex in the future,
including several other European NMIs or other metrology laboratories. Such a
complex network must be able to compare any number of different clocks, oscil-
lators, or lasers, all operating at, in principle, arbitrary frequencies. Naturally,
this requires vastly different hardware, as well as different means of compari-
son, as the fundamental and technical challenges differs greatly depending on
the nominal oscillator frequency, stability and accuracy. In that frame a uni-
versal formalism was developed and reported [85], enabling clock comparisons
of any kind with sufficiently low uncertainty.

In the following I will describe the principles of remote clock comparisons
as performed by SYRTE and the European partner NMIs. A case study of a
comparison between SYRTE and PTB will be shown. I will describe the setup
used in the comparison between the two NMIs at UoS in Strasbourg. The gen-

SYRTE Ultra-stable
cavity

H-maser

Several
sheltersDe

drift Comparison site

2-way

Signal from
partner NMI

(1) (2) (3) (4) (5)

(6)

(7)

Figure 5.2: Optical frequency chain in the French network
during an optical clock comparison between SYRTE and PTB.
(1): Atomic reference. (2): Clock laser. (3): Frequency comb.
(4): Transfer laser, as part of a repeater laser station (RLS). (5):
several EDFAs and RLSs along the link. (6): Two RLSs enabling
a two-way (TW) comparison, and downlink dissemination. (7):

GNSS frequency reference.

eral scheme of the frequency chain of the remote comparison is illustrated in
figure 5.2: a clock laser is locked to the atomic reference by an active feedback
loop. The clock laser is measured against the transfer laser at 1542 nm using an
optical frequency comb. The transfer laser is locked to an ultra-stable cavity,
which is actively dedrifted by an H-maser. The ultra-stable signal is dissem-
inated through the REFIMEVE network, being amplified and regenerated as
described in chapter 2.2. At the comparison site, the signal from the partner
NMI arrives as well. A beat-note between the two transferred signals is gener-
ated. The beat-note is amplified and filtered, and its frequency is measured with
a remote dead-time free frequency counter. The counter is referenced on short
term by an oven-controlled crystal oscillator (OXCO), which is referenced by a
GNSS signal, removing the long-term drift, which will be present for the quartz
oscillator. This provides an accurate enough 10 MHz reference, which is detailed

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

Optical clock comparisons : peer-2-peer comparisons
Sketch of the experiment

Real-time ultra-stable laser comparisons: 
example SYRTE-PTB

Links lengths:
To Germany: ~1400 km

To UK: ~900 km
To Italy: ~1200 km

(in total)
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International clock comparisons: a world first in 2015

-

Frequency instability SrPTB-SrSYRTE  
2x10-17 (@5000 and 50,000 s) 

Accuracy : SrPTB-SrSYRTE agreement 
(4.7±5)x10-17 

Run II : June 2015

Run I : March 2015

Combined link 
contribution

First international comparison of fountain primary frequency standards via a long distance optical fiber link8
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Figure 3. Allan standard deviations of the distant fountain comparisons (MJD
57177�57198) (a) PTB-CSF1�SYRTE-FOx and (b) PTB-CSF2�SYRTE-FOx. The
straight lines correspond to extrapolations of the ADEV assuming white frequency
noise. The remote comparison between the local frequency references, the UMR
(ultrastable microwave reference locked to H889 maser) at SYRTE and H9 maser at
PTB is shown by the purple curve.

(a) Local Comp. Di↵. [10�16] uA[10�16] uB1[10�16] uB2[10�16] u[10�16] up-time [%]

CSF2�CSF1 -2.4 1.4 3.0 3.0 4.5 93

FO1�FO2-Cs -1.8 0.9 3.6 2.5 4.5 81

FO1�FO2-Rb -2.9 1.2 3.6 2.7 4.7 82

FO2Cs�FO2-Rb -0.2 0.7 2.5 2.7 3.7 84

(b) Distant Comp. Di↵. uA uB1 uB2 u

CSF1�FO1 2.7 1.6 3.0 3.6 5.0 68

CSF1�FO2-Cs 0.6 1.4 3.0 2.5 4.2 70

CSF1�FO2-Rb 1.2 1.2 3.0 2.7 4.2 72

CSF2�FO1 -0.1 1.8 3.0 3.6 5.0 68

CSF2�FO2-Cs -1.8 1.6 3.0 2.5 4.2 70

CSF2�FO2-Rb -1.9 1.6 3.0 2.7 4.3 72

Table 1. Summary of the local and distant comparisons between the SYRTE
and PTB fountains during the June 2015 campaign (MJD 57177-57198). The
second column gives the average fountain di↵erence (Di↵.) uA is the statistical
uncertainty corresponding to the Allan standard deviation presented in Figures 2 and
3 extrapolated at the measurement duration assuming white frequency noise. uB1 and
uB2 correspond to the systematic uncertainty of each fountain under comparison. u
is the combined uncertainty. The last column lists the up-time of the comparisons.
The value of the absolute frequency of the 87Rb ground state hyperfine transition
used in these comparisons is 6 834 682 610.904 312 Hz. In 2015 this was the value
recommended by the Comité International des Poids et Mesures.

