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Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 

1.  Pourquoi des étalonnages des 
retards ? 

2.  Étalonnages relatifs de stations ou de 
liens. 

3.  Budgets d’incertitudes. 
4.  Validation par comparaisons avec 

d’autres techniques. 
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Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 
1. Pourquoi des étalonnages des retards.   [1/2] 

•  Géolocalisation ou radionavigation: le paramètre “temps” 
est éliminé dans les traitements par des techniques de 
double-différences (ou plus ...). 

•  Métrologie du temps et des fréquences: le paramètre 
“temps” est notre signal, le but étant de modéliser ou 
d’éliminer les autres paramètres et les perturbations. 

•  Comparaisons de fréquence: résultats donnés par une courbe de 
stabilité de fréquence relative (variance ou écart-type d’Allan). 

•  Comparaisons de temps: il faut mesurer ou modéliser tous les retards 
de propagation qui ne peuvent être éliminés entre les points de 
référence des échelles de temps à comparer. 

  >>> BUDGETS D’INCERTITUDES 
 dans lesquels les incertitudes sur les retards 
 « hardware » sont prépondérantes aujourd’hui. 
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Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 
1. Pourquoi des étalonnages des retards.   [2/2] 

•  Différentes techniques de comparaisons à distance. 
•  Vues communes (CV) utilisant un/des code/s. 
•  « Ionosphere free » P3 CV par combinaison linéaire de P1 et P2. 
•  « All in view » en utilisant IGST (produits d’horloges de l’IGS). 
•  « Precise Point Positioning » (PPP), la plus stable, mais origine arbitraire des 

phases => retour à P3 pour les comparaisons de temps. 
•  Différents formats de données: 

•  RINEX pour les techniques PPP et des étalonnages. 
•  « Common GNSS Global Time Transfer Standard »  (CGGTTS) > « UTC(k) – GPSTime ». 

•  Organisation internationale. 
•  Réseau pour le calcul du Temps atomique international (TAI), première étape du 

calcul du Temps universel coordonné (UTC), par le Bureau international des 
poids et mesures (BIPM). 

•  Le BIPM sélectionne des laboratoires « Groupe 1 » (G1) par région 
métrologique, qu’il étalonne tous les deux ans. 

•  Charge à ces laboratoires G1 d’étalonner les autres laboratoires « G2 ». 
•  EURAMET G1: LNE-SYRTE/OP (France), PTB (Allemagne) et ROA (Espagne) 
•   ≈ 30 laboratoires G2 en Europe !! 

•  Autres campagnes d’étalonnages pour des raisons scientifiques ou suite à 
une commande industrielle (Galileo, ...). 
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Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 
2. Étalonnages relatifs de stations ou de liens  [1/4] 

•  Étalonnage de stations: 
•  Absolu: mesures des retards de chacun des éléments d’une station 

(antenne, câble, unité centrale) avec l’aide d’équipements spécifiques 
(simulateur GNSS, ARV, chambre anéchoïque adaptée, …) rares dans 
les laboratoires de métrologie [>> NRL/CNES], incertitude combinée < 
1 ns. 

    >> Permet d’intégrer la station dans n’importe quel réseau. 
•  Relatif: déplacement d’une station portable dans un réseau de 

laboratoires autour d’une station servant de référence. 
    >> Permet d’intégrer la station dans un autre réseau si la station de 
    référence de l’étalonnage relatif est étalonnée par rapport à cet autre 
    réseau > propagation des incertitudes (exemple G1/G2: incertitudes 
    combinées conventionnelles uB(G1) = 1,7 ns et uB(G2) = 2,5 ns). 

•  Étalonnage relatif de liens: 
•  Détermination d’un offset moyen à appliquer aux comparaisons entre 

deux points de référence d’échelle de temps distantes. 
•  Moins de mesures à faire >> meilleure incertitude. 
•  Mais étalonnage perdu si un changement hardware intervient dans la 

distribution de l’échelle de temps locale. 
GeoPos, IGN, 5 octobre 2017 
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Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 
2. Étalonnages relatifs de stations ou de liens  [2/4] 

•  Étalonnage relatif d’une station par circulation d’un équipement voyageur. 

 
•  Principe: 

•  Station mobile installée en parallèle avec station de référence. 
•  Station mobile déplacée et installée en parallèle avec station à étalonner. 
•  Retour de la station mobile aux côtés de la station de référence (> « clôture »). 
•  Raccordement au même point de référence de l’échelle de temps locale (> mesure de retard) . 
•  Calcul des coordonnées d’antenne par PPP sur fichiers RINEX (> écarts géométriques). 
•  Calcul des écarts relatifs sur les codes P1 et P2 issus des fichiers RINEX entre la station 

visitée et la station de référence. 
•  Estimation des incertitudes. 
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Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 
2. Étalonnages relatifs de stations ou de liens  [3/4] 

•  Étalonnage relatif d’un lien par circulation d’un équipement voyageur. 

 
•  Principe: 

•  Circulation station mobile identique. 
•  Retour de la station mobile aux côtés de la station de référence (> « clôture »). 
•  Raccordement au même point de référence de l’échelle de temps locale (retards). 
•  Calcul des coordonnées d’antenne par PPP (> écarts géométriques). 
•  Calcul des écarts relatifs entre les fichiers CGGTTS P3. 
•  Calcul d’un offset moyen entre les points de référence d’échelles de temps. 
•  Estimation des incertitudes avec moins de lignes dans le budget. 
•  Étalonnage perdu si changement hardware dans la distribution d’échelle de temps. 
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Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 
2. Étalonnages relatifs de stations ou de liens  [4/4] 
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 Implantation actuelle à OP: trois chaînes de réception GNSS. 
 

UTC(OP) 10 MHz

UTC(OP) 1 PPS

16

PTF Inc    1 PPS

OPMT

TimeTech   10 MHz

TimeTech 1 PPS

OPM2

OPM9

OP71OPM6

TSA100

x2

Leica
AR25

Leica
AR25

UTC(OP)

All PPS-IN or PPS-OUTdelay measurements are achieved against the output 16
of the UTC(OP) 1 PPS distribution amplifier.

Geodetic receivers in OP site :

OPMT : Ashtech Z12-T (1st generation) [GPS] current IGS station
OPM2 : Ashtech Z12-T (2nd generation) [GPS]

OPM9 : DICOM GTR51 [GPS/GLONASS/Galileo/EGNOS]

OPM6 : Septentrio PolaRx3 [GPS/GLONASS/EGNOS]
OP71 : Septentrio PolaRx4 [GPS/GLONASS/Galileo/Beidou/EGNOS]

Traveling equipment :

OPM3 : Septentrio PolaRx4 [GPS/GLONASS/Galileo/EGNOS]
OPM4 : Ashtech Z12-T [GPS]
OPM7 : Septentrio PolaRx4 [GPS/GLONASS/Galileo/EGNOS]
OPM8 : Septentrio PolaRx4 [GPS/GLONASS/Galileo/EGNOS] 

             P. Uhrich
2017-05-08

OPM7OPM3

Ashtech
Choke-Ring

OPM4

2016 BIPM
G1 Calibration

OPM8

>> Trois chaînes indépendantes étalonnées G1 par BIPM (#1001-2016): 
  OPMT, OPM9, OP71 
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Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 
3. Budgets d’incertitudes.   [1/3] Cal_Id [Texte] Version / date 

