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Abstract DORIS is a globally distributed, all-weather satel-
lite tracking system providing near-continuous precise
Doppler coverage of the TOPEX/Poseidon (T/P), Jason-1,
ENVISAT, and SPOT series of satellites. The DORIS system,
which has been critical in establishing the high-precision or-
bit determination standards now enjoyed by these missions,
continues to evolve and improve. There is a small, 5 to 10 s,
discrepancy between the DORIS time-tag computed by Cen-
tre National d’Etudes Spatiales (CNES) using the DORIS
timing data, and a time-tag estimated using DORIS range-
rate data with respect to orbits referred to Satellite Laser
Ranging (SLR) or Global Positioning System (GPS) time.
This discrepancy is evaluated using DORIS time biases esti-
mated over T/P, Jason-1, and ENVISAT orbits, which are
computed using SLR or GPS tracking and reference SLR
or GPS time. Although DORIS is installed on other satel-
lites, these are the only three where the DORIS time bias can
be observed with the help of an alternate tracking system —
SLR or GPS. For T/P, Jason-1 and ENVISAT, this DORIS
time bias quantities to 5-10ps. Over the span of the T/P
mission following cycle 92, this time bias has ranged from
+10 to —10pws. This paper addresses the precision and na-
ture of the estimated time biases by evaluating such estimates
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over orbits computed with various gravity field models, com-
puted using SLR +DORIS and GPS tracking, and computed
by the Goddard Space Flight Center (GSFC), Jet Propul-
sion Laboratory (JPL), and CNES analysis centers. The paper
includes descriptions of the DORIS measurement, time-tag
processing, expected time-tag error, and time bias estima-
tion. In describing the estimated DORIS time bias, the paper
offers a new approach for evaluating the DORIS resolution
capability.
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1 Introduction

DORIS offers an accurate all-weather near-global Doppler
satellite tracking capability. In its present form, the DORIS
has achieved 2-cm radial orbit precision for both TOPEX/
Poseidon (T/P) (Nouel et al. 1994; Marshall et al. 1995) and
Jason-1 (Menard et al. 2003) satellites. The latest generation
of DORIS receivers promise even further improvement to the
tracking capability, offering additional channels and the pos-
sibility of integrated carrier-phase observations (Tavernier
et al. 2003).

With more than 50 permanent, globally distributed bea-
cons, currently tracking five satellites, the DORIS is also an
important contributor to the realization and maintenance of
the International Terrestrial Reference System (ITRS;
Tavernier et al. 2005). Applications include the recovery
of DORIS station positions and velocities (Willis and Ries
2005), Earth orientation parameters (EOPs), and geocenter
variations (Willis et al. 2005a).

There is a small, 5 to 10 ws, discrepancy between the
DORIS time-tag computed by Centre National d’Etudes Spa-
tiales (CNES) using the DORIS timing data, and a time-tag
estimated using DORIS range-rate data with respect to orbits
based on Satellite Laser Ranging (SLR) or Global Position-
ing System (GPS) tracking, and thereby referencing SLR or
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GPS time. Given the high degree of accuracy expected in
the DORIS, the SLR and GPS time systems, the presence
of such a discrepancy remains a conundrum. In this paper,
this discrepancy will be referred to as the DORIS time bias.
Although, as shown in this analysis, the effect of such a time
bias on precise orbit determination (POD) is small; it may
not be negligible for geodetic parameter recovery.

This study evaluates Jason-1 and T/P time biases over
orbits produced at different Analysis Centers (ACs) and pro-
duced using GPS and SLR + DORIS tracking, as well as over
different time-scales. An evaluation of the DORIS time bias
for ENVISAT is also included. In describing the non-zero
time bias estimate, the paper offers a new approach for eval-
uating the DORIS resolution capability.

2 DORIS measurement and time tag

The dual-frequency signal emitted from the ground-based
DORIS beacon is received by the on-board DORIS package
and recorded at both frequencies as an integrated Doppler
count measurement. Thanks in large measure to the quality
of the measurement performed by the DORIS receiver and to
the ultra-stable oscillators (USO) present in the beacon and in
the on-board package; the DORIS measurements are of high
accuracy, showing a precision of 0.3—0.5 mm/s (Brunet et al.
1995, Escudier et al. 1998). The measurements are temporar-
ily stored on-board the satellite and periodically transferred
down with the telemetry stream to the CNES Mission Center
in Toulouse, France.

