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Abstract—The Time Transfer by Laser Link (T2L2) project
allows for the synchronization of remote ultrastable clocks
over intercontinental distances. The principle is derived from
the satellite laser ranging technology with a dedicated space
equipment designed to record arrival times of laser pulses at the
satellite. The space segment was launched in 2008 as a passenger
instrument on the ocean altimetry satellite Jason 2. For the
first time, we have conducted by the end of 2016 a dedicated
time transfer comparison campaign between Global Positioning
System and T2L2 over intercontinental distances. The campaign
was carried out between two laboratories in Europe and two
in China. The campaign has demonstrated a consistency of the
time transfer techniques at the 1-ns level, together with the
confirmation of a subnanosecond level for continental distances.

Index Terms— Global Positioning System (GPS) common views
(CV), laser link, laser ranging, time transfer, time transfer by
laser link (T2L2), timescales, uncertainty.

I. INTRODUCTION

LOBAL Positioning System (GPS) and two-way satellite
time and frequency transfer are the most common tech-
niques currently used to achieve comparisons between remote
clocks and distributions of time and frequency references.
The time transfer by laser link (T2L2) experiment [1]-[3]
aims at achieving time transfer between remote clocks using
laser pulses instead of a microwave link. The principle is
based upon laser telemetry technology [4] with a network of
laser stations on the ground and a dedicated space equipment
designed to record arrival time of laser pulses at the satellite.
It was developed by the Géoazur Laboratory of Observatoire
de la Cote d’Azur, Valbonne, France, with the support of the
French Space Agency CNES.
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Fig. 1.  Non-CV mode. Jason 2 is in line of sight from stations A and B
during 74 and 7p, respectively. It is not reachable during the period zap.

T2L2 benefits from the optical domain with a high modula-
tion bandwidth (5-30 GHz, depending on the duration of the
laser pulse) and little sensitivity to ionosphere (<1 ps), and
also from the two-way technique on a monocarrier scheme.
T2L2 was launched in June 2008 as a passenger instrument
on the Jason 2 satellite designed to study the internal structure
and dynamics of ocean currents. The full accuracy of the
T2L2 link is achieved when the satellite is visible from both
ground stations of the link in the common view (CV) mode.
The T2L2 experiment has proved to be a very efficient tool for
transferring time between the remote ultrastable clocks with a
time stability of a few picoseconds over hundreds of seconds
and an accuracy at the subnanosecond (ns) level. The results
of the direct comparison between T2L2 and GPS CV on
continental links lead to a consistency below 250 ps, both
techniques having been calibrated independently [S]-[7]. The
satellite being at an altitude of 1335 km, the time transfer over
intercontinental distances (>5000 km) can only be in a non-
CV mode (Fig. 1). In such a configuration, the performance is
crucially depending on the stability of the on-board oscillator
of the space instrument [8]. In the Jason 2 context, the time
reference is the quartz oscillator [9] of the DORIS navigation
system, which is used for both DORIS and T2L2.

Up until now, T2L2 had never been compared with other
time transfer techniques in such a non-CV configuration.
In order to experimentally validate the concept, we decided
to carry out a dedicated time transfer comparison cam-
paign between T2L2 and GPS in this non-CV mode over
intercontinental distances, both techniques being calibrated
independently.
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TABLE I
STATION CHARACTERISTICS

Station Country ID Clock GPS
Grasse France 7845 H-Maser Dicom
Steered to UTC GTRS50
Herstmonceux United 7840 H—l}\z/Iaser' Free Septentrio
Kingdom unning PolaRX 3
Changchun China 7237 | H-Maser Free Trimble
Running NetR9
Shanghai China 7821 GPS=DO Trimble
NetR9
TABLE 11
LASER CHARACTERISTICS
. Telescope Laser Lases Laser
Station Diameter RX/TX Energy rate FWHM
(mm) (mJ) (Hz) (ps)
Grasse 1540 200 10 150
Herstmonceux 500/100 1 1000 10
Changchun 600/210 0.8 1000 50
Shanghai 600/210 1 1000 30

The campaign was carried out from June to Decem-
ber 2016 between two laser ranging stations in Europe and
two stations in China (Tables I and II). The campaign allowed
to compare both non-CV configurations between Europe and
Asia and also CV configuration in Europe, the goal there being
to try to confirm the previous results. Due to a technical issue
and adverse weather conditions, there are no useful data from
Shanghai station.

