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Dissemination	of	Time	and	
Frequency	from	Clocks 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

Geodesy:		Earth	Science

10-18/cm

Courtesy	of	N	.	Newbury	NIST

Introduction
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T/F metrology

Instruments

Satellite T/F transfer

Fiber links
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Frequency standards

Time scales

What do metrologist measure ? 

Statistical tools:  Allan deviation(s)

part 1 : A tutorial to T/F metrology
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Local	oscillator

Atomic	sample

Interrogation

Correction

Clock	output
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Detuningtau	=	Integra6on	6me,		
Tc	=	Cycle	6me with	T:	Interrogation	duration

Need	high	carrier	frequency

Frequency standards : basic principles

Rela6ve	frequency	stability	:
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Courtesy M.-C. Angonin

Atomic clock : a frequency standard

Note	:	introduc6on	of	the	integra6on	6me	(or	observa(on	(me)

Clock	signal	is	
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Mathematical model of a periodic signal
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Phase / Frequency : fractional fluctuations 

scales	as	the	invert	of	the	square	of	carrier	frequency	!	
Advantages	to	work	at	the	highest	possible	frequency



D i s t r i b u t i o n / T r a n s f e r t  t e m p s
A N F  D A Q  -  F r e j u s ,  N o v e m b e r  1 3 ,  2 0 1 8

10-2 100 102 104
10-26

10-25

10-24

10-23

10-22

10-21

10-20

-160

-140

-120

-100

-80

-60

-40

S y( 
f )

  [
1/

Hz
]

f [Hz]

10
 lo

g 
[S

φ( 
f )

 ] 
[rd

2 /H
z]

@
10

M
Hz

PSD Phase / Frequency noise : order of magnitudes



D i s t r i b u t i o n / T r a n s f e r t  t e m p s
A N F  D A Q  -  F r e j u s ,  N o v e m b e r  1 3 ,  2 0 1 8

Type of noise ( )S fφ  ( )S fy  
White phase h2 h f2

2
 

Flicker phase h f1 /  h f2  
White freq./ 
random walk ph. h f0

2/  0h  
Flicker frequency h f−1

3/  h f−1 /  
Random walk 
freq. h f−2

4/  h f−2
2/  

 

 

Power laws of Phase/Frequency noises
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Plots	show	fluctuations	of	a	quantity	z(t),	for	instance	:	
output	of	a	counter	(Δf	vs.	t)	,	
or	output	of	a	phase	detector	(φ[t]	vs.	t).			

Simulated	time-domain	behaviors	corresponding	to	the	most	common	(power-law)	spectral	
densities	
hα	is	an	amplitude	coefficient.			
Note:	since	SΔf	=	f	2Sφ,	e.g.	white	frequency	noise	and	random	walk	of	phase	are	equivalent.	

Sz(f)	=	hαfα	

α =	0 

α =	-1 

α =	-2 

α =	-3

Noise	name 

White 

Flicker 

Random 

walk

Plot	of	z(t)	vs.	t

From John Vig IEEE

Pictures of noise
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This	is	the	quan6ty	
measured	by	a	
frequency	countert

τT
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A counter produces  M frequency measurements separated by a time T with a 
gate time of τ	, the difference T-τ is called dead-time between measurements.

Frequency measurement in the time domain
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Allan	variance	is	the	two	sample	variance	with	zero	dead	5me	between	measurements
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The	Allan	variance	can	be	related	to		
power	spectrum	density	of	rel.	frequency	fluctua6ons	or	phase	noise

Frequency stability: The Allan Variance

D.W Allan, Proc. of the IEEE 54, 221–230 (1966). 

Riley, W. J. Handbook of Frequency Stability Analysis. 31, (1994).



D i s t r i b u t i o n / T r a n s f e r t  t e m p s
A N F  D A Q  -  F r e j u s ,  N o v e m b e r  1 3 ,  2 0 1 8

Frequency Noise and σy(τ)
0.1	s	averaging	time3	X	10-11
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W. J. Riley, Handbook of Frequency Stability Analysis. 31, (1994).

Interpretation of stability plots:

Howe, D. A. in Proc. IEEE IFCS 725–732 (2002). doi:10.1109/FREQ.2002.1075976

From John Vig IEEE
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Stability and accuracy

Precise but 

not accurate
Not accurate and 

not precise
Accurate but 

not precise
Accurate and 

precise

Time TimeTimeTime

Stable but 

not accurate
Not stable and 

not accurate
Accurate  

(on the average)  

but not stable
Stable and 

accurate

0

f fff

From John Vig IEEE

The	zero	is	defined	
	by	a	standard
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Stability and accuracy : a summary

2

Courtesy N. Dimarcq
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More	than	10	fountains	in	opera6on	(LNE-SYRTE,	PTB,	NIST,	USNO,	JPL,	NICT,	NMIJ,	METAS,	
INRIM,	NPL,	NIM,	USP,…)		
with	an	accuracy	a	few	10-15	and	<10-15	for	a	few	of	them.	

Atomic quality factor: 

Best	frequency	stability	(~	Quantum	Projec6on	
Noise	limited):	1.6x10-14	@1s

133Cs levels (87Rb similar)

Ramsey fringes

Best accuracy: 
1-2x10-16

Atomic fountains: a frequency standard

1m
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Intercombination	transitions

Sr	(U.	Tokyo,	JILA,	SYRTE,	PTB,	NPL,	NMIJ,	NICT…),		
Yb	(NIST,	INRIM,	U.	Tokyo,…)		
Hg	(SYRTE,	U.	Tokyo),		
Cd	(U.	Tokyo),

δ=1	mHz
1S0

1P1

3P0
461	nm

698	nm

Best frequency stability (Laser noise limited): 3x10-17 @150s (Uni. Tokyo)
Accuracy <10-16 and <10-17 for a few of them. 

local oscillator = ultra-stable laser

0.0 0.1 0.2 0.3 0.4 0.5

0

2

4

6

8

10

12

time (ms)

in
pu

t p
ow

er
 (a

.u
.)

0

2

4

6

8

10

12 transm
itted optical pow

er (a.u.)

Optical clocks : (87Sr) trapped in optical lattice

87Sr	Simplified	level	schemeAtomic quality factor:  

Q≃1014
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Fontaine mobile

Sr mobile

Sr statique
Fontaine statique

Pictures of frequency standards
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Industrial clocks

Cs ‘chaud’ 
Micro semi HP5071 A

Maser Hydrogène (oscillator)
Kvarz CH1-75A

Rb froid
MuQuans MuClock

Rb chaud
Spectratime

Rb chaud
Chip scale Atomic Clock
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8

15

Stabilités de fréquence typiques

σy(τ)

τ [s]
1 100 104

10-10

10-12

10-14

10-16

106

Oscillateur à quartz

H-maser 
actif Horloge Cs 

Horloge à atomes froids 

Horloges optiques

Rubidium 

16

Amélioration des performances
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400 years of improvements…

S. A. Diddams et al., Science (2004) 306 (5700), pp1318-1324 

DOI: 10.1126/science.1102330 
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60 years of improvements…

Courtesy S. Bize, C. Salomon
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Time scale

Frequency	standards	(accurate	6me	intervals)	
+		
con6nuous	oscillator	(con6nuous,	phase	keeper)	
+	

	6ck	counter	(display	digits)	
=		
6me	scale

A simplified vision:

© 2015 ADVA Optical Networking. All rights reserved. Confidential.7

Timing error prediction
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Courtesy P. Berthoud

Oscilloquartz

The issue :
1. inaccuracy * integration time
2. the absolute delay matters
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99th Meeting of the CIPM, 13 October 
2010

1

Bureau International des Poids et Mesures

Realization and maintenance of UTC
Elisa Felicitas Arias

Bureau International des Poids et Mesures

Radiocommunication development in light of WRC-12 decision

St. Petersburg, 6-8 JUNE 2012.

Bureau International des Poids et Mesures

Timescales maintained at the BIPM

International Atomic Time (TAI) ! Continuous
! Interval unit is the SI second
! Calculated monthly at BIPM
! No clock representation, no 

broadcast

Coordinated Universal Time (UTC) ! 1-second discontinuities
! Interval unit is the SI second
! Calculated monthly at BIPM, 

derived from TAI
! Clock representations UTC(k), 

broadcast

! Continuous
! Interval unit is the SI second
! Calculated annually at BIPM
! Monthly predictions
! No clock representation, no 

broadcast

Terrestrial Time (TT(BIPM))

Courtesy F. Arias, BIPM

Time scales
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Time scale generation

BIPM Time Scale Generation

Courtesy R. Beard, USNO 
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Le	Temps	Atomique	Interna6onal	TAI	est	la	coordonnée	de	repérage	temporel	établie	par	le	
Bureau	Interna6onal	de	l'Heure	(remplacé	maintenant	par	le	Bureau	Interna6onal	des	Poids	
et	 Mesures)	 sur	 la	 base	 des	 indica6ons	 d'horloges	 atomiques	 fonc6onnant	 dans	 divers	
établissements	 conformément	 à	 la	 défini6on	 de	 la	 seconde,	 unité	 de	 temps	 du	 Système	
Interna6onal	d’unités.	
Il	est	défini	par	la	seconde	du	SI	réalisé	sur	un	géoide	en	rota6on.		

Echelle	con6nue	depuis	1958

Temps Atomique International (TAI)
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Atomic time scales
TAI	is	built	from	350	industrial	clocks		
Accuracy	and	long	term	stability	is	provided	by	the	ultra-stable	clocks	operated	by	some	
designated	laboratories

99th Meeting of the CIPM, 13 October 
2010

6

Bureau International des Poids et Mesures 11

TWSTFT

• simply computation of clock offsets

• direct link of clocks 

• no models necessary 

• clock effects can be separated from 
others

• Calibrated receiving/emitting 
stations

• Telecommunications satellite
• No clock on board used
• Geostationary

A measurement technique used to compare two clocks or
oscillators at remote locations.

TWSTFT, TWPPP

Bureau International des Poids et Mesures

Participating 
laboratories and their 

time transfer 
equipment

Map of designed laboratories
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Atomic time scales

UTC	follows	TAI	and	approximates	UT1
Courtesy R. Beard, USNO 
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ITU-R TF.460-6 STANDARD-FREQUENCY AND TIME-SIGNAL EMISSIONS 
(1970-1974-1978-1982-1986-1997-2002) 

TAI	-	Echelle	interna6onale	de	temps	de	référence	à	par6r	du	temps	atomique	issue	de	la	
défini6on	de	la	seconde	et	d’un	géoïde	en	rota6on.		
Echelle	con6nue	dont	l’origine	est	le	1er	Jan	1958		
TAI	=	UT1	le	1er	janvier	1958,	0	h		

UTC	-	Référence	coordonnée	sur	laquelle	se	fonde	les	signaux	standards	de	temps	et	de	
fréquence.	Maintenue	par	le	BIPM.	Correspond	exactement	au	TAI	décalé	d’un	nombre	en6er	
de	secondes	afin	d’assurer	un	accord	avec	UT1	inférieur	à	0.9	s.		
TAI	–	UTC	=	37	s	en	2018	

A>en5on	!	UTC	est	une	échelle	de	temps	papier	diffusée	par	la	circulaire	T.	
UTC(k)	est	une	réalisa6on	locale,	c’est	un	signal	physique.

Les	secondes	intercalaires	peuvent	être	introduites	comme	dernière	seconde	de	n’importe	
quel	mois,	préféren6ellement	décembre	et	juin,	en	deuxième	choix	mars	et	septembre.	

UTC
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With	fountains

A time scale over the years (continuous)

20181998 2013

Without	fountains
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9

1891 : Unification de l’heure – Méridien de Paris

1911 : Méridien de Greenwich (GMT)

1978 : Temps atomique international

Le temps légal et l’Observatoire de Paris 

Temps Atomique International (TAI)

Le Temps Atomique International TAI est la 
coordonnée de repérage temporel établie par le 
Bureau International de l'Heure (remplacé 
maintenant par le Bureau International des Poids 
et Mesures) sur la base des indications d'horloges 
atomiques fonctionnant dans divers 
établissements conformément à la définition de la 
seconde, unité de temps du Système International 
d'unités.