On the ground, the DORIS measurements are processed
by the CNES Mission Center to clean-up the data and to trans-
form the instrument time to International Atomic Time (TAI).
The Doppler measurements are converted to a range-rate
measurement in units of velocity and include an ionosphere
correction computed from the dual-frequency measurement.
The resultant DORIS data are then distributed to the two
IDS (International DORIS Service) Data Centers: CDDIS
(Crustal Dynamics Data Information System) and IGN (Insti-
tut Géographique National) (Berthias 2002; Tavernier et al.
2005). The final DORIS range-rate measurement can be ex-
pressed:

c D ,
DRR(T) = % T, — T, - (fbeacon -
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where

DRR = DORIS range-rate measurement

T = TAI time-tag corresponding to start of count interval
(equal to T7)

D = integrated Doppler count between 77 and 7»

fheacon = actual frequency transmitted by the beacon

fsatellite = actual frequency generated by the on-board
receiver

f/

beacon

floeniie = CNES best estimate of frequency generated by
on-board receiver

T1, T, = beginning and end times of the count interval in
TAI

71, T» = total ground-satellite propagation delay times at the

beginning and end epochs of the count interval.

¢ = speed of light

= nominal frequency transmitted by the beacon

In processing the DORIS data for POD or geodetic appli-
cations, the quantity tp — 71 (which can be converted to a
differenced range) provides the satellite tracking informa-
tion, whereas ((fbeacon — fl;eacon) — (fsatettite — f;atellite)) is an
unknown residual frequency bias estimated with each pass
of DORIS data in the orbit solution, and removed. The count
interval duration, T, — T, typically 10s, is provided with the
DORIS data.

The DORIS time reference is delivered by caesium clocks
linked to TAI and connected to the two master DORIS bea-
cons, one in Toulouse and the other in Kourou (a third mas-
ter beacon has recently, in September 2005, been added in
Hartebeesthoek). The DORIS integrated Doppler measure-
ments created on-board from all ground beacons are initially
time-tagged using the DORIS internal clock and periodically
transmitted to the CNES Mission Center. Low-resolution
DORIS single-frequency pseudorange tracking data are also
collected by the receiver and processed daily at the CNES
using a predicted orbit to determine the relationship between
TAI and satellite clock time using a third-order polynomial.
Third- generation DORIS beacons actually transmit the syn-
chronization signal on both frequencies; however, only one
of the two pseudorange measurements is included in the
telemetry.

The pseudorange observation is the difference between
satellite receiving time and beacon transmit time of a syn-
chronization bit contained in the beacon message. For the
master beacons, the transmit time is precisely known in TAL
Thus, in addition to propagation delay, the pseudorange mea-
surement contains the difference between satellite time and
TAL Satellite clock time is corrected to TAI using a third-
order polynomial estimated over an approximately 10-day
period with the pseudorange data.

T =t+ap+ai(t—to) +ax(t —1)* +az(t —10)°  (2)
where

T = final DORIS time tag (TAI start of count interval)

¢t = initial DORIS time tag (satellite clock start of count
interval)

to = arbitrary time close to start of 10-day cycle span (satel-
lite clock time)

ag = estimated satellite clock offset with estimate error §ag.

ay = estimated satellite clock drift correction including the
relativistic clock frequency offset term with estimate error
daj.

a» = estimated satellite clock drift-rate correction with esti-
mate error 8a;.

a3 = estimated satellite clock acceleration-rate correction
with estimate error §as.
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Refinement of the polynomial clock correction (Eq. 2)
is iterative — with each new set of improved time-tags, the
re-edited DORIS Doppler data are used to improve the orbit,
which is then used in a new timing solution. Convergence is
reached quickly, typically with two iterations; the precision
of the pseudorange data is limited to the microsecond level
(equivalent to ~300m), so that any orbit model of meter
precision is enough to pin-point the time-tags with sufficient
precision. Pseudorange data are not provided to the user com-
munity, as no further application of the 300-m precision data
can improve either the orbit or the TAI time estimate.

In practice, the uniterated timing solution is used for orbit
deliveries with a latency of 1 day, and the iterated solution
spanning one orbit cycle is used for POD and delivery. The
timing solution spanning one orbit cycle does not exhibit
breaks at day boundaries. The derivative of this timing poly-
nomial (Eq. 2) gives the on-board frequency estimate /...,
used in Eq. (1) to convert Doppler count to range-rate.

