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REFIMEVE research infrastructure *eﬁmev@,

A national research infrastructure

- = Transfer of frequency and time references through
optical fibers to users

* Collaboration of more than 46 lab users

Station 4

R osEass - * European connection to Germany, England, Italy and Switzerland
aris | /

region 4

~
iy FOTON™

N

OM ~

= Future connection with Belgium, Netherlands, Switzerland, Spain,

P Poland...
vy, SN The network
£ "METAS" ~9000km of fiber BRENATER > Availability of the signal
- : S . . . >90%
N/ & ~ ¢ ~250 equipment in the field
| Y e ) Strong industrial partnership e O il

300 = highly mature techniques TRL=9

Optical reference 1542nm International links \5 SAFRAN 5L UMIBIRD

—>Robustness and reliability 27T LSRN

mmmmss Time and RF references Future extensions



REFIMEVE network and users

Station
Biologique de
Roscoff =
\
& |’
region g= o
(18 users)

N
gy FOTON™
~
OM S
FOTONMER
DGA-

FEMTO-ST,
UTINAM

London

’NPL

Legend
Ultrastable RF White

cavity modulation Rabbit

Université Sorbonne
Paris Nord
LPL

PARIS
REGION

French
National
Datacenter, network

/:rbonne Université
Obsgfvatoire de Paris Oﬁ LKB-LERMA-LPNHE

LTE *) LIP6

Université Paris Cité
APC-MPQ

Université Paris Saclay
ISMO - LAC - lJCLab
LSCE - SOLEIL - LCF
LPGP- TRT - ONERA
LIDYL

efimeve;

ESRELIPHY §
IRAM

GEOAZUR
CNES-LCAR-LAAS

km
| ]
| 1

300

Optical reference 1542nm

™ PIIM

mmmm= Timne and RF references

4‘ ARTEMIS
INPHYNI

International links

Future extensions

. entre curopeen de sciences

IEMN, Lille

0O NOG A WN

. ONERA, Palaiseau

uantiques
DGA-Maitrise de I'Information (DGA-MI), Rennes

Institut Lumiére Matiére (ILM), Lyon

Institut de Physique de Nice (INPHYNI), Nice

Institut de Physique de Rennes (IPR), Rennes

Laboratoire d'informatique LIP6, Paris

Laboratoire Interactions, Dynamiques et Lasers (LIDYL), Saclay

10. Station Biologique de Roscoff, Roscoff
11. Thales Research & Technology (TRT), Palaiseau

* Collaboration of more than 46 lab
users:

- 30 labs connected!

- 11 new partners of the infrastructure

Welcome to our new partners!!
Cyrl”e 3010!’0

Jean-Marc Lesage
Stefano Barbieri
Sandrine Galtier
Olivier Alibart
Lucile Rutkowski
Eleni Diamanti
David Bresteau
Rosa Santagata
Philippe Potin

Ghaya Baili, Francois Gutty

, Strasbourg




Frequency combs in REFIMEVE Wbstimayves

Biologique de
Roscoff =

N
gy FOTON™
~

OM ~
FOTONMBR (18 users)

DGA-

FEMTO-ST,
UTINAM

REFIMEVE network Universt Sorborne . o gy 19" * Frequency comb for spectral transfer
el o LR ] purity
oARIS o ik > Often necessary for the exploitation of

French REFIMEVE reference signals

Station REGION Datacente, Natt]omlil
networ < Increasing Frequency (v)

2 7-\ 19“ 19’3 192" 1|o" 19“ 19" 19“ 19" 1'03 1106 1|o‘ 1|o= 1|0° v (He)
N P Sorbonne Université ‘
LKB-LERMA-LPNHE Y rays X rays uv IR Microwave |FM AM Long radio waves