Courtesy M.-C.  Angonin

Legal time in France < March, 2017

L’heure	 légale	 en	 France	 est	 déterminée	 par	 le	 décret	 du	 9	 aout	 1978	 :	 "le	 temps	 légal	 est	
obtenu	 en	 ajoutant	 ou	 en	 retranchant	 un	 nombre	 en6er	 d’heures	 au	 temps	 universel	
coordonné",	 ce	 nombre	 en6er	 d’heure	 étant	 fixé	 par	 décret.	 L’heure	 légale	 en	 France	 est	
fabriquée	et	diffusée	par	le	SYRTE	à	l’Observatoire	de	Paris.	
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Décret	n°	2017-292	du	6	mars	2017	rela6f	au	temps	légal	français	
Le	 temps	 légal	 (ou	 heure	 légale)	 sur	 le	 territoire	 de	 la	 République	 française	 est	 fixé	 par	
référence	au	temps	universel	coordonné	(UTC)	établi	par	le	Bureau	interna6onal	des	poids	et	
mesures	(BIPM)	dans	le	cadre	de	la	conférence	générale	des	poids	et	mesures.	
II.	-	Dans	le	cadre	de	la	coordina6on	de	la	métrologie	française	et	des	règles	fixées	par	le	BIPM	
pour	 l'établissement	 du	 temps	 universel	 coordonné,	 l'Observatoire	 de	 Paris	 est	 chargé	
d'établir	 la	 valeur	 locale	 de	 l'UTC,	 dénommée	«	 temps	 légal	 de	base	»,	 et	 de	 la	 fournir	 aux	
u6lisateurs.	
III.	-	Le	temps	légal	sur	les	différentes	par6es	du	territoire	de	la	République	française	est	défini	
à	 par6r	 du	 temps	 légal	 de	 base	 auquel	 est	 ajouté	 ou	 retranché	 un	 nombre	 en6er	 d'heures	
dans	les	condi6ons	fixées	aux	ar6cles	2	à	4	du	présent	décret.

Legal time since March, 2017
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part 2 : Instruments and methods

Frequency/Phase noise

Delay

Calibration methods and uncertainty 
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Frequency analysis

Old	way	:		
frequency	mixing	and	low	sampling	rate	

Nowadays	:	
High	sampling	rate	
Data	processing

2

Figure 1.1: Conventional analog spectral analysis

Figure 1.2: IIR phase noise extraction technique

descriptions of the spectral content of an output signal. This has been done for reasons

of test cost, and to simplify the description of test to something which will be comparable

across multiple technologies. A technique which solves this problem will be of particular

value to industry, especially if it is possible to integrate this solution to low-cost test boards

or on integrated circuits as part of the built-in self-test budget.

The focus of much of the work of the past ten years has been on measuring jitter of high

frequency systems rather than phase noise. In this work we will focus on the extraction of

phase noise from time-domain data, which will allow us to take advantage of the work done

in jitter measurements. Current phase noise analysis techniques include all-digital methods

for acquiring time-domain data such as waveform crossing points. In this we present analysis

which shows that an all-digital detection of sinusoidal phase noise at a particular frequency

is possible from this time-domain data. In our technique a time to digital converter (TDC)

replaces analog sampling, and a single infinite-impulse response (IIR) digital filter is used

as a replacement for conventional FFT, eliminating the need for storing the entire waveform

before calculations can begin, and the need for making calculations to evaluate frequencies

which are not relevant.

Cross	correla5on	:	
Reference paper : E. Rubiola and V. Giordanno https://doi.org/10.1063/1.1304871

In the optical domain : X. Xie, Opt. Lett. 42 (7) (2017) https://doi.org/10.1364/OL.42.001217

Phase	noise	characteriza6on	is	a	comparison	process.		
2	categories	:	
1.	comparing	with	itself	(delayed			self-homodyne,	delayed	self-heterodyne,	or	Michelson		
interferometer).	
2.	comparing	the	laser	under	test	with	a	much	beÑer	source

heterodyne	methods	:	
Beat	notes	at	low	frequency	(<50	MHz)	
Frequency	counter

https://doi.org/10.1063/1.1304871
https://doi.org/10.1364/OL.42.001217
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Phase noise analyzer

Noise XT

(Symmetricom)
Microsemi

Holzworth

13 
 

 

Figure 1.2 Block diagram of the method proposed in [8] 

Similarly in [12], the input RF signal and a reference signal are digitized by fast analog-to-digital 
converters in order to perform direct-digital phase noise measurements. Down-conversion and phase 
detection functions are then implemented by digital signal processing. The principle of the method is 
illustrated in figure 1.3. 

 

a) The RF signals are immediately converted to digital samples in order to perform direct -
digital phase-noise measurements  

Stéphane	David-Grignot,	(hal)	tel-01590614	(2015)	
Angrisani	et	al.,	IEEE	TIM	50	(4),	2001
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Frequency counter / Phase meter

k+k Messtechnik

Pendulum CNR-91R

Keysight 53230A

760

E.	Rubiola,	RSI	76,	054703	(2005)	
Dawkins,	IEEE	T-UFFC	54,	918–925	(2007)

• Use	only	dead-6me	free	frequency	counter	!	
• Many	opera6on	possibili6es	:
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Delay measurement

The Need for a Reference Plane
• With a need for true “time accuracy” the four dimensional 

space-time continuum is  and engineering reality!

• We establish a plane of connectors with synchronized 
timing signals

• A signal travelling away loses time at some fraction of the 
speed of light = 1 ft/ns = 30 cm/ns

• For GPS receivers, calibration and measurements are 
relative to the reference point, and signals out are delayed 
relative to this

Courtesy M. Weiss, NIST
Time is marked by a 1 pulse per second (PPS) signal
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Scope

Modern	scopes	will	provide	you	with		
a	standard	devia6on	based	on	
gaussian	assump6ons	in	most	cases

• Long	run	deviates	from	such	simple	
approaches	

• Issues	with	the	outliers	
• Trigger	level

The best is to record data and to process yourself
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SRS 620

Time interval counter

7

How Measurement is  Made

The START pulse, received at channel A of the counter in Figure 2A,
opens the GATE to start the measurement, the STOP pulse occurring
later in time and received at channel B closes the gate to end the
measurement. Elapsed time between start and stop is measured by
counting the Time Base “clock” frequency while the gate is open.

The resolution of a conventional time interval counter (HP 5328A,
HP 5345A, etc.) is determined by its “clock” frequency. A clock fre-
quency of 1 MHz gives 1 µsec resolution, 100 MHz gives 10 ns resolution,
500 MHz gives 2 ns resolution and so on. Clearly, the elements within
the time interval counter (input amplifier, main gate, DCAs) must
operate at speeds consistent with the clock frequency; otherwise the
instrument’s resolution would be meaningless. Present state-of-the-art
limits resolution to about 2 nsec, although special techniques can
improve on this.

Figure  2. Measuring Time Interval with an Electronic Counter

Channel A

Channel B

Input Amp/Trigger

Input Amp/Trigger

Com Sep

Reset

Time Base 
"Clock"

Gate

On

Off

3

Start  
Input

Stop 
Input

Chan B 
Trig Level

ac 
dc

Slope 
Pos 
Neg

Period = 0.1µsec (10 MHz)

µsec

 

Other Controls Same  
in "B" Channel

+ 
Level 

–

50Ω 
or  

1Meg

Atten 
×1 
×10 
×20

2 5. 7

Electronic Totalizer
 Block Diagram for Basic Time  

Interval Counter 
 
   1. START and STOP trigger circuits 
       open or close a gate which in its 
       elementary form is merely an ON-  
       OFF switch connected between the 
       clock pulse source and the 
       electronic pulse counter. 
 
   2. The counted clock frequency is 
       typically 0.1 Hz to 100 MHz in 
       decade steps or 500 MHz each 
       derived from a crystal oscillator.

a.

A modern universal counter having  
2 ns Time Interval resolution for one 
shot measurements. It also does True 
Time Interval averaging for higher 
resolution.

b.

HP 5328A Opt. 40 General  
Purpose Counter

c.

Carmel instruments (BI-200)

Guidetech GT9000R

From Application Note 200-3

Agilent technologies 

12

Time interval is a two dimensional problem. The dimensionality of the
time interval measurements is illustrated by the simple example of
Figure 3, measuring signal rise time.

The time interval meter must generate a START signal at the 10 or 20%
amplitude point of the input signal and generate a STOP signal at the
80 or 90% point. Clearly this is different from the frequency or period
measuring case when the input triggers at the same point on the wave-
form from cycle-to-cycle of the input. Inherent in the time interval
measurement, therefore, is the dual dimensionality, amplitude and time.
It is this dimensionality that places much more stringent requirements on
the input amplifier-triggers than those necessary for the measurement of
frequency or period.

Any deviation from the selected trigger point because of circuit drift
degrades the accuracy of the measurement as the counter time base
“clock” will not be counted for the proper interval. Obviously, if the clock
used for timing the electrical events is not started or stopped at the right
moment, the measurement will be incorrect just as measurements made
with a stopwatch if it is not started or stopped at the right moment.

Figure  3.
Measuring the  rise
time tR by
adjusting the
trigger leve ls to the
10% and 90%
points of the  input
amplitude .

Stop

Start

V
0.9 V

0.1 V
tR
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Les	méthodes	de	calibra5on	sont	des	méthodes	varia5onnelles	:	
1. Installa6on	du	banc	de	mesure	(‘Calibrator’)	
2. Réglage	des	offsets,	mesure	des	stabilités	
3. Inser6on	de	l’élément	à	caractériser,	et	mesure	du	nouveau	délai	
4. Nouvelle	mesure	sans	le	nouvel	élément	(bouclage)

Calibration methods

Contribu5ons	à	l’incer5tude	systéma5que	des	délais	instrumentaux	par	
1. Effets	liés	à	la	température	
2. Tensions	de	référence	
3. Capacités	parasites	(connecteurs,	cables…)	
4. Maitrise	des	paramètres	expérimentaux	(AM/PM,	forme	des	signaux…)	
5. Problèmes	de	méthodologie	(répétabilité…)

Délai	de	propaga5on	
1. à	portée	local:	même	méthodes,	même	problèmes		
2. à	longue	portée	:	mesure	en	pra6que	d’un	aller-retour	

1. Hypothèse	de	chemin	réciproques	
2. Modélisa6on	de	la	propaga6on	(mul6-chemin…)	
3. Corréla6ons
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UTC(USNO) vs. UTC(USNO) from GPSDifferences for some UTCi

USNO = the US 
reference for 
GPS,
PTB = the 
German lab, 
possible for 
Galileo,
SU = the 
reference for 
GLONASS

Courtesy M. Weiss, NIST

Error Sources
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part 3+4 : Time and frequency transfer

Basic ideas

Satellite

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

Means to compare/disseminate clocks

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

Optical Fiber Link

Means to compare/disseminate clocks

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)
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Time	transfer	=	mastering	delays	
Instrumental	delays	
Propaga6on	delays	
Other…	(Sagnac	effect)

The	path	delay	AB	needs	to	be	determined.		
Hypothesis	

Celerity	of	the	waves	
Propaga6on	modeling	
Spa6al	coordinates	
Measure	a	6me	interval	at	B	side	

Applied	in	GPS	6me	transfer	method

Both	clocks	must	transmit	signals.	
Measure	the	Round	trip	6me	(RTT).	

One	way	delay	is	es6mated	as	half	of	the	round	trip	
value.	
Hypothesis	of	reciprocity.	

Applied	in	:	Two-Way	satellite	T&F	transfer,		
T&F	over	op6cal	fiber	links,	NTP,	PTP...

Time/Frequency transfer : basic ideas
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Time accuracy : basic ideas

Délai	=	Instrumental	+	propaga6on	
(+	effet	physique	lié	aux	différences	de	coordonnées)

Temps	:	la	coordonnée	de	temps	d’un	repère	espace-temps	
Mais	le	plus	souvent		
temps	=	délai	à	une	échelle	de	temps	de	référence	

Transfert	de	temps	=	transfert	d’un	signal	de	référence,	où	le	signal	reçu	en	un	point	B	à	
l’instant	t	a	un	délai	connu	par	rapport	à	l’échelle	de	temps	de	référence	localisée	en	A	à	
l’instant	t

Délai	instrumental	:	mesuré	(‘mal’	modélisé)	
Délai	propaga6on	:	mesuré	et/ou	modélisé	(avec	ajout(s)	de	nouvelles	données)

time

delay 

Reference time scale
signal

Intérêt des méthodes 
mode commun
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Time/Frequency dissemination nowadays

Courtesy M.-C.  Angonin
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part 3 : Free space methods 

Radio broadcast

GNSS

Advanced methods

TWSTFT

T2L2

Optical methods
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France Inter
Depuis	1977,	la	fréquence	162	kHz	transmet	un	signal	horaire	de	
référence	élaboré	à	par6r	d’horloges	atomiques	et	fournit	l’heure	
légale	française.		
Ce	service	est	largement	u6lisé	dans	des	secteurs	clés	de	l’industrie	
française	pour	synchroniser	plus	de	200	000	horloges.	