This study evaluates remaining error in 7 by estimating
a constant time bias with respect to orbits computed using
SLR or GPS data and thereby referencing the SLR or GPS
time systems. Assuming negligible error in the master sta-
tion caesium clocks and GPS or SLR time (see Sect. 3), the
estimated DORIS time-tag bias, can be expressed:

ST = ‘STpolynomial + 8Torbit + 8 Thoise + 8 Tunknown 3
where

8T = estimated DORIS time bias

8Tpolynomiat = error in TAI time-tag polynomial model
estimate (Eq. 2)

S8 Torbit = error in orbit used to estimate time bias

8 Thoise = precision of the DORIS time bias estimate

8 Tunknown = error of unknown origin

and
(STpolynomial ~ Sap+8a1 AT + 3a2AT2 + 8a3AT3
+(effect of un-modeled higher order terms)
“)
where

8Tpolynomiat = error in TAI time tag polynomial model
estimate

AT = arc time span, normally 10-days for Jason and T/P

dag = error clock polynomial offset term

day = error clock polynomial drift term

day = error clock polynomial drift-rate term

daz = error clock polynomial acceleration-rate term

The term 8 Tpolynomial in Egs. (2) and (4) reflects errors of
commission and omission in modeling the DORIS satellite
clock (Eq. 2). These include error in the estimated clock poly-
nomial terms, effects of short-term instability in the on-board
receiver and ground beacons, and other possible error in the
measurement of the on-board receiver’s transit time.

In estimating the DORIS time-tag (Eq. 2), the precision
of the pseudorange data will contribute only 1 ws to the
3 Tpolynomial €rror component. However, should 6 Tpolynomial

dominate § 7V“, the DORIS time bias estimated for different sat-
ellites should vary between the satellites, as it would largely
pertain to error in the estimation of the on-board clock behav-
ior, and would not be due to some common source of er-
ror. Estimates of T over intervals shorter than 10days may
shed light on the relative magnitude of the estimated polyno-
mial error terms, day, éaz, and §az, and possible presence of
shorter-term (under 10-day) instability in the DORIS satellite
clock.

Short-period effects exist in the relation between on-board
time and TAI These include a periodic relativistic correc-
tion due to orbit eccentricity, and a local clock drift induced
by frequency variations when crossing the South Atlantic
Anomaly (SAA) region (Willis et al. 2004; Lemoine and
Capdeville 2006). These effects are negligible compared to
the 1ps uncertainty introduced by the pseudorange data pre-
cision and are not included in modeling the time-tag (Eq.
2). For example, considering the standard expression of the
periodic relativistic term (McCarthy and Petit 2003), the max-
imum contribution is under 1 ns for a satellite at T/P altitude
with the T/P eccentricity of 0.0005. Similarly, the
frequency variations induced by the SAA occur over such
short periods that even for very sensitive USO s such as
the one on Jason-1, the integrated impact on on-board time
should not exceed a microsecond over 10days (F. Mercier,
private communication).

3 SLR and GPS measurement time-tag

Currently there are about 50 active SLR stations world-wide.
Although individual SLR station clocks vary from crystal
oscillators to hydrogen masers, all qualified sites employ GPS
receivers to steer station time to UTC (Coordinated Universal
Time) with an accuracy of better than 0.1ys, as provided by
the International Laser Ranging Service (ILRS) (Pearlman et
al. 2002) at http://ilrs.gsfc.nasa.gov/engineering_technology/
timing/oscillato-rs.html.

The GPS time is given by its Composite Clock, which
is a Kalman-filtered ensemble of clock times, and informa-
tion from the several ground monitor stations and all opera-
tional GPS satellites. Each GPS satellite carries two rubidium
and two caesium clocks (e.g. Hutsell et al. 2002). The U.S.
Naval Observatory, which maintains UTC(USNO) time and
monitors GPS time (which is steered to UTC(USNO)), finds
the RMS difference between the two to be well under 50 ns
(ftp://tycho.usno.navy.mil/pub/gps/gpstt.txt).

4 Time bias estimation

In the Goddard Space Flight Center (GSFC) SLR + DORIS
orbit solution strategy for Jason, T/P, and ENVISAT, typically
the DORIS frequency, troposphere biases per pass and one-
time bias per arc are estimated simultaneously with the orbit
over the arc [typically 10 days for Jason and T/P (Luthcke
et al. 2003), and 7 days for ENVISAT]. The DORIS time is
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Table 1 DORIS time bias test solution strategy

Table 2 DORIS-only orbit sensitivity to time bias error with GEODYN

Model/parameter Description

e Specified 10-day test orbit
e ITRF2000 reference frame

(Altamimi et al. 2002; Willis et al. 2005a)
eDORIS measurement bias per pass
eDORIS troposphere scale per pass
eDORIS time bias per 10days or as specified

Assumed models

Estimated parameters

thus shifted by a constant to align it with the SLR network
time.