~~n
Obsgfvatoire de Paris O

Radio pvaves
— . LIP
E E . _6 - WE 0N 0B 0 g0 oo |0 w0 e e 100 1 1 am
Université Paris Saclay Universite Paris Cité Increhsing Wavelength () —
ISMO - LAC—lJCLab APC-MPQ
LSCE - SOLEIL - LCF REFIMEVE signal Spectroscopy REFIMEVE signal
LPGP - TRT - ONERA 1542,14nm=194,4THz 10 um=30THz 10MHz

LIDYL

* Alternative: transfer cavity

ESRF-LIPHY S INRIM
IRAM

\ = GEOAZUR
CNES-LCAR-LAAS < ARTEMIS

{ o > ARTEMIS, LPL...
”~

* Currently 22 combs at the users!
- partly thanks to the co-funding provided by REFIMEVE. It is a truly

km INPHYNI -
| | successful operation.
' 300
, * This expertise can benefit everyone
Optical reference 1542nm International links . . . . .
- contact REFIMEVE team if needed (etienne.cantin@univ-paris13.fr)
mmmms= Time and RF references Future extensions

- https://reseau-femto.cnrs.fr/



Maintenance of the network

efimeve:

With the expansion of the network, maintaining the service requires more and more resources

Organization of the maintenance

— Daily monitoring using the network supervision tools

— In case of dysfunction

* Remote resolution of the issue (~95% of the time), thanks to complete access to the equipment settings

* Physical interventions needed = Either the user resolve/diagnose on-site

The intervention
team

+efimeve+

—>or the REFIMEVE team intervene

S SAFRAN

Etienne Cantin Paul Eric Pottie

sy
B

Fabien Verdes

Neelam Yadav Gre’goire Coget

X

This is a full time job

- Engineer position
requested



REFIMEVE information system hefimeve:

REFIMEVE information system in LTE Network monitoring softwar

* Centralize and process scientific data L g

o Ee . Al A" 1
* Front end server dedicated tousers | I3 T P =

T Y
M” J'ﬁ ﬂ Wi i ——

-> End-user software to ensure efficient exploitation | «.-c  cosan wiin e

L Full version under development

— Engineer position requested

* Host surveillance software tool + API

C— exail

Monitoring of beatnote power
and status of the stations in the
link to Grenoble

Database requests and visualization

Development of a first monitoring

for the signal at user with LIPhy Yann Le Coq, Samir Kassi and LIPhy

colleagues
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South West - Bordeaux-Toulouse

efimeve:

REFIMEVE network
! o

Station
Biologique de
Roscoff =

Paris |
region g

(18 users)

~
sy FOTON™
~

oM N
FOTONSER

DGA-

FEMTO-ST,
UTINANM

ESRE-LIPHY O TNRIM

IRAM

GEOAZUR

: 'f ARTEMIS
INPHYNI

PIIM

———
——

CNES-LCAR-LAAS

km
| | D
| |

300

= Optical reference 1542nm

=== Time and RF references

“_ loop gains...) is tricky.

International links

Future extensions

PTB

October 2024

Extension Bordeaux-Toulouse

* 3 users: CNES, LCAR and LAAS
* Deployment by Exail (3 days)

e il

-> Paris-Toulouse: longest and most cascaded link
1.6 x 10

]

141

d Setting of the link (power,

™

UItrastabIe laser

--._.5
N
~

10 .~ - ~3 days uptime:
2 ‘ 92%
=
B Link still to be optimized
(technical noise limitation) '
Preliminary results
10° 10! 107 103 104

T (s)

Uncertainty on transferred frequency: 1.9 + 3.2x 1018



South East - Marseille-Calern

efimeve:

REFIMEVE network
¥

PTB

Station
Biologique de
Roscoff =

Paris |
region 4
PR (18 users)

FEMTO-ST,
UTINAM

ESRE-LIPHY QU TNRIM

IRAM

OAZUR

, # ARTEMIS
. INPHYNI

PIIM

——
——

CNES-LCAR-LAAS
| ] &
I |

300

= Optical reference 1542nm

International links

=== Time and RF references Future extensions

December 2024
Extension Marseille-Calern

* User: GeoAzur - Observatoire de la Cote d’Azur - Calern

* Deployment by Exail (4 days

e il

—> RENATER fibers + 60km Orange fibers

Thanks to the users and IT
service of univ and labs

S (PlIIM, GeoAzur)

REFIMEVE towards

. quantum telecom network &

in Nice

Extensions for fiber sensing
activities, KM3NET....

