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Abstract

The Sentinel-6A mission extends the set of satellites dedicated to continuous ocean altimetry measurements, which started with
TOPEX/Poseidon in 1992. To utilize these measurements, high-accuracy orbit solutions with radial position errors of less than 1.5cm
(RMS) are required. For precise orbit determination (POD), a dedicated GPS/Galileo triple-frequency receiver (PODRIX) is available.
Complementary to this, the TriG receiver provides GPS-only observations for POD and radio occultations. Previous research has shown
that reduced-dynamic orbit solutions with PODRIX GPS/Galileo measurements meet the mission requirement for radial position accu-
racy of 1.5 cm (RMS). However, baseline estimation between the PODRIX and TriG antennas still reveals obvious inconsistencies in the
along- and cross-track directions. In this study, we present a comprehensive reprocessing of orbit solutions using three years of Sentinel-
6A flight data from both receivers covering January 2021 to December 2023. Cross-comparison between both receivers shows that incon-
sistencies can be removed by applying a yaw bias and a timing error correction. A comparative analysis of macro-models demonstrates
strong correlation of cross-track empirical accelerations with the Sun elevation above the orbital plane when using nominal surface prop-
erties reported by the manufacturer. Adjusted macro-models improve performance at the expense of requiring increased surface areas or
reflectivity coefficients. In addition to improved radiation pressure models, newly estimated antenna patterns and a time-varying gravity
field were used in the analysis. The reprocessed data confirm good agreement of the results of both receivers except for a relative timing
error of 1.3 us, and the yaw bias correction of —0.43° removes previously-observed systematic differences in the estimated empirical accel-
erations. Satellite laser ranging results based on SLRF2020 station coordinates demonstrate a 5—6 mm (1D RMS) accuracy of the
GNSS-based POD solutions across the IGb14/IGS20 reference frame transition in November 2022.
© 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Copernicus is an Earth Observation program estab-
lished by the European Union (EU) to provide policymak-
ers and public authorities with valuable information on our
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planet such as sea level rise. The Sentinel-6 mission, as part
of Copernicus, focuses on the extension to three decades of
mean sea level measurements and sea state data, initially
collected with TOPEX/Poseidon since 1992 and followed
by the Jason satellite missions (Fu et al., 1994; Ménard
et al., 2003; Lambin et al., 2010; Vaze et al., 2010). Next
to that, other operational data such as wave height for
marine applications is made available in near real-time
(Donlon et al., 2021). Sea level change is a key indicator
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to assess climate change and is used by organizations like
the International Panel for Climate Change (IPCC).

Sentinel-6A, named Michael Freilich and launched in
November 2020, is the first of two identical altimetry satel-
lites, with Sentinel-6B planned for launch in 2026. The
orbit is the same as that of its predecessors, a circular orbit
at 1336 km altitude with 66° inclination and period of
112 min repeating its ground track every 9.92 days. The
main payload for altimetry comprises a dual-frequency
Ku/C-band nadir-pointing synthetic aperture radar altime-
ter (Poseidon-4). This is complemented by the Advanced
Microwave Radiometer-Climate (AMR-C) instrument,
the Radiation Environment Monitor (REM), and the TriG
GPS receiver (Young, 2017) for radio occultation and pre-
cise orbit determination (POD). For POD, Sentinel-6A,
furthermore, carries a redundant pair of GPS/Galileo
(PODRIX) receivers, along with a Laser Retroreflector
Array (LRA) for satellite laser ranging (SLR), and a Dop-
pler Orbitography Radio-positioning Integrated by Satel-
lite (DORIS) system (Donlon et al., 2021).

Since sea level measurements are derived from radar
range observations and the satellite altitude, precise knowl-
edge of the satellite orbit is fundamental. The Sentinel-6A
POD mission requirements demand a non-time-critical
(NTC) radial position accuracy of 1.5 cm or better, with
the goal being 1 cm (Donlon et al., 2021). Previous research
has already proven excellent performance of GNSS-based
POD solutions using the dual-constellation PODRIX recei-
ver. Montenbruck et al. (2021) demonstrate that with
6 months of early flight data, GPS-only and Galileo-only
ambiguity-fixed reduced-dynamic orbit solutions are con-
sistent to 1 cm (3D RMS) with dual constellation GPS/
Galileo solutions. These dual-constellation orbits achieve
a 6mm standard deviation of satellite laser ranging
(SLR) residuals. This is confirmed by the European Space
Agency (ESA), presenting dual-constellation orbits with
SLR residuals below 1.5 cm RMS for more than 95 % of
days over 1.5years of flight data (Zandbergen et al.,
2022). A similar performance is reported by Peter et al.
(2022) with flight data from 2021. Galileo-only tracking
is better in terms of measurement errors and ambiguity fix-
ing statistics than GPS-only, however the combination of
both outperforms single constellation products due to the
increased number of available satellites (Montenbruck
et al., 2021; Zandbergen et al., 2022; Peter et al., 2022).
For modeling of solar radiation pressure (SRP) forces on
Sentinel-6A, different macro-models with up to 12 panels
are used in previous POD studies (Conrad et al., 2022;
Cerri et al., 2023; Montenbruck et al., 2021), which repre-
sent modified versions of the manufacturer model
described in (Cullen, 2023). As an alternative to macro-
models, the utilization of a ray-tracing model is presented
in Zandbergen et al. (2022), which accounts for self-
shadowing based on a more refined computer aided design
(CAD) model of the Sentinel-6A spacecraft. While the ray-
tracing model is reported to provide a better consistency
with the observed orbital dynamics than alternative
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macro-models considered in that work, details of the ray-
tracing model are not presently available to the public for
independent validation.

Within the Copernicus Precise Orbit Determination
(CPOD; Fernandez et al., 2024) quality working group
(QWG), Sentinel-6A POD solutions are routinely gener-
ated by a total of 11 analysis centers using different sensors
(GNSS, DORIS, SLR), POD tools, and processing stan-
dards. These are later combined into a weighted average
orbit solution, serving as a reference orbit for comparison
and quality control (GMV, 2024; Fernandez et al., 2024).
The individual orbit products are mainly based on
PODRIX GNSS observations and exhibit consistency at
the 2-6 mm in radial direction and 0.3-3 cm in 3D posi-
tion. Orbits based on TriG observations should agree with
the above mentioned PODRIX-derived solutions, however
baseline estimations between both receivers revealed obvi-
ous deviations in along-track (=9 mm) and cross-track
direction (~14 mm) (Desai et al., 2022; Montenbruck
et al., 2022b). A yaw bias correction of —0.43 ° (Desai
et al., 2022; Montenbruck et al., 2022b) was therefore
adopted by the CPOD Service and QWG starting in
2023. Sentinel-6A attitude modelling is also addressed in
Jin et al. (2023), albeit with lacking access to measured atti-
tude data. In the absence of measured attitude quaternions,
Jin et al. (2023) aimed to infer the attitude control law
based on the analysis of GNSS-data from the TriG and
PODRIX GPS receivers. However, their empirical expres-
sions for the yaw angle variation mask the concept of the
actual yaw steering law and hide the presence of the yaw
bias mentioned above.

The present study complements previous research on
Sentinel-6A POD with a comprehensive reprocessing of
three years of GNSS observations from the PODRIX
and TriG receivers. Following a description of the two
instruments and the available data sets in Section 2, the
estimation of antenna baseline corrections from a differen-
tial carrier phase processing is presented in Section 3. It
confirms the need for a yaw-bias correction of Sentinel-
6A attitude quaternions as a prerequisite for the subse-
quent precise orbit determination. An overview of general
POD models and GNSS processing standards used in this
study is provided in Section 4, while Section 5 assesses
the performance of different macro-models for solar radia-
tion pressure forces. POD results are presented and evalu-
ated in Section 6 using cross-comparisons and SLR
analyses. As part of this, the impact of the IGb14/IGS20
reference frame transition in November 2022 on the
GNSS-based POD results is assessed and the suitability
of SLRF2020 station coordinates for SLR analysis is
demonstrated across the entire data period. Finally, a sum-
mary and conclusions are presented in Section 7.