II. T2L2 TIME TRANSFER
A. Presentation

A T2L2 ground-to-ground time transfer between two remote
stations is made from individual links between each station
and the space segment. The satellite segment is only used
as a relay between earth stations. Laser stations emit light
pulses of width between 20 and 200 ps toward the satellite.
A laser ranging array on-board the satellite returns a fraction
of the received pulses to the ground station. The ground station
measures, for each laser pulse, the start epoch 7, and the return
epoch . after reflection from the space. The T2L2 payload
records, in the timescale of the space oscillator, the arrival
epoch on-board 1.

B. Common View and Noncommon View Time Transfer

The time transfer can be realized either in a CV or in a
non-CV configuration. In the first case, the satellite is seen
during a common period, while in the other case the satellite
is observed alternatively. In the CV mode, the space oscillator
is only solicited over the time interval of laser pulses (typically
from 0.1 s to a few seconds) and the noise added by the oscil-
lator itself can be neglected. Over longer periods, the noise

Fig. 2. Jason 2 passes above Europe and Asia. The purple tracks indicate that
the satellite is not visible neither by the Grasse station nor by the Shanghai
station.
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Fig. 3. Example of a ground-to-space time transfer obtained over the Grasse
station. Black dots: time offset between the ground clock and the space clock
for three consecutive passes. Red dots: difference between this time offset and
a polynomial of order 3 fitted on the time offset.

is common for both stations and the difference vanishes. The
T2L2 time transfer Aap between A and B is computed from
each ground-to-space time transfer Aas and Apgs

AAB = Aas — Ags. (1

In the non-CV mode, the behavior of the space oscillator has
to be considered in its operating environment over the time
interval 7aop during which the satellite is not visible neither
by A nor by B. Fig. 2 is an illustration of Jason 2 that passes
above Europe and Asia: the satellite is visible from the ground
over yellow tracks and not visible over pink tracks. The mean
value of the nonvisibility period between Europe and Asia is
roughly 7o = 1300 s. For the most favorable track, the values
were 960 and 1500 s in the worst case. The behavior of the
space oscillator can be taken into account by a correction
model Cosc. One has in the non-CV mode

AaB = Aas — Aps + Cosc. (2)

If the satellite loops over the same ground station at each
revolution, the low-frequency noise of the space oscillator can
be easily removed with a low-order polynomial determined to
fit the ground clock of the station (Fig. 3). Because the ground
clock is based on an H-Maser steered to UTC, we assume this
signal to be noise free as compared to the on-board clock.
Fig. 3 is an example of the measured time offset caused by
the satellite clock drift for three consecutive satellite passes.
For a given time transfer between A and B, the Cog value
is deduced from a polynomial of degree 3 Pogc(7), fit from
passes acquired with station A before and after the passes
acquired with station B. Terms A ag and Agg take into account
some corrections for general relativity. These corrections are
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Fig. 4. Model of DORIS instantaneous normalized frequency evolution over
a complete revolution of Jason 2. Brown: temperature contribution. Red: radi-
ation contribution. Green: both the temperature and radiation contributions.
The long-term time offset was removed on this model.

calculated from the Jason 2 ephemerides and from the Interna-
tional Terrestrial Reference Frame (IRTF2008) solution, giving
coordinates with uncertainties of both the laser station and
the satellite in the range of a few centimeters, leading to a
negligible time transfer uncertainty.

For duration shorter than one orbital period, it is necessary
to consider the intrinsic noise of the oscillator (the noise
measured in a quiet environment) and also all the systematical
phenomena which can disrupt the oscillator. These phenomena
are as follows:

1) radiation, which is not constant along the satellite tra-
jectory (South anomaly Atlantic South);
2) temperature, which varies as a function of the Sun
position (roughly 0.1 °C over a classical orbit).
A significant part of these systematic perturbations can be
removed from a model of the quartz oscillator [10]. Fig. 4
shows the representation of the instantaneous normalized
frequency y(r) extracted from this model over a complete
revolution of a typical track passing over Europe and Asia.
Variations of y(¢) functions for all the tracks “Europe—Asia”
are not really significant. As a consequence, these systematic
frequency perturbations can be modeled as a simple constant
Mosc equal to the integral of the frequency bias between 7p
and 7g. One has in the non-CV mode

Mosc(taB) = /

TA

B
y(t)dt. 3)
Numerically, one has

MOSC(TAB) = —150 ps.

