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Infrastructure de recherche REFIMEVE efimeves

National network

N - Transfer of frequency and time references through
MW RENATER @ j “ optical fibers
oo | LPL, LNE-SYRTE and RENATER
S Pafris
- FOTON™  regjond? | * Collaboration of more than 30 lab users: 18 users currently
T . connected
" e UTINAM N _ .
- 0 7. w71 e European connection to Germany, England, Italy and Switzerland
LT AN —>Future connection with Belgium, Netherlands, Spain, Poland...
s
O LP2N; LIPHY o' Q
. The network
NEP o o CEA ( ~8000km of fiber - Availability of the signal
LCAI N co . . : 9
fn X, ST ARTEMIS —> ~250 equipment in the field >90%
0 | o0 ‘ —> ~50 person-day of
o Refimeve ;;iwork o LaI?)QlEJsers o interventions in 2022
== Eyropean networks @ National metrological
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Infrastructure de recherche REFIMEVE

)h?eﬁm eve:

UNITVERSI1ITE

SNCRD

B RENATER

I’.@vgtoire SYRTE
de Paris

Regional network
=

LPL

PARIS

REGICK

SYRTE O

=

LKB-LERMA-LPNHE

%

APC-MPQ
ISMO-LAC-1ICLab
LPGP-LCF-SOLEIL
Legend
Ultrastable RF White

cavity modulation Rabbit

- Transfer of frequency and time references through

optical fibers
* +10 users in Paris region

e Dissemination of 3 type of signals:
e Optical (ultrastable cavity)

* Time & frequency signals by White Rabbit transfer

* RF modulation on optical career

/Current White Rabbit network:

e 120 km of network
e 11 equipment in the field

based methods. », SYRTE, 2018

Q)B, To be published

- Pave the way for the national White Rabbit network

Thése N. Kaur, « Long range time transfer over optical fiber links and cross-comparison with satellite

—>See Vincent Voisin \
and Daniel Charlet’ talks

Caroline B. Lim et al., “Extension of REFIMEVE with a White Rabbit network”, proceedings EFTF-IFCS /
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Time and frequency references at SYRTE

Frequency reference (optical)

— locked on local clocks : accuracy

- Laser emitting at 1542.14 nm

LTC(OP) | /

Time and frequency references (RF)
—10 MHz and 1 Pulse Per Second (1PPS)

AG Refimeve 2023

Signal @ user

—> stabilized to an ultrastable cavity : stability

- fixed frequency at £10 Hz (locked on H-maser)

Stability
@ 1s

Stability @
1 day

?h?eﬁm eve:

Uncertainty
(routine)

Optical
frequency

1542nm

<1014

<3x10°16

1014

Time

RF

UTC(OP)

- H-maser + steering by clocks

- referenced to UTC(OP): traceability to Sl-s / circular T




Frequency transfer technique

* Doppler noise compensation or active noise compensation
—>Noise detection with a strongly unbalanced Michelson interferometer

Optical fiber

Mirror Mirror

[ Ultrastabl

e cavity

Accumulated
phase noise

Dp

photodiode

Experiment

Noise
detection - Length L

A 4

Delay t
Link input end User Lab

* Noise correction @ applied at the link input: .+ ®, =0
- Limit of the time delay propagation in the fiber

N. R. Newbury et al., Optics Letters, vol. 32, n° 21, p. 3056, 2007
AG Refimeve 2023
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Frequency transfer technique %}eﬁmeva

e Characterization of the link: out-of-loop detection of the transferred signal
—a parallel downlink is implemented to assess link performance

Optical fiber

Mirror

Ultrastabl
e cavity

Accumulated

D=-D, phase noise

(Dp Repeater
Laser Station

photodiode

Noise
detection

Link input end £§§§2

Lopez, Opt Exp 2010
Chiodo, Opt Exp 2015

photodiode ®

Link

performances

Guillou-Camargo, App. Opt 2018
AG Refimeve 2023
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Network development

REFIMEVE

1) Extension to CERN (Geneve)
2) Extension to LP2N (Bordeaux)

AG Refimeve 2023
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Network development ;hqeﬁmev@