Fountains (Rb and Cs) comparison  

C. Lisdat et al., Nature Comm. (2016), 12443 (2016);  J. Guéna et al., Metrologia 54, 3 (2017)

Red shift ~10-16 / m
Comparisons require 
precise clock levelling 
to take into account 
the clock height 
difference !
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Optical clock comparisons : clock network 82 Chapter 5. International comparisons with a fiber network

Villetaneuse (North of Paris), in Strasbourg, and in Modane, ensures connec-
tions to the European partner NMIs NPL, PTB, and INRIM. This is illustrated
in the map in figure 5.1.

Figure 5.1: Map of fiber links operated by the EU consortium
ROCIT during international optical clock comparisons, spanning
from 2018 to 2022. The relevant REFIMEVE links are high-
lighted with red continuous lines, and other REFIMEVE links
are shown as dashed lines. Blue lines indicate international links,
operated by partner NMIs, and orange hexagons shows the loca-

tions of the four partner NMIs.

In the frame of the European project Robust optical clocks for international
timescales (ROCIT), clock comparisons with IPPP and TWSTFT have been
performed between the Paris Observatory, Valtion Teknillinen Tutkimuskeskus
(National Technical Research Centre) (VTT) in Finland, NPL in England, and
Uniwersytet Mikołaja Kopernika w Toruniu (UMK) and Space Research Centre
of Polish Academy of Sciences (SRC PAS) in Poland. Furthermore, a high
number of institutes are connected with satellite techniques, for a potentially
even more complex comparison network.

5.1.1 Continental clock comparisons

A continental clock comparison is conceptually the same as a world wide com-
parison, with the sole difference that a comparison through optical fibers are,

84 Chapter 5. International comparisons with a fiber network

in chapter 5.3. For a full comparison between the two atomic references, the full
frequency chain is monitored at all times. The frequency differences between
each link in the chain is continuously recorded, and is validated by the respon-
sible scientist(s). The validation of each measurement is different between any
subsystems.

5.2 Palantír: the software backbone

Historically, a comparison of atomic clocks could only be performed in two ways:
either by physically moving a clock from one place to another, or remote com-
parisons through GNSS links, which are still being used to this day. An ensemble
of links connecting several remote clocks is called a clock network, and an illus-
tration of such a clock network is shown in figure 5.3. At the Paris Observatory,

Pivot
H-maser

Pivot

Pivot

UTC(OP)

Sr Cs

Hg

Observatoire de Paris

White Rabbit links

TWSTFT / IPPPGNSS links

Fiber links

VLB
I

Figure 5.3: Illustration of a network of atomic clocks. The
representation of the Paris Observatory includes the Cs, Sr, and
Hg atomic clocks, as well as the generation of the timescale
UTC(OP). The two other laboratories are arbitrary represen-
tations, and does not illustrate any specific laboratories. The
inter-comparison of the atomic clocks in different laboratories,
are illustrated with a number of different means of comparison:

GNSS links, fiber links, and VLBI comparisons.

different primary and secondary frequency standards are built and operated,
in the form of 3 atomic Cs (and Rb) fountains, including one transportable,
and 3 optical lattice clocks, two Sr, and one Hg. In the future, a transportable
Yb clock should join the frequency standards ensemble. These atomic clocks
contribute to TAI through very regular reports through the circular-T, and to
the realization of the French national timescale UTC(OP), that is the basis of
the legal time in France. Referenced to a pivot H-maser, these atomic frequency

UK

DE

FR
IT

Comparison of an ensemble of clocks (microwave and optical) by several means

Optical clocks (12): 
SYRTE: Sr2, SrB, Hg
PTB : Yb+, Sr (static), Sr (transportable), In+
NPL: Yb+, Sr+, Sr
INRIM : Yb, Sr

Microwave clocks (9): 
SYRTE: FO1, FO2-Cs, FO2-Rb, FOM
PTB : CSF1, CSF2
NPL: Cs-F1, Cs-F2
INRIM : CsF2

https://webtai.bipm.org/database/show_psfs.html
REFIMEVE connects many clocks contributing to TAI

https://webtai.bipm.org/database/show_psfs.html
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An optical clock network
Courtesy of J. Lodewyck 
and the OFTEN consortium

• Scale : 1s - 1e6 s; 1e-14 - 1e-18

• Ensemble of 4 optical clocks

• typ. statistical uncertainty <1e-17 

• Repeated 10 times over 7 years

• Major step towards the SI-s re 

definition

Lodewyck et al., Phys. Rev. Research 2, 043269 (2020).

