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THE NETWORK

REFIMEVE NATIONAL NETWORK

’®  REFIMEVE is a national research
infrastructure composed of optical
fiber links to disseminate time and
frequency reference signals from the
French National Metrological
Institute, LNE-SYRTE, to more than 30
research labs and research
infrastructures simultaneously all over
France, through the optical fiber
backbone of RENATER, the French

@és'aa ReRESESP AN Rgtucation

ents
W RENATERA | TEomss g e R are led by Laboratoire de Physique des
| - | i Lasers (LPL) & Laboratoire national de

I 300

— . metrolo ieetd' essals (LNE)
N I'link F
ational links uiure extensions For morge general overviews and utilization of REFIMEVE

(following talk’s of Christian CHARDONNET, Etienne
*1 CANTIN

Paris Jk

France .

International links w8 Laboratory partner

efimeve+
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OPTICAL FREQUENCY TRANSFER TEC

Ultrastable Optical Fiber, L ((‘X‘))

laser Phase noise :
accumulation
Frequency
reference
4
Experiment
Metrological lab * Uncontrolled environment

- Thermal variations User’s Lab

- Acoustic and vibrational noise

' c CO:"‘THEdteTé'_Ifnment * Degradation of Signal
xoek vere 9 * Need fiber noise

- Relative frequency fluctuations .
dv/v < 10715 correction.

a vocation européenne



PTICAL FREQUENCY TRANSFER TECHNIQUE
ACTIVE FIBER NOISE COMPENSATION ALONG THE FIBER

Faraday Mirror
Optical Optical Fiber,L o
coupler
Ultrastable R )
> AOM |« | oc
laser Accumulated
phase noise,d,
Frequency ( Jphotodiode
reference
Noise = - iment
detection Xperime
User Lab

* 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 reflected
signal

*1 fimeve-
Réseau fibré mé\(ologlque
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= OPTICAL FREQUENCY TRANSFER TECHNIQUE
ACTIVE FIBER NOISE COMPENSATION ALONG THE FIBER

FM Optical Fiber,
L2
u
Ultrastable
| 20M [+ Lor] |
laser 7Y Accumulated
phase noise,d,
Frequency ( Jphotodiode =P
reference / \ ¢ P
deﬂ:ziion » PLL Experiment
User Lab
w w
E1=E01COS ((Dt - _nlle) EZ_EOZCOS wt — FHZZLZ + ZwAOM + ZfDP
C

Light intensity detected by the

photodiode
I= K((E{+ E;)?)=A+ Bcos(w/c (2n; Ly —2n, L, ) + 2waoy + 2Pp )

Noise induced due to propagation : ®, = variation of (w/c) n,L,

*1 fimeve-
Réseau fibré mé\(ologlque
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OPTICAL FREQUENCY TRANSFER TECHNIQUE

ACTIVE FIBER NOISE COMPENSATIONS ALONG THE FIBER

Frequency
reference

efimeve-
Réseau fibré métrologique
a vocation européenne

Lopez, Opt Exp 2010
Chiodo, Opt Exp 2015
Guillou-Camargo, App. Opt 2018

Optical Fiber,
L2

(@)

Regeneration laser FM
Station optlcal Wa0M
coupler
» Local laser » AOM [
( Jphotodiode ®= D,
Noise .
detection g PLL

Link Instability
measurement

Accumulated
phase noise,d,

Mirror

o
>

]

(QQ0))

E2E measurement : characterization of the transfer with out-of-loop detection of the transferred signal



OPTICAL FREQUENCY TRANSFER TEC

Cascade Spans+ Regeneration laser stations + E2E measurements

N-1

@

Regeneration laser Station

 oc | local laser

y
i r
Offset PLL

Optical
coupler

ocC

photodiode

AOM

PLL, Noise
correction

r

measurement

Link visualisation :
* Up link : for the dissemination of the signal
¢ Down link : out-of-loop detection of the transferred

signal

*1 fimeve-
Réseau fibré mé\(ologlque

eeeeeeeeeeeeeeeeeeee

Paris - Lille - 1 cascade -

Link Instability a e

(QQ0))

Regeneration laser Station

%‘4
 oc | local laser
v 1
Offset PLL

AOM

680 km

Paris - Modane - 3 cascades - 1730
km

Down
link

Multi-segments approach :

