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Overview and progresses of fiber links in Europe

PTB - SYRTE optical clocks comparison with fiber link : a 
world first
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and Test of GR
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Satellite links don’t meet optical optical 
clocks comparisons requirements

O. Lopez et al., «F&T transfer for metrology and beyond (...)», Comptes Rendus Physique, 16 (5), pp. 459-586 (2015) (2015)

Comparing the mean of comparisons

Latest NIST data

http://www.sciencedirect.com/science/journal/16310705
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BW < 1 kHz
for L>50 km

c

Fiber availability !
Attenuation
Accumulated noise 
Finite time of propagation

Challenges for long haul fiber links

Noise scale as sqrt(Length of link)
More noise in urban area
20 to 45 dBc / Hz @ 1 Hz

Figure 1 
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Many techniques, but
most of them are inter-compatible
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T&F in Europe

NPL

SYRTE

INRIM

PTBVSL

SP

MIKES

UFE

BEV

T&F Fiber links: a very active field

• SP-MIKES : 1000 km
• MIKES-Kajaani : 1000 km
• UFE-BEV : 540 km
• VSL-VUA : 208 km

Time &/or Frequency transfer :
Combs

• NPL : 118 km
RF + pps
• GUM-AOS : 420 km
SONET, SDH, WR

Review article
O. Lopez et al., Comptes Rendus Physique, 16 (5), 
pp. 459-586 (2015) 

AOS GUM

700 km

• NICT, NMIJ, UT (Japan) 120km optical carrier phase 
• JILA-NIST (USA) optical & frequency comb transfer 
• NIM, Tsinghua Univ., Bejing Univ. µwave  
• UWA, Adelaide Univ. NMI (Australia) optical & 
µwave

New EU-project : CLONETS
towards 

Research Infrastructures
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CLOck NETwork Services
Consortium of 16 partners :  1/3 
academics, 1/3 Telecom Network, 1/3 
Industrials
Expected outcomes :

Review techniques and their 
evolutions, compatibility, needs for 
Research Infrastructures (NMIs, 
research labs, large research facilities 
as VLBI, accelerators…)
Survey potential application outside 
Research Infrastructure, economic 
and societal impact
Education and training
Define a strategic roadmap for RI

Mid-term goal : 
Secured accessed to the fiber 
network
Increase technical readiness level, 
offer « on the shelf » solutions and 
procedures to establish a fiber link
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7 3

2
1

Optical	Fiber	Links:	a	worldwide	snapshot

Ongoing	projects

1 Fiber	Link	in	use

Study group @ BIPM Courtesy of Davide Calonico
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Link impact outside primary metrology

Radio-astronomy
VLBI

Relativistic Geodesy

Space 
Geodesy 

Atomic and Molecular Physics

GNSS, Industry

Primary Metrology
Clock	comparison,	

UTC

Fiber link « side impact » Courtesy of Davide Calonico
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Fibre	link	for	Radioastronomy:		Italy (coherent transfer)

Next Steps:	also White	Rabbit

VLBI Courtesy of Davide Calonico
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TORINO

FREJUS

BOLOGNA

FUCINO

MATERA

AEROSPACE:	LIFT+
1800	km	
Frejus-Turin-Matera
Realization:	2017

Fucino:
Esperimentation of	Traceability	of	
Galileo	GCC
To	UTC	via	fibre link
(accuracy	target	<1ns)	

GNSS Courtesy of Davide Calonico
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Google map

NICT

UT (Hongo)

45 km
12 km

Air part

Otemachi

Beat measurement

769 nm 698 nm

87Sr
698 nm

56 m

NICT

UT

87Sr

24 km
�2

Optical 
Carrier 
transfer

769 nm

1538 nm laser

�2

57km

All-optical	direct	comparison	
between	NICT	&	UT	clock
(2011)

21

Yamaguchi,	et	al.,	Appl.	Phys.	Express	4,	082203(2011).

Chronometric geodesy
Experiments in Japan and Europe

Courtesy of Davide Calonico
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All-optical	direct	comparison	between	Riken	&	UT	clock	(2016)

Takano,	et	al.,	Nat	Phot.,	10,	662	(2016).

Chronometric geodesy Courtesy of Davide Calonico
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Sr-Sr comparison by fiber links
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Comb

F1

Sr 19
4,4

 THz

Comb

Sr

Two-way

Counting the RF of the beat notes 
with the fs combs

Paris Strasbourg Braunschweig

UTC(OP) GPS time UTC(PTB)

Absolute frequency difference without SI-Hz

An optical methodology

F2

F4

F3

F5



I A G  -  1 s t  J o i n t  W o r k i n g  G r o u p  2 . 1
H a n o v e r ,  M a y  1 5 ,  2 0 1 7

Sr-clocks comparison SYRTE-PTB

Run II : June 2015

Run I : March 2015

Combined link 
contribution

C. Lisdat et al., Nature Comm. (2016), 12443 
(2016), doi:10.1038/ncomms12443
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Sr-clocks comparison SYRTE-PTB