Antenne d’Allouis
http://100ansderadio.free.fr/
HistoiredelaRadio/_Centre/
Allouis.html

D	:	DCF77	(77.5	kHz),	depuis	1959	
F	:	France-Inter	(162	kHz)	depuis	juillet	1980	

http://www.datelec.fr/signaux_horaires/p0.htm

http://100ansderadio.free.fr/HistoiredelaRadio/_Centre/Allouis.html
http://www.datelec.fr/signaux_horaires/p0.htm
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France Inter
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Satellite methods

GPS : C/A, CV, all-in-view, CP, PPP…

99th Meeting of the CIPM, 13 October 
2010

4

Bureau International des Poids et Mesures

Sat2

AUS

Sat1

PTB

Sat1PTB

NICT

Measure with each clock a common external signal: 
GNSS

Each station measures 
• (Local clock – Satellite clock)

Then two solutions
• Common-view

UTC(PTB)-UTC(NICT) = [UTC(PTB)-Sat1] - [UTC(NICT)-Sat1]

• All-in-view

UTC(PTB)-UTC(AUS) = 
[UTC(PTB)-Sat1] - [UTC(AUS)-Sat2] + [Sat1-Sat2]

with [Sat1-Sat2] provided by external global analysis

Bureau International des Poids et Mesures 8

GNSS time transfer

•Calibrated receivers
•Common-views / all-in-view
•Corrections for the orbital 
motion of the satellite
•Signal propagation delays

• Ionosphere
• Troposphere

•Quasi continuous observations
•Environmental conditions limit 
the performance of multi-
channel receivers

single-channel, single 
frequency

multi-channel, single 
frequency

multi-channel, dual 
frequency

Uncertainty improves

Courtesy F. Arias, BIPM

Multi-satellite 
constellation

GPS
Galileo
Glonass
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)

ACES: Atomic Clocks on  the ISSACES: Atomic Clocks on  the ISS

PHARAO H-MASER

Proposal to ESA: 1997
PHARAO: CNES

Launch: 2013

•Référence de temps spatiale
•Validation des horloges spatiales
•Tests de physique fondamentale

Satellite methods : corrections
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Effet relativiste

● Relation temps propre / temps coordonnée

● Alors on a un décalage en fréquence :

Relativistic corrections
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NAVSTAR GPS NTS-2 (1977)

Buisson et al., Initial results of the NAVSTAR GPS NTS-2 satellite, PTTI proceedings

- effet relativiste = décalage gravitationel (« redshift ») + effet Doppler 
du second ordre = 38,5 µs @ 1d = 11,6 km @ 1d

Relativistic corrections seen by Navstar GPS TS-2 (1977)
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GPS commercial receivers
Oscilloquartz 5201 (ADVA)

Jackson Labs.
Fury

Quartzlock

Septentrio

Ph
as

e 
di
ff 

(n
s)

MJD
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GPS commercial receivers
Oscilloquartz 5201 (ADVA)

Jackson Labs.
Fury

Quartzlock

Septentrio

Ph
as

e 
di
ff 

(n
s)

MJD
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Annual Differential Delay Between Two 
Different Models, Same Manufacturer

Satellite methods : what could limit the uncertainty ?

Courtesy M. Weiss, NIST
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“Best” Error Budget
Peak Values
• UTC as the reference source – if multiple constellations are allowed

• Different labs produce different real-time UTCi …………… 30 ns
• Note this value can be reduced if differences are transmitted as in the GPS-

Gallileo Time Offset (GGTO) ………………………………… 5 ns
• UTC from GPS minus UTC(USNO) ………………………… 10 ns

• System calibration by manufacturer 
• Total change …………………………………………………… 5 ns/4 years

• User calibration issues
• All of these are < 1 ns if done well

• Antenna coordinates
• User time reference delay
• Possible change of antenna cable
• Disciplining oscillator

• Multipath ………………………………………………………… 5 ns

Satellite methods : what could limit the uncertainty ?

Courtesy M. Weiss, NIST
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© P. Bosser, GNSS

Les systèmes d'augmentation SBAS 
(Satellite Based Augmentation System)

● Amélioration du système de positionnement par l'utilisation 
d'informations complémentaires aux observations classiques:

 Performance → ~ 1 - 2 m

 Disponibilité → échelle d'un continent ou d'un pays

 Fiabilité → message d'intégrité

Principe de fonctionnement: 
WADGNNS (Wide Area 
Differential GNSS) → voir cours 
sur les signaux

- réseau de stations GNSS au sol
- corrections transmises à un 
satellite (souvent géostationnaire)
- puis retransmises aux 
utilisateurs aux sol

Ways to improve further
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Les systèmes d'augmentation SBAS

Wikipedia

SBAS
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Satellite methods

14

IGS CONTRIBUTING
TIMING CENTERS

IGS
Site

Time
Lab

Freq. Std. Location

AMC2 AMC H-Maser Colorado Springs, CO USA

BOR1 AOS Cesium Borowiec, Poland

BRUS ORB H-Maser Brussels, Belgium

IENG IEN Cesium Torino, Italy

KGN0 CRL Cesium Koganei, Japan

MDVJ VNIIM H-Maser Mendeleevo, Russia

MIZU NAO Cesium Mizusawa, Japan

NISU NIST H-Maser Boulder, CO USA

NPLD NPL H-Maser Teddington, UK

NRC1 NRC H-Maser Ottawa, Canada

NRC2 NRC H-Maser Ottawa, Canada

OBE2 DLR Rubidium
Oberpfaffenhofen,
Germany

OPMT OP H-Maser Paris, France

PENC SGO Rubidium Penc, Hungary

PTBB PTB H-Maser Braunschweig, Germany

SFER ROA Cesium San Fernando, Spain

SPT0 SP Cesium Boras, Sweden

SYDN NMI Cesium Sydney, Australia

TLSE CNES Cesium Toulouse, France

TWTF TL Cesium Taoyuan, Taiwan

USNO USNO H-Maser Washington, DC USA

USN3 USNO H-Maser Washington, DC USA

WAB2 CH H-Maser Bern, Switzerland

WTZA IFAG H-Maser Wettzell, Germany

WTZR IFAG H-Maser Wettzell, Germany

IGS High Performance Clocks

rubidiums (27)

masers (54)
cesiums (32)

time lab stations (25)

en
 d

év
el

op
pe

m
en

t
ex

is
ta

nt
s
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Satellite methods : more advanced methods

dBA

dAB

Time Interval
Counter

Time Interval
Counter

Time difference

Clock A

tA

Clock B

tB

Calcu
lated

Calib
rated

Calibrated/Calc

R(A) = tA - tB +dBA R(B) = tB - tA +dAB

R(A)-R(B) = 2 (tA - tB) + (dBA - dAB)

From D. W. Hanson, 43rd Annual Frequency Control Symposium, pp. 174-178, 1989



D i s t r i b u t i o n / T r a n s f e r t  t e m p s
A N F  D A Q  -  F r e j u s ,  N o v e m b e r  1 3 ,  2 0 1 8

1E-17

1E-16

1E-15

1E-14

1E-13

1E+0 1E+1 1E+2 1E+3 1E+4 1E+5

Common-clock, 0 km

SYRTE-PTB, 700 km

NICT-PTB, 9000 km

M
od

ifi
ed

 A
lla

n 
de

vi
at

io
n

Averaging time [s]

Two way satellite time transfer: Carrier Phase (state-of-the-art)

Fujieda, M. et al., Metrologia 51, 253–262 (2014).



D i s t r i b u t i o n / T r a n s f e r t  t e m p s
A N F  D A Q  -  F r e j u s ,  N o v e m b e r  1 3 ,  2 0 1 8

T2L2 (optical method)

P Exertier et al

1398

delay calibrations of FTLRS while installed at OP is below 
23 ps, in line with the estimated uncertainties.

The propagation of a high precision 1 PPS reference signal 
requires an ultra stable distribution between the reference 
clock and the SLR station. Considering a thermal gradient in 
the range of 20 K, the total delay in the cables can vary up to 
200 ps which is significant for the campaign target. As a result 
of technological research and development, an ultra stable 
time signal generator SigmaTime STS201 was designed, the 
repeatability error of which is better than 1 ps rms for the 1 
PPS distribution [18]. During the campaign, one STS instru-
ment was installed in OCA and another in OP, in order to con-
tinuously measure the propagation delays ( tS( )ε , at each site S)  
in the ground cables. A series of data have been acquired 
in both sites, with a 20 s sampling period. As can be seen in 
figure 1 there is a peak to peak difference between OCA and 
OP of about a factor 3, but both data sets follow a similar 
longer term fluctuation, almost certainly a weather dependent 
behaviour despite the distance between the stations. There is 
heating by sunlight during the day and the air gradually cools 
overnight. The larger variation observed in OP data seems 
primarily due to the fact that a part of the cable run was out-
side on the roof exposed to this temperature effect, indicating 
that the protection around these cables was not sufficient for 
measurements at ps level. The peak to peak variation in OCA 
does not exceed 60 ps over 60 d. These measurements were 
injected in the data processing in order to slightly correct each 
ground-to-space link, and this is done just before the ground-
to-ground time transfer computation [7].

4. Direct comparison between both techniques

During the comparison period, all GPS stations operated 
almost continuously. By using the offsets between remote 
time scale reference points obtained from the GPS calibra-
tion campaign, the time differences between the time scales 
have been computed by GPS CV for the three links OCA–OP, 
OCA–SGF and OP–SGF. The classical GPS CV are 16 min 
sampled. But we also computed a filtered GPS time transfer 
by a moving average over 13 consecutive CGGTTS CV 
epochs. This provides 16 min sampled 3.5 h averaged points 
exhibiting a lower noise, the averaging period having been 
chosen in order to avoid smoothing out artificially any real 
physical effects included in the data.

In contrast to this continuous GPS CV data set, the T2L2 
normal points provide the time differences between two 
remote time scales at epochs depending on the satellite path 
and available laser ranging triplets [8].
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Figure 1. Monitoring of the time variations (in ps) of signals in 
ground cables from the SLR station to the local clock distribution 
reference point at OP (in red: FTLRS 7828) and in OCA (in black: 
MeO 7845), based on Sigma Time STS time signal generators. The 
correlation between plots is almost certainly due to similar weather 
conditions despite the distance between both stations.

-20

-15

-10

-5

 0

 5

 10

 15

 20

 56555  56560  56565  56570  56575  56580  56585  56590  56595  56600

[T
(O

P
)-

T
(O

C
A

) 
-Q

f(
T

-5
65

58
)]

 / 
ns

MJD

Parametres: a0 = 6061.7    a1 = 17.52     a2 = 0.001885

GPS-CommonView
GPS-CV-average

T2L2

Figure 2. Time differences between time scale reference points 
in OCA and in OP with a quadratic fit removed: green continuous 
noisy line is for GPS CV, red smoothed continuous line is for GPS 
CV filtered by a moving average over 13 samples, and blue squares 
are for T2L2.

-15

-10

-5

 0

 5

 10

 15

 20

 25

 56500  56520  56540  56560  56580  56600

[T
(S

G
F

)-
T

(O
C

A
) 

-Q
f(

T
-5

65
58

)]
 / 

ns

MJD

Parametres: a0 = 969       a1 = 10.14     a2 = 0.024

GPS-CommonView
GPS-CV-average

T2L2

Figure 3. Time differences between time scale reference points in OCA 
and in SGF with a quadratic fit removed: green continuous noisy line is 
for GPS CV, red smoothed continuous line is for GPS CV filtered by a 
moving average over 13 samples, and blue squares are for T2L2.

Table 1. T2L2 calibration values (in ps) of the SLR system on each 
geodetic site involved during the campaign.

Calibration CCal (ps) Uncertainty (ps) Date

OCA 236 601.46 33.9
SGF 195 837.46 34.9 2013-10-22
OP 
(FTLRS)

203 343.54 33.5 2013-09-17

203 366.46 34.2 2013-10-24
GOW 10 575.2 50.0 2013-02-26
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For each link, we have plotted both GPS CV time transfer 
results, together with the T2L2 results. For clarity of the 
 figures, an additional quadratic fit was also removed, in 
order to take into account the H-maser differential drifts: the 
parameters a0, a1 and a2 of the fit a a t a t0 1 2

2+ +  are provided 
inside each figure. Figure 2 shows such time scale differences 
derived from both techniques on the link OCA–OP: the higher 
jitter continuous green line shows the GPS CV 16 min sam-
pled time transfer, the smoothed continuous red line shows the 
additionally 3.5 h averaged GPS CV time transfer, and the blue 
squares are the T2L2 time differences. Similarly, figures 3 and 
4 show the time scale differences on the links OCA–SGF and 
OP–SGF, respectively. Note that in the plots including OCA, 
the shape of the curves is due to the manual steering of the 
H-maser in order to keep the local time scale close to UTC. 
One can see that there are only a relatively small number of 
T2L2 points on the plots. This is mostly due to the fact that 
T2L2 is weather dependent, but also to some technical issues 
which limited the measurements for some links. The largest 
number of common points were obtained for the OCA–SGF 
link compared to those including OP, this simply related to the 
relative volume of laser ranging data obtained by the 3 partici-
pating stations. But we also see that the discrepancy between 
the independently calibrated techniques remains remarkably 
small over the whole campaign period for all links.

