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Radio signals and  
Satellite Link 
10-11(1s) 
2x10-15(1d)

Optical Fiber Link
NMI
A

Stability(1s) <10-13 
Accuracy <10-16

NMI
BAtomic 

clock 1
Atomic 
clock 2

 in Europe
800< distance <1500 km

Nobel prize 1909
Guglielmo Marconi,
for the 1st trans-atlantic 
radio transmission  

Transportable clock 
(Cs, Sr)
Cs : 10-13(1s), 4x10-16(1d)
Sr : 10-15(1s), 10-17(3h)(cf. Belville and The Greenwich time lady)

Means to compare/disseminate clocks at long range

Time	transfer	=	mastering	delays	
Instrumental	delays	
Propaga.on	delays	
Other…	(Sagnac	effect)	

Frequency	transfer	=	mastering	delay	
fluctua.ons

A matter of delay:
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Motivations
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Optical links

Satellite links don’t meet optical optical clocks 
comparisons requirements

Latest NIST data

Performances breakthrough
• Atomic clock’s accuracy improved by order of 

magnitudes: particule’s motion control, optical 
frequencies,…

• reach the low 10-18 range

• Means of comparison : Guided propagation + Doppler 
cancellation, optical frequencies

• Uncertainties below 10-19 range : 

• Enable dissemination without degradation

m level

cm level
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Principles of operation of fiber links

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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FIGURE 3. FIBER OPTIC FREQUENCY DISTRIBUTION SYSTEM 
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FIGURE 2, PHASE CONJUGATOR 

L. E. Primas et al., Proc. 20th PTTI, Vienna, VA, 29 Nov - 1 Dec 1988(1988)

• Two-way	:	Stabilized	/	Post-processed		
• Post-processed	techniques	used	for	comparison	purposes	

• One	way:	Unstabilized	(affects	stability	and	accuracy)

• Bi-direc.onal	or	uni-direc.onal	(affects	noise	
correla'ons)	

• Analog	or	digital	(affect	the	scalability)

Classes of fiber links
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Compensated Link 

 1/4T

link Paris-Villetaneuse-Paris (86 km)

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
Technical challenges:
Long haul : more noise, less signal…
Automation, remote control
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Optical frequency transfer : key elements
• Fully bi-directional. A 2nd link transfers back the signal

• Unbalanced Michelson interferometer

• Heterodyne detection: eliminates mutli-path

• 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

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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In-line extraction station *§   
noise detection/correction at extraction point

Repeater station *§ Hub station *

Extraction Repeater 
Station 

User

Hub 
Station 

Repeater 
Station 

Repeater 
Station 

Repeater 
Station 

User

User

* Autonomous - Remotely controlled

§ Commercially available – Can be installed in telecom hub

From fiber links to fiber network

with remote control 
and supervision

NB: Amplifiers and multiplexers not shown

MLS
MLS

RLS

RLS

RLS

RLSRLS

Ref

SYRTE

LPL
TH2

Towards UK

Towards 
PTBStrasbourg

MLS

Sorbonne 
Université

U

43 km

3 km

480 km223 km
10 km

U

RLS
RLS

611 km

RLS
RLS Towards 

Italy

Grenoble

245 km

Paris

U

Besançon

Lille

U

U

RLS
RLS

Modane

RLS

RLS

RLS RLS

U user

RLSRLS
RLSMarseille

U

413 km

F.Guillou-Camargo et al.  AO 57, 7203 (2018). https://www.muquans.com/products/time-and-frequency-transfer/

Web interface

Demonstration !

RLS

ES

340 km
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TOULOUSE	

MARSEILLE	

NICE	

LILLE	

STRASBOURG	

MODANE	

NANCAY	

BORDEAUX	

Liens	existants	
Futur	extensions	
Liens	interna>onaux	
City	

N	

100	km	

Crossborder	

BESANCON	

CERN	

							PARIS	

GRENOBLE	

VILLETANEUSE	

LONDON	

BERLIN	

TORINO	

Fiber networks : Optical frequencies networks
Chapter 2

The Italian fibre link

LSM INRIM

LENS

CNR-INO CGS-ASI

Modane Torino
Medicina

Bologna

Firenze

Roma

Milano

Fucino

MateraPozzuoli

Galileo PTF

Financial 
District

INAF

Napoli

Sesto 
Fiorentino

Figure 2.1: The italian fibre link. Red line: link span under operation since 2014. Yellow line:
extension in 2018. Purple line: link span connecting the INRIM to the French border, for a future
connection to the European network.