In an additional secondary approach, the DORIS time
bias is estimated by holding a previously selected estimated
orbit fixed, and processing the available DORIS tracking data
solving for frequency, troposphere biases per pass, and one
time bias per arc (Table 1). Such an approach determines a
time bias identical to the one computed during orbit deter-
mination. However, this approach also offers the possibility
for estimating a time bias using an orbit computed without
DORIS or computed at a different AC such as the Jet Propul-
sion Laboratory (JPL) or CNES.

The GSFC least-squares orbit determination batch pro-
cessor GEODYN (Pavlis 2006) is used for both modes of
analysis. We note that one factor facilitating these analyses
of the DORIS timing bias, is that for TOPEX and Jason-1,
the orbits computed via different geodetic techniques or by
the ACs differ by only 1-3 cm in the radial component, and
10-20cm along-track and cross-track (Luthcke et al. 2003;
Haines et al. 2004). The orbits selected for this analysis all ob-
serve the same definition of the International Terrestrial Ref-
erence Frame ITRF2000 (Altamimi et al. 2002), and as will
be shown (Sects. 5 and 6), the effect of any possible inconsis-
tency in the reference frame realization between these orbits
is no larger than the level of the precision of the time bias
estimate.

The GEODYN partial used for estimating the time bias is
simply constructed from a first-order truncation of the Tay-
lor expansion of DRR(T + §T), where DRR is the computed
DORIS range-rate measurement, 7 is the time tag and §7 is
the time tag error (Pavlis 2006). The DORIS measurement
is modeled using the computed orbit and computed DORIS
station position.

The DORIS time bias is estimated using the ground bea-
con to satellite range difference information of the DORIS
measurement (Eq. 1), which should be most sensitive to the
along-track orbit component. The effect of a positive time-
tag shift on an orbit determined with only DORIS is seen
largely as a positive shift in the along-track position, moving
the orbit further along its trajectory in time.

In the GEODYN sign convention, the time bias 87 is
subtracted from the time tag 7', so for example, a time bias
of +6ps applied in GEODYN would place T/P 4cm behind
the true along-track position. To evaluate this effect, several
DORIS-only T/P and Jason orbit solutions were made per-
turbing the time bias and comparing the orbits to a “truth”
orbit solution with zero time bias (Table?2).

DORIS RMS
residuals (mm/s)

Error — Truth orbit
difference (cm)

Radial 3D total Along-track

Time bias 6T (jus)
(Error—Truth)

RMS RMS Mean

TOPEX (cycle 344)

0 0.472 - - -

-6 0.472 0.001 4.174  +4.168

—10 0.472 0.002 6970  +6.960

—60 0.472 0.010 41.791 +41.774
Jason (cycle 001)

0 0.391 - - -

-6 0.391 0.001 4.184  +4.178

—10 0.391 0.002 6977  +6.968

—60 0.391 0.010 41.804 +41.747

Table 3 Mean along-track error versus DORIS time bias regression
statistics

Satellite Data Intercept (cm) Slope (cm/s) Correlation RMS

points Estimate Error Estimate Error coefficient fit (cm)
TOPEX 10  0.002  0.002 —0.69573 0.00004 1.000 0.0046
Jason 10 —0.003 0.001 —0.69575 0.00002 1.000 0.0030

From the simple Jason and TOPEX test results (Table 2),
a strong linear relationship is seen to exist between small,
microsecond-level perturbations in the time bias and shifts
in the resulting along-track orbit component (Table3). As
expected, the estimated intercept is zero, and the slope cor-
responds to the mean Earth-fixed orbit velocity.

5 Jason DORIS time bias/orbit resolution precision

In this study, the DORIS measurement is modeled using a pre-
viously computed orbit held fixed and the DORIS ITRF2000
station complement DPOD2000 (Willis and Ries 2005).
Table 4 offers a summary of the orbits used in the study. Even
though GSFC Jason DORIS processing does not include any
special treatment for the effect of the SAA, it does not ap-
pear that the estimated time biases are sensitive to this effect
(Sect. 6), and so analysis using this time bias series need not
consider possible contamination due to the SAA.

By estimating a time bias with the orbit held fixed, the
DORIS data uses the computed orbit to best shift the DORIS
observation time-tag. The question is posed: (1) “how well
can DORIS resolve the time bias?”. Posing question (1) is
directly related to asking (2) “how well can DORIS resolve
the along-track orbit position?”.