GPS CV analysis produces 16 min sampled time scale 
differences which are not necessarily synchronous with any 
T2L2 normal point epochs. For the computation of the differ-
ences between techniques, two adjacent raw GPS CV points 
have been interpolated to produce one GPS CV result syn-
chronous with the corresponding T2L2 normal point epoch. 
Figures 5–7 show the deviations between techniques for the 
links OCA–OP, OCA–SGF and OP–SGF respectively. The 
combined uncertainties were computed by building a simple 
quadratic sum between the GPS CV link uncertainties given 
in [15], and the ground to ground T2L2 uncertainty given 
in [10]. We obtain 1.1 ns for OCA–OP and OCA–SGF, and 
0.8 ns for OP–SGF. When properly calibrated, the two tech-
niques are measuring the same time deviations between 
remote time scale reference points, hence the difference is 
expected to be close to zero. What the results indicate is the 
remarkable consistency between GPS CV and T2L2 tech-
niques. Almost all time differences sampled are close to  
0 ns within the combined uncertainties. In addition, we do 
not detect any significant trend nor periodic term, even when 
considering the OCA–SGF link with its greater quantity of 
data.
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Table 2. Mean values of the time differences between GPS CV and 
T2L2.

Link
Number 
of points

Mean  
values (ns)

Std deviations (ns)
Combined  
uncertainty 
(ns)

Raw 
GPS CV Filtered

OCA–
OP

12 0.24 0.48 0.25 1.1

OCA–
SGF

42 0.09 0.49 0.37 1.1

OP–
SGF

5 0.10 0.32 0.32 0.8
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Figure 5. Differences between time transfer obtained from GPS 
CV and T2L2 on the OCA–OP link, the error bars showing the 
estimated combined uncertainty of about 1.1 ns.
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For each link, we have plotted both GPS CV time transfer 
results, together with the T2L2 results. For clarity of the 
 figures, an additional quadratic fit was also removed, in 
order to take into account the H-maser differential drifts: the 
parameters a0, a1 and a2 of the fit a a t a t0 1 2

2+ +  are provided 
inside each figure. Figure 2 shows such time scale differences 
derived from both techniques on the link OCA–OP: the higher 
jitter continuous green line shows the GPS CV 16 min sam-
pled time transfer, the smoothed continuous red line shows the 
additionally 3.5 h averaged GPS CV time transfer, and the blue 
squares are the T2L2 time differences. Similarly, figures 3 and 
4 show the time scale differences on the links OCA–SGF and 
OP–SGF, respectively. Note that in the plots including OCA, 
the shape of the curves is due to the manual steering of the 
H-maser in order to keep the local time scale close to UTC. 
One can see that there are only a relatively small number of 
T2L2 points on the plots. This is mostly due to the fact that 
T2L2 is weather dependent, but also to some technical issues 
which limited the measurements for some links. The largest 
number of common points were obtained for the OCA–SGF 
link compared to those including OP, this simply related to the 
relative volume of laser ranging data obtained by the 3 partici-
pating stations. But we also see that the discrepancy between 
the independently calibrated techniques remains remarkably 
small over the whole campaign period for all links.

GPS CV analysis produces 16 min sampled time scale 
differences which are not necessarily synchronous with any 
T2L2 normal point epochs. For the computation of the differ-
ences between techniques, two adjacent raw GPS CV points 
have been interpolated to produce one GPS CV result syn-
chronous with the corresponding T2L2 normal point epoch. 
Figures 5–7 show the deviations between techniques for the 
links OCA–OP, OCA–SGF and OP–SGF respectively. The 
combined uncertainties were computed by building a simple 
quadratic sum between the GPS CV link uncertainties given 
in [15], and the ground to ground T2L2 uncertainty given 
in [10]. We obtain 1.1 ns for OCA–OP and OCA–SGF, and 
0.8 ns for OP–SGF. When properly calibrated, the two tech-
niques are measuring the same time deviations between 
remote time scale reference points, hence the difference is 
expected to be close to zero. What the results indicate is the 
remarkable consistency between GPS CV and T2L2 tech-
niques. Almost all time differences sampled are close to  
0 ns within the combined uncertainties. In addition, we do 
not detect any significant trend nor periodic term, even when 
considering the OCA–SGF link with its greater quantity of 
data.
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Table 2. Mean values of the time differences between GPS CV and 
T2L2.
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of points

Mean  
values (ns)

Std deviations (ns)
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Raw 
GPS CV Filtered

OCA–
OP

12 0.24 0.48 0.25 1.1

OCA–
SGF

42 0.09 0.49 0.37 1.1
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SGF
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physics. For instance, T2L2 is able to calibrate and validate the 
best available microwave time transfer techniques [4, 5] and 
will be able to compare the time transfer systems embedded 
on the new mission ACES (Atomic Clock Ensemble in 
Space) that will be launched on the ISS (International Space 
Station) in 2017 [6]. The possibilities given by an accurate 
time transfer between remote clocks is also of interest for the 
search for a potential anisotropy of the speed of light [7] or for 
the validation of one-way laser ranging for some future tests 
involving solar orbit [8, 9]. All these scientific objectives rely 
on a rigorous uncertainty budget for the whole experiment that 
is governed by the characteristics of both the space instrument 
and the laser stations network, as well as the calibration pro-
cess used on the ground.

In section  2 we give a brief description of the whole 
instrumentation (ground and space) involved in a T2L2 time 
transfer. In sections  3 and 4, we describe the time transfer 
equations  for both the ground to space and the ground to 
ground links. Then, from these equations, we give in section 5 
the uncertainty budget of a typical T2L2 time transfer.

2. Instrumentation

The ground-level part of the T2L2 time transfer is based on 
the international laser station network [10]. This gathers data 
from more than 40 laser ranging stations over the world and 
is driven by the International Laser Ranging Service (ILRS) 
which provides global satellite and lunar laser ranging data to 
support research in many scientific domains such as geodesy, 
geophysics, lunar science, and fundamental physics.

A typical laser station is composed of the following ele-
ments (figure 1):

10 MHz). From this frequency reference a numerical 
divider generates a one pulse per second signal (PPS) for 
timescale purposes. For laser ranging, this clock is used to 
measure the time interval between the start and the return; 
for T2L2, it is the clock which has to be synchronized.

a rate of between 10 Hz and 2 kHz. The wavelength is 

usually 532 nm and the full width at half maximum is 
between 50 ps to 200 ps.

stations have the same telescope for both transmission 
and reception, while others have two distinct apertures.

output of the laser.

reflected by the satellite.

tag the electrical pulses of both start tE and return tR detec-
tors. The time setting of the event timer is carried out at 
the first initialization with the PPS signal delivered by the 
clock of the time and frequency standard laboratory.

The T2L2 space equipment is an instrument able to time 
with picosecond resolution the arrival of all laser pulses 
arriving from the laser stations. It comprises a photo-detection 
device and an event timer. This equipment is associated with 
an ultra-stable quartz oscillator used as the T2L2 onboard 
clock and a retro-reflector array. These two components are 
used by T2L2 but are not integral to T2L2: the oscillator is the 
frequency reference of the DORIS System [11] and the LRA 
is used for satellite laser ranging (figure 2).

The photo detection device includes two avalanche pho-
todiode photo detectors. One of them works in a nonlinear 
mode for time tagging purposes [12], the other works in a 
linear mode to trig the non linear detector and to measure the 
received laser energy. The most important function of the non-
linear photo detector is to generate an electrical pulse from 
a very low level of light. The propagation delay inside the 
photo detector depends on the photon number. To avoid the 
temporal noise that would be introduced by an uncontrolled 
energy variation of the laser pulse (atmosphere, pointing error, 
laser variation and so on) this internal delay is compensated 
for. This is achieved with the linear photo detector giving the 
energy received. This energy together with the arrival time 
is recorded in real time onboard and downloaded to ground 
every two hours. The compensation for the internal delay of 
the detector is achieved by means of a post treatment process 
[13, 18]. The laser energy received at the satellite plane is sent 
to the photo-detectors through two distinct optics assemblies. 

Figure 1. Simplified scheme of a typical laser station. Time and frequency equipments are generally located in a dedicated laboratory.
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Optical combs

and

DTB(t) = DTPath(t)− DTAB(t)

for sites A and B, respectively, where DTPath is the cumulative
change in the one-way time-of-flight between sites (assumed iden-
tical for each direction because of the reciprocity of single-mode

links25,26), and DTAB, the quantity of interest, is the cumulative
timing difference between the clock and oscillator at site A and
site B. Both DTPath and DTAB are assumed to vary slowly over t0.
The two-way time difference is DTAB¼ (DTA 2 DTB)/2. Note that
measurements at only n¼ 0 and n¼N are sufficient to find
DTAB(t), provided the combs remain continuously phase-locked
to the optical oscillator.
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the integrated turbulence from ground to satellite is similar to that
across this 2 km link, additional issues arise in satellite-based optical
TWTFT. For example, longer delays tax the reciprocity condition;
large Doppler shifts and platform displacements must be handled;
and a coherent link must be maintained, even if intermittently.
Fortunately, satellite-based optical communications is an active
area of development21,26,31. The optical TWTFT demonstrated
here is compatible with these advancements, and a marriage of
the two could usher in new possibilities in ultraprecise and accurate
global time–frequency distribution, global geodesy and satellite-
based experiments on general relativity.

Methods
The experimental set-up at each site followed previous comb-based ranging
arrangements22 (Supplementary Figs S1, S2). The surrogate common optical clock
was realized by a pair of continuous-wave (c.w.) fibre lasers at 192.1 THz and
195.3 THz, which were separated by !3.2 THz and phase-locked to the same high-
finesse (F ≈ 180,000) optical cavity. The two 100 MHz femtosecond erbium-fibre
lasers were phase-locked with identical radiofrequency offsets to this pair of lasers,
but such that one comb had 31,846 teeth and one had 31,847 teeth spanning the
3.2 THz, yielding a repetition rate difference of Dfr ≈ 3 kHz. The phase noise on the
four phase locks, integrated from 10 Hz to 10 kHz was below 1 rad.

Relative timing jitter due to phase-lock noise is indistinguishable from a clock
time-base difference and is therefore included in DTAB. Carrier-frequency noise
combined with differential chirp between the two combs causes excess measured
timing jitter. We therefore compensated the dispersion of the 350 m of single-mode
fibre with 150 m of dispersion-compensating fibre (DCF). (This effect is illustrated
by the elevated white noise floor of the fibre-noise PSD, shown as the light blue trace
in Fig. 3, which was acquired without DCF.)

The interferograms between the pulse trains were detected with a commercial
100 MHz balanced detector, low-pass-filtered at 50 MHz, and digitized at 12 bits
synchronously with the local comb’s repetition rate. The 512 samples across the
centreburst of the interferograms were saved, together with the received intensity
and steering-mirror correction signals.