Link is divided into segments, depending on noise and

losses

- better S/N

- Improves the transfer performance




OPTICAL FREQUENCY TRANSFER TECHNIQUE

Basic Network architecture : Long distance Optical Link

Bi-directional

A N

— —S
OADM |< RS N-1 N N+1 N+2 lé_
N N\
RS — — RS
— >,
~—
Source Nodal End
points point
- Repeater station N send back signal to Use public telecommunication networks (Mostly
station N-1, forward to station N+1, RENATER): | _
correct the noise fiber, also amplify and — Already existing and potentially less expensive
filter - Dense Wavelength-Division Multiplexing (DWDM)

- Digital data + Ultra-stable frequency signal

OADM (optical add drop multiplexer) to add and extract
efimeve: signal
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PTICAL FREQUENCY TRANSFER TECHNIQUE

* For optical reference transfer :

RLS (Regeneration laser Station) + MLS (Multibranch laser

Station)

- phase-coherent dissemination up to 6 link

- Improved long-term performances

- simplification to current network architecture

- 3 New generation MLS are already in the network

(TH2,Strasbourg,Tours)
- Soon 1 at Grenoble

TECHNOLOGIES

RLS

See Exail for Details

11



OPTICAL FREQUENCY TRANSFER TECHNIQU See Exail for Image and Details

Multibranch laser stations MLS and upgrades

"R\
Laser Lock Phase/Frequency V)
4 X )
Local Counter 2
Laser
Link i il 2
Polar. AOM ¢ Locks e é‘u.ﬁ;;w :
Control 5
odol ) @,
) ‘ AOM
UP

I “ FM Link 1 !Balanced multi-arm
M m interferometer :
~»{oc ] v 2 Same optical path for all outputs
“ FM 2 All the output ports are equi-phase
PHASE COHERENT INTERFEROMETRY

m @ allowing us to coherently
AOM disseminate the REFIMEVE optical

Upb

signal to several labs, allowing large-
FM Link 2 9 g arg
i scale, correlated measurements of
[oc] fundamental gffacte nacsjble.
M DOWN °
¥ M exXdal

3 -4 -5 links.. TECHNOLOGIES




OPTICAL FREQUENCY TRANSFER TECHNIQUE ,
Stefani et al., JOSAB, 2015

Long-term performances - Interferometric noise ;5511‘20“{3’"”90 etal., A,

Cantin et

2021

— lab prototype (TRL=6)
— RLS industrial-grade (TRL=9)
MLS industrial-grade (TRL=9)

ters

10—16_
AT: temperature

38fs/(°C.m) | Ad(t) =y L.AT(Y)

fs/K I < 5cm, < 1K ]

0.8 fs/K I <2cm, < 200mK I

10—21
1022 | 2 - y=0
attos/K—
107 0o 101 102 10° 10* 10° > free-space
%ﬂefﬁi{neve’ T (s) optics / b
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N. R. Newbury et al., Optics bLetters,

OPTICAL FREQUENCY TRANSFER TEC

PROPAGATION DELAY & FUNDAMENTAL BANDWIDTH
Lenqgth

Optical Fiber,
L2

e | @ |, T 10 kn
Ultrastable L — {l

oC >
laser Accumulated
1 phase noise,®, 100 km
Frequency photodiode o
reference ‘Ds 300 km

Optical
coupler

o =
‘| 47 ms Sl oS =
-

Noise

PLL Experiment ||

— o PHASE NOTS RGP THE 56 KrI\T}ISO ﬁi CAL LINK
10° _ _
10' iy i) o Fiber noise
* One-waydelay: T = nlL/c N 1 00§ V*""“fw,,WWW*W»v“""v‘f 1/4T
& | Y é
* Round-tripdelay: T = 2t (for 86 km : 0.4 ms) E 10 4 N W\,;Wf s
o .02} ~56 dB L
* Servo bandwidth limited by delay: ¢ 10 R h M
S 107+ : el
faw ~ 1/(47) = ¢/(4nL) (for86km:580 H2) | & .3 .0 g WM W |
o C_ompensated o
* Limited noise supression: 8 107 Hink "“‘u“ ﬂ
o 6 .L\"k‘“m“‘
~1/3 (2w X f X T)? (for 86 km : G=-56 dB @ 1 Hz) 107 ‘w /l |
10 : I'WWV
* Residual noise PSD = fiber noise PSD X (2 X f X T)? 108 W\H“
10° 10° 10 10°