Search for dark matter : B. M. Roberts et al. New J. Phys. 22 (2020).

Test of LLI : P. Delva et al., Phys. Rev. Lett. 118, 221102 (2017)
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OC: Optical clock
OO: Optical oscillator

CL: Clock laser
MW: Microwave clock
RF: RF local oscillator

Optical fiber link

Comb measurement
RF comparison
Frequency o↵set
Tripartite comparator

Legend

FIG. 4. Example architecture for a clock comparison network. The comparators are represented by lines connecting the
oscillators (nodes). The ultra-stable optical oscillators (yellow nodes) are inaccurate (except CLB), while all the other oscillators
are accurate, i.e the RFRs between all these oscillators are bounded by e.g. ⇠ 10�13. The accuracy of the RF local oscillators
located at the remote nodes R, S, and T is ensured by referencing them to a GPS signal. The comparator output is shown
on top of each comparator line. Some comparators are tripartite, involving two optical oscillators and an RF local oscillator,
gathered by a transparent magenta area, and labeled with the generic notation �i!j . The other oscillators are bipartite; their
outputs are labeled with the corresponding RFR ⇢̃j,i or relative systematic correction ⇠k. The optical oscillators are physically
transported between laboratories and nodes by phase-stabilised optical fiber links.

oscillator RFC , and the comparison between the clock
laser CLB and the optical oscillator OOB for which the
comparator is chosen tripartite, referenced to RFB .

The optical oscillators are transported by phase-
stabilized optical fiber link (orange lines), and are con-

nected at three nodes R, S, and T . The frequency dif-
ference between OOA and OOB is small enough to be
counted with a frequency counter at node R, whose out-
put is noted �f̂R. The oscillators OOB and OOC are
operated on di↵erent telecom channels, and bridged by a

example OFTEN campaign SYRTE-PTB-NPL
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Recent clock comparisons campaign: 4 months-long comparisons

Call for more work to compare means of comparisons
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Application: Chronometric geodesy

see also :

T. E. Mehlstäubler et al.,Rep. Progr. in Phys. 81, 064401 (2018).

A. Yamaguchi et al. Applied Physics Express 4, 082203 (2011), T. Takano 
et al., Nat. Photonics 10 (2016), J.Grotti et al., Nature Physics 1 (2018)., 
E. Oelker et al., Nat. Photonics 13, 714–719 (2019).

• Adding ~30 clocks are sufficient to obtain centimeter-level standard 
deviations and 1-2 order of magnitude  improvements in the bias. 

• Clocks can also contribute to the unification of height systems 
realizations 

• 3 tide gauges in France can be connected to REFIMEVE 

• On going projects (ROYMAGE) :  

• Evaluating the contribution of optical clocks for the determination 
of the geopotential at high spatial resolution 

• Find the best locations to put optical clocks to improve the 
determination of the geopotential 

• Need complementary optical frequency transfer in free-space

G. Lion et al., J Geod 115 (2017)

Chronometric Geodesy What is chronometric geodesy?

Basic principle of chronometric geodesy

The flow of time, or the rate of a clock when compared to coordinate
time, depends on the velocity of the clock and on the space-time metric
(which depends on the mass/energy distribution).

In the weak-field approximation:

�⌧

⌧
=

�f

f
=

VB � VA

c2
+

v
2
B
� v

2
A

2c2
+ O(c�4)

=
WB �WA

c2
+ O(c�4)

1 cm $ �f

f
⇠ 10�18 $ �W ⇠ 0.1 m2s�2

P. DELVA (SYRTE/OBSPM/SU) École de Phys. des Houches 40 / 89

Gravitational (red) shift ~10-16 /m

Vermeer, M. (1983),  

Bjerhammar, A. (1985).  
doi: 10.1007/BF02520327.  

Dunkerque

Brest

Marseille
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• Clocks and cavities comparisons  
• C. Lisdat et al., Nat. Comm., 7,  (2016),  
• Guéna et al., Metrologia, 54, 3, (2017) 
• Lodewyck et al., Phys. Rev R. 2, 4 (2020) 
• Schioppo et al., Nat. Comm 13, 1(2022) 

• Test of general relativity  
• P. Delva et al., Phys. Rev. Lett., 118, 22 (2017) 

• Chronometric geodesy  
• G. Lion et al., J Geod, 91, 6, (2017) 

• Search for Dark Matter 
• B. M. Roberts et al. New J. Phys. 22 (2020). 