2. GNSS instruments and data sets

Sentinel-6A is equipped with a cold-redundant pair of
PODRIX receivers built by RUAG Space, now Beyond
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Gravity (Peter et al., 2022), in Austria and the TriG recei-
ver (Young, 2017) developed by the Jet Propulsion Labora-
tory (JPL). All three receivers are operated with a common
type of patch excited cup (PEC) choke ring antennas of
Beyond Gravity (Ohgren et al., 2011) and differ only in
the connector type.

The location and orientation of the three antennas on
the top panel of Sentinel-6A is illustrated in Fig. 1. Only
the nominal PODRIX and TriG antenna are of interest
in this study, since use of the redundant PODRIX receiver
and antenna was limited to the commissioning phase. The
spacecraft reference frame (SRF) originates at the geomet-
ric center of the spacecraft to launcher interface. The x.-
axis marks the nominal flight direction, the z,-axis points
in nadir direction and the y, -axis completes the orthogonal
right-handed system (Cullen, 2023). The antenna reference
frames are also indicated in Fig. 1, with the antenna z-axis
pointing in opposite direction of the zy-axis.

A schematic view of the PEC antenna illustrating the
location of the frequency-dependent phase centers and
the antenna reference point (ARP) is given in Fig. 2. For
the present study, phase center offsets (PCOs) relative to
the ARP have been derived from pre-flight calibrations
provided in the instrument calibration database (Zangerl,
2019) by minimizing the measured phase variations over
an off-boresight angle range of 0° < 6 < 80°. Numerical
values of the respective PCOs are summarized in Table |
for each individual antenna unit along with the antenna
reference point positions in the SRF. Next to the values
for the individual frequency bands, the PCOs for the
ionosphere-free L1/L2 and E1/E5a combinations are given,
which provide the basis for POD with GPS and Galileo
observations. PCO differences between the two antennas
are at the 1 mm level with peak values of about 1.4 mm
along the y-axis. These differences represent limitations in
the repeatability of both the manufacturing process and
the factory calibration, but are typically smaller than the
impact of the spacecraft environment on the phase center
location.

Upon transformation to the adjusted phase centers, the
azimuth-averaged phase variations are confined to a range
of less than + 2 mm up to off-boresight angles of 80° and
an even smaller range of about & Imm applies for the
ionosphere-free dual-frequency combinations. It should
be noted, though, that the phase patterns measured in
the pre-flight calibration are not necessarily representative
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Fig. 2. Schematic view of phase center locations of the PEC GNSS
antenna for individual frequencies and ionosphere-free dual-frequency
combinations.

Table 1
Antenna reference points ((x,y,z) in SRF) and manufacturer-calibrated
phase center offsets ((x,y,z) in antenna reference frame)

Parameter PODRIX nominal TriG

[mm] [mm]
ARP (4+2474.8,+0.1,—1080.3) (+600.0, —0.4, —1095.1)
PCO (L1,El) (4+0.6,40.6,+96.6) (=0.2,-0.7,497.2)
PCO (L2) (4+0.6,+0.7,+101.9) (—0.1,-0.8,+102.9)
PCO (ESa) (4+0.7,40.6,+113.7) (—0.2,-0.8,+114.7)

PCO (L1/L2)
PCO (E1/ESa)

(40.6,+0.5,+88.4)
(+0.6,+0.7,+75.0)

(—0.2,—0.7, +88.5)
(—0.1,-0.7,+75.2)

of the phase variations encountered after integration of
the antenna into the spacecraft. Here, notably larger phase
variation may be encountered due to wave-front distor-
tions and multipath caused by the local environment.

The PODRIX receiver of Sentinel-6A is configured for
tracking of dual-frequency C/A and L2C signals in the case
of GPS IIR-M, IIF and III satellites, while C/A and L1/L2
P(Y)-code signals are tracked for the remaining GPS IIR
satellites. It also tracks the E1/E5a signals of the Galileo
satellites, making it the first receiver to provide GPS/Gali-
leo observations on a scientific spacecraft in low Earth
orbit (LEO). A maximum of 18 satellites can be tracked
in total which roughly matches the number of visible
GPS and Galileo satellites above the 10° elevation thresh-
old adopted in this mission (Peter et al., 2022). The TriG
receiver, in contrast, tracks dual-frequency L1 C/A and

Fig. 1. Top panel of Sentinel-6 spacecraft illustrating the location and orientation of the three GNSS antennas (base image: ESA).
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L1/L2 P(Y)-code signals for up to a total of 16 visible GPS
satellites (Young, 2017) down to an elevation mask of 0°.
This includes 12 satellites for POD observed with the
zenith-looking antenna and four satellites for radio-
occultation measurements.

Within this study, GNSS measurements covering a per-
iod from January 2021 to December 2023 are processed
and analyzed. Hourly TriG observation data in the Recei-
ver INdependent EXchange format (RINEX; Romero,
2020) are publicly made available through the Physical
Oceanography Distributed Active Archive Data Center
(PODAAC; Ocean Surface Topography Science Team,
2021) as part of the Sentinel-6A Level 1B data products,
while PODRIX GNSS data and attitude quaternions are
shared through the recently opened Copernicus Data Space
Ecosystem (CDSE) platform’.

As an alternative to the public PODRIX data, RINEX
files for the present work were generated from the raw
receiver telemetry to directly align the receiver time scale
with GPS time and to apply receiver-related differential
code biases corrections between GPS C/A, P(Y), and
L2C signals for improved wide-lane ambiguity resolution
(Montenbruck et al., 2021). Furthermore, occasional half-
cycle slips caused by phase glitches in the PODRIX fron-
tends for the L1, L2 and L5 frequency bands were removed
by checking for apparent clock offset and carrier phase dis-
continuities in the observation data and applying a corre-
sponding correction to the affected signals of all tracked
satellites after the epoch of the cycle-slip. In the case of
the TriG receiver, measurements in the public RINEX
observation files are referred to a receiver time scale that
reflects the natural oscillator drift and gradually deviates
from GPS time. To facilitate relative positioning between
the two receivers, the TriG observations provided by
PODAAC were converted from receiver time to GPS time
and subsequently extrapolated to integer GPS seconds
using calculated range-rate values. Concerning Sentinel-
6A attitude information, the CDSE presently provides
unmodified attitude quaternions prior to September 3,
2023 but includes a —0.43° yaw bias correction (see Sec-
tion 3) from this epoch onwards. For a consistent assess-
ment and handling of attitude information throughout
the entire data arc, distinct sets of attitude quaternions with
and without yaw-bias correction were therefore derived for
the present study.

3. Antenna baseline estimation and attitude modeling

After clock correction and alignment of the TriG mea-

surement epochs to integer GPS seconds, double-
differences
o= b1 — ¢b — Pr + dp (1)

! https://dataspace.copernicus.cu/browser; Sentinel-6 Auxiliary Data
Files, AUX_GNSSRD (observations) and AUX_PROQUA (quaternions)
products.
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of carrier phase observations for commonly tracked satel-
lites i # j and the two receivers (TriG, T, and PODRIX,
P) can be formed for GPS observations on the L1 and
L2 frequency. These are described by the observation
model

2Py = —€ - (recr — rpcp + d) + Ep + INYy, (2)

where, 1 denotes the carrier phase wavelength, ¢V is the
difference of line-of-sight unit vectors to the tracked GPS
satellites, rpcr and rpcp are the nominal positions of the

antenna phase centers, ¢/, denotes the double-difference

of antenna phase variations, and NiT‘{p is the double-
difference ambiguity. The vector d designates the difference
between the true and modeled antenna baseline which is
nominally zero and can be determined from (2) on an
epoch-by-epoch basis in a least-squares adjustment of
observed double-difference carrier phases for the simulta-
neously tracked satellites. For practical purposes, the
observation model is formulated in the spacecraft reference
frame, making use of the known spacecraft attitude to
obtain the line-of-sight directions relative to the satellite’s
body axes.