Finally, the complete contribution coming from the oscillator
for the time transfer between A and B is given by

COSC(TAB) = POSC(TAB) + MOSC(TAB)~ “4)

C. T2L2 Calibration

A classical laser station is an equipment designed to mea-
sure accurate distances between a reference point at the ground
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Fig. 5. Laser station during the calibration process. The calibration station

includes an event timer (STX301), an optical module, an optical fiber, and an
ultrafast detector. The internal calibration of the station is not shown in this
figure.

(the cross axes of the telescope) and the observed target (corner
cubes on-board the satellite). These distances are computed
from the time interval between the start event z,, corresponding
to the emission of the laser pulse, and the stop event .,
corresponding to the return of the pulse after being reflected
by the satellite. Laser stations are regularly calibrated (internal
calibration) in order to make this time interval accurate, but
this internal calibration is not sufficient for T2L2 since start
times of each laser pulse need to be known accurately at sub-
ns level [11].

This means that one needs to know at this level of uncer-
tainty the delay between the optical pulse at the cross axis
of the telescope and the electrical temporal reference of the
station (time distribution unit). The calibration is evaluated
for all the participating stations with a traveling calibration
equipment. It includes a SigmaTime STX301 subpicosecond
event timer, an optical module to grab laser pulses from the
laser station and an optical fiber (Fig. 5). The optical module
comprises a collimation optic connected to a 50-m monomode
optical fiber at 532 nm. This optical module is fixed at the
output of the telescope that used to transmit the laser at a
given distance docx (docx When converted in time) from the
cross axis of the telescope. The calibration is based on a set
of time measurements done between the normal chronometry
of the laser station and the traveling T2L2 calibration equip-
ment. We get from these measurements, a mean value of the
difference Jcy1—sta between epochs obtained by the station and
the epochs obtained by the calibration station. Knowing the
absolute delay d¢, of the calibration station [optical fiber delay,
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detector delay, pulse per second (PPS) and photodetector cable
delays, and optical module delay], it allows for the delay
between the optical pulse at the cross axis of the telescope and
the electrical reference of the PPS distribution unit to be known
accurately. Finally, start epochs given by the laser station are
corrected by

5CalCor = 5Ca17$ta - 5ocx + 5Ca1~ (5)

A dedicated calibration operation was organized during the
campaign at each of the four participating stations. A last
calibration was performed again on the first calibrated laser
station after the campaign in order to evaluate a potential
drift of the calibration station. The difference between the
two calibrations was only 17 ps and can be considered as
a negligible drift.

D. T2L2 Error Budget

The T2L2 error budget was studied in detail for time
transfer in CV [11]. For a time transfer Aap between two
ground stations A and B, the combined uncertainty u.(AaB)
is given as

u>(Aap) = u?(Aas) + u>(Aps) + u*(Cosc(za))  (6)

where u.(Aas) and u.(Aps) are the combined uncertainties
of the ground-to-space links, and u[Cosc(7aB)] is the uncer-
tainty introduced by the on-board oscillator along the track
AB over the duration 7aog. These uncertainties are evaluated
from several tens of parameters coming from the laser station
instrumentation, the satellite instrument, the atmosphere, and
also from the T2L2 calibration.

Uncertainties coming from laser stations should be deter-
mined on the precise experimental setup for each link. In order
to give a more general uncertainty budget, [11] has defined a
typical setup reflecting characteristics of a large number of
laser stations well suited for time transfer. The four stations
involved in the campaign fall inside these characteristics. The
uncertainty given by [11] is

uc(Aas) = uc(Aps) =98 ps (k =2).

The oscillator uncertainty u[Cosc(zaB)] can be estimated
from the time deviation o, ps.(taB) of the DORIS oscillator
over the duration tap measured in a quiet environment and
from the noise ogm of the quartz oscillator model (radiation
and temperature). One has

u*(Cosc(zaB)) = 020, (TAB) + U(%M' )

The time deviation o, ps.(7AB) can be computed from the
Allan variance of the DORIS oscillator which was measured
before the Jason 2 launch (Fig. 6). For the nonvisibility period
7aB applied to the Europe—China time transfer, we have

TAB = 1300 s.
And we get from Fig. 6 (purple curve)
0x0sc(7AB) = 0x0sc(1300) = 650 ps.