Ratio SrPTB/SrSYRTE Run I Run II

Uncertainty ( x 10-17 )
Systematics SrSYRTE 4,1 4,1
Systematics SrPTB 2,1 1,9
Statistical uncertainty 3 2
fs combs 0,1 0,1
Link uncertainty <.1 <0.1
Counter synchronization 10 0,1
Gravity potential corr. 0,4 0,4

Total clock comparison 11,4 5

Clock comparison accuracy budget

C. Lisdat et al., Nature Comm. (2016), 12443 
(2016), doi:10.1038/ncomms12443
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Sr-clocks comparison SYRTE-PTB
-
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Cs-clocks comparison SYRTE-PTB

First international comparison of fountain primary frequency standards via a long distance optical fiber link4

Figure 1. Schematic view of the experiment. UMR: Ultrastable Microwave
Reference; CSO: Cryogenic Sapphire Oscillator; OSMO: Optically Stabilized
Microwave Oscillator; USL: Ultrastable Laser. FO1, CSF1 and CSF2 are caesium
fountains while FO2 is a dual fountain operating with caesium and rubidium
simultaneously. H889 and H9 are active hydrogen masers.

[17] and an Optically Stabilized Microwave Oscillator (OSMO) at PTB [18]). The

hydrogen maser frequencies are linked to ultrastable frequency transfer lasers (USLs)

at 1.5µm using optical frequency combs (OFCs). The USLs are injected into stabilized

telecommunication fibre links to the connection point in Strasbourg [14, 15].

2.1. Fountains and local oscillators

The fountains intercompared are the primary frequency standards (PFS) FO1, FO2

located at SYRTE [17] and CSF1, CSF2 [19, 20] located at PTB. FO2 is a dual fountain

operating simultaneously with caesium and rubidium atoms, known as FO2-Cs (PFS)

and FO2-Rb (secondary frequency standard realizing the 87Rb secondary representation

of the second). FO2-Rb, which has comparable performance as the PFSs, also regularly

contributes to the steering of TAI [21]. At SYRTE the local interrogation signal is

derived from the UMR which is based on a cryogenic sapphire oscillator and phase-

locked to the hydrogen maser H889 with a time constant of ⇠ 1000 s [17]. At PTB the

local interrogation signal is obtained from the OSMO, locked to the maser H9 with a

time constant of ⇠ 50 s [18].

The strategies to reduce and evaluate the frequency shifts and the corresponding

uncertainties can be found in [17, 21, 22] and [19, 20, 23, 24] for SYRTE’s and PTB’s

fountains, respectively. In this work, the relevant fountain accuracy budgets are close to

those reported to the BIPM for the June 2015 evaluations (Circular T330 [8]). The only

exception is the fountain PTB-CSF1, for which a reevaluation of the distributed cavity

First international comparison of fountain primary frequency standards via a long distance optical fiber link

Jocelyne Guéna, Stefan Weyers, Michel Abgrall, Christian Grebing, Vladislav Gerginov, Peter Rosenbusch, Sebastien Bize, Burghard Lipphardt, Heiner Denker, Nicolas Quintin, Sebastian Raupach, 
Daniele Nicolodi, Fabio Stefani, Nicola Chiodo, Sebastian Koke, Alexander Kuhl, Fabrice Wiotte, Frederic Meynadier, Emilie Camisard, Christian Chardonnet, Yann Lecoq, Michel Lours, Giorgio 

Santarelli, Anne Amy-Klein, Rodolphe Le Targat, Olivier Lopez, Paul-Eric Pottie, Gesine Grosche

Accepted: 10 March 2017
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First international comparison of fountain primary frequency standards via a long distance optical fiber link8
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Figure 3. Allan standard deviations of the distant fountain comparisons (MJD
57177�57198) (a) PTB-CSF1�SYRTE-FOx and (b) PTB-CSF2�SYRTE-FOx. The
straight lines correspond to extrapolations of the ADEV assuming white frequency
noise. The remote comparison between the local frequency references, the UMR
(ultrastable microwave reference locked to H889 maser) at SYRTE and H9 maser at
PTB is shown by the purple curve.

(a) Local Comp. Di↵. [10�16] uA[10�16] uB1[10�16] uB2[10�16] u[10�16] up-time [%]

CSF2�CSF1 -2.4 1.4 3.0 3.0 4.5 93

FO1�FO2-Cs -1.8 0.9 3.6 2.5 4.5 81

FO1�FO2-Rb -2.9 1.2 3.6 2.7 4.7 82

FO2Cs�FO2-Rb -0.2 0.7 2.5 2.7 3.7 84

(b) Distant Comp. Di↵. uA uB1 uB2 u

CSF1�FO1 2.7 1.6 3.0 3.6 5.0 68

CSF1�FO2-Cs 0.6 1.4 3.0 2.5 4.2 70

CSF1�FO2-Rb 1.2 1.2 3.0 2.7 4.2 72

CSF2�FO1 -0.1 1.8 3.0 3.6 5.0 68

CSF2�FO2-Cs -1.8 1.6 3.0 2.5 4.2 70

CSF2�FO2-Rb -1.9 1.6 3.0 2.7 4.3 72

Table 1. Summary of the local and distant comparisons between the SYRTE
and PTB fountains during the June 2015 campaign (MJD 57177-57198). The
second column gives the average fountain di↵erence (Di↵.) uA is the statistical
uncertainty corresponding to the Allan standard deviation presented in Figures 2 and
3 extrapolated at the measurement duration assuming white frequency noise. uB1 and
uB2 correspond to the systematic uncertainty of each fountain under comparison. u
is the combined uncertainty. The last column lists the up-time of the comparisons.
The value of the absolute frequency of the 87Rb ground state hyperfine transition
used in these comparisons is 6 834 682 610.904 312 Hz. In 2015 this was the value
recommended by the Comité International des Poids et Mesures.