�����
��������������
��������������������������Ȃ�������Ͷ� �����ͺ�
 

 
Table 6. Uncertainty contributions. Values P3 are computed as L1 + 1.55*(L1-L2) 

Unc. Value L1 
(ns) 

Value 
L2 (ns)

Value  
L1-L2 (ns)

Value 
P3 (ns) Description 

ua (T-V) 0.2 0.2 0.3 � RAWDIF (traveling-visited)  
ua (T-R) 0.2 0.2 0.3 � RAWDIF (traveling-reference) 
ua 0.3 0.3 0.4 0.7  
Misclosure  
ub,1 0.5 0.6 0.2  observed mis-closure 
Systematic components related to RAWDIF 
ub,11 0.05 0.05 0.05  Position error at reference 
ub,12 0.05 0.05 0.05  Position error at visited 
ub,13 0.3 0.3 0.4  Multipaths at reference 
ub,14 0.3 0.3 0.4  Multipaths at visited 
Link of the Traveling system to the local UTC(k) 
ub,21 0.5 0.5 0  REFDLYT (at ref lab) 
ub,22 0.5 0.5 0  REFDLYT (at visited lab) 
ub,TOT 1.0 1.0 0.6 1.4  
Link of the Reference system to its local UTC(k) 
ub,31 0.5 0.5 0  REFDLYR (at ref lab) 
Link of the Visited system to its local UTC(k)
ub,32 0.5 0.5 0  REFDLYV (at visited lab) 
ub,SYS 1.2 1.2 0.6 1.5 Equation (3) 
 
uCAL  1.7 Composed of ua and ub,SYS 
Antenna cable delays 
ub,41 0.5 0.5 0  CABDLYR   
ub,42 0.5 0.5 0  CABDLYV   
 

 

BIPM 
Calibration 
Guidelines 
v3 
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Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 
3. Budgets d’incertitudes.   [2/3] 

 Étalonnage de liens ≠ étalonnages de chaînes de réception. 
•  Liens entre deux points de référence d’échelles de temps distantes: résultats sous 

forme d’un offset P3 par lien, limité à un réseau fermé, invalidé si panne de matériel 
(distribution,…), incertitude améliorée car moins de mesures sur sites. 

•  Chaînes de réception GNSS: résultats sous forme de retards P1 et P2 ensemble 
[antenne + récepteur], indépendant de la distribution des signaux, applicables pour 
toute liaison avec un autre site distant, incertitude P3 plus élevée car plus de 
mesures sur sites. 

•  Étalonnage par LNE-SYRTE de trois liaisons européennes: OP, OCA et SGF*. 

 6 

Bundesanstalt (PTB), Braunschweig, Germany [7]. We are therefore confident on the long-term 
stability of OPMT, in particular during the campaign. 
 
2.2. The OP traveling equipment. 
 
As mentioned above in Section 1, the stability of the traveling equipment is an issue for a relative 
calibration campaign: potential short-term instabilities during the travel might remain hidden in the 
measurements without being noticed. For this reason the campaign we report here was achieved by 
using two different GPS receivers in the OP traveling equipment. In addition, a specific signal 
distribution has been designed for that calibration campaign, so that the LinkCal option would be 
possible together with the RecCal one. Figure 3 shows the block diagram of the OP traveling “box” 
which contains the GPS receivers main units plus other equipment, when implemented in one station. 
The local time scale is required to be made available under the form of a 1 PPS signal and a 10 MHz 
signal, both being generated from the same source. The GPS receivers were of two different types: 
one Ashtech Z12-T GPS multichannel geodetic receiver called OPM4, and a Septentrio PolaRx4 multi-
GNSS multichannel geodetic receiver called OPM7, though here only GPS data are considered. Both 
receivers were connected to the same antenna cable through a Power Splitter Combiner. They were 
implemented in a traveling box, which also contains a 1 PPS generator and a 10 MHz distribution 
amplifier, both instruments providing to the GPS receivers the required signals for data acquisition. 
The connection to the local time scale in any station was twofold. First, the 10 MHz signal generated 
locally is required at the input of the traveling 10 MHz distribution amplifier. This amplifier then 
distributes a 10 MHz signal inside the traveling box, transformed into 20 MHz for OPM4 by an 
integrated frequency multiplier. This amplifier also distributes the same 10 MHz signal at the input of 
the traveling 1 PPS generator. In other words, the 1 PPS signal distributed to both traveling GPS 
receivers is only based on the 10 MHz signal distributed inside the traveling box. And second, the 
offset between the 1 PPS signal of the local time scale and the 1 PPS signal generated inside the 
traveling box can be measured by using a Time Interval Counter (TIC), which was also part of the 
traveling equipment in order to minimize the potential bias related to such an instrument. 
 

 
 

Figure 3. Block diagram of the OP traveling equipment when implemented in one station. 
 
One important advantage of including the signal distributions inside the traveling box is that the phase 
position of the 1 PPS to either the 10 MHz signal or the 20 MHz signal stays the same, provided that 
the distribution cables stay plugged in, and that the actual GPS measurements are collected once all 
the instruments are in operation and temperature stabilized [11]. That way, once properly set-up and 
because the traveling receivers are only considered as transfer standards, there is no need to 
measure such phase offsets anymore during the whole campaign. 
 
3. Computation of hardware delays. 
 

10 MHz
Amplifier

1 PPS
Generator

Time
Interval
Counter

Local 10 MHz
Distribution

OP Traveling Box

Local 1 PPS
Distribution

x 2 Frequency
Multiplier

Ashtech z12-T
OPM4

Septentrio
PolaRx4
OPM7

Local Time Scale

Antenna
Power
Splitter

Combiner

1 PPS IN

1 PPS IN

10 MHz IN

20 MHz IN

1 PPS OUT

RF

Budgets d’incertitudes détaillés publiés. 

Chaînes de réception (ns) 
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TDEV(1 d) of OPM7 - HERS 0.07 0.10 
TDEV(1 d) of OPM7 - OPMT 0.08 0.08 

Quadratic sum 0.54 0.54 
OPM7 deviation against OPMT 0.15 0.00 

Simple sum 0.69 0.54 
 
Table 14 is providing the k = 1 u(P3) hardware delay uncertainties to be applied to GPS TAIP3 CV 
time transfer between OP and SGF based on the use of either OPM4 or OPM7 data. The lines 
obtained by applying equation (12) are shown in italic form. Note that here the stability of OPM4 or 
OPM7 differ as we take the deviation from closure of either one mobile receiver or the other one with 
respect to OPMT, as derived from Table 6. 
 

Table 14. TAIP3 CV hardware delay uncertainty budgets of HERS against OPMT for RecCal (ns). 
 

HERS against OPMT 
TAIP3 CV 

u(P3) 
via OPM4 

u(P3) 
via OPM7 

RefDelay OPM4/OPM7 in OP 0.20 0.22 
RefDelay OPMT in OP 0.36 
OPMT stability during the campaign 0.04 
RefDelay HERS in SGF 0.20 
RefDelay OPM4/OPM7 in SGF 0.20 0.22 
P3 noise of OPM4/OPM7 - HERS 0.16 0.24 
P3 noise of OPM4/OPM7 - OPMT 0.27 0.24 

Quadratic sum 0.60 0.62 
OPM4 or OPM7 deviation against OPMT 0.12 0.35 

Simple sum 0.72 0.97 
 

We may summarize the hardware delay RecCal results in Table 15, the most conservative values 
having been chosen for the k = 1 hardware delay uncertainties when required. 
 