Signal processing of the interferograms was accomplished in the spectral domain
(Supplementary Discussion.) Each interferogram acquired at time t was Fourier-
transformed with respect to equivalent time to determine its spectral phase u(n, t)
versus optical frequency n. An interferogram near the start served as the reference,

u(n, 0). The slope of the difference, u(n, t) 2 u(n, 0), is equal to þ2pDTA(t) (or
22pDTB(t)). The slope is only extracted if the signal-to-noise ratio is sufficient to
guarantee correct phase unwrapping of u(n, t).
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Figure 4 | Precision (residual Allan deviation) and offset of the optical TWTFT, evaluated over multiple data sets covering 24 h of acquisition.
a, Residual modified Allan deviation MDEV for optical TWTFT (solid squares), calculated from DTAB, is well below the instabilities of state-of-the-art optical
clocks (shaded region)1,11–15,17 and lies directly on the modified Allan deviation for a shorted path (red dashed line). The overlapping Allan deviation at 100 ms
averaging (open squares) corresponds to two isolated 100 ms measurements at the start and end of the time interval and exhibits similar performance. In
contrast, the modified Allan deviation for one-way transfer (open triangles), calculated from DTA, is significantly higher and limited by path-length
fluctuations. b, Timing deviation TDEV = t/

!!
3

√( )
MDEV of optical TWTFT. c, The fractional offset, or bias, across 11 data sets (squares labelled by start time

and duration) has a weighted average (solid line) of 1.8× 10219+2.1 × 10219, consistent with zero as expected for the common clock (and well below the
accuracy of the best optical clocks). The uncertainty per point is estimated at 7 × 10219 assuming a flat Allan deviation at integration times beyond 2,000 s.
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4 km link

Works also with drones !
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30 years of improvements
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part 4 : Fiber Links

Introduction

Classification of links

Review of methods

PTP, WR-PTP

ELSTAB

‘Pure’ Optical

Fundamental and technical limits

Review article
O. Lopez et al., Comptes Rendus Physique, 16 (5), pp. 459-586 
(2015) 
Suggested focus on :
P. Krehlik, et al.; Metrologia, 52 , pp. 82-88, (2015)
Parker et al., 53,(35),8157-8166 (2014)
G. Marra et al., 20 (2),1775-1782 (2012)

https://www.osapublishing.org/ao/issue.cfm?volume=53&issue=35
https://www.osapublishing.org/oe/issue.cfm?volume=20&issue=2
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▪ Widely	used	for	telecommunica6ons	since	30	years	

▪ Op6cal	waves	are	guided	inside	the	op6cal	fibers	(velocity	~c/n)	

▪ Monomode	propaga6on	if			

▪ Very	low	losses,	minimum	aÑenua6on	0.2	dB/km	at	1.55	µm	

▪ Very	low	dispersion	:	17	ps/(km.nm)	at	1.55	µm

Cladding	(glass):	surrounding	zone	
with	(a	liÑle)	lower	index	n2,	typical	
diameter	125	µm	

Core	(glass)	:	central	zone	with	higher	
op6cal	index	n1,	where	most	of	the	
light	propagates,	diameter	2a	≤10µm

Also	:	jacket	to	protect	the	fiber

2 2
1 2

2 2.4aV n nπ

λ
= − <

Optical fiber
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Attenuation

https://www.fiberoptics4sale.com/blogs/archive-posts/95052294-optical-fiber-attenuation

https://www.fiberoptics4sale.com/blogs/archive-posts/95052294-optical-fiber-attenuation
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Spectral sharing

http://www.fowiki.com/b/understand-fiber-attenuation/
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▪ Propaga6on	noise	(also	for	RF	transfer)	
– Fiber	op6cal	length	n L	(index	x	length)	varies	with	

acous6cal	and	thermal	fluctua6ons	
– This	induces	phase	fluctua6ons	and	therefore	frequency	

fluctua6ons	
– This	propaga6on	noise	is	quite	low	but	has	to	be	corrected	

for	metrological	applica6ons

Noise

4.6. A long haul telecommunication span White Rabbit link 97

From Fig. 4.31 we notice that WR attains a frequency stability of about 2 ⇥ 10�14

in about one hour of measurement time whereas the GPS systems reach the same
level of performance after averaging down for more than a month. Such impressive
short term performance of WR would be greatly advantageous for the application
of Certification of local oscillators, with the user benefiting from just few hours of
calibration time.

4.6.3 Time stability performance

The time interval data for the 500 km stage is presented as the blue trace in Fig. 4.32
for fifteen days of consecutive measurement. The peak to peak fluctuations are of
about 2.5 ns. These time fluctuations show some limitation for the accuracy and for
the stability performance.

FIGURE 4.32: Top: Free running phase fluctuations calculated from
the temperature fluctuations of the experimental room (constant off-
set removed for both), and the Slave ZEN phase fluctuations (blue
trace). The blue trace is zoomed in the bottom figure. We observe a

compression factor of about 20.

Fig. 4.32 also displays the temperature fluctuations of about 2 K over the same
fifteen days of measurement. As described in Section 4.2.4, we calculate the free run-
ning phase fluctuations from the temperature fluctuations for a link length of 500 km
and they are presented as the black trace in Fig. 4.32. We observe peak to peak free
running phase fluctuations of about 45 ns over fifteen days of measurement.

Delay	fluctua6ons	are	correlated	with	temperature	:
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Classes of fiber links

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

• One	way:	Unstabilized	(affects	stability	and	accuracy)

• Bi-direc6onal	or	uni-direc6onal	(affects	the	correla6ons)	
• Analog	or	digital	(affect	the	scalability)
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▪ RF or MW transfer (100 MHz to 10 GHz) 
– Amplitude modulation of the optical carrier

LO 100 MHzRef 100 MHz

100 MHz
Laser 1.55 µm PLLAM

Laser 1,55 µm

Laser 1.55 µm
PLL

Optical fy reference

servo

2 classes of experiments

▪ Direct transfer of an optical frequency 
– Well-suited to optical clocks comparison 

Digital

Analog

LOData

Laser 1.5 µm PLLAM

DataLO
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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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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 
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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 
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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. 
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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 
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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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TELECOM STRATUM HIERARCHY

PRIMARY REFERENCE STANDARD

DIGITAL SWITCHING CLOCK

DSC

CHANNEL BANK END USER MUX

STRATUM 1

STRATUM 2

STRATUM 3

STRATUM 4

SYNCHRONOUS NETWORK
FREE RUNNING ACCURACY

DIGITAL SWITCHING CLOCKDIGITAL SWITCHING CLOCK

111 10−± ×

81.6 10−± ×

64.6 10−± ×

632 10−± ×

Massive multi-user : hierarchical links
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PTP2.2. Introduction to WR-PTP 23

FIGURE 2.1: PTP two way messsage exchange mechanism [36].

where dMS = dSM for symmetric path delays and the other terms represent the dif-
ference in instrumental delays (transmission (Dtxm/s) and reception (Drxm/s) of the
Master and the Slave.

The messages are exchanged often to maintain synchronization depending upon
user requirements. One of the limitations of typical PTP implementations is that
it utilizes free-running oscillators in each node, which leads to an increasing time
drift between the Master and Slave unless the message exchange and calculation of
d happen repeatedly. PTP does support frequency transfer between the nodes but is
dependent on the Sync message rate. Even if there is such a continuous exchange of
messages, the time bases will drift during the time interval between two calculations
of d. Thus the ideal case would be to syntonize the Slave clock to the Master clock in
order to eliminate the error arising due to the different clock rates of the Master and
the Slave. Another limitation is that the minimal attainable clock offset is limited by
the resolution of the timestamps.

PTP	accounts	for	instrumental	asymmetries.	

Round	trip	6me	(RTT)	=	(t2−t1)	+	(t4−t3)		

Clock	offset		=		t2	−	t1	+	δMS		

In	case	of	asymmtery	(δMS	≠	δSM	):	

error		=	(δMS	−δSM	)	/2	
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PTP

Results	from	test	set-up	using	M1000	units

Test	set-up:	A	master	M1000	unit	with	a	1PPS	and	NTP	
reference	from	UTC(NPL)	transmi,ng	PTP	to	a	slave	M1000	
unit	over	two	50km	fibre	spools	with	long	range	SFPs.

1 PPS 
NTP

Master Slave

TIC

Courtesy E. Laier-English
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WR-PTP

26 Chapter 2. Introduction to White Rabbit Precision Time Protocol (WR-PTP)

time interval counter.

This analog downconversion process can be converted into digital domain pre-
sented in Fig. 2.4 [54]. The flip flops replace the mixers in analog domain, and per-
form the sampling operation. A phase locked loop (PLL) is utilized to generate the
offset clock from one of the input signals. The frequency of the offset clock is very
close to the input signals and the flip flops sample the input signals with this off-
set clock, thus producing low frequency output signals. The deglitcher removes the
glitches and the phase difference between the input signals is measured as a time
interval by a time interval counter. The Digital DMTD provides good resolution
and linearity and can be easily implemented inside an FPGA with only one external
component - the oscillator for generating the offset frequency.

FIGURE 2.4: Schematic of a digital DMTD phase detector [54].

2.3 A typical White Rabbit Network

A typical White Rabbit network consists of White Rabbit switches and White Rab-
bit nodes interconnected by fiber or copper links supporting coexistence of regular
and timing data, as displayed in Fig. 2.5. It can be visualized into layers. A White
Rabbit network is hierarchical for synchronization with a tree topology, with the top
most layer consisting of the System timing master or the Grandmaster White Rabbit
Switch as it is referenced to external clock signals from an atomic clock or a GPS re-
ceiver. The second layer consists of Slave White Rabbit switches configured as a PTP
Boundary clock. And the last layer consists of the single port White Rabbit nodes
analogous to PTP ordinary clock. Each of the switches/nodes synchronize their lo-
cal oscillators to the reference timescale.

A White rabbit network is a standard Ethernet network for regular data follow-
ing a flat structure (whereas it is strictly hierarchical for timing data). Any node can
send and receive packets from other nodes.
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FIGURE 2.6: A White Rabbit link delay scheme [54].

During the clock adjustment process,the local oscillator of the Slave is locked to
the recovered clock by the SoftPLL as depicted later in Fig. 2.16 and a variable delay
phases is introduced which allows a fine adjustment of the Slave oscillator’s phase.

The phases is the phase shift obtained from the clock offset computed from the
PTP message exchange and the precise measurement of phasemm. This process can
be described by two subparts: Initial synchronization which determines the clock
offset and phases followed by the Phase tracking process which maintains the syn-
chronization by tracking the phasemm and adjusts the phases accordingly.

The following subsections describe the different steps in detail for the White Rab-
bit syntonization and synchronization process.

2.4.1 Syntonization

The first step is the establishment of a syntonized White Rabbit link carried out by
Sync-E [54]. When the Slave is connected to the Master by a physical link (optical
fiber), the Master sends an Announce message in search of a WR Slave and the WR
Slave responds with a Slave_present message. If the Slave is not a WR device, then
the syntonization process is terminated. Once the Master identifies a WR Slave at
the other end of the link, it sends a Lock message and the Slave in response starts
the clock recovery PLL and responds with a Locked message. Thus both the Master
and the Slave clocks are at the same frequency but have different phases, so the
syntonization is followed by a precise synchronization process.

2.4.2 Link Delay measurement

The White Rabbit synchronization process is based on two types of delay measure-
ment for calculating the link delay as follows:

1. Coarse delay measurement

It is based on the two way message exchange mechanism of the PTP as de-
scribed in Section 2.2.1. The two step message exchange process provides the
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device providing 18 ports supporting both the Small form factor pluggable (SFP)
optical transceivers connectors and copper connections, as displayed in Fig. 2.10.
Each of the ports can be configured as a Slave, which receives time and frequency
reference from the upper layer of the network or as a Master, which propagates the
timing to the other switches or nodes in the underlying layer of the network. The
WRS has two reference input connectors for 10 MHz and one pulse per second (PPS)
signals from a Cesium atomic clock or a GPS Receiver and two output connectors
for a Clock out and a PPS output.

FIGURE 2.10: A White Rabbit Switch (WRS) [58].

The WRS can be configured in one of the three modes:

• Grandmaster mode: In this mode, the WRS locks its internal local oscillator to
the external 10 MHz and PPS reference signals. The Grandmaster WRS is the
System timing Master of the White Rabbit network.

• Boundary clock (BC) mode: In the BC mode, the WRS serves as a Slave syn-
chronized to the system timing master/Master of the White Rabbit network.

• Free running master mode: In this mode, the WRS utilizes its internal local
oscillator as the reference clock.

We acquired four White Rabbit switches manufactured by Seven Solutions, two
switches are from the hardware version 3.3 and other two are with the new hardware
version 3.4. The 3.3 version WRS provides an output clock at 62.5 MHz whereas the
new 3.4 version provides two clock outputs at 62.5 MHz and 10 MHz.

2.7.2 The White Rabbit Nodes

There are two types of WR nodes as follows:

1. White Rabbit Simple PCI express Carrier (SPEC) board hosts the White Rab-
bit PTP core (WRPC) responsible for the synchronization task and can hold

G. Daniluk,(CERN). Nuclear Instruments and Methods in Physics Research 725, 187–190 (2013).

Synchronous Ethernet (SyncE)
Layer-1	syntoniza6on	
A	common	frequency	reference	for	the	en6re	
network	
All	nodes	of	the	network	are	locked	to	the	
frequency	of	the	System	6ming	master	

Digital Dual Mixer Time 
Difference (DDMTD)
Precise	phase	measurement		
A	phase	compensated	clock	signal	for	the	slave

Asymmetry compensation
Sources	of	propaga6on	asymmetry	in	a	White	Rabbit	link:	

Chroma6c	dispersion			
Unequal	fiber	lengths	

‘Sta6c’	correc6on	of	propaga6on	asymmetry	possible	with	WR.