No direct method for evaluating DORIS resolution to
microsecond accuracy is evident. Although 1-cm radial accu-
racy has been achieved for the Jason GPS-based orbits
(Luthcke et al. 2003; Haines et al. 2004), differences between
the best orbits suggest 10-day mean along-track orbit errors
can range 3 to 6 mm. This level of error may be too large for
such an orbit to be used as an absolute reference. A relative
measure for evaluating the DORIS ability to resolve the time
bias is presented subsequently.
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Table 4 Orbit summary

Satellite Center Orbit Name  Description
Jason (JA) GSFC SLR+DORIS SLR+DORIS JGM-3/ITRF2000 dynamic orbit, estimate DORIS time bias (Luthcke et al. 2003)
test_no_tbias SLR+DORIS JGM-3/ITRF2000 dynamic orbit, POD strategy similar to one employed at CNES
DORIS-only  DORIS JGM-3/ITRF2000 dynamic orbit
GPS GPS JGM-3/ITRF2000 reduced-dynamic orbit (Luthcke et al. 2003)
GPS+SLR GPS +SLR JGM-3/ITRF2000 reduced-dynamic orbit (Luthcke et al. 2003)
JPL JPL GPS JGM-3 reduced-dynamic orbit (Haines et al. 2003)
CNES CNES SLR +DORIS JGM-3/ITRF2000 dynamic orbit (Nouel et al. 1994)
TOPEX (T/P) GSFC JGM3 SLR +DORIS JGM-3 dynamic orbit, estimate DORIS time bias (Marshall et al. 1995)
GGMO02C SLR +DORIS GGMO02C/ITRF2000 dynamic orbit, estimate DORIS time bias

ENVISAT (ENV) GSFC ENV

SLR +DORIS GGMO1C/ITRF2000 dynamic orbit (nominal 7-day arc), estimate DORIS time bias

Jason-1 carries three precise tracking systems on-board:
DORIS, SLR, and GPS. Figure 1 shows time biases estimated
for four types of Jason GSFC orbit solutions: SLR + DORIS,
GPS-only, GPS+SLR, and a DORIS-only solution to sanity-
check our test methodology. As expected the DORIS-only
time biases are close to zero (average of 0.004us£+0.117ws),
illustrating the consistency of the analysis. The timing and
frequency standards used by SLR are disciplined by GPS so
that, in principle, the SLR and GPS data and derived orbits
should refer to the same time standard.

The SLR +DORIS and GPS-based orbit time bias esti-
mates are very close (0.85 correlation). Differences between
these time bias estimates can be explained by orbit error
(Sect. 6). Table 3 has shown that a linear model very accu-
rately explains the relationship between time bias differences
and mean along-track orbit differences. Since the time biases
were estimated in solutions with the orbits held fixed, the
SLR +DORIS/GPS orbit differences can be considered as
the dependent variable in evaluating the linear relationship
to the respective time bias differences. The degree to which
these quantities fit a linear model should reflect the DORIS
capability for resolving a time bias.

Indeed, the time bias differences show a robust linear fit
to the mean along-track differences (Fig. 2) with a correlation
coefficient of 0.96 (Table 5). The linear regression estimates
make physical sense as well — the estimated zero-intercept
(Table 5) confirms there is no time offset between the GPS
and SLR systems to 0.1ps, and the estimated slope corre-
sponds, within the margin of error, to the mean orbital veloc-
ity. The sign of the corresponding slope is consistent with
that of the slope estimated in Table 3. The RMS scatter about
the straight-line fit suggests the DORIS time bias is estimated
with a relative accuracy of 0.345us over 10-days, and con-
versely that the DORIS can resolve the 10-day mean along-
track orbit position with a precision of 2-3 mm (Table5).

6 Time bias estimates for Jason, T/P, and ENVISAT
orbits

The DORIS time biases estimated over the Jason/TOPEX
10-day orbits and the ENVISAT 7-day orbits are evaluated in
this section. Comparing time bias estimates performed using
Jason JGM-3 (Tapley et al. 1996) orbits computed at several
ACs (Fig. 3), three observations can be made:

1. All the GPS-based orbit estimates are remarkably similar
for orbits produced at either GSFC or JPL

2. The GPS-based orbit estimates are similar to the GSFC
SLR + DORIS estimates

3. The CNES SLR + DORIS orbit-based estimates differ from
the others and are closer to zero

The Jason GPS-based orbits are the most accurate
(Luthcke et al. 2003; Haines et al. 2004) and provide the
best reference for estimating the DORIS time bias (the cy-
cle 28 GPS-only anomaly seen in Fig. 3 reflects the effect of
two 18-h GPS data gaps, October 14 and 15, 2002). The close
similarity in the time bias estimates indicates there are no sig-
nificant mean differences between orbits produced at GSFC
or JPL. The small differences between the GPS GSFC/JPL
solutions (0.46 us RMS) are likely due to orbit error, sug-
gesting that the GPS-based orbit error contribution is at the
same level as the DORIS resolution precision. This compari-
son also indicates that the effect of any possible inconsistency
in the GPS reference frame realizations between GSFC and
JPL cannot cause more than a 0.4 — 0.5 s contribution to
the estimated time bias.