10-15 ;

d gy(T)

2x 1071

1016
10-174
10184

10719,

16/01/2025 - 17/01/2025
Accuracy: 6.80e-20 + 4.42e-19

102 103 104

T(s)

10° 10!



France-Italy - Modane

REFIMEVE network
! o

PTB

Feb+March 2025

NPL

Biologique de
Roscoff

Paris |
region g

~
sy FOTON™

~

oM N

Towards ltaly

UTINAN ? 3
A .
From Pa rl>

{

_______ = Clocks comparaison

ARTEMIS

INPHYNI Campaign

s Optical reference 1542nm International links

experiments in LSM

efimeve:

Enhancement in Modane

S ' * Link to Italy (clock comparaison)

e il

* Development of a custom low-noise interferometric system

FOTONMBR (18 users) 7N\ —>To transfer and independently characterize the French and Italian links
peA- Laser
FEMTO-ST,

Clivati et al., « Coherent
Optical-Fiber Link Across
Italy and France », Phys.
Rev. Appl., vol. 18, n° 5

Excess of noise

=

o
-
=

Instability

— Sébastien BIZE’s talk
=== Time and RF references Future extensions FUtU re use Of REFIMEVE fOI’

Modane-Turin
(¢haracterisation part)

103 104 10° 108

Averaging time (s)



Network development - MLS Refimeves
REFIMEVE net!\‘_vork 2025

Installation of Multibranch Laser Stations

PTB

Station

el \ | —>Network resizing and long term performances enhancement

Roscoff
Parl °
reg|o * Knowledge transfer and industrialisation by € (qll

£ FOTON‘
oM

FOTO
Improvment of Long-term Round-trip Stability

Allow a node of 6 links

10-16 | -—+- Prototype MLS
Better assessment and ] —+ Industrial MLS
. settings of the link (span |
o, \_ by span) £ w0
TRAM S
_______ —->more to be installed 2 44
KM T e S
| 1 D PIIM
" 300 ! = Biplab DUTTA's talk B 102! levelll! |
s Optical reference 1542nm International links . , | | ( |
=== Time and RF references Future extensions Tours-Rennes Is deployed T (s)

Cantin et al., « An accurate and robust
metrological network for coherent optical
frequency dissemination », New J. Phys., 2021,

(but link not in operation yet)



Center - Orléans-Nancay

*eﬁmeve—

REFIMEVE network
!

NPL

PTB

Station
Biologique de
Roscoff

~
sy FOTON™
~

oM N
FOTONSER

DGA-

FEMTO-ST,
UTINANM

\

Ls
ESRE-LIPHY O TNRIM

IRAM

GEQAZUR
ARTEMIS
km ( INPHYNI
I I o, PIIM
| |

300

= Optical reference 1542nm

———
——

CNES-LCAR-LAAS

International links

=== Time and RF references Future extensions

sept 2025

Observatoire de Nancay

- Optical reference 1542nm: problem solved on the fiber network for

the dissemination

- Time transfer (White Rabbit):
characterisation of the long distance
time transfer and on-site
measurements

- perspectives for LOFAR/nenuFAR
and EPTA (Pulsar timing array)

3 X 10 gy
1016 3

10719 4

06/10/2025

uracy: 989e-20 + 1 64e-19

10° 10! 102 103

White Rabbit Network

* Deployed in Paris region

* Long-distance pilot link to Nancay

Neelam
YADAV
Post-doc

talk




B RENATER
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RENATER

Nicolas Quintin
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Snapshot of OADMs in RENATER BB RENATER