In Italy in 2014 a coherent optical fibre connecting INRIM to the National

31

REFIMEVE (France) ~ 2x2800 km built
2x 4500 km after completion LIFT (Italy) ~2000 km NPL, PTB, SYRTE connected

INRIM achieved in 2020

N

1000 km

A	fiber	network	of	about	6000	km	
in	EU	enabling	bi-direc'onal,	
coherent,	op'cal	frequency	
transfer

Germany :  ~2000 km, UK ~1000 km
see	also:	
Rela.vis.c	Geodesy	and	Gravimetry	with	Quantum	Sensors	(geo-Q)	
hXps://www.geoq.uni-hannover.de/
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>80% / 1 year (2018) 
>90% uptime for several months  

up to 99.5% over 1 month 
next objective: 90 % / year 

REFIMEVE: towards a highly available signal
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REFIMEVE: Long term performances

• Data processing to be handled 
with missing data

• Concatenation (full lines)

• Noise model: Gaussian noise 
for White Frequency Noise, 
dashed lines

• Accuracy:

• A: (-3±2)×10-21 

• C: (-0.5±1)×10-20 

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

Paris-Strasbourg-Paris link (2x710 km)
Paris-Villetaneuse-Paris link (2x43km)

REFIMEVE applies for the acknowledgement as a National Research Infrastructure by MESRI in 2021 
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The first international optical clock comparison

-

Absolute frequency difference without SI-Hz

Sr	clocks	agrees	within	5x10-17	aFer	
correc'on	of	the	gravita'onal	shiF	

• Leveling	campaign	was	performed	prior	to	the	
comparison	(IGN,	IfE,	LUH;	Delva	et	al.,	2018)		

• Confirms	accuracy	of	Sr	clocks	SYRTE/PTB	

• Confirms	capabili.es	of	long	haul	coherent	fiber	links	 C.Lisdat	et	al.,	ncomms.	7,	(2016)

~1400 km fiber link
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SYRTE - SrB
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PTB - Yb
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An EU optical clock network : NPL-SYRTE-PTB-INRIM

Courtesy of J. Lodewyck 
and the OFTEN consortium

Scale : 1s - 1e6 s; 1e-14 - 1e-18

Ensemble of 5 optical clocks
typ. statistical uncertainty <1e-17 

repeated 8 times over 6 years

Major step towards the SI-s re definitionClock comparison formalism: Lodewyck et al., Phys. Rev. Research 2, 043269 (2020).
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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 RF
C

, and the comparison between the clock
laser CL

B

and the optical oscillator OO
B

for which the
comparator is chosen tripartite, referenced to RF

B

.

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 OO

A

and OO
B

is small enough to be
counted with a frequency counter at node R, whose out-
put is noted �f̂

R

. The oscillators OO
B

and OO
C

are
operated on di↵erent telecom channels, and bridged by a

NB: 2018 data. INRIM connected since 2020. 

Clock comparison formalism
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• 2020 – T-REFIMEVE, projet ESR/EQUIPEX+ was selected within PIA3 

• Investissement of 9,85 M€ / 8 years

• Network equipment upgrade, knowledge transfer to industrial partners

• Add new signals :

• High-performance radiofrequency  and time transfer (fully bi-directional)

• radiofrequency and time transfer with « white rabbit » all over the network (mono-

directional)

• Co-funding for optical frequency combs 

• Mobile platform to ease the scientific exploitation

• Geographical and application science case extension

• > 30 lab. users, including 3 research infrastructures (SOLEIL, IRAM, ESRF)

• ~160 researchers

• One major scientific goal : sea level monitoring with chronometric leveling (collaboration with 

SHOM – tide gauges at Brest, Marseille, Dunkerque): see Rodolphe’s presentation !

T-REFIMEVE
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T-REFIMEVE (2020-2028)

• REFIMEVE+ : PIA (2011)

• T-REFIMEVE: PIA 3 (2020)

• Extension to Brest

• Extension to 15 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 (transportable combs, 

transportable optical clocks, + precise 

instrumentations)
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Outlook

Fiber links : a new technology for T/F transfer, capabilities beyond GNSS solutions : 

1e-15@1s to 1e-19@1day;

 Optical metrological networks: REFIMEVE, LIFT 

REFIMEVE demonstrates reliable optical frequency dissemination at year scale

EU clock network: NPL+SYRTE+PTB+INRIM

Next challenges and open questions:

Fiber network as a distributed (quantum) sensor

Submarine links for transcontinental comparisons

Accurate time transfer over long range

Towards EU research infrastructure, RI integration
https://www.clonets.eu/

https://clonets-ds.eu/

https://www.refimeve.fr

https://www.clonets.eu/
https://clonets-ds.eu/
https://www.refimeve.fr
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Thank for your attention !
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Rodolphe Le Targat, Philip Tuckey, Pacôme Delva (SYRTE)
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Olivier Lopez,  Anne Amy-Klein, Christian Chardonnet (LPL)
Emilie Camisard, Nicolas Quintin, Laurent Gydé (RENATER)

+ many young people who really work hard:
Etienne Cantin, Dan Xu, Florian Frank, Mads Tønnes