Cs-clocks comparison SYRTE-PTB
First international comparison of fountain primary frequency standards via a long distance optical fiber link8
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noise. The remote comparison between the local frequency references, the UMR
(ultrastable microwave reference locked to H889 maser) at SYRTE and H9 maser at
PTB is shown by the purple curve.
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(b) Distant Comp. Di↵. uA uB1 uB2 u

CSF1�FO1 2.7 1.6 3.0 3.6 5.0 68

CSF1�FO2-Cs 0.6 1.4 3.0 2.5 4.2 70

CSF1�FO2-Rb 1.2 1.2 3.0 2.7 4.2 72

CSF2�FO1 -0.1 1.8 3.0 3.6 5.0 68

CSF2�FO2-Cs -1.8 1.6 3.0 2.5 4.2 70

CSF2�FO2-Rb -1.9 1.6 3.0 2.7 4.3 72

Table 1. Summary of the local and distant comparisons between the SYRTE
and PTB fountains during the June 2015 campaign (MJD 57177-57198). The
second column gives the average fountain di↵erence (Di↵.) uA is the statistical
uncertainty corresponding to the Allan standard deviation presented in Figures 2 and
3 extrapolated at the measurement duration assuming white frequency noise. uB1 and
uB2 correspond to the systematic uncertainty of each fountain under comparison. u
is the combined uncertainty. The last column lists the up-time of the comparisons.
The value of the absolute frequency of the 87Rb ground state hyperfine transition
used in these comparisons is 6 834 682 610.904 312 Hz. In 2015 this was the value
recommended by the Comité International des Poids et Mesures.

J. Guéna et al., accepted in Metrologia. (2017)
arXiv:1703.02892 [physics.atom-ph]
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769 
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Offline: calculate clock ratio

Two-way
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810 km, 210 dB loss 
9 bi-directional EDFAs with GSM/IP control 
1 Repeater laser station @ LPL
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FIG. 1. Allan deviation of the fractional frequency di↵er-
ence between LNE-SYRTE’s clocks Sr2 and SrB and NPL’s
Sr clock. After less than one day, the instability of the frac-
tional frequency di↵erence averages down to a few 10�17. This
frequency instability is solely limited by the performances of
the clocks, as the fiber link between SYRTE and NPL shows
a fractional frequency instability of 1⇥ 10�18 at 1000 s.

bined. The relative frequency di↵erence yNPL-SYRTE be-
tween the NPL Sr clock and the LNE-SYRTE Sr clock
is corrected from the term �cl. The model used to fit
the data contains two (for A and B subsets) or three
parameters (for C subset):

yNPL-SYRTE(t) = ȳ

i
NPL-SYRTE

+2↵c�2
~w · [~vSYRTE(t)� ~vNPL(t)] , (7)

where ȳ

i
NPL-SYRTE allows for one or two fractional fre-

quency o↵sets, depending on the chosen data subset: A:
i = {Sr2}; B: i = {SrB}; C: i = {Sr2, SrB}, and ↵ is the
LI violating parameter. All parameters are determined in
the fitting procedure, along with correlations and uncer-
tainties. The mean frequency o↵sets were removed from
each comparison data subset as we are looking only for
daily variations. The second line of Eq. (7) is the LI vio-
lation; it is very similar to a sinusoid: Q0 sin[2⇡(t�t0)/T ]
where T is one sidereal day, Q0 = 1.60⇥10�10 for ↵ = 1,
and t0 = 57549.130 (MJD).

For each data subset, we used two di↵erent fitting
methods: linear least-square fitting (LSQ) and a�ne in-
variant Markov Chain Monte Carlo ensemble sampler
(MCMC) with 105 points [37]. As can be seen in Fig. 1,
the Allan deviation is flat up to around 10 s averaging
time. Indeed, in the short term the laser probing the nar-
row transition is not yet locked to the atoms, therefore
the flicker floor of the free running laser is visible. This
temporal correlation is taken into account in the LSQ and
MCMC fits by using a non-diagonal covariance matrix.
Non-diagonal elements are calculated thanks to an expo-
nential covariance function [38], the parameters of which
are fitted a priori on the empirical covariance. For the

FIG. 2. Correlations and histograms of the parameters of
model (7) in fit C of table I, corresponding to the NPL-
SYRTE comparison data from Sr2 and SrB combined, us-
ing the a�ne invariant Markov Chain Monte Carlo ensemble
sampler (MCMC) method with 105 points.

combined data set C the correlation between both data
sets is taken into account in the covariance matrix.
Results for the MCMC method are given in table I for

the three cases A to C. The LSQ method gives similar
results, with relative di↵erences of a few percent only.
The correlations between the parameters are of the order
or below 0.2. The best result is found when combining
the two sets of data:

↵C = (�2.83± 6.19)⇥ 10�8 (8)

Correlations and histograms of the parameters for data
set C are shown on figure 2.
The PTB-SYRTE comparison took place between June

4th and 24th 2015. This comparison, involving SYRTE’s
Sr2 clock and PTB’s stationary Sr clock, is reported
in [9]. We use in this paper the data of the second of
the two campaigns reported in [9], representing around
150 hours of clock comparison data.
An analysis of the PTB-SYRTE comparison data with

a model similar to equation (7) (replacing the NPL clock

�tSYRTE ↵SYRTE
T ↵

(hours) (10�16 K�1) (10�8)
A – – +3.81± 8.41
B – – �5.87± 7.78
C – – �2.83± 6.19

D 4.81± 0.25 1.76± 0.12 �0.38± 1.06

TABLE I. Fitting results using the a�ne invariant Markov
Chain Monte Carlo ensemble sampler (MCMC) method with
105 points. Fits A to C use the NPL-SYRTE comparison data
with A: Sr2 data only; B: SrB data only; C: Sr2 and SrB data
combined. Fit D uses the PTB-SYRTE comparison data.

P. Delva et al., accepted in Phys. Rev. Lett. (2017)
arXiv:1703.04426v1 [gr-qc] 
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Abstract

Recent technological advances in optical atomic clocks are opening new perspectives for the direct deter-
mination of geopotential differences between any two points at a centimeter-level accuracy in geoid height.
However, so far detailed quantitative estimates of the possible improvement in geoid determination when adding
such clock measurements to existing data are lacking. We present a first step in that direction with the aim
and hope of triggering further work and efforts in this emerging field of chronometric geodesy and geophysics.
We specifically focus on evaluating the contribution of this new kind of direct measurements in determining
the geopotential at high spatial resolution (⇡ 10 km). We studied two test areas, both located in France and
corresponding to a middle (Massif Central) and high (Alps) mountainous terrain. These regions are interesting
because the gravitational field strength varies greatly from place to place at high spatial resolution due to the
complex topography. Our method consists in first generating a synthetic high-resolution geopotential map, then
drawing synthetic measurement data (gravimetry and clock data) from it, and finally reconstructing the geopo-
tential map from that data using least squares collocation. The quality of the reconstructed map is then assessed
by comparing it to the original one used to generate the data. We show that adding only a few clock data points
(less than 1 % of the gravimetry data) reduces the bias significantly and improves the standard deviation by a
factor 3. The effect of the data coverage and data quality on the results is investigated, and the trade-off between
the measurement noise level and the number of data points is discussed.

Keywords. Chronometric geodesy; High spatial resolution; Geopotential; Gravity field; Atomic clock; Least-
squares collocation (LSC); Stationary covariance function

1 Introduction
Chronometry is the science of the measurement of time. As the time flow of clocks depends on the surround-
ing gravity field through the relativistic gravitational redshift predicted by Einstein (Landau and Lifshitz, 1975),
chronometric geodesy considers the use of clocks to directly determine Earth’s gravitational potential differences.
Instead of using state-of-the-art Earth’s gravitational field models to predict frequency shifts between distant
clocks (Pavlis and Weiss (2003), ITOC project1), the principle is to reverse the problem and ask ourselves whether
the comparison of frequency shifts between distant clocks can improve our knowledge of Earth’s gravity and
geoid (Bjerhammar, 1985; Mai, 2013; Petit et al, 2014; Shen et al, 2016; Kopeikin et al, 2016). For example, two
clocks with an accuracy of 10�18 in terms of relative frequency shift would detect a 1-cm geoid height variation
between them, corresponding to a geopotential variation DW of about 0.1 m2 s�2(for more details, see e.g. Delva
and Lodewyck, 2013; Mai, 2013; Petit et al, 2014).

Until recently, the performances of optical clocks had not been sufficient to make applications in practice
for the determination of Earth’s gravity potential. However, ongoing quick developments of optical clocks are
opening these possibilities. In 2010, Chou et al (2010) demonstrated the ability of the new generation of atomic
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(a) Without clock data.

(b) With clock data.

Figure 9: Accuracy of the disturbing potential T reconstruction on a regular 10-km step grid in
Massif Central, obtained by comparing the reference model and the reconstructed one. In Figure (a),
the estimation is realized from the 4374 gravimetric data dg only, and in Figure (b) by adding 33
potential data T to the gravity data.

(a) Without clock data.

(b) With clock data.