Frequency [HZ]



PTICAL FREQUENCY TRANSFER TECHNIQUEGianni Di Domenico et al.Applied Optics

2010

] ] Mads Bebe Krog Tennes Thesis
FUNDAMENTAL BANDWIDTH LIMIT & Linewidth Mathieu Collombon et al. JOSA B, 2025

broadening / —line
— — — — Freelink PSD (Dashed line) L ) )
Compensated link PSD (Solid line) * Finite dEIay - ImperfECt noise

b & 1300k — Paris - Strasbourg ca nce”ation

4 = ¥ e s
10 B —_ liﬁe ‘_‘Wrﬁ' ‘?‘r‘”"!"’l"ﬁt;qn

LT
P i,

B T T e, ) Linewidth: Av = ,/8In(2) A

Y A 1l ) s A, the area of the spectrum that exceeds the 3-line
N
NE 105. 5 Paris - Lill
E 104 o "\_1’\,‘\,/\?! d"-\% "‘"‘}v"’f'!"i'lfl\",..w . nm‘rﬁ : - 680 km
Qe e Nt L linewidth at the user’s side can be approximated by
O 10 L e e e st ' — 1 /4/
Ik e L oo ] I Avuser - 1/ ZAVEZE'
< 107"
o 8

10 I \ —— Paris - Modane

s T 1730k

Linewidth broadening contributions, calculated with a
bandwidth of 500 Hz.

. .
10°= LTE-LPL LTE- Paris- Paris-
- .
I \’w\l\h}m‘ T
i 90 K TH2  Grenobl Marseill
4 A <90 Km reno arseille
10 R i~ T
1) T R i;:::f"‘.:—- Agion.ch A TE-LPL  LTE-TH2 | Paris- | Paris- UTE-LPL (TETH2 | Parls- | Porls- e TETH2 | porks o geeL et o | Parie wre-tpL et | Parise || paris
10 V‘W"'—-w e TSR <9 Km <90 Km |Grenoble = Marseille <90Km  <90Km |Grenoble = Marseile 0Kkm  <90Kkm o 0Km  <90Km |Granoble = Marselle Km  <90Km | Grenoble = Marseille
- : : : £ e - ! ;
_4 3 2] X
10 =1 0 1 2 LTE-LPL  LTE-TH2 is- i LTE-LPL  LTE-TH2 | Paris= | Pars- -u[-m LTETH2 | Porke | Paris~ ELPL  LTETH2 | Paris-  Parls-
10 10 10 10 <S0Km  <S0Km |Gre a <S0Kkm <0k | Grenobl | Marselle <0Kkm <0km | Ganoble | Mol Skn <0k @ K <%0Km | Grenoble| Marselle
FOUr[er frequency [HZ] 038 | 03 | 10 | 8 fontd] 03 | 03 | 0 | 8 Jow, ] 0% | 03 | 0 | 8 ot om [ os [0 [0 [ om [ [0 [ e ]
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All the long-haul links are at the fundamental
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CLEAN UP OSCILLATORS IN REFIMEVE NETWORK
FUNDAMENTAL BANDWIDTH LIMIT & Linewidth

broadening

or example : REFIMEVE Paris - Grenoble

Paris

Lyon

Grenoble

Modane

2x900 km

Phase Noise (rad?/Hz)

10°

108

108

100

108

106

10°

Phase noise e2e Paris-Modane

Accumulation of
noise

| | ) 4

Linewidth broadening

/ [ [
o f—line -
A
~ 1
[ N ] 4
| = )

-

N

10

102

100 102
Fourier Frequency (Hz)

106

A 4

Clean up osciIIator{I

Two possible solutions from REFIMEVE:

* ULTRA STABLE CAVITY

* SILENTSYS - SLIM LINER (see Adéle’s

Poster)

Possible Solution?