Table 15. Summary of the RecCal results (ns). 
 

RecCal P1 u(P1) P2 u(P2) u(P3) 
OC03 against OPMT 2.57 1.17 4.27 1.17 1.23 
HERS against OPMT 70.00 0.77 68.25 0.76 0.97 

 
But, as explained above, the TAIP3 CV uncertainties have to be computed for a coverage factor k = 2 
to comprehensively take into account the stability over the campaign of the mobile receivers. 
Therefore, Table 16 provides the hardware delay expanded uncertainties of TAIP3 CV between OP, 
OCA and SGF, when using OPMT as absolute reference. 
 

Table 16. Hardware delay expanded uncertainties of TAIP3 CV between OP, OCA and SGF issued 
from relative receiver calibration RecCal with OPMT as absolute reference (ns). 

 
u(TAIP3 CV) k = 2 
OP-OCA 2.5 
OP-SGF 2.0 
OCA-SGF 3.2 

 
Notwithstanding the large unexplained offset between OPM4 and OPM7 when implemented in OCA, 
which leads to a degradation in the related uncertainties, what is obtained here can be qualified as 
very good results. Note however that these results are only valid for these links, because OPMT was 
used as absolute reference. When time transfer would be performed with any other station outside this 
limited network, then the resulting uncertainties should take into account the hardware delay 
uncertainty of OPMT, in addition to the hardware delay uncertainty of the other station receiver. The 
only exception to that rule would be if the other station receiver had been relatively calibrated with 
respect to OPMT too. Then OPMT could be considered as a simple transfer standard which is 
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Table 20 provides the hardware delay offset uncertainty budget for the link OCA-SGF. This budget 
should have optimally been computed after measurement of a closure between OCA and SGF. But 
such a closure did not take place in our campaign. Therefore, we use the largest of both deviations 
from closure in this uncertainty budget to account for OM4/OPM7 stability over the campaign. 
 
Table 20. LinkCal hardware delay offset uncertainty budget for the link OCA-SGF based on TAIP3 CV 

(ns). 
 

OCA-SGF u(P3) 
RefDelay OPM7 in OCA 0.22 
RefDelay OPM7 in SGF 0.22 
TDEV(1 d) TAIP3 CV OPM4 - OC03 0.18 
TDEV(1 d) TAIP3 CV OPM4 - HERS 0.20 

Quadratic sum 0.41 
OPM4 - OPM7 deviation in OCA 0.64 

Simple sum 1.05 
 
When considering the expanded uncertainty for a coverage factor k = 2, one obtains the LinkCal 
results presented in Table 21, which can be directly compared to the similar RecCal results given in 
Section 5.2 in Table 16. 
 

Table 21. Hardware offset expanded uncertainties of TAIP3 CV between OP, OCA and SGF issued 
from relative link calibration LinkCal (ns). 

 
u(TAIP3 CV) k = 2 
OP-OCA 2.1 
OP-SGF 1.5 
OCA-SGF 2.1 

 
Note that most of the results here are limited by the deviations from closure. This is a direct 
consequence of the way we tried to estimate in a conservative way the stability of the mobile receivers 
during the measurement campaign. 
 
5.4. Direct comparison between LinkCal and RecCal. 
 
When comparing the RecCal and LinkCal TAIP3 CV hardware delay uncertainty budgets, as obtained 
in Table 16 and 21 respectively, one can see that the improvement factors on the uncertainties are 
about 1.2 for OP-OCA, about 1.3 for OP-SGF and about 1.5 for OCA-SGF. The expanded 
uncertainties in Table 21 are the values we propose to use for any direct comparison with another time 
transfer technique between the same distribution reference points of the remote time scales. Note 
however that these results are only valid at the date of the relative calibration campaign, as many 
effects might have an impact on the hardware delay offset over time. This might be one of the most 
stringent limitations of LinkCal. We also repeat that these LinkCal hardware delay offset uncertainties 
are only valid for the calibrated links. In the case one would look at time transfer with other stations 
than the ones mentioned, then the RecCal uncertainties should be considered, as computed in Table 
16 above, in addition to the hardware delay uncertainties of other GPS receivers as explained at the 
end of Section 5.1. 
 
All uncertainty budgets up to here have been computed by making conservative choices. As we were 
curious to see what might have been obtained as best possible estimations, we propose to keep going 
by considering the link OP-SGF only, because this is where all equipment involved seem to have 
performed nominally during the relative calibration campaign. For RecCal, we selected the TAIP3 CV 
uncertainty obtained via OPM4 relative calibration as shown in Table 14, which leads to an expanded 
uncertainty on TAIP3 CV of about 1.5 ns (k = 2). For LinkCal, this would lead to a new computation 
based on OPM4 measurements only, as shown in Table 22. The estimation of OPM4 stability here is 

*SGF: Space Geodetic Facility (Herstmonceux, GB) 

Rovera et al., « Link calibration against receiver calibration: an assessment of GPS time transfer uncertainties », Metrologia 51 
(2014) 476-490. 
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Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 
3. Budgets d’incertitudes.   [3/3] 

Étalonnages relatifs du lien OP-PTB au cours du temps. 
•  BIPM G1 #1001-2014: Printemps 2015 [BIPM 2015] 
•  NIST-OP-PTB: Automne 2015 [NIST 2015 et OP 2015] 
•  Galileo-TGVF: Printemps 2016 [OP 2016] 
•  BIPM G1 #1001-2016: Automne 2016 [BIPM 2016] 

Ø  Résultats cohérents avec l’incertitude combinée conventionnelle G1 dans la 
Circulaire T uB = 1.7 ns sauf pour BIPM G1 #1001-2014. 

Ø  Fluctuations des récepteurs: OPMT ? PTBB ? Les deux !! 

PTBB - OPMT ∆P1 ∆P2 ∆P3 
Differences NIST 2015 – BIPM 2015 3.6 3.0 4.6 
Differences NIST 2015 – OP 2016 2.0 1.7 2.4 
Differences OP 2015 – BIPM 2015 2.0 1.3 3.1 
Differences OP 2015 – NIST 2015 - 1.6 - 1.6 - 1.5 
Differences OP 2016 – BIPM 2015 1.6 1.3 2.2 
Differences OP 2016 – OP 2015 - 0.4 0.0 - 0.9 
Differences BIPM 2016 – BIPM 2015 1.8 1.2 2.7 
Differences BIPM 2016 – NIST 2015 - 1.8 - 1.7 - 1.7 
Differences BIPM 2016 – OP 2015 - 0.2 0.0 - 0.2 
Differences BIPM 2016 – OP 2016 0.2 0.0 0.7 
 



Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 
4. Validation par comparaisons avec d’autres techniques.

     [1/3] 

•  « Two-Way Satellite Time and Frequency 
Transfer » (TWSTFT): 

•  Moyen « deux-voies » par satellite de télécommunication. 
•  Bandes 12-14 GHz. 
•  Quasi-simultanéité des trajets > compensation des retards. 
•  Plus complexe et plus cher que GNSS. 
•  Incertitudes combinées des liens TWSTFT dans la Circulaire T du 

BIPM ≈ 1,0 ns à 1,5 ns. 
•  « Time Transfer by Laser Link » (T2L2): 

•  Laboratoire Géoazur de l’Observatoire de la Côte d’Azur (OCA) avec le 
soutien du CNES. 