REFIMEVE LPL Legend
PARIS . Ultrastable RF White

. cavity modulation Rabbit
REGICK

SYRTE

< ISMO-LAC-1JCLab £
LPGP-LCF-SOLEIL

Extension to CERN (Geneve)

@
v

Extension to LP2N (Bordeaux)

Extension to Université Paris Saclay

Improvements for Universités Sorbonne and Paris Cité

AG Refimeve 2023 10



Extension to CERN (Geneve) *eﬁme\,&
e Operational since 24th March 2023

-15 oy
) _ ) 2.6x10 :* —}— Grenoble-CERN-Grenoble
—operational 1 week after installation
101>
- Important interconnection with Europe, |
NRENs and Géant (OTFN project) 10-16.
- Future scientific applications (Gbar, Alpha...) < | 5 days
LU
. Q i 0 i
Paris = -1 97.5% uptime
600 km ]
Lyon !
1071
120 km |
Preliminary results
Grenoble G

10° 101 102 10° 10 10°
. T (s)
Uncertainty on transferred frequency: 1.4 + 4.2Xx101°

—>about data processing: Thése M. B. K. Tonnes and M. B. K. Tgnnes et al., Metrologia, 2022

N8 CERN
145 km' LIPHYGIS ¢

Geneve

- must take into account Paris-Grenoble performances

AG Refimeve 2023 11



Extension to LP2N (Bordeaux)

?h?eﬁm eve:

* Operational since July 2022
—>deployed in one week only
—1400km long / more than 280 dB total losses