17
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OPTICAL FREQUENCY TRANSFER TECHNIQUE

RF in
| 1
v 1
1
Bl I Correction i
v :on onboardé
de-drifit :
Optical LE ’_a_ lasenr : e-drifi
Ref in X
Additiona EOM 1
Optical EOM |
Ref out Optical output !
(noise correction) RF in JI.
I S 17
Phase lock v 1
PLL !
loop RLS 1 RIO 1
o X
Laser . N+1 [}
Regeneration (I
Stations : :
1 De-Drift
Stable 1 c i
orrection
=22 ] e Two way A A e
ystem El R Compare the 4
REFIMEVE tanpaie RLS 2
Optical ref | a

* Main Challenges:
« Cavity frequency drift correction locally without degradation of REFIMEVE
performance
* Not to be limited by the fiber noise : Two way comparison
* Rejection of RF noise from the system, as it is coherent through REFIMEVE

fimeve+
logique

network
Eiﬁt‘.ﬁ%’fﬁﬁ;‘;m * Adjustment of the de-drift servo loop



OPTICAL FREQUENCY TRANSFER TECHNIQUE

Two way comparison for measuring the frequency drift of the cavity

* Two way comparison for comparing two oscillator

Two Michelson-type interferometers at each end to detect the phase diffefence
signal

Same (or better) performance as with an active noise compensated link
% * Not limited to the fiber induced phase noise

eeeeeeeeeeeeeeeeeeeeee
eeeeeeeeeeeeeeeeeeee



OPTICAL FREQUENCY TRANSFER TECHNIQUE

Ultra-stable cavity stabilized system (LUS) integrated to the exiting netwqgfiadle laser system for

etails

:i S

o w &)® Stable Laser Systems Cavity

15 15 i i
14 Eaton Tripp Lite SmartOnline (PDU) 14 co nflg uration
13 s 13 © Cubic5 cm ULE
12 12
, | 1 Locing system IS m Offs€ fHase locking
el = 10 Shelf 10 FSR = 3 GHz N
el s i J_, locking -1 loc g
...... 9 9 Jllj‘ -t J_, locking -800to-350 MHz 350 to 30MHz
8 8 350-800MHz
7 Dead zone | ) . i Dead zone
SLS cavity 1 : | - i
5 6 I, Ty 1 ' I, o, I
5 5 T ! : -
1 . 1 1
4 L J, ::ro iz |Laser frequency ' I, :yo T2
3 3 Jilocking| | | | | v \ | J,; locking
) Anti Vibration platform (TS 150 LP) 3 | I, ! 3.
1 Etagere 1 ! Jr J; J+|1
.—_>: EOM modulation -
a, : I, J,, locking
° ) ° J—l 1 )
- SLS System (received first unit 2 weeks | ‘ Pow
J_, locking
age):
! ‘ /, T Cavity Modes T
° UPS +STS ) / 0 Y 3000
» 3
* Locking Electronics { Y. Drift compensation

%eﬁmGVe * Cavity + laser System - and o Correction to the internal offset phase locking point

trol
éenne



OPTICAL FREQUENCY TRANSFER TEC
Expected performance of REFIMEVE signal with cavity

* Phase noise e2e & Stable LaserSystems 10713

109 | | | SLS Cavity

- Phase noise e2e REFIMEVE
N Phase noise LUS (SLS) Resultant
~
%108 -
E 107144
g M“ ]

100 o Rl i A E
% \---ﬁh | T 'Fy' =
- \l \\\ \ g
0 W,
Z 108 MW“’A\L \ \{ . S
0 .
: . ——
<o 106 < V\M \1 = 10-15 %N
X y “ ]

de-drift W VW 1 I
109 I A I N
| . N
— - I \
104 102 100 102 104 108 Shddde L N
Fourier Frlequency (Hz) L(,i,e:dﬁ'fti} N
10-16 ettt LS L .
0 1 2 3 4
Clean phase noise & Restore platform 10 10 :?S) 10 10

* Restore the linewidth to< 1 Hz
+ * Stablity expected around 2—3 x 107 @ 1 — 10 (s)

efimeve+ 22
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CONCLUSION

Newly Improved MLS for REFIMEVE
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PERSPECTIVES

Possible Roadmap for future

First infield MLS + Cavity System by Q2 2026
« Testing and deployment at Grenoble
By Q4 2026 other two cavities
* integrate ultra-stable lasers aside of the RLS, at
Bordeaux and Plateau de Calern, in order to
provide ultra-low phase noise signal in these
areas

Cavity + MLS/RLS system usage !
* Local User
* Also improves the overall performance
of the network
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