•  Station mobile UMLS de l’OCA. 
•  Système embarqué à bord d’un satellite en orbite basse (Jason-2). 
•  Incertitude élargie (k = 2) de l’étalonnage hardware pour la 

comparaison sol-sol en vue commune ≈ 400 ps *. 
•  Météo !!! 
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* Samain et al., « Time transfer by laser link: a complete analysis of the uncertainty budget », Metrologia 52 (2015) 423-432. 
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March 2015 September 2017 

Étalonnages 
GPS 

Étalonnages 
TWSTFT 

A. Différences P3 CV – TWSTFT avec pour pivot: OPMT, OPM9 ou OP71. 

Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 
4. Validation par comparaisons avec d’autres techniques.

     [2/3] 



B. Comparaison directe GPS P3 CV - T2L2. 
•  GPS CV et T2L2 entre trois stations européennes: LNE-SYRTE/OP, OCA et SGF 

(Herstmonceux, GB) 
•  Station laser mobile de l’OCA installée à l’OP. 
•  Deux techniques étalonnées en temps de manières indépendantes: liens GPS 

étalonnés par LNE-SYRTE/OP et liens T2L2 étalonnés par Géoazur/OCA. 
•  Incertitudes combinées dominées par les liens GPS. 
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mesures. On obtient néanmoins des écarts moyens inférieurs à 240 ps pour ces trois liaisons européennes 
étalonnées indépendamment pour chacune des deux techniques, les liens GPS par le LNE-SYRTE, et les liens 
T2L2 par le laboratoire Géoazur de l’Observatoire de la Côte d’Azur (OCA) Le meilleur résultat est d’ailleurs 
obtenu pour la liaison où le plus grand nombre de points T2L2 a été obtenu. La comparaison directe entre ces 
deux techniques si différentes fourni clairement un résultat largement sub-ns. C’est une confirmation de la 
capacité métrologique de T2L2 d’étalonner ponctuellement des liaisons entre échelles de temps distantes à 
l’aide d’une station mobile telle que celle qui a été implantée à OP pour cette campagne. C’est aussi une 
confirmation des capacités du LNE-SYRTE à réaliser des étalonnages relatifs de liens GPS de grande qualité 
métrologique. 
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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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Figure 4. Time differences between time scale reference points 
in OP 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 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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Figure 6. Differences between time transfer obtained from GPS 
CV and T2L2 on the OCA–SGF 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.

-15

-10

-5

 0

 5

 10

 15

 20

 25

 56550  56560  56570  56580  56590  56600

[T
(S

G
F

)-
T

(O
P

) 
-Q

f(
T

-5
65

58
)]

 / 
ns

MJD

Parametres: a0 =  7027.79  a1 =  27.2572  a2 =0.0291694

GPS-CommonView
GPS-CV-average

T2L2

Figure 4. Time differences between time scale reference points 
in OP and in SGF with a quadratic fit removed: green continuous 
noisy line is for GPS CV, red smoothed continuous line is for GPS 
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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
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SGF
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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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Figure 6. Differences between time transfer obtained from GPS 
CV and T2L2 on the OCA–SGF link, the error bars showing the 
estimated combined uncertainty of about 1.1 ns.
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The mean values of the three data sets are reported in 
table  2, together with the standard deviations and the com-
bined uncertainties. We consider here the standard deviations 
obtained from the 16 min sampled GPS CV and those obtained 
after the additional smoothing on 13 consecutive samples. The 
average differences obtained between GPS CV and T2L2 are 
never greater than 240 ps. Despite the relatively small number 
of common points obtained, this clearly demonstrates a sub-ns 
consistency between the two independently calibrated tech-
niques. Additionally, all deviations of the mean values from  
0 ns are largely within the combined uncertainties. When con-
sidering the link OCA–SGF only, where the number of avail-
able points is significant enough to build a consistent mean 
value of the differences together with the related standard 
deviation, we can see that the moving average method of 
processing the GPS data reduces the noise significantly. But, 
despite this improvement and as expected, the GPS CV are 
setting not only the noise level but also the uncertainty for 
such data.

5. Conclusion

For the two time transfer techniques GPS CV and T2L2, two 
independent relative calibration campaigns were undertaken 
in Autumn 2013 between the three European stations OCA, 
OP and SGF. By using the corrective offsets obtained for each 
link between remote time scale reference points, common to 
both microwave and optical satellite techniques, a direct com-
parison provided an unprecedented consistency at a sub-ns 
level. The mean values of the time differences between GPS 
CV and T2L2 are no greater than 240 ps, with a standard 
deviation below 500 ps, mostly due to GPS CV. The resulting 
average differences are clearly negligible with respect to the 
combined uncertainties of both techniques, which are between 
0.8 ns to 1.1 ns depending on the link considered. Although 
the estimated uncertainty of T2L2 is much lower than the esti-
mated uncertainty of GPS CV, the good agreement between 
the two techniques confirms that the independent link calibra-
tions have been carried out properly and that the uncertainty 

budgets can be trusted, even when estimated conservatively. 
This result provides a full validation of the GPS CV link 
uncertainty budget computations, the expanded uncertain-
ties of which were estimated between 1.5 ns to 2.1 ns (k  =  2) 
on the considered links [15]. The result is also in line with 
the claimed T2L2 performance, the expanded uncertainty of 
which was estimated at 138 ps (k  =  2) for ground to ground 
time transfer [10]. It is also a demonstration of the capability 
of T2L2 to undertake sub-ns calibration of other time transfer 
techniques.

The decommissioning of the space segment of T2L2, 
which was considered in 2014–2015, has been postponed, and 
the operation extended at least until the end of 2016. It should 
also be noted that a similar instrument called European laser 
timing (ELT) [19] will be hosted on-board the International 
Space Station (ISS) inside the atomic clock ensemble in 
space (ACES) module [20]. The launch of the ACES module 
is currently planned for mid 2017. As we believe has been 
demonstrated by the results described here, optical satellite 
techniques like T2L2 should continue to be considered as 
possible candidates for the validation of long distance time 
transfer through optical fibre links. Provided that the required 
portable laser stations can be made available in the reference 
sites and suitable flight instruments are implemented on-board 
new satellites in the future.
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Figures 1. Ecarts entre les liens GPS P3 lissés et les liens T2L2 entre les stations indiquées, les mesures 

GPS ayant été lissée autour des points de mesures T2L2. 
 

Tableau 1. Valeurs moyennes des différences entre les liens GPS P3 et les liens T2L2 obtenus à partir 
des étalonnages indépendants des deux techniques. 

 
Lien Nombre de 

points 
Moyenne (ns) Écart-type données GPS (ns) Incertitude 

combinée (ns) CV brutes CV filtrées 
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 

 
Ce même ensemble GPS voyageur avait servi pour la première campagne de mesures dans le cadre des 
activités Galileo pour les étalonnages relatifs entre la PTF-I et les laboratoires participants. Mais dans le cadre 
du TVF de Galileo, où les équipements disponibles dans les PTF ne comprenaient ni compteur d’intervalles de 
temps ni oscilloscope, un ensemble voyageur comprenant deux récepteurs de type Septentrio PolaRx4, une 
antenne Choke-Ring (pour limiter les multi-trajets) et un compteur d’intervalles de temps, plus les câbles 
requis, a été constitué. Cela permet de limiter le nombre de mesures à effectuer sur place, l’objectif n’étant pas 
d’atteindre l’état de l’art dans ce contexte industriel. Les spécifications requises d’une incertitude combinée des 
liens GPS P3 meilleure que 3,5 ns (2014) ou 3,0 ns (2016) ont été largement tenues. 
 