—>future branches to Toulouse, Nancay and
Bretagne to construct

Paris

200 km
Orléans

150 km

Tours

400 km

Bordeaux LP2N

1.6x10 14~
10—14,

10—15_

MDEV

10—16_

10—17_

—$— Paris - Bordeaux - Paris

< Ultrastable laser
TS
~

~~~
~
~
~,

~3 days
91.9% uptime

Preliminary results

100

102 103 104

T (s)

101

Uncertainty on transferred frequency: 1.9 + 3.2x1018

AG Refimeve 2023
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Extension to LP2N (Bordeaux) efimeves

Difficulties )
~) Stability @1s: 2x10-24
- 1 order of magnitude higher than other link

- Under investigation (embedded noise PSD measure, intermediate out-of-loop
measurement...) 2 Regeneration in between Tours and Bordeaux?

| L—Q Power fluctuations on Tours-Bordeaux \

Paris

200 km
Orléans M

Power beatnote lasers Tours-Bordeaux

—>causing several polarisation

150 km T\\m % i | ajustements and then outliers
~150 events/day

Tours
—> originates from fiber
400 km constraints?
Bordeaux LP2N

06:00 12:00 18:00

AG Refimeve 2023
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Development in regional network *eﬁmev&

LPL Legend
_ Ultrastable RF White
PARIS ' cavity modulation Rabbit

RE'Gl:)K

< ISMO-LAC-1JCLab g
LPGP-LCF-SOLEIL

3) Extension to Université Paris Saclay

4) Improvements for Universités Sorbonne and Paris Cité

AG Refimeve 2023 14



Extension to Université Paris Saclay

Lien Uptime Accuracy (x 1072%) )

x10

15 Frequency fluctuations (Hz, filtered)

SYRTE-Paris Saclay 85.1 % 0.31+19.2

* Operational since December 2022
—>add additional electronic to the MLS

- local dissemination on
university’ fibers

- Few unlocks from loss of
power (~3dB) = amplifier neede
in the path

Ultrastable
Laser

SYRTE

ISMO LAC
IJCLAB

Cantin, NJP 2021 LPGP LCF

15 25

Time (days) — 33 days from 21 Dec 2022

efimeve+

N -16 —j— SYRTE - LPL
10°16, 3x10 —J— SYRTE - Jussieu - UPCité
—}— SYRTE - Orsay

10—17_

>
10—18,

d &

=
10—19,
10—20_
10721 — : ‘ ! . ‘

10° 10! 102 103 104 10°
T (s)

—>See Manuel Andia and Daniel Charlet’ talks



Improvements for Sorbonne and Paris Cité éhqeﬁmev&

Frequency fluctuations (Hz, filtered)

-16
Lien Uptime | Accuracy (x 107%) x10
SYRTE-Jussieu - )
+
UPCité 98.6 % 3.2+5.9
0 5 10 15 20 25 30
* Noise compensated since Dec 2022 Time (days) — 33 days from 21 Dec 2022
. . . - \ I—*— SYRTlE - LPL |
- Loop architecture with extraction - publication 10-16 J— SYRTE - Jussieu - UPCité |

Ax1017 —— SYRTE - Orsay
“ \; X
(| LKB LERMA LPNHE | 10-17] x .
10—18 \\\\g\\
\\\2(\\\\(/ Temperature?
10—19 “—)\\ \

0

Noise floor interferometer MLS‘S} RTE

10—21 -------------------------
10° 101 102 103 10* 10°

MDEV

Ultrastable
Laser

SYRTE

ISMO LAC
IJCLAB

Cantin, NJP 2021 LPGP LCF

—>See Bérengere Argence’s talk, see Christof Janssen’s poster 16



New fibres between SYRTE and LPL %qeﬁmev&

Frequency fluctuations (Hz, filtered)

Lien Uptime Accuracy (x 10721)

SYRTE-LPL 95.6 % 1.1+4.1

0 5 10 15 20 25 30

Time (days) — 33 days from 21 Dec 2022

—§— SYRTE - LPL
—J— SYRTE - Jussieu - UPCité
—f— SYRTE - Orsay

2x26 km - 14 dB

1.2x10Y/
( LKB LERMA LPNHE ) 10—17-

> s Limit of MLS in LPL
wlo .
a) (interferometer)
Laser S
. Wsure | 0) 10-19]
L A
. a\” -
Ultrastable Q Z, .
Laser @ 10_2 1 Noise floor interferometer MLSSY_RTE ____________________
SYRTE 10° 101 102 103 10 105

ISMO LAC
IJCLAB

Cantin, NJP 2021 LPGP LCF ->See Yuhao LIU, Marylise SAFFRE, Vincent RONCIN’ posters 17



Industrialisation ;hqeﬁmev&

Bidirectional (formerly iXblue,

formerly Muquans)

amplifier

Technology transfer
initiated in 2014

Laboratoire de
physique des lasers

vatoire — SYRTE

e Paris

II.@
Systéme

Repeater Laser Station / Extraction
station / User module

s de Référence Temps-Espace

Current technology transfer for the industrialisation of

>See Grégoire Coget’s talk the Multibranch Laser Station MLS

2022-2023 — Better performances

Guillou-Camargo, App. Opt 2018 —>Rescale the network

AG Refimeve 2023 18



Network supervision ;hqeﬁme\/@

* Fully manageable equipment

—>temperature, status, dds settings, adc/dac...

e Communicate with the equipment (IT network) B RENATER
—operated by RENATER, benefit from their expertise

® SOftwa res a nd data ba ses e o Sources | Stations | Nodes | Regional | National | NTP | (WR | Comparisons | Spools | Refimeve Supervision

developments

o LABEL: T-Refimeve
» COMPUTED: 3/-05-23

—> Centralize all the data

¢ UPTIME: 0
s sources: WARN
e links: KO

- Automatic process and analysis ||

Copyright C SYRTE

- See Maxime MAZOUTH-LAUROL poster

AG Refimeve 2023 19



Conclusion and perspectives

* 4 new links in 2022-2023
* Development of the instrumentation

efimeve:

REFIMEVE

* Extensions of the network .
—>Toulouse, PACA, Nancay... & FOTON reg;ifon

SHOM
ta ®)

. H FEMTO-S'[‘i
- T-Refimeve extensions o UTNAM

| USN 6

\\J‘w
5.0
DN |

e Upgrade of the network with multibranch stations
e Extend the White Rabbit network

* Finalise the supervision development

—>deliver the frequency value to users in real time

LSM
S LP2N] LIPHY 6/

IRAM
CNES$ -
LAAS ©

o CEA (
" O
LCAR o GEOAZUR

Ny PIIM ARTEMIS,
500

1°E 6°E 11°E

km
]

250

—Support the exploitation by the users!!

AG Refimeve 2023 20



Thank you for your attention!

G 194400084.SD
Tl - v
& COU ¥ L

For more details

—See Maxime’s poster on network supervision
- See Refimeve poster on RLS/MLS
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