Figure 10: Accuracy of the disturbing potential T reconstruction on a regular 10-km step grid in
Massif Central, obtained by comparing the reference model and the reconstructed one. In Figure (a),
the estimation is realized from the 4959 gravimetric data dg only, and in Figure (b) by adding 32
potential data T to the gravity data.
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G. Lion et al.,Journal of Geodesy, pp 1-15 (2017)
arXiv:1612.03833v2 [physics.geo-ph]

Main conclusion (for a naive as me) :
A few number of clock measurements can help !
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Abstract

Recent technological advances in optical atomic clocks are opening new perspectives for the direct deter-
mination of geopotential differences between any two points at a centimeter-level accuracy in geoid height.
However, so far detailed quantitative estimates of the possible improvement in geoid determination when adding
such clock measurements to existing data are lacking. We present a first step in that direction with the aim
and hope of triggering further work and efforts in this emerging field of chronometric geodesy and geophysics.
We specifically focus on evaluating the contribution of this new kind of direct measurements in determining
the geopotential at high spatial resolution (⇡ 10 km). We studied two test areas, both located in France and
corresponding to a middle (Massif Central) and high (Alps) mountainous terrain. These regions are interesting
because the gravitational field strength varies greatly from place to place at high spatial resolution due to the
complex topography. Our method consists in first generating a synthetic high-resolution geopotential map, then
drawing synthetic measurement data (gravimetry and clock data) from it, and finally reconstructing the geopo-
tential map from that data using least squares collocation. The quality of the reconstructed map is then assessed
by comparing it to the original one used to generate the data. We show that adding only a few clock data points
(less than 1 % of the gravimetry data) reduces the bias significantly and improves the standard deviation by a
factor 3. The effect of the data coverage and data quality on the results is investigated, and the trade-off between
the measurement noise level and the number of data points is discussed.
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Chronometry is the science of the measurement of time. As the time flow of clocks depends on the surround-
ing gravity field through the relativistic gravitational redshift predicted by Einstein (Landau and Lifshitz, 1975),
chronometric geodesy considers the use of clocks to directly determine Earth’s gravitational potential differences.
Instead of using state-of-the-art Earth’s gravitational field models to predict frequency shifts between distant
clocks (Pavlis and Weiss (2003), ITOC project1), the principle is to reverse the problem and ask ourselves whether
the comparison of frequency shifts between distant clocks can improve our knowledge of Earth’s gravity and
geoid (Bjerhammar, 1985; Mai, 2013; Petit et al, 2014; Shen et al, 2016; Kopeikin et al, 2016). For example, two
clocks with an accuracy of 10�18 in terms of relative frequency shift would detect a 1-cm geoid height variation
between them, corresponding to a geopotential variation DW of about 0.1 m2 s�2(for more details, see e.g. Delva
and Lodewyck, 2013; Mai, 2013; Petit et al, 2014).

Until recently, the performances of optical clocks had not been sufficient to make applications in practice
for the determination of Earth’s gravity potential. However, ongoing quick developments of optical clocks are
opening these possibilities. In 2010, Chou et al (2010) demonstrated the ability of the new generation of atomic
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Figure 9: Accuracy of the disturbing potential T reconstruction on a regular 10-km step grid in
Massif Central, obtained by comparing the reference model and the reconstructed one. In Figure (a),
the estimation is realized from the 4374 gravimetric data dg only, and in Figure (b) by adding 33
potential data T to the gravity data.

(a) Without clock data.

(b) With clock data.

Figure 10: Accuracy of the disturbing potential T reconstruction on a regular 10-km step grid in
Massif Central, obtained by comparing the reference model and the reconstructed one. In Figure (a),
the estimation is realized from the 4959 gravimetric data dg only, and in Figure (b) by adding 32
potential data T to the gravity data.
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Test of special relativity
Test of special relativity using a fiber network of optical clocks
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CNRS, 99 Avenue Jean-Baptiste Clément, 93430 Villetaneuse, France

4Korea Research Institute of Standards and Science, Daejeon 34113, South Korea
5Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany and

6National Physical Laboratory, Hampton Road, Teddington, TW11 0LW, UK

Phase compensated optical fiber links enable high accuracy atomic clocks separated by thousands
of kilometers to be compared with unprecedented statistical resolution. By searching for a daily
variation of the frequency di↵erence between four strontium optical lattice clocks in di↵erent loca-
tions throughout Europe connected by such links, we improve upon previous tests of time dilation
predicted by special relativity. We obtain a constraint on the Robertson–Mansouri–Sexl parameter
|↵| . 1.1 ⇥ 10�8 quantifying a violation of time dilation, thus improving by a factor of around
two the best known constraint obtained with Ives–Stilwell type experiments, and by two orders of
magnitude the best constraint obtained by comparing atomic clocks. This work is the first of a new
generation of tests of fundamental physics using optical clocks and fiber links. As clocks improve,
and as fiber links are routinely operated, we expect that the tests initiated in this paper will improve
by orders of magnitude in the near future.

Special Relativity (SR), one of the cornerstones of
modern physics, assumes that Lorentz Invariance (LI)
is a fundamental symmetry of nature. The search for a
violation of LI is motivated by two factors: (i) theoretical
suggestions that LI may not be an exact symmetry at all
energies and (ii) the tremendous advances in the preci-
sion of experimental tests. Indeed, a strong violation of
LI at the Planck scale is likely to yield a small amount
of violation at low energy, which could be measured with
precise experiments [1].

Optical clocks are now the most precise measurement
devices. They reach systematic uncertainties of a few
10�18, which can be resolved after a mere few hours of
measurement with optical lattice clocks based on trapped
neutral atoms [2–6]. Thanks to these unparalleled per-
formances, comparing the resonance frequencies of opti-
cal clocks has led to new tests of fundamental physics,
such as bounding the time variation of fundamental con-
stants [7, 8].