D i s t r i b u t i o n / T r a n s f e r t  t e m p s
A N F  D A Q  -  F r e j u s ,  N o v e m b e r  1 3 ,  2 0 1 8

Results	from	test	set-up	using	White	Rabbit
Test	set-up:	A	grandmaster	WRS	unit	with	a	1PPS	
and	10	MHz	reference	from	UTC(NPL)	
transmi,ng	WR	to	a	master	WRS	unit	over	two	
50km	fibre	spools	with	long	range	SFPs.

1 PPS 
10MHz 
NTP

Grandmaster Master

TIC

Courtesy E. Laier-English
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Fig. 1. Phase noise power spectral density for default and improved Grand-
master WR clock.
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Fig. 2. Allan Deviation for default and Improved Grandmaster WR clock.

phase noise is obtained at 1 Hz and the bandwidth has
been increased by a factor of a thousand. This improvement
achieved an Allan deviation of 4.9 ⇥ 10�13 at 1 second of
integration time (NEQ BW=500 Hz) as illustrated in Fig. 2.
The performance limitation for the improved case is mainly
due to the noise floor of the AD9516-4 used for the WR
clock distribution as the external reference clock signal has
even lower PSD (-110 dBc/Hz at 1 Hz).

For a Slave WRS synchronized to the Grandmaster
WRS through a fiber link, we cannot use the same trick.
The SoftPLL is used to lock the internal local oscillator
to the clock recovered from the fiber link. The default
servo bandwidth for the slave is about 20 Hz. To achieve
better performance, the PLL bandwidth (BW) parameters
are varied [5]. We consider a Slave WRS synchronized to
the Grandmaster WRS by a 100 km uni-directional fiber
link (i.e. utilizing dual fiber and the same wavelength of
propagation in the two directions) at 1541 nm, with more than
three times greater bandwidth of locking. Fig. 3 shows the
relative frequency noise of the Slave clock with an increased
bandwidth of 70 Hz. Fig. 3 also depicts the frequency noise
of the free running local oscillator of the WRS and it is clear
that a higher bandwidth should be used to lock the local
oscillator, as the minimum of the relative frequency noise
lies at about 200 Hz. We also record the error signal out of

Fig. 3. Relative frequency noise for the Slave clock, the free running Local
Oscillator and the error signal of the slave switch.

the SoftPLL of the slave WRS by an FFT analyser and the
voltage noise is then converted to frequency noise which is
also displayed in Fig. 3. By comparing the frequency noise of
the Slave switch and the error signal out of the Slave PLL, we
observe that the slave switch has an excess of noise of about
10 dB at low frequencies (less than 100 Hz). This shows that
there is still room for improving the Slave switch performance.

Chromatic dispersion affects both the accuracy and the
stability (short term) of time transfer as described in [6].
In a WR link, we use small form factor pluggable optical
transceivers (SFP). We observed that the line-width is about 3
GHz in 0.25 Hz bandwidth of measurement for SFPs operated
in the C-band. As chromatic dispersion scales linearly with
the length of the link, it plays a significant and limiting
role for long haul fiber links with SFPs, and the frequency
stability of the emitters needs to be taken into account for links
longer than 100 km. To tackle the limitation due to chromatic
dispersion for long haul links, we employ a cascaded approach
described in the following section, and tried a faster rate of
communication between the master and the slave.

IV. A CASCADED 500 KM WHITE RABBIT LINK

We build the first four span 500 km uni-directional White
Rabbit link using fiber spools, long range SFPs and dense
wavelength division multiplexing technique. We describe the
experimental setup and the results for the cascaded White
Rabbit link in this section.

A. Experimental Setup

The experimental setup is illustrated in Fig. 4. We build
a four span cascaded WR link of 500 km. Each span is
125 km long. We are using four White Rabbit switches
and one WR-ZEN as end-receiver. All these equipments
were manufactured by SevenSolutions [7]. The four 10 MHz
outputs are recorded simultaneously by a dead-time free phase
and frequency counter K+K, operated in ⇤ mode with 1-s gate
time. For time transfer, the Grandmaster also receives a Pulse
per second (PPS) generated (SDI PPS generator), amplified
and distributed in the laboratory with a TimeTech PPS 16
channels amplifier. Time is transferred from the Grandmaster

Ways to improved WR Fig. 1. Phase noise power spectral density for default and improved Grand-
master WR clock.
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Fig. 2. Allan Deviation for default and Improved Grandmaster WR clock.

phase noise is obtained at 1 Hz and the bandwidth has
been increased by a factor of a thousand. This improvement
achieved an Allan deviation of 4.9 ⇥ 10�13 at 1 second of
integration time (NEQ BW=500 Hz) as illustrated in Fig. 2.
The performance limitation for the improved case is mainly
due to the noise floor of the AD9516-4 used for the WR
clock distribution as the external reference clock signal has
even lower PSD (-110 dBc/Hz at 1 Hz).

For a Slave WRS synchronized to the Grandmaster
WRS through a fiber link, we cannot use the same trick.
The SoftPLL is used to lock the internal local oscillator
to the clock recovered from the fiber link. The default
servo bandwidth for the slave is about 20 Hz. To achieve
better performance, the PLL bandwidth (BW) parameters
are varied [5]. We consider a Slave WRS synchronized to
the Grandmaster WRS by a 100 km uni-directional fiber
link (i.e. utilizing dual fiber and the same wavelength of
propagation in the two directions) at 1541 nm, with more than
three times greater bandwidth of locking. Fig. 3 shows the
relative frequency noise of the Slave clock with an increased
bandwidth of 70 Hz. Fig. 3 also depicts the frequency noise
of the free running local oscillator of the WRS and it is clear
that a higher bandwidth should be used to lock the local
oscillator, as the minimum of the relative frequency noise
lies at about 200 Hz. We also record the error signal out of

Fig. 3. Relative frequency noise for the Slave clock, the free running Local
Oscillator and the error signal of the slave switch.

the SoftPLL of the slave WRS by an FFT analyser and the
voltage noise is then converted to frequency noise which is
also displayed in Fig. 3. By comparing the frequency noise of
the Slave switch and the error signal out of the Slave PLL, we
observe that the slave switch has an excess of noise of about
10 dB at low frequencies (less than 100 Hz). This shows that
there is still room for improving the Slave switch performance.

Chromatic dispersion affects both the accuracy and the
stability (short term) of time transfer as described in [6].
In a WR link, we use small form factor pluggable optical
transceivers (SFP). We observed that the line-width is about 3
GHz in 0.25 Hz bandwidth of measurement for SFPs operated
in the C-band. As chromatic dispersion scales linearly with
the length of the link, it plays a significant and limiting
role for long haul fiber links with SFPs, and the frequency
stability of the emitters needs to be taken into account for links
longer than 100 km. To tackle the limitation due to chromatic
dispersion for long haul links, we employ a cascaded approach
described in the following section, and tried a faster rate of
communication between the master and the slave.

IV. A CASCADED 500 KM WHITE RABBIT LINK

We build the first four span 500 km uni-directional White
Rabbit link using fiber spools, long range SFPs and dense
wavelength division multiplexing technique. We describe the
experimental setup and the results for the cascaded White
Rabbit link in this section.

A. Experimental Setup

The experimental setup is illustrated in Fig. 4. We build
a four span cascaded WR link of 500 km. Each span is
125 km long. We are using four White Rabbit switches
and one WR-ZEN as end-receiver. All these equipments
were manufactured by SevenSolutions [7]. The four 10 MHz
outputs are recorded simultaneously by a dead-time free phase
and frequency counter K+K, operated in ⇤ mode with 1-s gate
time. For time transfer, the Grandmaster also receives a Pulse
per second (PPS) generated (SDI PPS generator), amplified
and distributed in the laboratory with a TimeTech PPS 16
channels amplifier. Time is transferred from the Grandmaster

Trick	:	increased	PLL	bandwidth	of	the	GM	L.O.	
to	a	good	quality	reference	signal	(H-Maser)	
(M.	Rizzy)
NB	:	Many	other	work	to	improve	performances	of	WR	(beÑer	clocking	scheme,	beÑer	choice	of	
components	(clock	fan	out),	etc	
WR	community	os	very	ac6ve	!
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FIGURE 3.15: Phase data for the uni-directional (Bi-fiber) and bi-
directional (Bi-color) setups.
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FIGURE 3.16: Overlapping Allan Deviation (calculated from phase
data) for the unidirectional and bidirectional setups (Bandwidth of

measurement = 1 Hz).

a minimum of about 2 ps at 1000 seconds of integration time after which it follows
a rebound. With 25 km fiber spools, we expected a contribution of the chromatic
dispersion to the instability of about 5-7 ps@4 s. At the current level of performance
of White Rabbit, this effect was not detectable in our short-distance experiment in
the laboratory and we observed similar behavior for the two setups [67].

3.5 Improving the performance of a Slave WRS

We improved the performance of the timing master of a White Rabbit network. The
next step towards advancement was to improve the performance of the Slave WRS.
The Slave WRS uses the SoftPLL to lock the internal local oscillator to the clock
recovered from the fiber link as described in the last chapter. The default bandwidth
of locking is about 20 Hz. It was of great interest to study the effect of increased
SoftPLL bandwidth, so we decided to perform bandwidth optimization to achieve

2 architectures possible

2 similar wavelength, 2 fibers

2 wavelengths (1310/1490), 1 fiber

Similar performances for frequency 
transfer (time stability)

Time calibration :

Input refraction index difference

< 10 ns (conservative)

<1 ns doable with proper 
calibration (including 
instruments…)

On LAN : fiber swapping technique

Fiber delay calibration

accuracy < 10 ns doable
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WR-PTP long range : experiments with spools
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Fig. 4. Experimental Setup for the 500 km cascaded WR link.

to the Boundary Switches and finally the slave (end receiver)
in a hierarchical manner using a cascaded approach. Each
of the slaves outputs a PPS (Pulse per second) signal that
may be compared with the PPS of the Grandmaster or with
another output of the PPS amplifier using time interval
counters. In the experimental data presented below, we were
using a Physipus ST201 [8] to measure the time interval
between the output PPS of the GM and the output PPS of
the ZEN end-receiver. The ST201 is a high performance time
interval counter with a single shot resolution of about 300 fs.
The temperature of the experimental room was measured
with a thermistance and recorded with a datalogger (Agilent
34972A). All the measurements were done simultaneously.

Regarding the optical layer, all the slave WRS utilize
a 2 ⇥ 125 km uni-directional fiber link and long range
SFPs in the C-band or OSC channels close to the C-Band.
The first and the second span use 1510 nm and 1541 nm
respectively. The third and the fourth span use 1610 nm and
1560 nm respectively. We are using OADMs (optical add
drop multiplexer) to multiplex these four wavelengths. For the
last stage, we use two uni-directional EDFAs to compensate
for stronger losses.

In addition, we also modified configuration files of the
switch to increase the PTP rate. We set the PTP rate to be 16
per seconds, but observe by logging an effective 14 packets
per seconds rate. All the slave switches utilize increased
bandwidth of locking of 60 Hz and the increased PTP rate.

B. Results

To show the impact of the PTP rate increase, we present the
relative frequency deviation for the last slave WR-ZEN (clock
out 10 MHz) at 500 km in the two situations, with standard
PTP rate (Fig. 5) and the increased PTP rate (Fig. 6).With
standard PTP rate we observe some spikes which are not
present with the increased PTP rate. With increased rate,

Fig. 5. Relative frequency deviations for WR-ZEN clock out with default
PTP rate.

Fig. 6. Relative frequency deviations for WR-ZEN clock out with increased
PTP rate.

Fig. 7. Phase data for WR-ZEN and the temperature fluctuations of the
experimental room (constant offset removed for both).

peak to peak relative frequency deviations are at the level of
0.5 ⇥ 10�11. The mean of the frequency data is 3 ⇥ 10�16,
which is below the statistical uncertainty of the data set. It is
noticeable that the mean deviation to zero is about 7 times
higher with the standard PTP rate.

Fig. 7. illustrates the time interval data for eighteen days
of consecutive measurement for WR-ZEN. The peak to peak
fluctuations are about 2.5 ns. These time fluctuations show
some limitation for the accuracy and the frequency stability.
Fig. 7 also shows the temperature fluctuations of about 0.8 K
over the same eighteen days of measurement. We clearly
see the correlation between the phase fluctuations and the
temperature fluctuations. We observe a periodic modulation
in the phase data, which is due to the temperature fluctuations
acting on the optical length of the fiber. This periodic
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by 125 km each time, and we attain a stability of 2 ⇥ 10�12 at one second of inte-
gration time for the 500 km link. For each span, the stability degrades by a factor
a little smaller than

p
2. The stability scales down as t�1 in the beginning due to

the white phase noise and then starts to degrade due to a bump at 20000 seconds
of integration time. This bump arises due to the fiber thermal noise as described in
the Section 4.2.4. The degradation in the frequency stability is due to the common
temperature excitation of all the cascaded stages. At 200000 seconds of integration
time, the frequency stability for the 125 km attains a value of 8 ⇥ 10�16 and lies in
the low region of 1 ⇥ 10�15 for the consecutive stages. This fiber thermal noise is
expected to be greatly reduced by a factor of five for the implementation on active
telecommunication networks where the fiber is buried underground and thus expe-
riences mild temperature fluctuations.