The integer ambiguity in (2) is not known beforehand,
but can be determined in a straightforward manner
through integer rounding

N, = round {ifﬁifj:l) + eV (rpcr — "PC’P)} ®

under the provision that the baseline correction and the
phase variations are sufficiently small with respect to the
wavelength. The double-difference ambiguities for each
satellite i are formed relative to a common pivot satellite
j and considered as successfully fixed, if their float value
differs from the rounded integer value by less than 0.2 cy.
Among others, half-cycles ambiguities that mostly affect
the TriG data, can be identified and discarded in this way.

Baseline estimates were computed on a daily basis over
the three-year interval at 10s sampling in periods with
nominal, forward-looking spacecraft orientation. Indepen-
dent baseline corrections were computed relative to the
ARP, i.e. without considering a priori antenna phase center
offsets and patterns in the observation model, as well as
using the manufacturer calibrations in Table 1. The
averaged baseline corrections d = (d,,d,,d.) in the SRF

Table 2

Statistics of long-term baseline corrections in SRF derived from differen-
tial GPS carrier phase observations on L1 and L2 during periods of
nominal flight orientation. Individual results are provided for corrections
relative to the ARP and considering pre-flight antenna calibrations. For
each case, the 3-year median of the daily mean + the median of the daily
standard deviation of epoch-wise baseline estimates are shown.

Solution d, [mm] d, [mm] d. [mm]
TriG-PODRIX L1 (ARP) 9.1+19 140+ 1.9 1.6+5.8
TriG-PODRIX L2 (ARP) 99+28 141+2.7 53+8.5
TriG-PODRIX L1 (calib) 99+19 126 £1.9 1.6+£59
TriG-PODRIX L2 (calib) 10.7+2.9 126 £2.7 6.1 £8.7
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are shown in Table 2. The results indicate obvious devia-
tions from the a priori baseline in x- and y-direction and
an inconsistency between L1/L2 results in the z-direction.

The offset in y-direction can best be understood as a
yaw-bias in the attitude telemetry and control of Sentinel-
6A, as first suggested in Desai et al. (2022) and
Montenbruck et al. (2022b). Fig. 3 illustrates the impact
of an attitude error in yaw-direction on the modelled
antenna positions. Nominal attitude quaternions are
reported by the onboard star sensors and used by the atti-
tude control system, but the spacecraft body itself is
slightly offset in yaw direction, thus rotating the true
antenna positions away from the x-axis. At the Trig—
PODRIX antenna separation of 1875 mm in flight direc-
tion, the 14 mm y-difference between the measured baseline
and the nominal antenna baseline obtained under the
assumption of identical antenna phase center offsets and
patterns corresponds to a —0.43° yaw-angle offset. A
slightly smaller offset of —0.39° is obtained when consider-
ing the manufacturer calibrations. However, it remains
unclear to what extent these calibrations are representative
of the antenna characteristics after spacecraft integration.
A —0.43° yaw-angle correction has therefore been recom-
mended for Sentinel-6A POD by the CPOD service and
will gradually be implemented in the operational and
reprocessed CPOD products. The same value has also been
adopted for this study and is used for the POD solutions
discussed in Section 4.

Other than the purely geometrical y-offset, the ~10 mm
deviation in x-direction is of a different nature and best
explained by a relative timing error between both receivers,
which translates into an along-track position error in pro-
portion to the spacecraft velocity. This is evidenced by the
fact that the estimated x-component of the baseline correc-
tion in the SRF experiences a sign change whenever the

STR

STR

Fig. 3. Impact of a yaw bias due to alignment offsets between the body
frame as realized by the star tracker (STR) and the mechanical spacecraft
frame as represented by the modelled antenna positions. Schematic views
of the nominally aligned configuration (left) and the actual Sentinel-6A
configuration (right).
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Sentinel-6A spacecraft is flying in reverse orientation. By
way of example, Fig. 4 shows the baseline correction for
July 1, 2021 during which the satellite underwent a yaw-
flip maneuver rotating the spacecraft by 180° about the z-
axis.

In total, Sentinel-6A was flying in a reversed orientation
for five periods of about 3-4 days during periods of low
Sun elevation above the orbital plane (f-angle) in 2021
and 2022. By comparing the baseline estimates for periods
of nominal and reversed flight directions, the relative
along-track shift can be isolated from contributions of
the antenna location. Almost identical values of 9.0 mm
and 9.2 mm are obtained for L1 and L2, respectively,
which indicates a common timing offset of about 1.3 us
at the given orbital velocity of 7.2 km/s. Similar micro-
second-level timing offsets have previously been reported
in signal simulator tests of other spaceborne GNSS recei-
vers (Montenbruck et al., 2006) and can, for example, be
attributed to timing differences in the latching of code
and carrier measurements (Sleewaegen et al., 2012) or
uncorrected code biases at the few-hundred-meter level.
In the absence of suitable pre-flight calibrations, it is not
presently possible to unambiguously attribute the observed
timing bias to either of the receivers. Some further indica-
tions may, however, be obtained from the analysis of satel-
lite laser ranging observations, which suggest a joint
contribution from both the TriG and PODRIX receivers
(Section 6).

Concerning the z-component of the estimated baseline
correction, it appears tempting to infer a small pitch bias
in analogy with the yaw offset discussed above. Care must
be taken, though, that notably different results are obtained
in this case from differential carrier phase observations on
the L1 and L2 frequency. As such, the observed d, values
are likely to result from phase pattern distortions and local
multipath that affect the PODRIX and TriG antennas in a
different manner. No pitch bias is therefore assumed in the
subsequent POD solutions of Sentinel-6A.

4. Precise orbit determination

Precise orbits are generated using DLR’s GNSS High
precision Orbit determination Software Tools (GHOST;
Wermuth et al., 2010), covering 1095 days from January
2021 to December 2023. The reduced-dynamic approach
is used, combining a dynamical trajectory model of
Sentinel-6A with GNSS observations (Wu et al., 1991). A
batch least-squares estimation technique is used to deter-
mine the epoch-wise state vector, receiver clock offset,
inter-system bias, carrier phase ambiguities and empirical
accelerations. The latter are estimated as piecewise con-
stant accelerations in 10 min intervals in radial, tangential
and normal directions to account for remaining deficiencies
in the model. An overview of the adopted parameters and
models for POD is provided in Table 3.

The dynamical model employs a time-varying Earth
gravity field, Sun and Moon perturbations, relativistic
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Fig. 4. Baseline corrections (in SRF) from differential L1 carrier phase
measurements on 2021/07/01 (DOY 182), showing the impact of a yaw-
flip.

corrections (Schwarzschild terms), and a macro-model for
drag and radiation pressure forces (Section 5). Earth
albedo and infrared radiation are included following the
concept of Knocke et al. (1988). Compared to the original
model, we make use of a higher resolution grid of 15 rings
and 135 sectors for the Earth surface visible from the satel-
lite as well as a newly derived set of polynomial/harmonic
coefficients for approximating the latitudinal and seasonal
variation of albedo and emissivity based on monthly
CERES ES-4 maps (Hackel, 2019). Ocean tides are com-
puted from the FES2004-TEG4 model (Lyard et al.,
2021). Precise GNSS orbits, clocks, and accompanying
signal-specific phase/code biases are available from the
Center for Orbit Determination in Europe (CODE) as part
of the International GNSS Service (IGS; Johnston et al.,
2017). The processing is split into two phases, where
CODM rapid products are employed during applicability
of the IGb14 reference frame and CODOPSFIN final prod-
ucts along with IGS20 since GPS week 2238 (November 27,
2022). The IGS antenna models were linearly extrapolated
beyond off-boresight angles of 14-15° for Galileo in-orbit-
validation (IOV) satellites and extended from 14-17° for
GPS block III satellites as described in Conrad et al.
(2023). Improved receiver antenna phase centers were esti-
mated for IGb14/IGS20, as explained in Section 6.1.