In this paper, we perform a test of SR using a net-
work of distant optical lattice clocks located in France,
Germany and the UK. By exploiting the di↵erence be-
tween the velocities of each clock in the inertial geocen-
tric frame, due to their di↵erent positions on the surface
of the Earth, we are able to improve upon previous tests
of time dilation. The connection between these clocks,
achieved with phase-compensated optical fibers, allows

⇤
Pacome.Delva@obspm.fr

for an unprecedented level of statistical resolution for the
comparison of remote atomic clocks [9], making such a
test possible for the first time.
LI violations are predicted by several theoretical frame-

works, categorized as kinematical and dynamical frame-
works (see [1] for a review). In this paper we use
the Robertson–Mansouri–Sexl (RMS) kinematical frame-
work [10–13] which contains only three parameters. It
assumes the existence of a preferred frame ⌃ where light
propagates rectilinearly and isotropically in free space
with constant speed c. The ordinary Lorentz transfor-
mations from ⌃ to the observer frame S with relative
velocity ~w are generalized to allow for violations of SR:

T = a

�1(t� c

�1
~✏ · ~x) (1)

~

X = d

�1
~x� (d�1 � b

�1)(~w · ~x)~w/w2 + ~wT , (2)

where a, b and d are functions of w

2, and ~✏ is a w-
dependent vector specifying the clock synchronization
procedure in S. In the low-velocity limit:

a(~w) = 1 + c

�2(↵� 1/2)w2 +O(c�4
w

4) , (3)

where ↵ is an arbitrary parameter quantifying the LI
violation, the value of which is zero in SR.
First-order tests in ~w/c are based on the comparison

of clocks [12]. Until recently, they gave the best con-
straints on the LI violating parameter ↵ (see [14] for a
review) with e.g. |↵|  10�6 obtained by comparing
atomic clocks onboard GPS satellites with ground atomic
clocks [15].
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The three classical LI tests are the Michelson–Morley,
Kennedy–Thorndike, and Ives–Stillwell experiments [10];
they are second-order tests as the LI violating signal de-
pends on w

2
/c

2 [13]. With the advent of heavy-ion stor-
age rings, Ives–Stillwell type experiments now give the
best constraint on ↵ [16, 17]. A limit of |↵|  8.4⇥ 10�8

was found using 7Li+ ions prepared in a storage ring
to 6.4% and 3.0% of the speed of light [16]. The ex-
periment described in [17] uses 7Li+ ions confined at a
velocity of 33.8% of the speed of light. When neglecting
higher order RMS parameters, the constraint on the LI
violating parameter is |↵| . 2.0⇥ 10�8.

In this paper, we improve upon this best previous con-
straint on the LI violating parameter ↵ by a factor of
around two. Our test is based on four optical lattice
clocks using Sr atoms, two located at LNE-SYRTE, Ob-
servatoire de Paris, France [18, 19], one at PTB, Braun-
schweig, Germany [20, 21], and one at NPL, Teddington,
UK [22]. These clocks are connected by two fiber links,
one running from LNE-SYRTE to PTB operated in June
2015 [9], and one from LNE-SYRTE to NPL operated in
June 2016. This paper exclusively uses the stability of
the frequency comparisons between the clocks by looking
for a periodic variation.

In a simplified setup, an optical clock comparison using
a phase noise compensated fiber link can be described as
a two-way frequency transfer between two observers A
and B [23–27]. Observer A emits an electromagnetic sig-
nal (e.g. an IR laser) with proper frequency ⌫0, received
by observer B at a proper frequency ⌫1, and reflected
back to observer A, where it is received with a proper
frequency ⌫2. The two-way Doppler signal (⌫2 � ⌫0) is
then locked to an ultra-stable reference – thanks to a fre-
quency shifter inserted along the route of the fiber – such
that

⌫1

⌫0
= 1 +

⌫2 � ⌫0

2⌫0
+� , (4)

where � is the “redshift signal” [14] or de-syntonization.
It contains the classical gravitational redshift between
the two observer locations as well as second-order SR ef-
fects, while the first-order Doppler shift is canceled. The
relative frequency di↵erence between two clocks located
at A and B is then obtained by locally beating each clock
with the electromagnetic signal at each end of the link.

In the low-velocity limit the de-syntonization can be
written as

� = �cl +�↵ , (5)

where �cl contains the relativistic redshift due to the
static part of the gravity potential as well as temporal
variations [28]. During the considered dates of clock com-
paraisons, time-variable gravity potential components in-
duced by tides give approximately diurnal peak-to-peak
fractional frequency variations up to 1.3⇥10�17 between
PTB and LNE-SYRTE, and up to 5 ⇥ 10�18 between
NPL and LNE-SYRTE, and are modelled at the level of

two parts in 1018 or below. The LI violating term signal
is:

�↵ = ↵c

�2
⇥
2~w · (~vA � ~vB) +

�
v

2
A � v

2
B

�⇤
+O(c�3) , (6)

where ~vA and ~vB are respectively the velocities of clocks
A and B in the non-rotating geocentric celestial reference
system (GCRS). They are obtained by transforming the
terrestrial coordinates of the clocks, considered as con-
stant, with the SOFA routines [29]. ~w is the velocity
of the Earth with respect to a preferred frame, taken as
the rest frame of the cosmological microwave background
(CMB). It is the sum of the Earth velocity with respect to
the Solar System Barycenter (SSB), and the SSB velocity
with respect to the CMB. The celestial coordinates of the
SSB velocity with respect to the CMB in galactic coor-
dinates are 263.99�(longitude) and 48.26�(latitude) [30],
which transformed to the GCRS give 11 h 11 m 36 s
(right ascension) and �6� 54’ 00” (declination) [31] with
a norm of 369 km·s�1. In June 2015 and 2016 the norm
of ~w was w ' 340 km·s�1.
The first term of the LI violation in equation (6) varies

with a period of one sidereal day as the Earth rotates
around its axis. It is therefore possible to bound the LI
violating parameter ↵ by looking for daily variations in
the relative frequency di↵erence y between remote clocks,
located at di↵erent longitudes (i.e. di↵erent orientation
of ~v) and/or di↵erent latitudes (i.e. di↵erent norms of ~v).
The second term of Eq. (6) is constant, and considering
an upper bound of 2 ⇥ 10�8 on the parameter ↵ [17],
is lower than 4 ⇥ 10�20, which is significantly below the
accuracy of the clocks. Therefore we do not take it into
account in our model.
We first analyze the result of the comparison between

the clocks at LNE-SYRTE and NPL. Between June 10th
and 15th 2016, we accumulated about 60 hours of clock
comparison data between LNE-SYRTE’s Sr2 and SrB
lattice clocks, and NPL’s Sr clock. These clocks are con-
nected by a 812 km long cascaded optical fiber link us-
ing infra-red lasers operated at 1542 nm. The first span
of 769 km connects NPL to Laboratoire de Physique
des Lasers (LPL) in the north of Paris with the use
of a repeater laser station at LPL [32]; the second link
connects LNE-SYRTE to LPL [33, 34]. The frequency
ratio of the infra-red lasers and the Sr clock lasers at
NPL and SYRTE are measured using optical frequency
combs [35, 36]. The propagation noise in the fibers is ac-
tively compensated. At LPL, a beat note is generated
with light from the two stabilized links and recorded us-
ing a GPS-disciplined ultra-stable quartz oscillator and
a dead-time-free frequency counter with a similar ap-
proach to the set-up described in [9]. The frequency coun-
ters at NPL, LPL, and LNE-SYRTE are synchronized to
UTC(NPL), GPS time, and UTC(OP) respectively with
an accuracy well below 1 ms. Figure 1 shows the relative
frequency instability of the comparison.
To search for a violation of LI in the clock compar-

isons, we consider three di↵erent data subsets: A: Sr2
data only; B: SrB data only; C: Sr2 and SrB data com-

negligible period of one sidereal day 

The LI violating term signal :

Tides give time-variable gravity potential 
components 
Approximately diurnal peak-to-peak fractional 
frequency variations 
PTB-SYRTE : 1.3 × 10−17 
NPL-SYRTE:  5 × 10−18 
Tide is modeled at the level of 2 × 10−18

vA and vB are respectively the velocities of clocks 
A & B in the non-rotating geocentric celestial 
reference system (GCRS)
w is the velocity of the Earth with respect to a 
preferred frame, taken as the rest frame of the 
cosmological microwave background (CMB)

LI violating parameter α of the RMS framework <1.1 × 10−8
2 times better constrained than using accelerated ions, 
2 orders of magnitude better than previous data using atomic clocks,

Some effect of temperature on clock frequency was revealed and needed to 
be mitigated
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Outlook

Optical clock comparison using fiber links is a reality : NPL-SYRTE-PTB 
<3x10-17 statistical uncertainty @1day

Comparison uncertainty below 


the SI limit

Outperform by order of magnitudes 


the abilities of satellite based methods

Open a new era of clock’s comparisons 

Chronometric geodesy 
Linking NMIs with fiber links 

SYRTE-PTB achieved

SYRTE-NPL : established

SYRTE-INRIM, PTB-GUM : next !

Next campaign NPL-SYRTE-PTB  : June 2017
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Thank you for attention !

Thanks to people in PTB, NPL, LPL
RENATER and Uni. Strasbourg 
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Leveraging the unrivalled performance of optical clocks as key tools for geo-science, for

astronomy and for fundamental physics beyond the standard model requires comparing the

frequency of distant optical clocks faithfully. Here, we report on the comparison and

agreement of two strontium optical clocks at an uncertainty of 5! 10" 17 via a newly

established phase-coherent frequency link connecting Paris and Braunschweig using 1,415 km

of telecom fibre. The remote comparison is limited only by the instability and uncertainty of

the strontium lattice clocks themselves, with negligible contributions from the optical fre-

quency transfer. A fractional precision of 3! 10" 17 is reached after only 1,000 s averaging

time, which is already 10 times better and more than four orders of magnitude faster than any

previous long-distance clock comparison. The capability of performing high resolution

international clock comparisons paves the way for a redefinition of the unit of time and an

all-optical dissemination of the SI-second.