En parallèle, dans le cadre du Groupe de travail sur les GNSS (WG on GNSS) du CCTF, le BIPM a développé 
un document de référence destiné à servir de guide pour les étalonnages relatifs assurant les liens du réseau 
du TAI, les « guidelines ». Ce document, qui a demandé un gros travail de compilation des règles 
d’étalonnages appliquées ces vingt dernières années, ainsi que la prospective proche des étalonnages multi-
GNSS, doit être utilisé dans le cadre de la nouvelle organisation en réseau des laboratoires contribuant au TAI. 
Les laboratoires sont en effet divisés en deux groupes : les laboratoires du Groupe 1 (G1) répartis dans 
chaque région métrologique et étalonnés directement par le BIPM, et les laboratoires du Groupe 2 (G2) 
étalonnés par les laboratoires G1 à l’intérieur de chaque région métrologique. Dans la région EURAMET, OP, 
PTB et ROA ont accepté d’être désignés laboratoires G1. Mais c’est aussi dans cette région métrologique que 
se trouve le plus grand nombre de laboratoires contribuant au TAI : 30 au dernier recensement, en incluant des 
laboratoires contribuant au TAI dans cette zone géographique mais ne faisant pas partie de EURAMET. Les 
« guidelines » recommandant un étalonnage des liens tous les deux ans, cela revient à mettre sur les 
laboratoires une charge de travail particulièrement lourde. Alors que le LNE-SYRTE était par ailleurs pris par 
ses engagements dans le cadre du TVF Galileo, ce sont principalement PTB et ROA qui ont assuré le premier 
cycle d’étalonnage des laboratoires G2 de EURAMET intéressés, à l’exception de INRIM et SP, à partir de 
mesures dérivées de la campagne 2016 du TVF Galileo, du CNES, à l’occasion de l’entrée de UTC(CNES) 
dans la Circulaire T à l’été 2016, et de ORB fin 2016(ces deux derniers laboratoires ne faisant pas partie de 
EURAMET mais étant répertoriés G2 par le BIPM), qui ont été étalonnés par le LNE-SYRTE. Le LNE-SYRTE a 
cependant discuté certains de points de ces « guidelines », en particulier durant la session du WG on GNSS 
qui a précédé le CCTF 2015. Le LNE-SYRTE a signalé que les étalonnages suivant les « guidelines » 
concernent les liens du réseau TAI, et non les chaînes de réception de signaux GNSS en tant que telles. Les 
résultats des étalonnages G1/G2 ne sont donc pas directement extrapolables pour d’autres réseaux, comme le 
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mesures. On obtient néanmoins des écarts moyens inférieurs à 240 ps pour ces trois liaisons européennes 
étalonnées indépendamment pour chacune des deux techniques, les liens GPS par le LNE-SYRTE, et les liens 
T2L2 par le laboratoire Géoazur de l’Observatoire de la Côte d’Azur (OCA) Le meilleur résultat est d’ailleurs 
obtenu pour la liaison où le plus grand nombre de points T2L2 a été obtenu. La comparaison directe entre ces 
deux techniques si différentes fourni clairement un résultat largement sub-ns. C’est une confirmation de la 
capacité métrologique de T2L2 d’étalonner ponctuellement des liaisons entre échelles de temps distantes à 
l’aide d’une station mobile telle que celle qui a été implantée à OP pour cette campagne. C’est aussi une 
confirmation des capacités du LNE-SYRTE à réaliser des étalonnages relatifs de liens GPS de grande qualité 
métrologique. 
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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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Figure 4. Time differences between time scale reference points 
in OP 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 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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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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in OP 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 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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Figure 6. Differences between time transfer obtained from GPS 
CV and T2L2 on the OCA–SGF link, the error bars showing the 
estimated combined uncertainty of about 1.1 ns.
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The mean values of the three data sets are reported in 
table  2, together with the standard deviations and the com-
bined uncertainties. We consider here the standard deviations 
obtained from the 16 min sampled GPS CV and those obtained 
after the additional smoothing on 13 consecutive samples. The 
average differences obtained between GPS CV and T2L2 are 
never greater than 240 ps. Despite the relatively small number 
of common points obtained, this clearly demonstrates a sub-ns 
consistency between the two independently calibrated tech-
niques. Additionally, all deviations of the mean values from  
0 ns are largely within the combined uncertainties. When con-
sidering the link OCA–SGF only, where the number of avail-
able points is significant enough to build a consistent mean 
value of the differences together with the related standard 
deviation, we can see that the moving average method of 
processing the GPS data reduces the noise significantly. But, 
despite this improvement and as expected, the GPS CV are 
setting not only the noise level but also the uncertainty for 
such data.

5. Conclusion

For the two time transfer techniques GPS CV and T2L2, two 
independent relative calibration campaigns were undertaken 
in Autumn 2013 between the three European stations OCA, 
OP and SGF. By using the corrective offsets obtained for each 
link between remote time scale reference points, common to 
both microwave and optical satellite techniques, a direct com-
parison provided an unprecedented consistency at a sub-ns 
level. The mean values of the time differences between GPS 
CV and T2L2 are no greater than 240 ps, with a standard 
deviation below 500 ps, mostly due to GPS CV. The resulting 
average differences are clearly negligible with respect to the 
combined uncertainties of both techniques, which are between 
0.8 ns to 1.1 ns depending on the link considered. Although 
the estimated uncertainty of T2L2 is much lower than the esti-
mated uncertainty of GPS CV, the good agreement between 
the two techniques confirms that the independent link calibra-
tions have been carried out properly and that the uncertainty 

budgets can be trusted, even when estimated conservatively. 
This result provides a full validation of the GPS CV link 
uncertainty budget computations, the expanded uncertain-
ties of which were estimated between 1.5 ns to 2.1 ns (k  =  2) 
on the considered links [15]. The result is also in line with 
the claimed T2L2 performance, the expanded uncertainty of 
which was estimated at 138 ps (k  =  2) for ground to ground 
time transfer [10]. It is also a demonstration of the capability 
of T2L2 to undertake sub-ns calibration of other time transfer 
techniques.

The decommissioning of the space segment of T2L2, 
which was considered in 2014–2015, has been postponed, and 
the operation extended at least until the end of 2016. It should 
also be noted that a similar instrument called European laser 
timing (ELT) [19] will be hosted on-board the International 
Space Station (ISS) inside the atomic clock ensemble in 
space (ACES) module [20]. The launch of the ACES module 
is currently planned for mid 2017. As we believe has been 
demonstrated by the results described here, optical satellite 
techniques like T2L2 should continue to be considered as 
possible candidates for the validation of long distance time 
transfer through optical fibre links. Provided that the required 
portable laser stations can be made available in the reference 
sites and suitable flight instruments are implemented on-board 
new satellites in the future.
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Figures 1. Ecarts entre les liens GPS P3 lissés et les liens T2L2 entre les stations indiquées, les mesures 

GPS ayant été lissée autour des points de mesures T2L2. 
 

Tableau 1. Valeurs moyennes des différences entre les liens GPS P3 et les liens T2L2 obtenus à partir 
des étalonnages indépendants des deux techniques. 