A yaw angle correction of —0.43° has been applied to
the measured attitude quaternions. Spacecraft-related
information including antenna and center-of-mass posi-
tions, surface data, mass and maneuver information are
obtained from (Cullen, 2023) and the mission operations
team.

Carrier phase integer ambiguities are resolved with a
single-receiver wide-lane/narrow-lane technique described
in Montenbruck et al. (2018), where observations are
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processed in passes with constant ambiguities. The
Hatch-Melbourne-Wuebbena  combination  (HMW)
(Hatch, 1983; Melbourne, 1985; Wiibbena, 1985) is calcu-
lated for each pass and corrected with fractional satellite-
specific wide-lane biases. The common fractional wide-
lane bias of the receiver can be isolated by differencing
between passes and integer rounding. The resulting wide-
lane integer ambiguity is then combined with float-valued
carrier phase range biases estimated for each pass. Finally,
integer rounding of between-pass differences is used to find
the L1 integer ambiguities.

5. Solar radiation pressure modeling

The dynamical trajectory model employs a macro-model
to estimate non-gravitational forces such as solar and
Earth radiation pressure. The macro-model simplifies the
spacecraft structure into a collection of flat plates, and
the net radiation pressure force per surface element can
be calculated according to Milani et al. (1987).

Four different macro-models are compared in this study,
comprising a DLR 8-panel configuration (Montenbruck
et al., 2021), the original 12-panel manufacturer model
(Cullen, 2023), a 6-panel box-wing model by CNES recom-
mended for DORIS processing (Cerri et al., 2023) and the
12-panel macro-model of (Conrad et al, 2022) with
adjusted surface areas, referred to as UoC/JPL (University
of Colorado and Jet Propulsion Laboratory) model.
Table 4 summarizes the normal vectors, surface areas and
optical surface properties of these models, including the
fractions of absorbed, diffusely-reflected and specularly-
reflected photons in the visible and infrared spectrum.

The specific shape of Sentinel-6A causes shadowing of
the lower body by the solar panels depending on the Sun
incidence angle. The effects of self-shadowing are difficult
to handle in a macro-model approach and consistently
neglected in all models considered here. A rigorous treat-
ment requires a full ray-tracing model as discussed in
(Zandbergen et al., 2022), but was unavailable for this
study.

Following Cerri et al. (2010), spontaneous and diffuse
re-emission of absorbed photons should be considered for
all surfaces covered with multi-layer insulation for thermal
protection purposes. Surfaces with assumed re-emission in
the DLR, CNES and manufacturer models are indicated
by an asterisk (*) in Table 4. The model by Conrad et al.
(2022) does not assume re-emission and instead adjusts
the effective surfaces areas as part of the POD process. This
can lead to unrealistically large surface areas as seen in
Table 4. Concerning the DLR model, we note that sponta-
neous re-emission is also considered for the solar panels.
While this lacks an adequate physical motivation, the
model retains the nominal surface areas and is ultimately
justified by a good agreement of modelled and observed
accelerations.

Fig. 5 shows the resulting empirical accelerations in
cross-track direction based on orbit solutions with all four



D. Calliess et al.

Table 3

Advances in Space Research 74 (2024) 3011-3027

Models and parameters used for Sentinel-6A precise orbit determination

Model/Parameter

Description

Estimation technique
GNSS observations

Batch least squares estimation with single receiver ambiguity resolution (Montenbruck et al., 2018)
Undifferenced dual-frequency phase and pseudorange; 24h daily arcs, 30s sampling™®

Reference Frame
GNSS orbit and clock data
GNSS code and phase biases

GNSS satellite antennas

IGb14 (up to day 2022/330) (Rebischung, 2020) 1GS20 (from 2022/331) (Villiger,
2022)

CODOOPSFIN final solutions (30s
sampling) (Dach et al., 2023)
CODOOPSFIN final biases for GPS/
Galileo (Dach et al., 2023)
igs20.atx with GPS III extension
(Conrad et al., 2023)

CODM rapid solutions (30s sampling) (Dach et al., 2020)
CODM rapid biases for GPS/Galileo (Dach et al., 2020)

igsl4.atx with IOV extension to 15° and GPS III extension (Conrad et al., 2023)

Receiver
Observation types

S6A antennas

PODRIX

GPS modernized: C1C L1C C2L L2L, GPS legacy:

CIW L1C C2W L2W, Galileo: C1C L1C C5Q L5Q

POD (nominal)

In-flight PCO + PV calibrations for IGbl4 and IGS20 periods

TriG
GPS: C1W L1C C2W L2W

POD-RO
In-flight PCO + PV calibrations for
IGb14 and 1GS20 periods

S6A attitude

Phase windup

Earth gravity

Third body effects

Ocean tides

Solar radiation pressure

Earth albedo and IR
radiation

Earth orientation parameters

Quaternions (measured)®, -0.43° yaw bias correction

modelled (Wu et al., 1993)

GOCOO06S truncated at degree and order 70 (Kvas et al., 2021)

Sun and Moon point-mass model; analytical series of luni-solar coordinates (Montenbruck and Pfleger, 2000)
FES2004-TEG4 (Lyard et al., 2006)

Macromodel, see Table 4

Knocke et al. (1988) formulation with CERES Earth radiation data (Priestley et al., 2011)

IGS rapid series (IGSOOPSRAP)?

Empirical accelerations Piecewise constant accelerations

Estimation parameters
Epoch state (position, velocity)

Epoch-wise clock offsets and inter-system biases

Piecewise constant accelerations in RTN frame with 600s intervals constrained to 4/8/8 nm/s>
Carrier phase ambiguities (one per continuous carrier phase tracking arc)

# https://dataspace.copernicus.ecu/browser; Sentinel-6 Auxiliary Data Files, AUX_GNSSRD (observations)

® Ocean Surface Topography Science Team (2021)

¢ https://dataspace.copernicus.eu/browser; Sentinel-6 Auxiliary Data Files, AUX_PROQUA (quaternions) products.

9 https://igs.org/products-access/earth-rotation

macro-models. The magnitude of empirical accelerations
and their correlation with the Sun elevation angle above
the orbit frame (f8) provide a good indication of the quality
of the macro-model. The original manufacturer model and
the CNES model suffer from strong correlation with the /-
angle, while the empirical accelerations estimated with the
DLR and UoC/JPL models are essentially free of seasonal
variations. Both these models clearly improve the perfor-
mance compared to the original manufacturer data. How-
ever, this improvement comes at the expense of either
increased re-emission contributions or increased surface
areas that do not correspond to the real spacecraft
geometry.

Previously, a systematic bias of around 8 nm/s* in the
cross-track empirical accelerations was observed in the
Sentinel-6A POD of Montenbruck et al. (2021). This bias
has essentially vanished after implementation of the yaw
bias correction in the POD results of both receivers, as
illustrated in Fig. 6 for the TriG based results. The radial
and tangential directions exhibit near-zero empirical accel-
erations, while small dips at high f$-angles remain in the
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tangential direction. This is likely due to remaining defi-
ciencies in the non-gravitational force models, specifically
the lacking consideration of the aforementioned self-
shadowing and thermal radiation effects.