The GSFC SLR +DORIS dynamic orbits are determined
simultaneously estimating the DORIS time-tag, and are there-
fore referenced to SLR time. The RMS difference between
DORIS time biases estimated with the SLR + DORIS and the
GPS orbits is 1.24 s over the 37 cycles and is likely due to
a mean along-track orbit error. It was demonstrated (Sect. 5)
there is no time offset between SLR and GPS time. Consid-
ering the 0.3-0.4 s DORIS precision for resolving a time
bias, the 1-2 s contribution of orbit error appears to be the
limiting factor in accuracy for estimating the DORIS time
bias.

During the calibration/validation phase, the DORIS/Jason
time-tag accuracy had been estimated to be better than 2 s
based on a direct comparison with GPS/Jason time over a
span of 3.5 days (Bonhoure 2002). Those 3.5 days of compar-
ison show a mean DORIS time error of — 1.036 £0.965s, in
contrast to the mean 87" of —6.017 £2.054 j1s computed over
37 cycles using GSFC GPS orbits, and —6.398 £2.410 s us-
ing the JPL GPS orbits. A more recent analysis (Jayles et al.
in press) leads to an even better agreement between DORIS
and GPS time on Jason (less than 1s). This direct com-
parison between DORIS and GPS on Jason shows that the
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Table 5 Linear regression of Jason GPS-SLR +DORIS orbit and time bias differences

Independent variable Data points Intercept Slope Correlation coefficient RMS fit
Estimate Error Estimate Error

Time bias differences 37 0.02 (ps) 0.07 —1.30 (ps/cm) 0.06 0.960 0.345 (us)

Orbit differences 37 —0.03 (cm) 0.05 —0.71 (cm/s) 0.03 0.960 0.255 (cm)
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Fig. 3 DORIS time bias estimated over Jason JGM-3 orbits computed at different ACs

relation between DORIS time and TAI is known to micro-
second accuracy.

The higher bias measured in orbital tests is therefore
an indication that the on-board time of beginning of count
may not exactly be what is assumed, and that a possibly
erroneous DORIS measurement start time may be the cause
of the time bias measured in the orbital tests. An investi-
gation is under way with the instrument manufacturer to
measure delays between the time base used for pseudorange
measurements and the one used for Doppler measurements
(P. Sengenes, private communication).

The final CNES SLR +DORIS orbits show time biases
with much smaller deviations from zero (Fig.3). On aver-
age, the —3.7 £2.0 us CNES value is about half the GSFC
SLR +DORIS value of —6.8 £2.4 s. Since the CNES does
not estimate a DORIS time bias in the orbit solution, the
CNES orbits combine both DORIS and SLR time-scales
according to data weights. It appears that the resulting time-
scale is somewhere halfway between DORIS and SLR time.

In a test, “test_no_tbias”, several SLR+DORIS orbits
were computed at GSFC without estimating a time bias in the
orbit solution and also decreasing the DORIS sigma weight
from 2 to 1 mm/s. The “test_no_tbias” POD strategy corre-
sponds to one used for the CNES final orbits (Nouel
et al. 1994), and explains the estimated time bias difference
seen with the final CNES orbits (Fig.3). The 0.35us RMS
difference between the time biases indicates that other than
the effect of modeling/not modeling the DORIS time bias,
there are no significant mean along-track differences between
orbits produced at GSFC or CNES. It is important to note that
absorbing such a small time bias does not affect radial orbit
accuracy (Table 2). This test also indicates that the effect
of any possible inconsistency in the SLR/DORIS reference
frame realizations between GSFC and CNES cannot cause
more than a 0.3-0.4 s contribution to the estimated time
bias.

Figure4 shows DORIS time biases estimated in SLR+
DORIS solutions for T/P (cycles 340-446), Jason-1 (cycles
1-135), and ENVISAT (June 16, 2002 — January 1, 2005).
Each of the time bias time-series, to some degree, indicate a
linear trend with a very small periodic term. Spectral analysis
does not reveal any significant signals, showing only a few
small (10-12% variance) terms.