CONNECTEUR DE SAVOIRS

Légende
& Chad
& Chad +White Rabbit

&+ ChA4 pas encore déployg

IRCICA — Lille
PhLAM - Lille

Etat du déploiement du service T/F sur le réseau RENATER
2470672024

LPL — Villetaneuse IJCLAB — Orsay LAC — Orsay MPQ — Paris

Hors réseau Institut PHOTON — Lannion SYRTE — Paris LPNHE —Paris  LCF—Palaiseau  ISMO - Orsay
RENATER RENATER — Paris LPGP — Orsay LKB — Paris Soleil — Saclay
MONARIS — Paris LPENS — Paris APC - Paris

SHOM — Brest

Institut PHOTON — Regnes

FEMTO-ST — Besangon |
UTINAM - Besangon |

A T . g
Y @y Y o
N o

e

Etablissement T-REFIMEVE
Etablissement hors T-REFIMEVE

v P2N — Talence

[ T  CERN - Gendve

ESRF — Grenoble
LIPHY — Grenoble
IRAM — Plateau de Bure

' ARTEMIS — Nice
PR ARTEMIS—Nice |

CNES — Toulouse
LAAS — Toulouse
LCAR — Toulouse

GEOAZUR — Sophia

Warning: no energy available for RN Sharciie

T/F equipment.
To be fixed in december 2025

AG T-REFIMEVE 2024&2025 (no changes)

: _ Waiting for info
AT Will be done in S1 2026

16



Forecasted NR moves B RENATER

CONNECTEUR DE SAVOIRS

NR that might have to be moved in a
the next years: L ]

* Rennes

* Nantes

* Bordeaux
* Marseille 1
* Toulouse
* Dijon

* Besancon
* Grenoble

To be precised in February 2026

17



Ideas for RENATER 7 photonic Iayerﬁ RENATER
N

R-OADM (RENATER 7)
Reconfigurable optical add/drop multiplexer

\

* Passive equipment * R-OADM technology allowing to generate filters with the
* Up to 40 100 GHz channels in the fiber desired spectral-width
* 1 channel = 1 lambda up to 400 Gbit/s maximum « Compatible with all baud rates aka symbol rate (even those not
* Maximum occupancy (L1<> L2) = 12 channels or 1,200 GHz yet developed)
\_ used but actual spectrum occupancy on this link = 537 GHz ) * Active equipment = susceptible to failures + energy dependent
\° Higher operational complexity than F-OADM j
fe fe
[ Stop Elan_d.__;: G PassBand ;.J;; é;St__U_pEland;:. Capacit er
A8 | — v — - - — - — — N 1__3|jE|(45°}
: 2013 100 Gbit/s
Partie réellement ’ 2015 200 Gbit/s
= exploitable ~75GHz Slope =
B - % -20dB/Decade 2016 400 Gbit/s
Lo
2018 600 Gbit/s
| 2020 800 Gbit/s
i 100 GHz | ;
5 fcelnter Fre QB:;WY (Hz)

18



Shannon—Hartley theorem B RENATER

CONNECTEUR DE SAVOIRS

Bits Per Symbol
Spectral Efficiency (bits/s/Hz)

= Blog,(1 + SNR)

: Maximal capacity in (en bit/s)
B: Spectral bandwidth(en Hz)

NR- S ) .
— logz(l + SNR) SNR: Signal to Noise Ratio
B
| 100 GHz 50 GHz 50 GHz 50 GHz 625 GHz 75 GHz 100 GHz 150 GHz
4 600G 800G 1.27

16-nm CMOS 7-nm CMOS 5-nm CMOS

28-nm CMOS

Lad
L

0
=
©

0

Q

o

i

o

(o]

]