The DORIS oscillator was compared to an atomic clock
HP5071A during the final assembly of the T2L2 equipment
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Fig. 6. Allan deviation 005, and time deviation oypsc computed and

extrapolated from measurements made before the Jason 2 launch.

on-board the Jason 2 spacecraft [12]. The time deviation
measured at that time computed for ¢ = 1300 s is in a
good agreement with the value oy0sc(1300) = 650 ps. The
noise ogm has been evaluated [10] from the integration of the
oscillator model over several revolutions above the same laser
station. One has over the track Europe—Asia

ogom = 300 ps.

The global uncertainty of the whole time transfer by
T2L2 taking into account the uncertainties of ground-to-space
time transfers and of the on-board oscillator is then

uc-(Aag) = 730 ps.

E. T2L2 Experimental Acquisition

Due to some experimental issues at earth stations, usable
data were obtained during the two months of November and
December 2016. These data represent potentially 380 observ-
able passes over Europe and 250 passes over Asia. The
distance between Grasse and Herstmonceux being in the range
of 1000 km and the altitude of Jason 2 being 1335 km, most
of Jason 2 passes were visible in CV from both stations. For
the non-CV configuration, 160 passes were potentially visible
from the four laser stations in a direct mode configuration
(direct satellite track from Europe to Asia). Taking into
account the observation conditions at the ground for all the
four stations (availability of observers, weather conditions, and
technical problems), we obtained during that campaign:

1) 419566 laser events detected on-board Jason 2;

2) 180 passes from all stations;

3) 18 passes in non-CV (direct mode);

4) 24 passes in CV (Europe);

5) 6 passes in CV (Asia).

The calibration tour of the four laser stations was undertaken
during the acquisition phase of the whole campaign. The
calibration operations summary is listed in Table III.

III. GPS TIME TRANSFER

Several methods can be used to compare remote timescales
by using signals broadcast by GPS satellites. The so-called
TAIP3 technique is based on the P-codes. It was originally
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TABLE III

T2L2 CALIBRATION OF THE FOUR PARTICIPATING LASER STATIONS.
ALL VALUES ARE IN PICOSECOND

Station Grasse Herst. Chang. Shanghai Grasse
Date 09/08/16 | 08/09/16 | 16/11/16 | 07/11/16 | 01/02/17
dCal -241959 | -241959 | -241959 -241959 -241959
00 cx 12044 2812 3186 3166 12044

0Cal—Sta 633893 552205 104713 102517 633876
O0CalCorr 379890 307434 -140432 -142608 379873

implemented for the comparison of the clocks contribut-
ing to the Temps Atomique International (TAI) [13]. After
years of continuous improvement on calibration techniques,
the TAIP3 CV allows for time comparisons within an uncer-
tainty of about 1 ns on a freshly calibrated link. Unfortunately,
over transcontinental distances, the number of CV can be very
low or even zero. For long-distance remote clock comparisons,
a method using the same combination of P1 and P2 codes to
get the iono-free P3 was developed. It uses all the satellites
in view of each station to compute the offset between each
local timescale and the GPS timescale (GPST), on its best
representation IGST computed by the International GNSS
service (IGS). Remote time transfer between two stations is
computed as the difference between such data at the same
epoch. This all-in-view technique uses the same hardware
calibration values as the CV, but in this case the uncertainty
on the satellite orbits and clocks should also be taken into
account.

Another geodetic technique, generally known as precise
point positioning (PPP), is based not only on the P-codes but
also on the carrier phase processing, improving significantly
the noise of the time transfer. A software developed by the
Natural Resources Canada (NRCan) [14] was kindly licensed
to SYRTE. Although it is possible to have a few satellites
in CV between Europe and China, the TAIP3 CV links are
very noisy because of the low number of satellites in common
visibility. Therefore, we did compute a calibration offset for
the PPP links between the involved stations. We used the
same setup as for the classical calibration described in [6]. But
instead of evaluating separately the P1 and P2 delays for the
receivers, we used a global approach by computing the time
differences between the internal time base of each receiver and
IGST. The only difference between the PPP link calibration
and the TAIP3 CV calibration is the fact that the delays [Ty-
GPST] are not evaluated separately for P1 and P2 codes, but
globally using the PPP technique. In this case, [6, egs. (6) and
(7)] can be rewritten in the following form:

Dp = [Ta —IGST]ga — [Ta — IGSTIMrA + RDvra ~ (8)
Dp = [Tp — IGSTlgp — [T —IGSTImrB + RDMr  (9)
Link_Delay g = Da — Dp (10)

where

1) T, local time at station x;

2) [T, — IGST]rx difference between the local time at
station x and IGST computed by the PPP process using
the data of receiver Rx;
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3) [Ty — IGST]mrx difference between the local time at
station x and IGST computed by the PPP process using
the data of the moving receiver MRx;

4) RDmrx measured time difference between the reference
point of the traveling receiver in station x and the local
timescale reference point.

The calibration achieved this way is very simple, the only
drawback is the fact that the calibration would be lost for any
change in the hardware setup of a station.

Note that the reduced noise of the PPP will not allow for
a more accurate time transfer than the classical TAIP3 CV
because the GPS carrier phase does not have a well-defined
time tag and is only used to smooth the code noise. In
addition, the noise is generally far from being the limiting
factor of a calibration uncertainty budget. For this campaign,
we used two Septentrio PolaRx 4, OPM3 and OPM7, as well
as a choke-ring antenna. Because there was no significant
discrepancy neither between the two traveling receivers during
all the calibration trips nor for the closure against the reference
receiver of the campaign, we can claim for the link Grasse—
Herstmonceux the same uncertainty as the one obtained for
the best link presented in [6], 1.5 ns (k = 2).

For the links involving Changchun, an additional line in the
uncertainty budget has to be considered to take into account
the instability of the coaxial line linking the building where
the reference H-Maser and the local GPS station are located to
the building where the satellite laser ranging station and the
GPS traveling receivers are implemented. We estimated this
instability at about 0.5 ns. For the links involving the Shanghai
Astronomical Observatory, it was unfortunately impossible to
compute consistent calibration values due to a technical issue
with the local oscillator.

The expected expanded uncertainties (k = 2) of the three
GPS links presented here are as follows:

1) Grasse—Herstmonceux: 1.5 ns for both TAIP3-CV and

PPP;
2) Grasse—Changchun: 1.8 ns for PPP only;
3) Herstmonceux—Changchun: 1.8 ns for PPP only.

IV. TIME COMPARISONS

In each visited station, both GPS and T2L2 hardware delays
were calibrated against the connector chosen as local timescale
reference point. This way, the timescale differences measured
between remote stations is expected to be the same when
obtained from GPS or T2L2. The sub-ns consistency between
both techniques was already demonstrated with T2L2 in CV
and TAIP3 CV links [5]. Such former CV results are confirmed
here, and we also validate the T2L2 time transfer in non-CV
together with the specific calibration of PPP GPS links.

A. Herstmonceux—Grasse

The calibration of the Herstmonceux station was achieved
at the beginning of September 2016. But the actual opera-
tion of T2L2 did only start in November and lasted up to
mid-December. During this period, 21 T2L2 passages have
given useful results. The GPS time transfer was computed
over the same period of time, both by TAIP3 CV and PPP
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Grasse links. Violet triangles: T2L2-TAIP3 CV. Green circles: T2L2-PPP. For
each T2L2 epoch, the GPS time difference is obtained by simple interpolation
of the two adjacent GPS points, either TAIP3 or PPP.

techniques. The time differences between Herstmonceux and
Grasse timescales are reported in Fig. 7 with a linear drift
removed. The violet line is the TAIP3 CV, the much less noisy
green line is the PPP and blue squares are the T2L2 points.

The differences between T2L.2 and the two GPS techniques
are shown in Fig. 8, with the error bars representing the com-
bined uncertainty. In both cases, the average of the differences
is below 100 ps and is totally negligible with respect to the
combined uncertainty. As expected, the standard deviation of
the TAIP3 is bigger than the standard deviation of PPP.