Although there is no correlation between the time series
in Fig. 4, the means and standard deviations for the three sat-
ellites are remarkably similar. Dominance of the 6 Tpolynomial
component in the time bias estimate (Eq. 3), would imply that
each of the on-board DORIS clocks is in error on average by
about —7pws, which hardly seems likely. The similarity of the
means and standard deviations (Fig.4) would rather suggest
the error source is somehow common to all three satellites.
Our analysis is limited towards resolving this issue, and so
the DORIS time error source remains of unknown origin.

In a study to derive the DORIS antenna phase maps from
DORIS residuals for the DORIS tracked satellites, antenna
map patterns were observed which suggest the presence of
an 8s DORIS time bias in the SPOT data (Willis et al.
2005b). This not only corresponds in magnitude to the biases
estimated in our analysis for the T/P, Jason, and ENVISAT
satellites, but also suggests that station positions and other
geodetic parameters recovered using DORIS data may be
sensitive to this effect as well.

Considering a potential progressive degradation of the
Jason DORIS oscillator due to irradiation (Willis et al. 2004,
Lemoine and Capdeville 2006), the absence of any trend in
the estimated Jason time bias time-series (Fig.4) suggests the
estimated time bias is not sensitive to this effect. Supporting
this, and further suggesting that the 8 Tpolynomial cOmponent
(Eq. 3) does not dominate the estimated time bias, Fig.4
shows the continuity of the estimated Jason time-bias series
is preserved, and not broken over cycle 92 (modified Julian
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Fig. 4 DORIS time biases estimated using T/P, Jason, and ENVISAT SLR + DORIS orbits

day 53191) when the DORIS oscillators and instruments were
switched.

Figure 5 offers a case study of the DORIS time biases for
T/P over most of its mission, from the first cycle processed
with JGM-3 (degree and order 70 x 70) in June 1995 (cycle
93) (Marshall et al. 1995), through November 2004 (cycle
446), when the DORIS system on T/P ceased operations.
The time biases are estimated with the SLR + DORIS orbit
solution using the modeling from Marshall et al. (1995). The
first of the two time-series shown in Fig.5 was estimated in
the GSFC POD Production System (PODPS) determination
of the orbit using the JGM-3 gravity field model (Marshall et
al. 1995; Tapley et al. 1996).

The second time-series was recently estimated at GSFC
with re-imported DORIS data and using the GGMO2C grav-
ity field model (degree and order 70 x 70), a more recent
gravity model derived from more than a year of GRACE data
(Tapley et al. 2005). Having 0.98 correlation, the two series
show the same picture. The differences between the two are
due to differences in the orbits, and in some cases such as for
cycle 221, re-processed DORIS data. The RMS difference
between the two series (excluding cycle 221) is 1.6 s, and
is consistent with the Jason 1-2us level of dynamic orbit
error.

The behavior of the T/P DORIS time bias series (Fig.5)
can be chronologically grouped into three categories, which
respectively end with cycles 231, 320, and 446. The demar-
cation cycles coincide with or are close to the event cycles
shown in Fig.5: switching from nominal to backup DORIS
receiver (cycle 231), and Jason launch (cycle 340). An inten-
tional 6ps offset was applied in the CNES preprocessing to
measurements of the nominal receiver up to cycle 231: this
largely explains the 4-cm bias until cycle 231, and the nearly
6ps jump around cycle 231 when the nominal receiver failed
and was replaced by the back-up one. With no bias applied,

the plot shows a —0.8s bias average over cycles 232-320.
The behavior since cycle 320 is unexplained.

In summary, the DORIS time bias estimated over 10 days,
and its components (Eq. 3) can be assigned the following val-
ues based on our analysis:

8T =5—10ps
3Tpolynomial = 1 s
Tormit = 1 —2ps
8 Thoise = 0.3 — 0.4 s
8Tunknown = 5 — 10 s

7 Time bias estimates over shorter time scales

The DORIS time-tag stability over a 10-day period is ad-
dressed by correcting satellite clock time with a third-order
polynomial estimated over the same 10-day period (Eq. 2).
The DORIS USOs provide a clock stability of about 10~13
per pass or about 0.5 ns per 14 min (Brunet et al. 1995; Can-
delier et al. 2003). This ensures a Doppler precision of better
than 0.3 mm/s. However, this same level of clock stability
can lead to phase-range-like measurement errors of about
15cm over a pass. The difference is that Doppler precision
depends on stability in frequency over the pass, which is less
demanding than clock stability required by the integrated
phase measurement.

It has been shown in Table 5 that the DORIS time bias can
be recovered with a relative accuracy of 0.35 s over a 10day
span. Given this level of precision for a DORIS time bias
estimated over 10days, perhaps biases estimated over more
frequent intervals will be sufficiently accurate to shed some
light on shorter-term stability of DORIS time? This should
show the limits of the polynomial modeling over 10days.
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Fig. 5 DORIS time biases estimated with T/P GSFC SLR +DORIS 10-day orbits

However, how stable is the orbit reference over shorter peri-
ods of time?