• High-precision atomic and molecular spectroscopy 
• B. Argence, et al., Nat. Phot. 9 (2015). 
• R. Santagata et al., R. et al. Optica 6 (2019). 
• F. Du Burck et al., JOSA B (2021) doi: 10.1364/JOSAB.442302.  
• O. Votava et al. Phys. Chem. Chem. Phys.(2022), doi: 10.1039/

D1CP04989E. 
• VLBI, GW, QKD, Seismic sensing…

see also 
VLBI: C. Clivati et al., Optica (2020), doi: 10.1364/OPTICA.393356. 

M. Pizzocaro et al., Nature Physics (2021) doi: 10.1038/s41567-020-01038-6. 
QKD : C. Clivati et al., Nat Commun (2022) doi: 10.1038/s41467-021-27808-1. 
GW : S. Kolkowitz, PRD 94 (2016), doi: 10.1103/PhysRevD.94.124043. 

A wide fields of applications

New J. Phys. 22 (2020) 093010 B M Roberts et al

Figure 1. European fiber-linked optical clock network. The relevant lengths are the linear distances between laboratories, not the
length of the actual optical fiber links. The links use forward/backward light reflections to actively cancel signal variations coming
from within the link [26]. Therefore, the effect of variation of constants on the links themselves will not affect the results on
time-scales longer than that of the round trip time. The typical light reflection time is 10−3 s, much shorter than the ∼ 102 to 104

s transients studied here.

Figure 2. Constraints on the transient variation of the fine-structure constant α as a function of the transient duration, τ int. The
secondary horizontal axis shows the corresponding length scale, d = vgτ int. The shaded curves show the regions of the parameter
space that are excluded by various experiments (1σ confidence). Each curve is valid only below the presented maximum value for
T , the average time between consecutive transients. The new results of this work are shown in blue. Existing constraints from
optical clock/cavity comparisons are shown in green (Wcisło et al [39, 40]). Limits also exist from microwave clocks of the GPS
constellation (not shown); though they are substantially less stringent (δα/α ! 10−12 for τ int ∼ 30 s) they are valid up to
T ≃ 16 yr ≃ 105 h [37].

To interpret the analysis in terms of the time between transients, T , we assume there was (at most) one
event during the observation time Tobs with magnitude δαbf

0 , and rule out the possibility of more frequent
events with larger magnitudes. In the analysis, we only use sections of the data that are continuous for
periods at least equal to τ int with no gaps. Therefore, when performing the analysis for larger τ int, we are
restricted to using less of the data, which reduces the effective observation time. This reduces the applicable
maximum T for the largest values of τ int that can be fitted explicitly. The sensitive region can then be
extended beyond this maximum directly probed value to larger τ int according to equation (2), so long as
τ int is small compared to both T and the total observation time. These two conditions ensure that the
sought signals would be well-separated transients (otherwise they may manifest as roughly constant
additions to the clock frequencies, which would not be observable). Due to the observation time, we do not
extend the constraints beyond τ int = 10h ≃ 4 × 104 s; this is described in more detail in the appendix. For
the confidence level, we have assumed that the appearance of the transients follows a Poisson distribution.
We thus place constraints only in the region with average time between transients T < fPTobs, where fP is
the Poisson statistics factor (fP = 0.87 for a 1σ confidence level).

We first place constraints on transient variations of the fine structure constant, without direct reference
to the possible source of the variation. The results are shown as a function of τ int in figure 2. Previous
constraints come from optical clock to cavity frequency comparisons [39, 40]. There are also
complementary constraints from the microwave atomic clocks of the GPS constellation, which apply to a
combination of variation in the fine structure constant and the fermion masses [37].

Our analysis has substantially tightened the constraints on possible transient variations of the fine
structure constant, α. The new constraints are particularly strong for time scales above ∼ 102 s, where the
long-term stability of the atomic clock comparisons in this network offers the largest advantage over
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T- REFIMEVE (2021-2029)

• Extension to Brest, IRAM, CERN; +14 new users

• RF (1GHz) and time signal on the optical carrier (bi-

directional, highest performance)

• WR: 10 MHz and time signal, additional channel, 

mono-directional

• Mobile platform: 

• A test facility for the REFIMEVE users and 

exploration of chronometric geodesy

• Extraction of the REFIMEVE signal

• Transportable shelter with ultra-stable cavity, 

comb, and room to host a transportable clock 

or a transportable quantum sensor
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Fundings

LOFIC

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

CLONETS
CLONETS-DS

EU Research infrastructure

LIOM, REMIF, REFIMEVE+, T-REFIMEVE, FIRST-FT

INSU
GRAM

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