B. Changchun—Grasse

The calibration of the Changchun station took place at
the beginning of November 2016 and we had the luck to
obtain some useful T2L2 data when the traveling calibration
equipment were implemented there. Thanks to this opportunity
we also had the possibility to compare the T2L2 time transfer
with the TAIP3 CV by using the data of one of the traveling
receivers. Unfortunately, the geodetic GPS receivers installed
in the Chinese stations, although excellent for geodesy, are not
allowing for the generation of Common GNSS Generic Time
Transfer Standard (CGGTTS) data required for the TAIP3 CV.
For this link, six useful T2L2 time comparison points are avail-
able, five of them during the calibration period on site and one
at the end. The overall view of the time transfer is displayed
in Fig. 9 with a quadratic fit removed, by using the same
symbol conventions as above. Due to the instability of the H-
Maser in Changchun, the vertical scale is larger than that in
the other figures, and the consistency between the techniques
is not clearly visible. The more detailed Fig. 10 only covers
the period of the presence of the traveling GPS receivers in

20 T T T T
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Fig. 9. Time differences in nanosecond between local timescale reference

points in Changchun and in Grasse with a quadratic fit removed. Violet line:

TAIP3 CV. Green line: PPP. Blue squares: T2L2.
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Fig. 10. Time differences in nanosecond between local timescale reference
points in Changchun and in Grasse with a quadratic fit removed. Violet line:
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Fig. 11. Differences in nanosecond between time comparisons achieved by
T2L2 and GPS. Violet triangle: TAIP3. Green circle: PPP. Orange square:
single point obtained on the link Changchun—Herstmonceux.

Changchun. We can obviously see here that GPS PPP and
T2L2 are in good agreement, while the TAIP3 CV using one of
the traveling receivers differs from T2L2 results by about 1 ns.
This discrepancy is also clearly appearing in the plot of
the time differences in Fig. 11. Although the differences are
staying close to 0 according to the combined uncertainty, this
discrepancy suggests that, as expected, the distance between
the stations is too large for a proper use of TAIP3 CV.

C. Changchun—Herstmonceux

Due to adverse meteorological conditions, it was only
possible to obtain on this link a single T2L2 point at the
end of the campaign. This single point, leading to one single
T2L2 GPS difference, is also plotted in Fig. 11. It happens to
be consistent with the expected results in comparison with the
other Europe—China link.
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TABLE IV
MEAN VALUES OF THE TIME DIFFERENCES BETWEEN T2L2 AND GPS

. Number Mean Sta.ndgrd Combined

Link of value Dtei;/:]a— [tmc‘:r'
. ain

points (ns) (ns) (ns)y
Hers-Grasse TAIP3 21 -0.09 0.67 0.8
Hers-Grasse PPP 21 -0.03 0.46 0.8
Chan-Grasse TAIP3 5 -1.15 0.93 1.2
Chan-Grasse PPP 6 -0.12 0.60 1.2
Chan-Hers PPP 1 -0.82 n.a 1.2

D. Global Results

The average of the time differences between the three links
that have produced exploitable results is reported in Table IV.
For all the links, the difference between T2L2 and GPS is
much lower than the combined uncertainty, except for the
TAIP3 link Chanchun—Grasse.

V. CONCLUSION

For the first time T2L2 was demonstrated over intercon-
tinental distances. Such long distance links cannot be real-
ized in CV of the satellite, which means that the on-board
oscillator has to be considered properly. A direct comparison
of T2L2 results with GPS time transfer was achieved thanks
to a GPS PPP link calibration technique. Both techniques
having been calibrated independently, the T2L2-GPS differ-
ences obtained over the links between Europe and China are
all clearly in line with the estimated combined uncertainties,
which are close to the 1-ns level.

In addition, the T2L2-GPS differences were also computed
over the European link between Grasse and Herstmonceux,
after achievement of independent link calibrations. Even by
using a completely different GPS traveling equipment for the
relative link calibration, we again obtained a sub-100-ps mean
offset, totally consistent with the former results described
in [5]. This fully confirms the state-of-the-art results previously
obtained.

This experiment validates together the different GPS relative
calibration techniques and the performances of T2L2 over
continental or intercontinental distances. Both techniques are
confirmed to be excellent candidates for further intercompar-
isons with new systems, such as BeiDou or Galileo time trans-
fer, or Atomic Clock Ensemble in Space (ACES) microwave
ground-to-ground links, or optical fiber links, even over
intercontinental distances.
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