For this test, Jason cycle 12 was selected to ensure the
time bias estimates are supported by sufficient DORIS track-
ing down to 1-h intervals. The DORIS time biases were esti-
mated, as described in Sect. 4, over spans of 10days, 24, 12,
2, and 1h, and a DORIS data sigma weight of 0.7 mm/s was
applied to calibrate the formal error of a bias to about 0.3 s
when estimated over 10days. Time biases were estimated
using both GSFC GPS reduced-dynamic and SLR +DORIS
dynamic JGM-3 orbits (Table4).

The results (Table 6) demonstrate that as biases are esti-
mated over shorter intervals, the perturbations significantly
increase about a mean that stays the same. With the —6 s
mean removed, the perturbations seem much too large to re-
flect only fluctuations in the true DORIS time-tag with respect
to the modeled polynomial time-tag, and most likely largely
represent orbit error, which begins to dominate the estimates
over the shorter intervals.

In fact the 8 s (5cm) RMS difference between the time
biases estimated over 1-h intervals with GPS and SLR+
DORIS orbits (Table 6) corresponds well to the 6¢cm RMS
along-track orbit difference and lends support to the orbit er-
ror hypothesis. However, since the 8 s RMS difference be-
tween the time biases is less than either the RMS of the GPS
or SLR + DORIS time bias perturbations alone, this indicates
to some extent that both orbits agree on the short time-scale
fluctuations of the DORIS time tagging.

8 Summary and conclusions

This study has evaluated the DORIS time bias estimated
using Jason-1, T/P, and ENVISAT satellite orbits, which

reference GPS and SLR time systems. The study asks what
does the estimated DORIS time bias show and with what
accuracy? The paper includes descriptions of the DORIS
measurement, time-tag processing, expected time-tag error,
and time bias estimation. The DORIS time bias estimates
are evaluated and compared between orbits computed with
two different gravity field models, between orbits computed
using SLR+DORIS and GPS tracking, and between orbits
computed by the GSFC, JPL, and CNES ACs.

Using the relationship between mean along-track orbit
differences and between differences in the estimated time
bias values, a DORIS precision of 0.35 s is determined for
resolving time biases over a 10-day span using DORIS data
alone. The analysis shows there is no offset between the SLR
and GPS time that the orbits reference, whereas a 5-10 s
systematic offset exists for DORIS time, and that the magni-
tude of this offset can change slowly with time. Our analysis
indicates the estimated time bias largely represents an error
in the DORIS time, although the specific source for this error
remains to be identified.

Evaluating time bias differences estimated with the GPS
reduced-dynamic and SLR + DORIS dynamic orbits, our anal-
ysis finds mean along-track dynamic orbit error contributing
about 1-2 s to the estimated 10-day time bias, which is typ-
ically under 10 s in magnitude. As the time span over which
the time bias is estimated is shortened from 10-days, our anal-
ysis suggests the presence of short time-scale fluctuations of
the DORIS time-tagging, which however are hard to quantify
since the effect of orbit error significantly increases over the
shorter time-spans.

The effect of a 5-10 s DORIS time bias error on radial
accuracy is negligible (under 0.005 cm for T/P). However, the
effect of such a small but systematic error may not be negli-
gible for the recovery of geodetic parameters using DORIS
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Table 6 DORIS time biases estimated over several spans using Jason cycle-12 orbit

Time bias span ~ Number time  Calibrated GPS orbit SLR+DORIS GPS - SLR+DORIS
biases per arc  formal error (j1s) time bias (jus) orbit time bias (js) time bias (jus)
Mean  Standard devn  Mean Standard dev =~ Mean Standard dev.  Mean Standard dev

10days 1 0.332 - —-5.808 - —-5.516 - -0.292 -

24h 10 1.054  0.022 —5.825 1.725 —5.584 1464 —0.241 1.874

12h 20 1.493  0.045 —5.906 2.251 —-5.699  2.159 —0.206  2.198

02h 119 3790 0436 —6.041 7.388 —5913  8.467 —-0.128  7.251

Olh 239 5.787 1316 —5.743  10.362 —5.693  11.555 —0.050 8.153

data. It would be interesting to see whether the application of
our estimated time biases can bring the DORIS station solu-
tion closer to ITRF2000, and if any such systematic station
position differences can be used as a signature to identify the
presence of a DORIS time bias in the SPOT satellite data.
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