FIGURE 4.31: Allan Deviation for the 500 km cascaded White Rabbit
link and comparison with different GPS receivers. Solid line depicts
stability calculated from Frequency data, Dashed line depicts stability

calculated from Phase data.

We also compare the frequency stability performance of the cascaded 500 km
link with that of a good quality Oscilloquartz GPS receiver 5201. We observe similar
short term stability of 2 ⇥ 10�12 at one second of integration time, but at long inte-
gration time of 1000 seconds our cascaded link exhibits better performance by two
orders of magnitude. We also compare the performance with the widely used Quart-
zLock E8000 GPS disciplined frequency and time standard and we observe that at
long term (from 1000 seconds of integration time) our cascaded link has better per-
formance by almost two orders of magnitude. Thus, it clearly exhibits that White
Rabbit technology surpasses the performance of commercial GPS systems.

Namneet Kaur Thesis

https://hal.archives-ouvertes.fr/
tel-01909292

https://hal.archives-ouvertes.fr/tel-01909292
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We again clearly observe the correlation between the phase fluctuations of the
Slave ZEN and the temperature fluctuations. We observe a periodic modulation in
the phase data due to the temperature fluctuations acting on the optical length of the
fiber spools (as described in the Section 4.2.4). The free running phase fluctuations
are compressed approximately by a factor of 20. This is four times the compression
factor for the 100 km link.

The time deviation plot is presented in Fig. 4.33 as the red trace. The time transfer
stability for the 500 km cascaded link is 5 ps at one second of integration time and
reaches a minimum of 1.2 ps at 20 seconds of integration time. The time stability
degrades for long averaging times due to the fiber thermal noise but still remains
below the ns level.

We compare our lab experiment with two infield applications using the active
telecommunication networks. The first one is a 950 km WR link by the Finnish
metrology laboratory VTT between Espoo and Kajani in Finland [40], where the time
stability has been scaled down to 500 km for easy comparison. The second one is a
540 km link by V. Smotlacha and co-workers for time transfer between metrology
laboratories of Prague and Vienna (CESNET to BEV link) [88].

FIGURE 4.33: Time stability (calculated from phase data) for the cas-
caded 500 km White Rabbit link and comparison with infield appli-

cations.

For the CESNET to BEV link, the short term stability is limited by the link with
significant contribution from the time interval counters (⇡ 53 ps) and the actual link
contribution would be approximately equal to 8.6 ps. The

p
t behavior after 200 sec-

onds of integration time is due to the clocks. For the VTT experiment data, the clock
difference between UTC(MIKE) and HP 5071A (Cs clock) was removed, and the data
represents the difference between the WR PPS and GPS-PPP. The published data be-
gins at 200 seconds of integration time and the short term noise of the fiber is not

E.F. Dierikx, et al. IEEE T-UFFC 63, 945–952 (2016).

• CESNET	limited	by	the	Cs	
clocks	instabili6es	

• WR@VTT	<	100	ps	@	4	days
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Analog methods

Hyper-frequency:	
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A non-exhaustive review:
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ELSTAB

§ 10-MHz	+	1pps	joint	transfer	through	intensity	modula6on	of	the	op6cal	carrier;	stabilized	
laser	

§ Roundtrip	propaga6on	in	the	same	fiber	for	noise	correc6on	
§ Ac6ve	stabiliza6on	of	the	propaga6on	delay	through	a	variable	delay		module	(DLL)

480-km  
fiber 

  

+ 8 bi dir 

Commercially available by PikTime
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Delay-stabilized time transfer
§ 420-km	loop	fiber	(Polish	Telecom	-Krakow-Skawina	and	back)	
§ Full	bi-direc6onal	(1	fiber,	1	wavelength)	
§ Accuracy	100	ps,	Stability	(1d)	:	0.3	ps	

P. Krehlik, Ł. Śliwczyński, Ł. Buczek, M. Lipiński, AGH University of Science and Technology, Institute of 
Electronics, Kraków, Poland, IEEE Trans. on Instr. and Meas. (2012).
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Optical methods

• For	long		range	frequency	transfer	
• Op6cal	frequency	metrology	
• Spectroscopy,	high	precision	

measurements	

• Ultra-stable	laser	@	1,55	µm	using	
ultra-stable	cavity	

– Rel.	frequency	stability	~	10-15	@	1	s	
– Uncertainty		none	by	itself	
– Op6cal	frequency	is	measured	with	
op6cal	frequency	combs≤	10-14	as	
compared	to	op6cal	clocks	or	fountains	
clocks	

– Basically	sub-Hz	laser	

•Op6cal	frequency	comb	
• Spectral	purity	transfer	
• Frequency	ra6o

Menlo Courtesy J. Ye, JILA
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Advantages of the full optical method

▪  
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Delivering the same optical frequency at two places:
accurate cancellation of phase noise

introduced by an optical fiber or other time-varying path
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Although a single-mode optical fiber is a convenient and efficient interface/connecting medium, it introduces
phase-noise modulation, which corrupts high-precision frequency-based applications by broadening the spectrum
toward the kilohertz domain. We describe a simple double-pass fiber noise measurement and control system,
which is demonstrated to provide millihertz accuracy of noise cancellation.

High-resolution applications have stimulated the con-
tinuing progress in laser frequency stabilization.1
So far, stable optical frequency reference systems
tend to represent an entire optical tableful of equip-
ment, rather than being integrated into a single
module or chip. Thus one wishes to transfer the
frequency-stable light from one optical table to an-
other or between laboratories in the same or even a
nearby building. A polarization-maintaining single-
mode optical fiber represents a nearly ideal trans-
mission medium for such optical signals, providing
mechanical flexibility and low attenuation.

However, some problems arise from such signal
transmission in an optical fiber; for example the
fiber's optical insertion phase is extremely sen-
sitive to environmental perturbations. Although
these pressure, temperature, and bending sensi-
tivities of the fiber are useful for sensor applica-
tions, they form a serious obstacle to the trans-
fer of low-phase-noise signals: in traveling 25 m
in our jacketed fiber, the laser's original spec-
tral delta function was broadened to a 300-Hz
Gaussian linewidth. Acoustic pressure variations
associated with normal speech can write several
radians of phase noise onto an optical beam in
a nearby fiber, leading to single-pass frequency
noise of -1 kHz.2 This Letter describes a sim-
ple and effective technique for accurate cancella-
tion of such induced phase noise and thus per-
mits fiber-based optical signal transmission in
demanding applications, such as optical frequency
standards and quantum optics, in which phase noise
is critical. Our technique bears some similarity to
the Doppler-cancellation techniques used in some
coherence-sensitive aerospace experiments, such as
the rocketborne hydrogen maser experiment of Ves-
sot et al. ,3 to the optical work of Bergquist et al.4 with
an open path, and to clock synchronization work at
the Jet Propulsion Laboratory.5

The physical concept underlying our phase-noise-
cancellation principle is the fact that a corrupting
signal-carrying path, such as an optical fiber or an
open-air path, ordinarily possesses a negligible de-

gree of nonlinearity and nonreciprocity. Basically,
two counterrunning signals can propagate indepen-
dently and experience the same phase perturbations,
independent of direction. Thus a light signal, spec-
trally corrupted by its propagation, can be coded in
an appropriate way at the far end and retransmit-
ted back to the original source. The outward-plus-
return path generates twice the corrupting phase
modulation of a single transit. At the original source
end we can isolate the signal returning from the far
end, based on the special coding imparted there. The
returned signal can then be phase compared with the
original signal to yield a measurement of twice the
phase variations produced by a single transit. This
information may be usefully recovered if the coding
at the remote end consists of a frequency shift of the
carrier by some rf frequency, 2A. This offset could
be produced by an acousto-optic modulator (AOM1,
Fig. 1) located at the remote end. In the heterodyne
beat of outgoing and returned optical signals one will
find an rf photocurrent at frequency 2A. The re-
turned optical field and hence this rf beat wave also
contain twice the one-way phase noise. Dividing this
frequency (and phase) digitally by 2 will provide at
the source end a knowledge of what phase noise will
be introduced by the fiber and so permits precise can-
cellation of its effects. Thus we have produced sig-
nals available in both the source and remote work
areas that contain precisely the same optical phase,
in spite of the phase noise introduced by the trans-
mission medium.5

A nice option is to premodulate the phase of the
input light beam to the fiber with the negative of
the fiber noise so the beam can emerge from the far
end basically noise-free relative to the laser source.
This topology is demonstrated in Fig. 1; an additional
AOM (AOM2) is used for this noise-compensating
modulation. Note that AOM2 can provide an un-
bounded phase-correction range, obtained by an ap-
propriate (small) frequency offset from AOM1.

An important additional concept is the use of a
phase-locked loop to regenerate the rf photobeat
wave containing the phase-noise information about
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phase-noise modulation, which corrupts high-precision frequency-based applications by broadening the spectrum
toward the kilohertz domain. We describe a simple double-pass fiber noise measurement and control system,
which is demonstrated to provide millihertz accuracy of noise cancellation.
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tend to represent an entire optical tableful of equip-
ment, rather than being integrated into a single
module or chip. Thus one wishes to transfer the
frequency-stable light from one optical table to an-
other or between laboratories in the same or even a
nearby building. A polarization-maintaining single-
mode optical fiber represents a nearly ideal trans-
mission medium for such optical signals, providing
mechanical flexibility and low attenuation.

However, some problems arise from such signal
transmission in an optical fiber; for example the
fiber's optical insertion phase is extremely sen-
sitive to environmental perturbations. Although
these pressure, temperature, and bending sensi-
tivities of the fiber are useful for sensor applica-
tions, they form a serious obstacle to the trans-
fer of low-phase-noise signals: in traveling 25 m
in our jacketed fiber, the laser's original spec-
tral delta function was broadened to a 300-Hz
Gaussian linewidth. Acoustic pressure variations
associated with normal speech can write several
radians of phase noise onto an optical beam in
a nearby fiber, leading to single-pass frequency
noise of -1 kHz.2 This Letter describes a sim-
ple and effective technique for accurate cancella-
tion of such induced phase noise and thus per-
mits fiber-based optical signal transmission in
demanding applications, such as optical frequency
standards and quantum optics, in which phase noise
is critical. Our technique bears some similarity to
the Doppler-cancellation techniques used in some
coherence-sensitive aerospace experiments, such as
the rocketborne hydrogen maser experiment of Ves-
sot et al. ,3 to the optical work of Bergquist et al.4 with
an open path, and to clock synchronization work at
the Jet Propulsion Laboratory.5

The physical concept underlying our phase-noise-
cancellation principle is the fact that a corrupting
signal-carrying path, such as an optical fiber or an
open-air path, ordinarily possesses a negligible de-

gree of nonlinearity and nonreciprocity. Basically,
two counterrunning signals can propagate indepen-
dently and experience the same phase perturbations,
independent of direction. Thus a light signal, spec-
trally corrupted by its propagation, can be coded in
an appropriate way at the far end and retransmit-
ted back to the original source. The outward-plus-
return path generates twice the corrupting phase
modulation of a single transit. At the original source
end we can isolate the signal returning from the far
end, based on the special coding imparted there. The
returned signal can then be phase compared with the
original signal to yield a measurement of twice the
phase variations produced by a single transit. This
information may be usefully recovered if the coding
at the remote end consists of a frequency shift of the
carrier by some rf frequency, 2A. This offset could
be produced by an acousto-optic modulator (AOM1,
Fig. 1) located at the remote end. In the heterodyne
beat of outgoing and returned optical signals one will
find an rf photocurrent at frequency 2A. The re-
turned optical field and hence this rf beat wave also
contain twice the one-way phase noise. Dividing this
frequency (and phase) digitally by 2 will provide at
the source end a knowledge of what phase noise will
be introduced by the fiber and so permits precise can-
cellation of its effects. Thus we have produced sig-
nals available in both the source and remote work
areas that contain precisely the same optical phase,
in spite of the phase noise introduced by the trans-
mission medium.5

A nice option is to premodulate the phase of the
input light beam to the fiber with the negative of
the fiber noise so the beam can emerge from the far
end basically noise-free relative to the laser source.
This topology is demonstrated in Fig. 1; an additional
AOM (AOM2) is used for this noise-compensating
modulation. Note that AOM2 can provide an un-
bounded phase-correction range, obtained by an ap-
propriate (small) frequency offset from AOM1.