PM-16GQAM
~30 GEbud
PM-320QAM

56 Gbaud
PM-640Q.AM
PM-640Q.AM
~“g0-100 Gbaud
PM-64Q.AM
~130-140 Gbaud

Coherent
1995 2000 2010 2015 2016 2018 2020 2024

19



IPODWDM in RENATER 6.5

Coherent D

Wk

B RENATER

CONNECTEUR DE SAVOIRS

Grt".-' client tramspanders i p _""-) R
— A .
4 _
. & g ‘/ . N nm;ml . @ ? . [ roson I E
5 . —, TiiEr L - _{"‘ il
Standalone o ) / E.i.i.i.g'ii.i, - F
- 4 ]
W ...- ™ / . :
DWDM ~ g
lransponders [ Router /owten ax Fiber GreyOptic  Transponder/ Tranaponder Fibe ROADM
DAWWOIM line syt Jumpers 41000 Muxponder Chassis Jumper Layer _J
N
@
=
8
ROADM [ =
o
@
Pe‘.EL"'\E" 3
Cticel .-. 3
JpTiCal
<5 e Router [ Switch 4x Fiber Grey Optic Transponder/ Transponde: Fibes ROADM
f_,':il"'-.- ergence Jumpers 4x100G Muxponder Chassis Jumper Layer J
DWW line system
- ™~
=
=
e J —
. . + ROADM b=
Classical and IPoDWDM architectures + . * LR 32
£
QDD=400G
400G Router | Fiber ROADMJOLS
o Switch ZR/ZRP[BIRP Jumper Layer v,

Pros:

Convergence and simplification :

Less material

IP routing replaces OTN features.

: Reduces clutter, energy consumption and
maintenance.

- Faster deployments : Easier lambdas provisioning because only in
endpoint routers

Cons:

« Higher skills: master both optics (DWDM management,
amplification, OSNR, FEC) and IP/MPLS + SR routing.

« Visibility and optical telemetry to be adapted: need to develop tools
to measure the optical quality (OSNR, estimated BER) of modules
located in third party routers.




First trials

04/2024

Cisco NCS router (lent)
Nokia photonic layer

Paris 1 — Marseille 1
879 km

06/2025

B RENATER

CONNECTEUR DE SAVOIRS

F-OADM

Modules 400 ZR+
Cisco/Ciena/Infinera/Nokia

Nokia routers
Photonic layer Nokia

3 403 km

It proved the ability to deploy 400 Gbit/s services
through the F-OADM RENATER 6 and the
supervision via Solarwinds of the NOC RENATER.

01/2025

R-OADM

Module « Cisco » 400G
Ultra Long Haul (ULH)

Cisco NCS router (lent)

Tours — Rennes

Nokia photonic layer 289 km
Modules 100G ZR
F-OADM Fhece

It demonstrated the ability to quickly deploy
additional capacity by directly deploying this type
of module in routers. IPoDWDM soon to be in

production in RENATER 6

POCs RENATER

link

Field trial GEANT

R7 Optique - Atelier#1 2025_10_20

21


https://connect.geant.org/2025/07/24/geant-demonstrates-400g-transmission-over-3403km-terrestrial-link-using-cisco-acacia-coherent-pluggable-optics-without-transponders-or-regeneration
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Frequency transfer technique Rafimeves

Transfer of an optical ultrastable and accurate laser, without degradatio

National Metrological Institute FM Optical Fiber,

L2
Optical

1 ) Mirror
coupler
Ultrastable P _ | om | ]
laser Accumulated i
phase noise,®, User
Frequency d=-D,

references

Noise -
detection

PLL

* Noise detection with a strongly unbalanced Michelson
interferometer
O Long arm = fiber to the user
O Short arm = reference arm
* Heterodyne detection between the reference signal and the ety e 2007

H Chiodo, Opt Exp 2015
reﬂeCted Slgnal Guillou-Camargo, App. Opt 2018



Frequency transfer technique Refimeve:

Transfer of an optical ultrastable and accurate laser, without degradatio

National Metrological Institute FM Opticai Fiber,
0pti<l:al W 10Mm Mirror
Ultrastable coup==z . m i
laser Accumulated —.‘“ Stabllltv
phase noise,®, » Us =
Frequency (| Jphotodiode & =-B 10 _?E
references ‘ °
detostion | PLL 1014 Ultra-stable cavity
Opi
| g a ' &
“""h-\\‘ \\\“5 al CIOCI(S
* Noise detection with a strongly unbalanced Michelson 1018, QO
interferometer | " Optica) Ilnks ~~~~~~~~
O Long arm = fiber to the user 1020/ el
O Short arm = reference arm 21
. . 10 100 101 10&ewburyI‘OB, Optics I@érs, 2007105
* Heterodyne detection between the reference signal and the Artham: B, Dhi 2013

reflected signal Integrationtime (s)



Clean-up oscillators for REFIMEVE *eﬁmeve,,
Linewidth broadening of the REFIMEVE signal > 100km

, , Residual phase noise during the
Source laser linewidth at LTE (! i) transfer (correction is limited)
—around 1 Hz Linewidth broadening ~1kHz

(depends on link length and noise)

—> Samir KASSI’s talk
— Mathieu COLLOMBON’s talk



Clean-up oscillators for REFIMEVE *eﬁmev&
Linewidth broadening of the REFIMEVE signal > 100km

, , Residual phase noise during the
Source laser linewidth at LTE (! E) transfer (correction is limited)
—>around 1 Hz

Linewidth broadening ~1kHz
(depends on link length and noise)

—> Samir KASSI’s talk
— Mathieu COLLOMBON’s talk

Installation of cavities in the network Alternative: ultra-narrow linewidth laser

Developed by FOTON, now commercial

1 Hz Laser system

Adele B
Hilico /#
MCF |

SILENTSYS

Posteriiiee Slimliner (produit SilentSys)




Uptime improvment: to infinity and the 1 .
100%! ?h?eﬂmeve\»

Enhance the robustness, reliability of the network and the uptime of the
REFIMEVE signal at user

1 - Unexpected counter shutdown (25% of the downtime!)
= Test of other counter types

.. Maél
—>Realisation of a new K+K counter control system Abdelhak

IE cdd
2 - Automatic relock not always optimal

-2 improve the automation routine of a link
= Thanks to the REFIMEVE IT system developed

3 - Unavailability due to polarisation adjustments
= Adjustment to maximize the optical beatnote
= Polarisation insensitive detection under development



Fiber sensing %eﬁme\,&

Mirror Earthquake
Mirror
L Coupler dems" AOM Coupler
aser
— w —
(Ultra-stable) 'z I
Photodiode Experiment
Noise correction

Debanjan g 0 3

o]

Show :>‘ . §

IR cdd 3 RS

= o §

Poster 9 N

8 —

: 3

r@\. SENSE' > Cecilia CLIVATI's talk & L T

S Time since earthquake [min]
European SENSEI project: senseiproject.eu PhD Thesis, Mads Tonnes

— Mutualize existing fiber network for environment sensing

S. Donadello et al., Commun Earth Environ, vol. 5, n° 1, 2024, 28



Perspectives and conclusions *eﬁmev&

> Extensions of the network (Laser stations and White Rabbit)

-2 ~90% of the expected T-REFIMEVE network is constructed
- Extensions to Nice, Bretagne, Dijon, new partners

= and to European network: extensions to ORB (Belgium), ROA (Spain), switzerland... and
towards a european access point at CERN

»REFIMEVE service strengthening (maintenance, operation...)

»Research and developments:
> RF and time transfer on the current optical carrier
» Mobile platform for ultra-precise measurement
»Fiber sensing in the network

29



Perspectives and conclusions *eﬁmev&

> Extensions of the network (Laser stations and White Rabbit)

-2 ~90% of the expected T-REFIMEVE network is constructed
- Extensions to Nice, Bretagne, Dijon, new partners

= and to European network: extensions to ORB (Belgium), ROA (Spain), switzerland... and
towards a european access point at CERN

»REFIMEVE service strengthening (maintenance, operation...)

»Research and developments:

> RF and time transfer on the current optical carrier Thanks for
» Mobile platform for ultra-precise measurement
»Fiber sensing in the network your

attention!!
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