6. POD performance and validation

For further analysis, independent POD solutions based
on processing of PODRIX and TriG data were computed
for the 3-year analysis period based on the general process-
ing standards described in Table 3. More specifically, the
DLR macro-model was adopted for non-gravitational
force modeling (see Section 5) and the —0.43° yaw bias cor-
rection discussed in Section 3 was applied.

6.1. Antenna characterization

In a first step, improved estimates of the effective
antenna phase center offsets in boresight (i.e., z-) direction
were obtained by minimizing the radial offset between
reduced-dynamic and kinematic position solutions. In view


https://dataspace.copernicus.eu/browser
https://dataspace.copernicus.eu/browser
https://igs.org/products-access/earth-rotation
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Table 4

Sentinel-6A macro-model surface definitions and optical parameters (fractions o, 0, and p of absorbed, diffusely reflected and speculary reflected photons for visual (VIS) and infrared (IR) radiation), for

four different models: DLR, DORIS, Conrad and original manufacturer model (Montenbruck et al., 2021; Cerri et al., 2023;
the SRF, surfaces including spontaneous re-emission (R) of photons are denoted with *.

Conrad et al., 2022; Cullen, 2023). The surface normal vectors are defined in

Model Element Surface normal Area [m?] oyIs ovis PviS AR IR PIR R
DLR Body +X (front) (41.000, +0.000, +0.000) 3.5 0.47 0.04 0.49 0.76 0.04 0.20 *
Body —X (back) (—1.000, +0.000, +0.000) 3.5 0.43 0.12 0.45 0.78 0.04 0.18 *
Body +Z (bottom) (40.000, +0.000, +1.000) 15.5 0.57 0.08 0.35 0.77 0.12 0.11 *
Body —Z (top) (40.000, +0.000, —1.000) 2.0 0.35 0.03 0.62 0.77 0.01 0.22 *
Solar panel (starboard) (40.000, +0.616, —0.788) 8.9 0.86 0.14 0.00 0.80 0.20 0.00 *
Solar panel (portside) (40.000,—0.616, —0.788) 8.9 0.86 0.14 0.00 0.80 0.20 0.00 *
Body +7Y (bottom structures) (40.000, +1.000, +0.000) 1.0 0.43 0.14 0.43 0.75 0.12 0.13 *
Body —Y (bottom structures) (40.000, —1.000, +0.000) 1.0 0.43 0.14 0.43 0.75 0.12 0.13 *
DORIS Body +X (front) (41.000, +0.000, +0.000) 3.37 0.00 0.541 0.459 0.00 0.808 0.192 *
Body —X (back) (—1.000, +0.000, +0.000) 3.6 0.43 0.12 0.45 0.78 0.04 0.18 *
Body +Z (bottom) (40.000, +0.000, +1.000) 15.35 0.028 0.63 0.342 0.21 0.724 0.066 *
Body —Z (top) (40.000, +0.000, —1.000) 2.99 0.034 0.511 0.455 0.259 0.627 0.114 *
Solar panel (starboard) (40.000, +0.616, —0.788) 8.66 0.663 0.337 0.00 0.385 0.615 0.00
Solar panel (portside) (40.000, —0.616, —0.788) 8.66 0.663 0.337 0.00 0.385 0.615 0.00
Manufacturer Body +X (front) (41.000, +0.000, +0.000) 2.99 0.46 0.04 0.50 0.46 0.04 0.50 *
Body —X (back) (—1.000, +-0.000, +0.000) 3.35 0.46 0.04 0.50 0.46 0.04 0.50 *
Body +Z (bottom) (40.000, +0.000, +1.000) 9.03 0.38 0.02 0.60 0.38 0.02 0.60 *
Body —Z (top) (40.000, +0.000, —1.000) 1.80 0.32 0.03 0.65 0.32 0.03 0.65 *
Solar panel top (starboard) (4+0.000,+0.616, —0.788) 8.65 0.86 0.14 0.00 0.86 0.14 0.00
Solar panel top (portside) (40.000, —0.616, —0.788) 8.65 0.86 0.14 0.00 0.86 0.14 0.00
Solar panel bottom (starboard) (40.000, +0.616, +0.788) 4.09 0.84 0.16 0.00 0.84 0.16 0.00
Solar panel bottom (portside) (40.000, —0.616, +0.788) 4.09 0.84 0.16 0.00 0.84 0.16 0.00
Body +7Y (starboard) (40.000, +1.000, +0.000) 2.87 0.46 0.04 0.50 0.46 0.04 0.50 *
Body —Y (portside) (40.000, —1.000, +0.000) 2.87 0.46 0.04 0.50 0.46 0.04 0.50 *
AMR-C top (40.469, +0.000, —0.833) 0.92 0.92 0.08 0.00 0.92 0.08 0.00
AMR-C bottom (—0.469, +0.000, +0.833) 0.92 0.25 0.56 0.19 0.25 0.56 0.19
Conrad Body +X (front) (+1.000, +0.000, +0.000) 4.149 0.61 0.041 0.349 0.61 0.041 0.349
Body —X (back) (—1.000, +0.000, +0.000) 3.941 0.412 0.042 0.546 0.412 0.042 0.546
Body +Z (bottom) (40.000, +-0.000, +1.000) 11.83 0.413 0.016 0.571 0.413 0.016 0.571
Body —Z (top) (40.000, +0.000, —1.000) 2.072 0.31 0.03 0.66 0.31 0.03 0.66
Solar panel top (starboard) (40.000, +0.616, —0.788) 8.65 0.545 0.316 0.139 0.545 0.316 0.139
Solar panel top (portside) (40.000, —0.616, —0.788) 8.65 0.545 0.316 0.139 0.545 0.316 0.139
Solar panel bottom (starboard) (40.000, +0.616, +0.788) 3.76 0.823 0.164 0.013 0.823 0.164 0.013
Solar panel bottom (portside) (40.000, —0.616, +0.788) 3.76 0.823 0.164 0.013 0.823 0.164 0.013
Body +7Y (starboard) (40.000, +1.000, +0.000) 1.329 0.454 0.04 0.506 0.454 0.04 0.506
Body —Y (portside) (40.000, —1.000, +0.000) 1.329 0.454 0.04 0.506 0.454 0.04 0.506
AMR-C top (40.469, +0.000, —0.833) 0.92 0.92 0.08 0.00 0.92 0.08 0.00
AMR-C bottom (40.000, +0.000, +1.000) 0.8123 0.25 0.56 0.19 0.25 0.56 0.19
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Fig. 5. Daily mean values of estimated empirical accelerations in cross-
track direction plotted against the Sun elevation f above the orbital plane
for the DLR, CNES, UoC/JPL and manufacturer macro-models.

of the transition of the IGS reference frame and the associ-
ated GNSS antenna models from IGbl4/igsl4.atx to
1GS20/igs20.atx at the beginning of GPS week 2238 (Nov
27, 2022), independent z-PCOs were derived for use with
the old and new conventions. Given the partly incomplete
IGS antenna models for large off-boresight angles, the pat-
terns of the Galileo in-orbit validation (IOV) satellites in
igsl4.atx were linearly extrapolated from 14° to 15°. In
the case of GPS III, the phase pattern extension model of
Conrad et al. (2023) for off-boresight angles of 14-17°
was applied instead of the constant values in igsl4.atx
and igs20.atx.