An important additional concept is the use of a
phase-locked loop to regenerate the rf photobeat
wave containing the phase-noise information about
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Fig. 2. Optical field spectrum at the output of a 25-mi
fiber. The input optical signal approximates a delta
function. The signal arrives at the far end with a
1.2-kHz width, shown in (a). In (b) the phase-noise
compensation system is operational, and one regains
99.6% of the power in the sharp spectral feature. The
resolution bandwidth is 15.6 Hz. In (c) the resolution
bandwidth is 0.95 mHz. The carrier is reduced by only
1.3 dB from (b) to (c) because of noise near the carrier.

an optical phase shift of 1 rad/m per 4 Abars
(+83 dBA). We estimate that 160 dBA would be
needed to produce 1 rad/m by volume compression
alone, neglecting changes in the fiber light-guiding
physics.

In Fig. 2 for curve (a) the compensator was off;
for curve (b) it was active. The analysis bandwidth
is 15.6 Hz. The spectral delta function of the laser
has reappeared, with an apparent width equal to
the analyzer resolution bandwidth. Curve (c) shows
the results obtained with a 0.9-mHz analysis band-
width. The noise has dropped by -20 dB, rather
than by the corresponding bandwidth ratio of 42 dB.
This discrepancy arises because noise processes close
to the carrier [see curve (c) of Fig. 2] were previ-
ously counted in the carrier. The apparent carrier
has dropped only 1.3 dB as a result of this and
all other noise processes. Figure 2 shows that our
phase-noise compensator system can cancel phase
noise so precisely that submillihertz accuracy of fiber-
based transmission becomes possible. In fact, this
apparent linewidth for the beat is again just the spec-
trum analyzer bandwidth for the time duration of the
measurement.

Time-domain measurements of the beat phase
showed some small variations over long times that
arise from our optical phase-measurement setup: at
the optical milliradian level, unbalanced air paths are
important for the stability of the dc phase measured
with the cancellation system. From measurements
out to 1000 s, we find that the optical phase change is
below 0.3 rad, again corresponding to submillihertz
accuracy level for the cancellation.

The described method allows accurate dissem-
ination of optical frequency within a metropoli-
tan area served by a passive fiber-optic link. At
present, time-delay effects would limit international
frequency comparisons via undersea fiber links.

With the combination of precise rf phase locking
and a simple demonstration setup, we have shown
that the described system cancels the fiber-induced
degradation of a clean input with millihertz accu-
racy. This fiber-induced degradation would other-
wise cause hundreds-of-hertz additional bandwidth.
The system also eliminates problems with differen-
tial Doppler effects in precision experiments.
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Optical frequency comparison with two-way

Lab 2Lab 1

AOM
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AOMLaser 1

FM1

OC 1

PD	1

FM2

Laser 2OC 2

PD	2

Beat	note	(f1+f2) Beat	note	(f1+f2)

1	Bi-Direc5onal	Fiber
f1 f2ΔT1 ΔT2

Post-processing

L1 L’1

L2

ΦL1 – (ΦL2 + Φ21) ΦL2 – (ΦL1 + Φ12)

(Φ1 – Φ2)/2= (ΦL1 – ΦL2) + (Φ12 – Φ21)/2

Laser	Lights	propagate	from	the	two	sides.	

Noise	rejec6on	can	be	6	dB	beÑer	(with	post-processing).	

No	ac6ve	compensa6on.	But	it’s	the	same	signal	processing.

Calosso et al., Opt. Lett. 39, 1177- 1180 (2014)

A. Bercy et al., Phys. Rev. A 90, 061802(R) (2014) : Two-way set-ups

F. Stefani et al, «Tackling the limits of optical fiber links», JOSA B 32, 787-797 (2015)
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Optical frequency comparison with two-way
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Detection of round-trip noise

▪ Strongly	unbalanced	Michelson	interferometer	
▪ Frequency	shiåer	ω1	→	heterodyne	detec6on	at	2ω1	

▪ Using	Faraday	mirrors	automa6cally	aligns	polarisa6ons	at	detec6on

Remote EndLocal End

FM Optical fiber

OC OC FM
Ultrastable 

laser

photodiode

Accumulated 
Phase noise Experiment

 

→ Ultrastable laser are needed with coherence length > 2L 
to keep the coherent regime

Length L

Delay τ

ω1

AOM
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Active noise compensation in an optical fiber link

▪ Doppler	noise	compensa6on	or	ac6ve	noise	compensa6on

Remote EndLocal End

Noise corr  

FM Optical fiber

OC OC FM
Ultrastable 

laser
PD Accumulated 

Phase noise
ΦP

ΦC Experiment

ω1

AOM

▪ Noise	correc6on	Φc	applied	at	the	link	input	:	2(ΦC + ΦP) = 0	
▪ Assump6on	:	Forward	noise	=	½	Round-trip	noise 
				→	corrects	only	reciprocal	noise
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Evaluation of noise compensation

▪ So-called	“End-to-end”	instability	measurement 
▪ Demonstra6on	with	2	parallel	fibers	or	one	loop	fiber:	two	ends	at	

the	same	place

Remote EndLocal End

Noise corr  

FM
Op6cal	fiber

OC OC FM
Ultrastable 

laser
PD

Accumulated 
Phase	noise

ΦP

ΦC Experiment

ω1

AOM

Link	instability 
measurement

OC
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Example: optical link stability – 2x43 km

Compensated 
	link

Free-running 
	link

Xu et al, Opt. Exp. 2018

1s	gate	6me
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Example: phase noise of a 86 km optical link
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Jiang et al, JosaB 2008

Carrier = 200 THz
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Bidirectional amplification

▪ Erbium-doped fiber amplifier (10<G<20 dB)
– Wide bandwidth (40 nm)
– Gain should be limited to avoid self-oscillation
– Widely used, commercially available with remote gain 

control
▪ Fiber Brillouin amplifier (<60 dB)

– Narrow bandwidth (10 MHz) 
– Very selective, enabling high gain

▪ Raman amplifier (20-25 dB)
– Intermediate bandwidth (1THz) 
– High pump power, intermediate gain

▪ Optical regeneration (repeater laser station, 2dBm output)
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Fiber Brillouin amplifier

Raupach et al, PRA2015, Raupach et al, OE 2014, Terra et al, OE 2010

▪ Amplify opposite to pump with narrow bandwidth (10 MHz) 
▪ Small signal gains up to 60 dB 
▪ Amplifier spacing up to 250 km: demonstration of a 480-km link 

with one FBA 
▪ Brillouin amplification supports 1×10−20 uncertainty (demonstration 

over 1400 km of underground fiber) 
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▪ Mul6-segments	approach	:	
– Link	is	divided	into	a	few	segments,	depending	on	noise	and	

losses	
→ shorter delay	
→	larger bandwidth and better noise rejection	

▪ Repeater	sta6ons	are	needed	:	
– Repeater	sta6on	N	:	send	back	signal	to	sta6on	N-1,	amplify	and	

filter,	correct	the	noise	of	next	link	N

Cascaded links

Local 
 end

Remote 
 end

Repeater 
Station 

N

Repeater 
Station 
N+1

Repeater 
Station 

N-1

Link 
 N-1

Link 
  N

Repeater	laser	sta6on	commercially	available	
F.Guillou-Camargo	et	al,	Appl.	Opt.,	AO	57,	7203–7210	(2018).
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within 
20 fs

Interferometric drift
induced by 
temperature
(heat wave)

Last results with cascaded links (1420 km, 4  cascades)

Corresponds to 5 10-20 @ 500 000 s integration time
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Optical time transfer

Amplitude or Phase 
modulation of the 
optical carrier

O.Lopez, et al. Applied Physics B 
110, 3–6 (2013).

Optical demodulation
F. Frank, et al. IEEE T-UFFC 1–1 (2018)

Techniques not yet as mature
as frequency transfer

Optical hybridation
P. Krehlik, et al. IEEE T-UFFC 64, 
1884–1890 (2017) 
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difference in terms of stability for local-remote beat note when
the clean-up subsystem was involved. For short averaging
times the results were identical, for long averaging there
were some minor differences related probably to unstable
environmental conditions (temperature and human activity in
the lab). A noticeable, but expected difference was observed,
however, for the beat note measured without cleanup, where
the short-term stability was better for shorter fiber (9 × 10−18

at 1 s), and the best for no fiber (1.1 × 10−18 at 1 s).
The relative frequency offset between the input optical

carrier and the clean-up output, averaged over entire 16-h
registration period used for stability analysis presented on
Fig. 3, was (6.7 ± 4.7) × 10−20, thus no significant phase
drift was manifested.

Overall, we conclude that the achieved performance does
not impose a significant limitation even for modern optical
clocks [30].

We identified, however, room for improvement in the short-
term stability, where the noise of the clean-up laser is certainly
a limiting factor. Currently we use a frequency tuning input
of the commercial RIO laser module, which has a limited
bandwidth and this affects overall performance of the cleaning
PLL. In the future the bandwidth of this relatively slow tuning
might be extended by implementing a “fast” tuning path, based
on an acousto-optic modulator, or a custom electronic circuitry
for laser current control. The medium and long-term stability
might be possibly improved by the better thermal isolation and
mechanical stiffness of the setup, and mainly by shortening
the fibers involved in interferometer and providing signals for
the beat notes. Particularly, the fibers providing the signals for
PD5 are relatively long, as they were not included in the initial
setup and were added later.

During the limited period of the experiments performed
at PTB we focused on optical carrier measurements. Thus
10 MHz and 1 PPS signals stability was only monitored from
time to time, and their long-term analysis was continued in
the next period, again at AGH University.

Back in Krakow we again used free-running RIO laser as
an optical carrier source, and connect the local and remote
terminals with the 60-km-long outdoor fiber. We checked the
stability of the optical transfer by measuring the stability of
the PD6 beat note, using a Symmetricom 5120A, just to
ensure the correct operation of the optical carrier stabilization.
Next, we measured the long-term stability of the 10 MHz
system with the Symmetricom 5120A. The measurement
bandwidth was set as 5 Hz and raw data was used for
MADEV calculations. A high-speed digital oscilloscope and
a custom programmable PPS generator were used for time
transfer stability measurements, similarly as in our previous
works [15], [19], [31]. The results, shown in Figs. 4 and 5 are
very closed to those obtained previously for the ELSTAB
alone [31]. For the 10-MHz signal the MADEV was 3.5 ×
10−13 at 1 s and 2.5×10−16 at 103 s averaging, and averaged
relative frequency offset was (−2 ± 0.5) × 10−17. The time
deviation for the 1 PPS signal was well below 1 ps for the
entire observation range.

Summarizing this part of experiment we conclude that
the changes introduced to ELSTAB by hybridization are not

Fig. 4. 10 MHz stability for 60 km outdoor fiber.

Fig. 5. 1 PPS stability for 60 km outdoor fiber.

essential for 10 MHz and 1-PPS stability. It is especially
related to the substantially modified scheme of the forward
optical signal. In the standard ELSTAB setup the local-
terminal output signal is generated by a DFB laser modulated
by an integrated electro-absorption modulator, while in the
hybrid setup we applied the external Mach–Zehnder modula-
tor. As a known feature of the Mach–Zehnder modulator is
some temporal drift of its transfer characteristic related to the
properties of LiNbO3 material [32], we used a custom driver
circuitry to compensate this drift. This driver circuit ensures
a very constant propagation delay and transfer function of the
modulator [33]. In this experiment, we verified for the first
time the performance of this driver in a fully functional setup.

IV. FUTURE IMPROVEMENTS

The first PoC experiments described herein paves the way
for further investigations and improvements. First, we noticed
that the current clean-up subsystem based on commercial
“black box” laser module with the vendor-implemented fre-
quency tuning input limits the short-term stability of the
cleaned-up output. Although we believe the current solution
is quite satisfactory for majority of potential applications and
really cost-effective, we are going to develop a locking system
with higher bandwidth for the very same laser by RIO.
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SYRTE-LKB
@780nm

Over internet 
network

With Regeneration

Frequency Brillouin
Amplifier

FBA Regeneration

Two-Way

Towards a large research 
infrastructure ?

RENATER, CESNET, 
PSNC, GARR

JISC/JANET, DFN, 
SURFNET, 

NORDUNET…

At horizon 2020 :
8000 km

25 years of range improvement
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Future prospects

Towards 
Research 
Infrastructure

•Work	with	Network	for	
Educa6on	and	Research	Industry	
to	make	the	technology	
available	

• Ways	to	access	the	network	
• Compa6bility	with	TelCo
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Clocks and time scales were improved by order of 
magnitude 


Many ways to disseminate T/F 


GNSS methods are the most widely used


Fiber links improve by order of magnitude capabilities


Take away messages