DOI: 10.1038/ncomms12443 OPEN

1 Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany. 2 Laboratoire de Physique des Lasers, Université Paris 13, Sorbonne
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Technologie, l0Enseignement et la Recherche, 23–25 Rue Daviel, 75013 Paris, France. 5 Institut für Erdmessung, Leibniz Universität Hannover, Schneiderberg
50, 30167 Hannover, Germany. 6 Laboratoire Photonique, Numérique et Nanosciences, UMR 5298 Institut d’Optique Graduate School, CNRS, and
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Test of special relativity using a fiber network of optical clocks

P. Delva1,⇤ J. Lodewyck1, S. Bilicki1, E. Bookjans1, G. Vallet1, R. Le Targat1, P.-E. Pottie1, C. Guerlin2,1, F.
Meynadier1, C. Le Poncin-Lafitte1, O. Lopez3, A. Amy-Klein3, W.-K. Lee1,4, N. Quintin3, C. Lisdat5, A.
Al-Masoudi5, S. Dörscher5, C. Grebing5, G. Grosche5, A. Kuhl5, S. Raupach5, U. Sterr5, I. R. Hill6, R.
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UPMC-Sorbonne Universités, Collège de France, 75005 Paris, France

3Laboratoire de Physique des Lasers, Université Paris 13, Sorbonne Paris Cité,
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5Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany and

6National Physical Laboratory, Hampton Road, Teddington, TW11 0LW, UK

Phase compensated optical fiber links enable high accuracy atomic clocks separated by thousands
of kilometers to be compared with unprecedented statistical resolution. By searching for a daily
variation of the frequency di↵erence between four strontium optical lattice clocks in di↵erent loca-
tions throughout Europe connected by such links, we improve upon previous tests of time dilation
predicted by special relativity. We obtain a constraint on the Robertson–Mansouri–Sexl parameter
|↵| . 1.1 ⇥ 10�8 quantifying a violation of time dilation, thus improving by a factor of around
two the best known constraint obtained with Ives–Stilwell type experiments, and by two orders of
magnitude the best constraint obtained by comparing atomic clocks. This work is the first of a new
generation of tests of fundamental physics using optical clocks and fiber links. As clocks improve,
and as fiber links are routinely operated, we expect that the tests initiated in this paper will improve
by orders of magnitude in the near future.

Special Relativity (SR), one of the cornerstones of
modern physics, assumes that Lorentz Invariance (LI)
is a fundamental symmetry of nature. The search for a
violation of LI is motivated by two factors: (i) theoretical
suggestions that LI may not be an exact symmetry at all
energies and (ii) the tremendous advances in the preci-
sion of experimental tests. Indeed, a strong violation of
LI at the Planck scale is likely to yield a small amount
of violation at low energy, which could be measured with
precise experiments [1].

Optical clocks are now the most precise measurement
devices. They reach systematic uncertainties of a few
10�18, which can be resolved after a mere few hours of
measurement with optical lattice clocks based on trapped
neutral atoms [2–6]. Thanks to these unparalleled per-
formances, comparing the resonance frequencies of opti-
cal clocks has led to new tests of fundamental physics,
such as bounding the time variation of fundamental con-
stants [7, 8].

In this paper, we perform a test of SR using a net-
work of distant optical lattice clocks located in France,
Germany and the UK. By exploiting the di↵erence be-
tween the velocities of each clock in the inertial geocen-
tric frame, due to their di↵erent positions on the surface
of the Earth, we are able to improve upon previous tests
of time dilation. The connection between these clocks,
achieved with phase-compensated optical fibers, allows

⇤
Pacome.Delva@obspm.fr

for an unprecedented level of statistical resolution for the
comparison of remote atomic clocks [9], making such a
test possible for the first time.
LI violations are predicted by several theoretical frame-

works, categorized as kinematical and dynamical frame-
works (see [1] for a review). In this paper we use
the Robertson–Mansouri–Sexl (RMS) kinematical frame-
work [10–13] which contains only three parameters. It
assumes the existence of a preferred frame ⌃ where light
propagates rectilinearly and isotropically in free space
with constant speed c. The ordinary Lorentz transfor-
mations from ⌃ to the observer frame S with relative
velocity ~w are generalized to allow for violations of SR:

T = a

�1(t� c

�1
~✏ · ~x) (1)

~

X = d

�1
~x� (d�1 � b

�1)(~w · ~x)~w/w2 + ~wT , (2)

where a, b and d are functions of w

2, and ~✏ is a w-
dependent vector specifying the clock synchronization
procedure in S. In the low-velocity limit:

a(~w) = 1 + c

�2(↵� 1/2)w2 +O(c�4
w

4) , (3)

where ↵ is an arbitrary parameter quantifying the LI
violation, the value of which is zero in SR.
First-order tests in ~w/c are based on the comparison

of clocks [12]. Until recently, they gave the best con-
straints on the LI violating parameter ↵ (see [14] for a
review) with e.g. |↵|  10�6 obtained by comparing
atomic clocks onboard GPS satellites with ground atomic
clocks [15].
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