The results in Table 5 confirm a good consistency of the
two antennas, but also notable differences with respect to
the manufacturer (see Table 1). Part of these can be under-
stood by the inconsistency of GPS and Galileo transmit
antenna calibrations in the igsl4.atx antenna model, but
discrepancies at the 10 mm level can still be observed when
working with the self-consistent igs20.atx model. The 3-4
mm increase of the GPS-related PCOs reflects an adjust-
ment of the terrestrial reference frame scale of roughly
+0.5ppb in the IGb14 to IGS20 transition, which is accom-
panied by an average change of the GPS transmit antenna
z-PCOs of the IGS antenna model by —67 mm. For Galileo
satellites, in contrast, igsl4.atx made use of manufacturer
calibrations, which are incompatible with the IGb14 scale
and required a +156 mm change for igs20.atx to achieve
consistent GPS and Galileo station heights in the 1GS20
reference frame. This causes a predicted decrease of
Galileo-based stations heights by approximately 6 mm
(Montenbruck et al., 2022a) in good accord with the
PCO shifts in Table 1. Use of the igs20.atx antenna model
instead of the igsl4.atx one yields a clearly improved con-
sistency of the observed Sentinel-6A L1/L2 and E1/E5a
phase centers, even though their relative location is still
inverted compared to the factory calibrations. It is pre-
sently unclear, whether and to which extent the apparent
discrepancy of pre-flight and in-flight PCO calibrations
can be explained by the impact of the spacecraft environ-
ment or relate to differences in the elevation-dependent
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distribution of factory calibration grid points as compared
to the true observations.

Maps of phase variations obtained from L1/L2 and E1/
ES5a carrier phase residuals relative to the adjusted phase
centers are shown in Fig. 7 for the two operational recei-
vers and antennas. Compared to the factory calibrations
of the standalone antennas, the in-flight calibrations show
pronounced variations with patchy large-scale structures
and superimposed fringes that indicate the presence of mul-
tipath effects. From the orientation and separation of the
fringes, a subtle cross-talk, i.e., interference between signals
from the radio occultation and POD antenna branches in
the TriG receiver, may be suspected, which was earlier
encountered in the CHAMP and GRACE missions
(Montenbruck and Kroes, 2003; Mao et al., 2017). On
the other hand, similar fringe patterns with a slightly wider
spacing can be recognized in the PODRIX phase maps. In
view of a widely different receiver design and the fact that
only a single antenna is used in the PODRIX receiver these
patterns cannot be explained by self-interference. However,
it may be noted that cross-talk from amplified signals of a
TriG precursor to another onboard GPS receiver has pre-
viously been reported in Montenbruck et al. (2008). It
remains unclear at this point, whether a similar leakage
occurs in the TriG receiver and explains the interference
patterns observed in the carrier phase observations of the
PODRIX receiver on Sentinel-6A.

6.2. Measurement quality

The overall measurement quality and goodness of fit of
the respective observations are characterized by the residu-
als statistics in Table 6. Phase residuals are obtained after
consideration of in-flight phase pattern calibration and
are thus largely freed from local multipath errors. In the
case of the PODRIX receiver, tracking of the modernized
civil GPS signals (L1 C/A, L2C) shows a better quality
than the semi-codeless P(Y) code tracking, but both are
outperformed by the Galileo measurements. TriG code
observations show roughly similar code residuals as the
PODRIX P(Y) pseudoranges, but reduced carrier phase
errors.

Considering the fact that the ionosphere-free measure-
ment combination results in a roughly threefold noise level
compared to that of the individual observations, represen-
tative RMS code errors of 0.10-0.25 m can be inferred,
while individual phase measurements exhibit RMS errors
at the 1.5 mm level.

The code and phase measurement errors directly affect
the quality of the Hatch-Melbourne-Wuebbena combina-
tion, which is used for fixing of the wide-lane ambiguities.
Again, Galileo tracking yields a clearly better performance
with RMS errors of about 0.1 m (or 0.1 cy) for epoch-wise
HMW observations, while GPS observations result in
roughly two times larger values for both receiver types.

The distribution of daily ambiguity fixing rates, as mea-
sured by the ratio of tracking passes with fixed ambiguities
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Fig. 6. Daily mean values (black) and 1-¢ bounds (light blue) of estimated
empirical accelerations in radial (top), along-track (center), and cross-
track (bottom) direction for TriG POD results (Section 3) with adopted
yaw bias of. —0.43°. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

and the total number of passes, is illustrated in Fig. 8 for
the three-year data analysis period. Wide-lane ambiguities
in a combined GPS/Galileo orbit determination could be
fixed with median success rates of 98.8% and 99.9% for
GPS and Galileo tracking, respectively. TriG data, in con-
trast, exhibit a large number of half-cycle ambiguities,
which reduce the wide-lane fixing rate to a median value
of 91.7%. The N narrow-lane ambiguities could be fixed
with success rates of 97.9% and 99.6% in PODRIX POD
solutions and 77.8% in the TriG processing.

6.3. Orbit comparison

For an initial performance assessment, the POD solu-
tions generated in this study are compared against the com-
bined orbit products (COMB) of the CPOD service (GMV,
2024; Fernandez et al., 2024). The latter are obtained from
a weighted average of individual analysis centers (ACs)
with weights based on the median position offset relative
to the arithmetic mean of all centers. The combination pro-
cess reduces the contribution of random errors in the indi-
vidual solution and thus improves the overall precision.
Given the diversity of processing standards and the use
of partly different observations techniques (GNSS,
DORIS, SLR), the averaging of AC-specific systematic
errors may likewise contribute to an overall accuracy
improvement.

Since the AC contributions to the COMB solution were
initially based on uncorrected attitude quaternions (see
Section 3), a systematic lateral position offset can be
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Table 5
Estimated phase center offsets from Sentinel-6A GNSS observations. All
values in mm.

Antenna Signals ZPCO
igsl4.atx igs20.atx
PODRIX nominal GPS L1/L2 68 72
Galileo E1/E5a 90 85
TriG GPS L1/1.2 70 73

observed prior to 2023 in the COMB solution relative to
solutions that are obtained with the corrected attitude
information. Given the predominant share of PODRIX-
based GNSS orbit determination solutions in the combined
solution, a cross-track correction of —7.1 mm was there-
fore applied to the COMB product for the 2021-2022 per-
iod for the subsequent analysis. This correction reflects the
mismodeling of the PODRIX antenna position in the
spacecraft frame for a yaw angle error of —0.43° at the
0.945 m x-offset between the antenna and the center-of-
mass (COM). Subject to an ambiguity-fixed processing
and a reduced-dynamic orbit determination approach, the
attitude mismodeling results in a corresponding shift of
the estimated COM position in the POD. Even though
the correction would not apply for highly dynamic solu-
tions as well as DORIS, SLR and TriG-based POD results
of Sentinel-6A, their contribution to the COMB product is
less pronounced and a good overall performance of the
correction is independently evidenced by the SLR analysis
described in Section 6.4.

Orbit differences relative to the combined CPOD pro-
duct were evaluated for different PODRIX- and TriG-
based POD solutions computed in the present study. For
a harmonized comparison, a —9 mm along-track correc-
tion has been applied to the TriG orbits to compensate
for the relative timing error discussed in Section 3. Statis-
tics of the daily RMS position errors over the 3-years anal-
ysis period are illustrated in Fig. 9 in the form of violin
plots with markers for the median values and inter-
quartile ranges. With median 3D RMS difference of
5Smm, both the TriG GPS-only and the PODRIX GPS
+ Galileo solutions exhibit a high level of consistency with
the COMB reference. While the PODRIX results show an
even slightly lower peak of the distribution than the TriG
solutions, an obvious tail in the probability density may
be recognized that demonstrates a non-negligible fraction
of daily orbit products with 3D RMS differences of up to
15 mm. The occurrence of large errors is even more pro-
nounced for the single-constellation GPS-only and
Galileo-only solutions that exhibit a clearly lower
precision.

Closer inspection of PODRIX solutions on days with
degraded overall performance shows that the respective
solutions are affected by intervals of typically 1 h duration,
or half an orbital revolution, during which peak errors in
the range of 3-8 cm may be reached. By way of example,
this is illustrated in Fig. 10 for a single day in April 2023.
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Fig. 7. PCO-free phase variations of the nominal PODRIX antenna and the TriG antenna of Sentinel-6A based on residuals of dual-frequency carrier

phase observations.