 
Lien Nombre de 

points 
Moyenne (ns) Écart-type données GPS (ns) Incertitude 

combinée (ns) CV brutes CV filtrées 
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 

 
Ce même ensemble GPS voyageur avait servi pour la première campagne de mesures dans le cadre des 
activités Galileo pour les étalonnages relatifs entre la PTF-I et les laboratoires participants. Mais dans le cadre 
du TVF de Galileo, où les équipements disponibles dans les PTF ne comprenaient ni compteur d’intervalles de 
temps ni oscilloscope, un ensemble voyageur comprenant deux récepteurs de type Septentrio PolaRx4, une 
antenne Choke-Ring (pour limiter les multi-trajets) et un compteur d’intervalles de temps, plus les câbles 
requis, a été constitué. Cela permet de limiter le nombre de mesures à effectuer sur place, l’objectif n’étant pas 
d’atteindre l’état de l’art dans ce contexte industriel. Les spécifications requises d’une incertitude combinée des 
liens GPS P3 meilleure que 3,5 ns (2014) ou 3,0 ns (2016) ont été largement tenues. 
 
En parallèle, dans le cadre du Groupe de travail sur les GNSS (WG on GNSS) du CCTF, le BIPM a développé 
un document de référence destiné à servir de guide pour les étalonnages relatifs assurant les liens du réseau 
du TAI, les « guidelines ». Ce document, qui a demandé un gros travail de compilation des règles 
d’étalonnages appliquées ces vingt dernières années, ainsi que la prospective proche des étalonnages multi-
GNSS, doit être utilisé dans le cadre de la nouvelle organisation en réseau des laboratoires contribuant au TAI. 
Les laboratoires sont en effet divisés en deux groupes : les laboratoires du Groupe 1 (G1) répartis dans 
chaque région métrologique et étalonnés directement par le BIPM, et les laboratoires du Groupe 2 (G2) 
étalonnés par les laboratoires G1 à l’intérieur de chaque région métrologique. Dans la région EURAMET, OP, 
PTB et ROA ont accepté d’être désignés laboratoires G1. Mais c’est aussi dans cette région métrologique que 
se trouve le plus grand nombre de laboratoires contribuant au TAI : 30 au dernier recensement, en incluant des 
laboratoires contribuant au TAI dans cette zone géographique mais ne faisant pas partie de EURAMET. Les 
« guidelines » recommandant un étalonnage des liens tous les deux ans, cela revient à mettre sur les 
laboratoires une charge de travail particulièrement lourde. Alors que le LNE-SYRTE était par ailleurs pris par 
ses engagements dans le cadre du TVF Galileo, ce sont principalement PTB et ROA qui ont assuré le premier 
cycle d’étalonnage des laboratoires G2 de EURAMET intéressés, à l’exception de INRIM et SP, à partir de 
mesures dérivées de la campagne 2016 du TVF Galileo, du CNES, à l’occasion de l’entrée de UTC(CNES) 
dans la Circulaire T à l’été 2016, et de ORB fin 2016(ces deux derniers laboratoires ne faisant pas partie de 
EURAMET mais étant répertoriés G2 par le BIPM), qui ont été étalonnés par le LNE-SYRTE. Le LNE-SYRTE a 
cependant discuté certains de points de ces « guidelines », en particulier durant la session du WG on GNSS 
qui a précédé le CCTF 2015. Le LNE-SYRTE a signalé que les étalonnages suivant les « guidelines » 
concernent les liens du réseau TAI, et non les chaînes de réception de signaux GNSS en tant que telles. Les 
résultats des étalonnages G1/G2 ne sont donc pas directement extrapolables pour d’autres réseaux, comme le 

Projet n° xxx _ exercice_2016             Fond_Fiche_Rapport scientifique_NV2012 page 8/20 

mesures. On obtient néanmoins des écarts moyens inférieurs à 240 ps pour ces trois liaisons européennes 
étalonnées indépendamment pour chacune des deux techniques, les liens GPS par le LNE-SYRTE, et les liens 
T2L2 par le laboratoire Géoazur de l’Observatoire de la Côte d’Azur (OCA) Le meilleur résultat est d’ailleurs 
obtenu pour la liaison où le plus grand nombre de points T2L2 a été obtenu. La comparaison directe entre ces 
deux techniques si différentes fourni clairement un résultat largement sub-ns. C’est une confirmation de la 
capacité métrologique de T2L2 d’étalonner ponctuellement des liaisons entre échelles de temps distantes à 
l’aide d’une station mobile telle que celle qui a été implantée à OP pour cette campagne. C’est aussi une 
confirmation des capacités du LNE-SYRTE à réaliser des étalonnages relatifs de liens GPS de grande qualité 
métrologique. 
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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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Figure 4. Time differences between time scale reference points 
in OP 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 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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Figure 6. Differences between time transfer obtained from GPS 
CV and T2L2 on the OCA–SGF 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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Figure 4. Time differences between time scale reference points 
in OP 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 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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Figure 6. Differences between time transfer obtained from GPS 
CV and T2L2 on the OCA–SGF link, the error bars showing the 
estimated combined uncertainty of about 1.1 ns.
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The mean values of the three data sets are reported in 
table  2, together with the standard deviations and the com-
bined uncertainties. We consider here the standard deviations 
obtained from the 16 min sampled GPS CV and those obtained 
after the additional smoothing on 13 consecutive samples. The 
average differences obtained between GPS CV and T2L2 are 
never greater than 240 ps. Despite the relatively small number 
of common points obtained, this clearly demonstrates a sub-ns 
consistency between the two independently calibrated tech-
niques. Additionally, all deviations of the mean values from  
0 ns are largely within the combined uncertainties. When con-
sidering the link OCA–SGF only, where the number of avail-
able points is significant enough to build a consistent mean 
value of the differences together with the related standard 
deviation, we can see that the moving average method of 
processing the GPS data reduces the noise significantly. But, 
despite this improvement and as expected, the GPS CV are 
setting not only the noise level but also the uncertainty for 
such data.

5. Conclusion

For the two time transfer techniques GPS CV and T2L2, two 
independent relative calibration campaigns were undertaken 
in Autumn 2013 between the three European stations OCA, 
OP and SGF. By using the corrective offsets obtained for each 
link between remote time scale reference points, common to 
both microwave and optical satellite techniques, a direct com-
parison provided an unprecedented consistency at a sub-ns 
level. The mean values of the time differences between GPS 
CV and T2L2 are no greater than 240 ps, with a standard 
deviation below 500 ps, mostly due to GPS CV. The resulting 
average differences are clearly negligible with respect to the 
combined uncertainties of both techniques, which are between 
0.8 ns to 1.1 ns depending on the link considered. Although 
the estimated uncertainty of T2L2 is much lower than the esti-
mated uncertainty of GPS CV, the good agreement between 
the two techniques confirms that the independent link calibra-
tions have been carried out properly and that the uncertainty 

budgets can be trusted, even when estimated conservatively. 
This result provides a full validation of the GPS CV link 
uncertainty budget computations, the expanded uncertain-
ties of which were estimated between 1.5 ns to 2.1 ns (k  =  2) 
on the considered links [15]. The result is also in line with 
the claimed T2L2 performance, the expanded uncertainty of 
which was estimated at 138 ps (k  =  2) for ground to ground 
time transfer [10]. It is also a demonstration of the capability 
of T2L2 to undertake sub-ns calibration of other time transfer 
techniques.