These errors can best be attributed to false narrow-lane
ambiguity fixes that are more likely when the float ambigu-
ities estimated in the initial stage of the reduced-dynamic
orbit determination are only poorly determined in the cur-
rent POD scheme. Even though the TriG solutions exhibit
a notably lower overall fixing rate, they benefit from a lar-
ger number of concurrently tracked GPS satellites and
increased overlap of tracking arcs within an individual con-
stellation. More specifically, an average of 9.1 GPS satel-
lites is tracked and used for POD at each epoch in case
of the TriG receiver, while 7.4 GPS and 6.0 Galileo satel-
lites are processed on average in the PODRIX POD. Fur-
ther investigation will be required to improve the
robustness of the ambiguity fixing in the present POD sys-
tem software used within this study and to investigate the
compatibility of the PODRIX observations with the
employed ambiguity resolution strategy.

6.4. SLR analysis

Sentinel-6A is routinely tracked by roughly 30 SLR sta-
tions of the International Satellite Laser Ranging Service
(ILRS; Pearlman et al., 2019). Complementary to the orbit
comparison discussed above, the evaluation of SLR resid-
uals enables an independent accuracy analysis of the
GNSS-based POD solutions relative to an external
reference.

In view of notable differences in the quality of SLR mea-
surements from individual stations, the analysis is inten-
tionally limited to 17 high performance stations
(Arequipa 7403, Grasse 7845, Graz 7839, Greenbelt 7105,

Table 6

Haleakala 7119, Hartebeesthoek 7501, Herstmonceaux
7840, Matera 7941, Monument Peak 7110, Mount Stromlo
7825, Papeete 7124, Potsdam 7841, Simosato 7838, Wett-
zell 7827, Wettzell 8834, Wuhan 7396, and Yarragadee
7090) with RMS residuals of less than 10 mm and a
6 mm median of the station-wise RMS residuals in the per-
iod of interest. These provide a total of about 270000 nor-
mal points, making up about 75% of the overall Sentinel-
6A tracking data collected by the ILRS from 2021 to 2023.

Satellite laser ranging provides the turn-around time of
photons transmitted by the SLR station and received again
after reflection at the satellite. Upon multiplication of the
semi-duration with the speed of light a “1-way” range is
obtained that provides an approximate measure of the geo-
metric station-to-satellite distance. SLR residuals, i.e., dif-
ferences between the measured ranges and modelled values
computed from the known spacecraft orbit, provide a fig-
ure of merit for the accuracy of the respective orbit prod-
uct. Fundamental algorithms for modeling SLR
observations of LEO satellites considering the varying
station-to-satellite geometry during the signal propagation
are described in Arnold et al. (2019). Aside from the trajec-
tory of the tracked satellite as well as the location and opti-
cal properties of the laser retro-reflector array (LRA), the
computation of modelled ranges takes into account time-
dependent station coordinates, atmospheric range delays,
range biases and the relativistic space-time curvature cor-
rection. Specific models used in the Sentinel-6A analysis
are summarized in Table 7. Note that no use was made
of range biases in the SLRF2020 Data Handling File, since
the respective values are based on spherical satellites and
not well adapted to work with LEO satellites. Instead,

Median values of daily RMS pseudorange and carrier phase residuals in PODRIX and TriG orbit determination. All values refer to ionosphere-free
combination of dual-frequency observations as identified by the respective RINEX (Romero, 2020) signal codes.

Measurement PODRIX TriG

GPS 1C/2L GPS 1 W/2W GAL 1C/5Q GPS 1 W/2W
Pseudorange [m] 0.56 0.75 0.37 0.71
Carrier phase [mm] 4.6 4.8 3.9 44
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Fig. 8. Distribution of wide-lane (left) and N, ambiguity fixing rates
(right) from daily POD solutions for 2021-2023. Results for the PODRIX
receiver (blue) refer to a combined GPS/Galileo solution, while TriG
results (red) are exclusively based on GPS tracking. Median values are
indicated by red dots, while black bars show the inter-quartile range. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

range biases were independently adjusted from the
Sentinel-6A observations as discussed below.

Along with the residuals, we compute the partial deriva-
tives of the modeled ranges with respect to range biases,
station coordinate corrections, and LRA position offsets.
These are used for an optional adjustment of observation
model parameters based on a least-squares minimization
of the SLR residuals (Arnold et al., 2019). Four distinct
processing approaches are distinguished, which differ by
the types of parameters adjusted from the SLR residuals.
Aside from the station-specific ranging biases, which are
well recognized as systematic error sources in the modeling
of SLR observations (Saquet et al., 2024; Strugarek et al.,
2021; Arnold et al., 2019), we consider corrections to the
adopted LRA position in the spacecraft frame as well as
corrections to the individual SLR station positions. When
adjusting multiple types of parameters from the difference
of observed and modeled SLR ranges, the range biases
and LRA or station position offsets decorrelate due to
the varying line-of-sight geometry, provided that observa-
tions over a sufficiently large elevation range are consid-
ered. On the other hand, a near-degeneracy arises when
jointly estimating corrections of the LRA z-position and
station heights due to the nadir looking orientation of
the Sentinel-6A spacecraft. Therefore, only the x- (along-
track) and y- (cross-track) component of the LRA were
adjusted simultaneously with the estimation of station
coordinate corrections. For the Sentinel-6A orbit analysis,
the individual parameters are estimated as constant values
over the entire 3-year data arc and can be freely adjusted
from the observations.

SLR station positions in our study are consistently mod-
eled based on SLRF2020 coordinates and ITRF2020 post-
seismic deformations (PSDs) throughout the entire 3-year
period. While this raises an apparent inconsistency with
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Fig. 9. Distribution of daily 3D RMS position differences of PODRIX-
and TriG-based POD solutions with respect to the CPOD combined
solution. A —9 mm along-track correction has been applied to all TRIG
solutions to compensate the relative measurement time offset between both
receivers. Furthermore, a —7.1 mm cross-track offset has been applied to
the COMB orbits for 2021 and 2022 to compensate for the lacking yaw
angle correction in CPOD analysis center products used for the generation
of the combined orbit product. Median values are indicated by red dots,
while black bars show the inter-quartile range. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

the use of IGbl4 GNSS orbit and clock products for
Sentinel-6A orbit determination until November 2022,
SLRF2020 offers clearly improved consistency with the
IGbl4-aligned Sentinel-6A orbits than SLRF2014 with
ITRF2014 PSDs (ILRS, 2020a; ITRF, 2020). By way of
example, SLR residuals of PODRIX POD solutions for
January 2021 to November 2022 obtained with station-
specific range bias corrections decrease from 8.0 mm to
7.1 mm (RMS) when working with SLRF2020 rather than
the (presumably IGbl4-compatible) SLRF2014 frame.
Likewise, station coordinate corrections relative to
SLRF2020 derived from IGbl4-referenced Sentinel-6A
orbits using the methodology described in Arnold et al.
(2019) are systematically lower than those relative to
SLRF2014 as illustrated in Fig. 11.

Station coordinates used for the computation of SLR
residuals are corrected for atmospheric pressure loading
(APL) using precomputed values from the Vienna Map-
ping Function (VMF) Open Access Data server (VMF,
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Fig. 10. Position differences of PODRIX-based GPS + Galileo orbit
determination and COMB reference for April 10, 2023 indicating the
impact of false ambiguity fixes.
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2021). Despite these site-specific corrections, seasonal vari-
ations with mostly annual period and amplitudes at the
few-mm level can be discerned in residuals time series of
various SLR stations (e.g., Greenbelt, Potsdam). The
actual nature of these variations is not presently known
and may relate to seasonal range bias variations, tropo-
spheric modeling issues, or unmodelled hydrological load-
ing. For comparison, similar variations remain when using
the ITRF2020 seasonal harmonics models (Altamimi et al.,
2023) instead of APL corrections, even though APL mod-
eling yields slightly reduced overall residuals for the
affected stations.