The decommissioning of the space segment of T2L2, 
which was considered in 2014–2015, has been postponed, and 
the operation extended at least until the end of 2016. It should 
also be noted that a similar instrument called European laser 
timing (ELT) [19] will be hosted on-board the International 
Space Station (ISS) inside the atomic clock ensemble in 
space (ACES) module [20]. The launch of the ACES module 
is currently planned for mid 2017. As we believe has been 
demonstrated by the results described here, optical satellite 
techniques like T2L2 should continue to be considered as 
possible candidates for the validation of long distance time 
transfer through optical fibre links. Provided that the required 
portable laser stations can be made available in the reference 
sites and suitable flight instruments are implemented on-board 
new satellites in the future.
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Figures 1. Ecarts entre les liens GPS P3 lissés et les liens T2L2 entre les stations indiquées, les mesures 

GPS ayant été lissée autour des points de mesures T2L2. 
 

Tableau 1. Valeurs moyennes des différences entre les liens GPS P3 et les liens T2L2 obtenus à partir 
des étalonnages indépendants des deux techniques. 

 
Lien Nombre de 

points 
Moyenne (ns) Écart-type données GPS (ns) Incertitude 

combinée (ns) CV brutes CV filtrées 
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 

 
Ce même ensemble GPS voyageur avait servi pour la première campagne de mesures dans le cadre des 
activités Galileo pour les étalonnages relatifs entre la PTF-I et les laboratoires participants. Mais dans le cadre 
du TVF de Galileo, où les équipements disponibles dans les PTF ne comprenaient ni compteur d’intervalles de 
temps ni oscilloscope, un ensemble voyageur comprenant deux récepteurs de type Septentrio PolaRx4, une 
antenne Choke-Ring (pour limiter les multi-trajets) et un compteur d’intervalles de temps, plus les câbles 
requis, a été constitué. Cela permet de limiter le nombre de mesures à effectuer sur place, l’objectif n’étant pas 
d’atteindre l’état de l’art dans ce contexte industriel. Les spécifications requises d’une incertitude combinée des 
liens GPS P3 meilleure que 3,5 ns (2014) ou 3,0 ns (2016) ont été largement tenues. 
 
En parallèle, dans le cadre du Groupe de travail sur les GNSS (WG on GNSS) du CCTF, le BIPM a développé 
un document de référence destiné à servir de guide pour les étalonnages relatifs assurant les liens du réseau 
du TAI, les « guidelines ». Ce document, qui a demandé un gros travail de compilation des règles 
d’étalonnages appliquées ces vingt dernières années, ainsi que la prospective proche des étalonnages multi-
GNSS, doit être utilisé dans le cadre de la nouvelle organisation en réseau des laboratoires contribuant au TAI. 
Les laboratoires sont en effet divisés en deux groupes : les laboratoires du Groupe 1 (G1) répartis dans 
chaque région métrologique et étalonnés directement par le BIPM, et les laboratoires du Groupe 2 (G2) 
étalonnés par les laboratoires G1 à l’intérieur de chaque région métrologique. Dans la région EURAMET, OP, 
PTB et ROA ont accepté d’être désignés laboratoires G1. Mais c’est aussi dans cette région métrologique que 
se trouve le plus grand nombre de laboratoires contribuant au TAI : 30 au dernier recensement, en incluant des 
laboratoires contribuant au TAI dans cette zone géographique mais ne faisant pas partie de EURAMET. Les 
« guidelines » recommandant un étalonnage des liens tous les deux ans, cela revient à mettre sur les 
laboratoires une charge de travail particulièrement lourde. Alors que le LNE-SYRTE était par ailleurs pris par 
ses engagements dans le cadre du TVF Galileo, ce sont principalement PTB et ROA qui ont assuré le premier 
cycle d’étalonnage des laboratoires G2 de EURAMET intéressés, à l’exception de INRIM et SP, à partir de 
mesures dérivées de la campagne 2016 du TVF Galileo, du CNES, à l’occasion de l’entrée de UTC(CNES) 
dans la Circulaire T à l’été 2016, et de ORB fin 2016(ces deux derniers laboratoires ne faisant pas partie de 
EURAMET mais étant répertoriés G2 par le BIPM), qui ont été étalonnés par le LNE-SYRTE. Le LNE-SYRTE a 
cependant discuté certains de points de ces « guidelines », en particulier durant la session du WG on GNSS 
qui a précédé le CCTF 2015. Le LNE-SYRTE a signalé que les étalonnages suivant les « guidelines » 
concernent les liens du réseau TAI, et non les chaînes de réception de signaux GNSS en tant que telles. Les 
résultats des étalonnages G1/G2 ne sont donc pas directement extrapolables pour d’autres réseaux, comme le 
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mesures. On obtient néanmoins des écarts moyens inférieurs à 240 ps pour ces trois liaisons européennes 
étalonnées indépendamment pour chacune des deux techniques, les liens GPS par le LNE-SYRTE, et les liens 
T2L2 par le laboratoire Géoazur de l’Observatoire de la Côte d’Azur (OCA) Le meilleur résultat est d’ailleurs 
obtenu pour la liaison où le plus grand nombre de points T2L2 a été obtenu. La comparaison directe entre ces 
deux techniques si différentes fourni clairement un résultat largement sub-ns. C’est une confirmation de la 
capacité métrologique de T2L2 d’étalonner ponctuellement des liaisons entre échelles de temps distantes à 
l’aide d’une station mobile telle que celle qui a été implantée à OP pour cette campagne. C’est aussi une 
confirmation des capacités du LNE-SYRTE à réaliser des étalonnages relatifs de liens GPS de grande qualité 
métrologique. 
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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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Figure 4. Time differences between time scale reference points 
in OP 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 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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Figure 6. Differences between time transfer obtained from GPS 
CV and T2L2 on the OCA–SGF 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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Figure 4. Time differences between time scale reference points 
in OP 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 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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Figure 6. Differences between time transfer obtained from GPS 
CV and T2L2 on the OCA–SGF link, the error bars showing the 
estimated combined uncertainty of about 1.1 ns.

Metrologia 53 (2016) 1395

P Exertier et al

1400

The mean values of the three data sets are reported in 
table  2, together with the standard deviations and the com-
bined uncertainties. We consider here the standard deviations 
obtained from the 16 min sampled GPS CV and those obtained 
after the additional smoothing on 13 consecutive samples. The 
average differences obtained between GPS CV and T2L2 are 
never greater than 240 ps. Despite the relatively small number 
of common points obtained, this clearly demonstrates a sub-ns 
consistency between the two independently calibrated tech-
niques. Additionally, all deviations of the mean values from  
0 ns are largely within the combined uncertainties. When con-
sidering the link OCA–SGF only, where the number of avail-
able points is significant enough to build a consistent mean 
value of the differences together with the related standard 
deviation, we can see that the moving average method of 
processing the GPS data reduces the noise significantly. But, 
despite this improvement and as expected, the GPS CV are 
setting not only the noise level but also the uncertainty for 
such data.

5. Conclusion

For the two time transfer techniques GPS CV and T2L2, two 
independent relative calibration campaigns were undertaken 
in Autumn 2013 between the three European stations OCA, 
OP and SGF. By using the corrective offsets obtained for each 
link between remote time scale reference points, common to 
both microwave and optical satellite techniques, a direct com-
parison provided an unprecedented consistency at a sub-ns 
level. The mean values of the time differences between GPS 
CV and T2L2 are no greater than 240 ps, with a standard 
deviation below 500 ps, mostly due to GPS CV. The resulting 
average differences are clearly negligible with respect to the 
combined uncertainties of both techniques, which are between 
0.8 ns to 1.1 ns depending on the link considered. Although 
the estimated uncertainty of T2L2 is much lower than the esti-
mated uncertainty of GPS CV, the good agreement between 
the two techniques confirms that the independent link calibra-
tions have been carried out properly and that the uncertainty 

budgets can be trusted, even when estimated conservatively. 
This result provides a full validation of the GPS CV link 
uncertainty budget computations, the expanded uncertain-
ties of which were estimated between 1.5 ns to 2.1 ns (k  =  2) 
on the considered links [15]. The result is also in line with 
the claimed T2L2 performance, the expanded uncertainty of 
which was estimated at 138 ps (k  =  2) for ground to ground 
time transfer [10]. It is also a demonstration of the capability 
of T2L2 to undertake sub-ns calibration of other time transfer 
techniques.

The decommissioning of the space segment of T2L2, 
which was considered in 2014–2015, has been postponed, and 
the operation extended at least until the end of 2016. It should 
also be noted that a similar instrument called European laser 
timing (ELT) [19] will be hosted on-board the International 
Space Station (ISS) inside the atomic clock ensemble in 
space (ACES) module [20]. The launch of the ACES module 
is currently planned for mid 2017. As we believe has been 
demonstrated by the results described here, optical satellite 
techniques like T2L2 should continue to be considered as 
possible candidates for the validation of long distance time 
transfer through optical fibre links. Provided that the required 
portable laser stations can be made available in the reference 
sites and suitable flight instruments are implemented on-board 
new satellites in the future.

6. Disclaimer

Product names and model numbers of the equipment are 
included for reference only. No endorsement or criticism is 
implied.
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Figures 1. Ecarts entre les liens GPS P3 lissés et les liens T2L2 entre les stations indiquées, les mesures 

GPS ayant été lissée autour des points de mesures T2L2. 
 

Tableau 1. Valeurs moyennes des différences entre les liens GPS P3 et les liens T2L2 obtenus à partir 
des étalonnages indépendants des deux techniques. 

 
Lien Nombre de 

points 
Moyenne (ns) Écart-type données GPS (ns) Incertitude 

combinée (ns) CV brutes CV filtrées 
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 

 
Ce même ensemble GPS voyageur avait servi pour la première campagne de mesures dans le cadre des 
activités Galileo pour les étalonnages relatifs entre la PTF-I et les laboratoires participants. Mais dans le cadre 
du TVF de Galileo, où les équipements disponibles dans les PTF ne comprenaient ni compteur d’intervalles de 
temps ni oscilloscope, un ensemble voyageur comprenant deux récepteurs de type Septentrio PolaRx4, une 
antenne Choke-Ring (pour limiter les multi-trajets) et un compteur d’intervalles de temps, plus les câbles 
requis, a été constitué. Cela permet de limiter le nombre de mesures à effectuer sur place, l’objectif n’étant pas 
d’atteindre l’état de l’art dans ce contexte industriel. Les spécifications requises d’une incertitude combinée des 
liens GPS P3 meilleure que 3,5 ns (2014) ou 3,0 ns (2016) ont été largement tenues. 
 
En parallèle, dans le cadre du Groupe de travail sur les GNSS (WG on GNSS) du CCTF, le BIPM a développé 
un document de référence destiné à servir de guide pour les étalonnages relatifs assurant les liens du réseau 
du TAI, les « guidelines ». Ce document, qui a demandé un gros travail de compilation des règles 
d’étalonnages appliquées ces vingt dernières années, ainsi que la prospective proche des étalonnages multi-
GNSS, doit être utilisé dans le cadre de la nouvelle organisation en réseau des laboratoires contribuant au TAI. 
Les laboratoires sont en effet divisés en deux groupes : les laboratoires du Groupe 1 (G1) répartis dans 
chaque région métrologique et étalonnés directement par le BIPM, et les laboratoires du Groupe 2 (G2) 
étalonnés par les laboratoires G1 à l’intérieur de chaque région métrologique. Dans la région EURAMET, OP, 
PTB et ROA ont accepté d’être désignés laboratoires G1. Mais c’est aussi dans cette région métrologique que 
se trouve le plus grand nombre de laboratoires contribuant au TAI : 30 au dernier recensement, en incluant des 
laboratoires contribuant au TAI dans cette zone géographique mais ne faisant pas partie de EURAMET. Les 
« guidelines » recommandant un étalonnage des liens tous les deux ans, cela revient à mettre sur les 
laboratoires une charge de travail particulièrement lourde. Alors que le LNE-SYRTE était par ailleurs pris par 
ses engagements dans le cadre du TVF Galileo, ce sont principalement PTB et ROA qui ont assuré le premier 
cycle d’étalonnage des laboratoires G2 de EURAMET intéressés, à l’exception de INRIM et SP, à partir de 
mesures dérivées de la campagne 2016 du TVF Galileo, du CNES, à l’occasion de l’entrée de UTC(CNES) 
dans la Circulaire T à l’été 2016, et de ORB fin 2016(ces deux derniers laboratoires ne faisant pas partie de 
EURAMET mais étant répertoriés G2 par le BIPM), qui ont été étalonnés par le LNE-SYRTE. Le LNE-SYRTE a 
cependant discuté certains de points de ces « guidelines », en particulier durant la session du WG on GNSS 
qui a précédé le CCTF 2015. Le LNE-SYRTE a signalé que les étalonnages suivant les « guidelines » 
concernent les liens du réseau TAI, et non les chaînes de réception de signaux GNSS en tant que telles. Les 
résultats des étalonnages G1/G2 ne sont donc pas directement extrapolables pour d’autres réseaux, comme le 

État 

de l’art 

Exertier et al., « Sub-ns time transfer consistency: a direct comparison between GPS CV and T2L2 », Metrologia 53 (2016) 1395-1401. 
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Étalonnages relatifs des retards de chaînes de réception de 
signaux GNSS. 

En guise de conclusion: 
•  Treize ans que nous avons une station IGS implantée à l’OP raccordée à une 

très bonne référence externe (aujourd’hui UTC(OP)). 
•  Dix ans que le LNE-SYRTE/OP est chargé des étalonnages relatifs des liaisons 

GPS dans le segment sol de Galileo. 
•  Le LNE-SYRTE/OP est laboratoire du Groupe 1 dans la récente réorganisation 

des étalonnages GNSS par le BIPM/EURAMET. 
•  Membre actif du Groupe de travail du CCTF sur les GNSS. 
•  Multi-GNSS en cours d’implantation à l’OP. 
•  État de l’art pour les étalonnages relatifs et les comparaisons directes avec 

d’autres techniques complètement différentes. 
•  Prêts pour les comparaisons avec de nouvelles techniques: liens fibrés, liens 

sol-sol ACES, ... 
•  Démarrage collaboration avec le CNES sur les étalonnages absolus. 

•  En partie grâce aux progrès de UTC(OP), l’une des trois meilleures 
réalisations indépendantes de l’UTC (avec PTB et USNO). 

GeoPos, IGN, 5 octobre 2017 
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