The overall performance of the various POD solutions
for the three-year analysis period is summarized in Table 8
for PODRIX and TriG solutions obtained in this study as
well as the combined CPOD solution. Station-specific
range bias corrections and SLRF2020 station coordinate
offsets estimated from the Sentinel-6A SLR residuals exhi-
bit representative magnitudes of 1-10 mm and peak values
of about 2.5 cm with formal errors at the 0.5 mm level. If
uncorrected, RMS residuals of roughly 9 mm are obtained
for the three solutions. Adjustment of range bias, LRA and
station position corrections, in contrast, reduces the resid-
uals to a level of 5-6 mm and enables a sharper discrimina-
tion of the solution quality (Table 8). Again, best results
are obtained for the COMB product, followed by the
TriG- and PODRIX-based orbits with 10-20% higher
residuals.

The SLR residuals of Table 8 obtained without adjust-
ment of range biases or other parameters provide direct
evidence for a better than 1 cm (1D RMS) accuracy of
the Sentinel-6A POD solutions. An even two times better
performance is indicated by the residuals obtained after
the estimation and correction of range biases, station coor-
dinates and LRA offsets. While some orbit errors might, in
principal, be absorbed in these parameters, the impact
appears negligible in the present context, since only a single
parameter set is adjusted from the entire three-year data
arc. As such orbit errors and the adjusted SLR model
parameters are essentially uncorrelated and the resulting
residuals are considered to provide a realistic measure of
the achieved orbit accuracy.

Further insight into the orbit determination accuracy
may be obtained from the estimated LRA offsets relative
to the nominal mounting position. The corresponding
results collated in Table 9 indicate consistency at the
I mm between the observed and modeled LRA offset from
the center-of-mass in spacecraft z- and y-directions, but
notable systematic, solution-specific offsets of up to 5 mm
in magnitude in the +x-direction. As discussed before, such
offsets can readily be understood by subtle timing errors in
the GNSS measurements that show up in systematic along-
track position errors. Based on the analysis of differential
carrier phase measurements, a 9mm or 1.3 us offset
between the TriG and PODRIX receivers has previously
been derived in Section 3, which likewise shows up in the
comparison of LRA x-corrections for the two receivers.
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Inspection of the individual values indicates that both
receivers exhibit similar offsets of 4-5 mm or 0.5-0.7 us,
albeit with opposite signs, relative to the SLR reference.
This differs from early analyses of Desai et al. (2022) that
attributed most of the differential timing offset exclusively
to the TriG receiver. It should be noted, though, that the
use of SLR as an absolute reference is itself subject to pos-
sible timing biases in the SLR network as well as uncertain-
ties in the modeled LRA location relative to the COM.

Concerning the estimated z-corrections, an excellent
agreement between the observed and modeled height of
Sentinel-6A is evidenced for all three orbit products. More
specifically, the analysis shows a high level of overall con-
sistency between the center-of-mass altitude as constrained
by orbital dynamics models in the POD, the modeled LRA
position relative to the spacecraft COM, and the mean
height of the SLR station network in the SLRF2020 frame.
Despite this encouraging result, care must be taken that
individual uncertainties are likely to be much larger than
I mm and the good agreement obtained in the present cases
may be partly coincidental. By way of example, systematic
height differences of up to + 3 mm relative to the COMB
solution have been identified for Sentinel-6A products of
individual analysis centers in GMV (2024), which reflect
systematic differences in radial acceleration models such
as Earth radiation pressure. Similar uncertainties are likely
to apply for the actual knowledge of the COM location rel-
ative to the spacecraft structure.

Time series of SLR residuals for the individual solutions
are shown in Fig. 12. None of the graphs exhibits system-
atic variations in the residuals related to the f-angles, i.e.,
the Sun’s eclevations above the orbital plane of the
Sentinel-6A spacecraft, which indicates a high-fidelity mod-
eling of solar radiation pressure in each of the three orbit
products. As already shown in Table 8, the lowest overall
residuals are obtained for the combined solution (COMB)
of the Copernicus POD Service. At an RMS value of
5.2 mm, the COMB orbits show only sparse cases of resid-
uals in the range of 20-60 mm. Correlated outliers at the
respective epochs can be recognized in the other solutions,
thus indicating erroneous SLR measurements rather than
the orbit products in these cases. In contrast to this, the
higher level of increased residuals of the GNSS-based
POD results computed in the present study evidences a
partly degraded quality of these orbit products. This is
most obvious for the PODRIX solutions, which likely suf-
fer from an increased frequency of false ambiguity fixes (see
Section 6.3) in our solutions.

7. Summary and conclusions

The co-location of two GNSS receivers with DORIS
and an SLR reflector onboard the Sentinel-6A spacecraft
offers a unique opportunity to assess the quality of LEO
precise orbit determination and the consistency of different
space geodetic techniques. Sentinel-6A thus provides an
important test bed for the preparation of the GENESIS
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Table 7

Models and data sets for Sentinel-6A SLR validation
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Station coordinates

Solid Earth and pole tides
Ocean tide loading
Atmospheric pressure loading
Tropospheric refraction

SLRF2020 (ILRS, 2020b) and ITRF2020 PSDs (Altamimi et al., 2023; ITRF, 2022)

IERS2003 (McCarthy and Petit, 2004)
FES2014b (Lyard et al., 2021)
TU Vienna model (Wijaya et al., 2013; VMF, 2021)

IERS2010 (Petit and Luzum, 2010), Mendes and Pavlis (2004)

Relativity
LRA optical center

LRA range correction

Outlier screening

Space-time curvature correction applied
(+1.6248, —0.4006, +0.6648) m

Azimuth- and nadir-angle-dependent correction computed from design information in (Desai and Zohar, 2020)

10cm, 99.74th percentile

20
°

15

10 A

SLRF2014
SLRF2020

Table 8

Satellite laser ranging residuals of PODRIX GPS/Galileo and TriG POD
solutions as well as the combined CPOD solution for the 2001-2023
period in the SLRF2020 frame. RMS values in mm. COMB solutions
prior to 2023 have been corrected with a cross-track offset of -7.1mm to
account for the lacking yaw angle correction in the underlying CPOD
analysis center products.
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Fig. 11. SLRF2014 and SLRF2020 horizontal station coordinate adjust-
ments derived from SLR residuals of PODRIX-based Sentinel-6A orbits
for 17 high performance stations. RMS values amount to 10 mm and
6 mm, respectively.

mission (Delva et al., 2023; Ventura-Traveset, 2022;
Montenbruck et al., 2023), which aims to improve the
International Terrestrial Reference Frame (ITRF) based
on co-located GNSS, SLR, DORIS, and VLBI instruments
on a satellite in medium altitude Earth orbit.

Within the present study, focus is given to the improve-
ment of observation models and dynamical models as well
as the comparison of POD solutions from observations of
the TriG GPS-only receiver and the dual-constellation
PODRIX receiver over a three-year period from January
2021 to December 2023. Based on the analysis of differen-
tial carrier phase measurements from both receivers, a
—0.43° yaw bias in the reported spacecraft attitude and a
1.3 us relative timing error between PODRIX and TriG
GNSS observations are inferred. Upon correction of the
yaw offset, systematic cross-track biases between the
respective POD solutions as well as the estimated cross-
track accelerations are removed. For the modeling of
non-gravitational forces, in particular solar radiation pres-
sure, the performance of different macro-models is evalu-
ated. Systematic deviations between modeled and
observed accelerations are evidenced for a macro-model
based on the manufacturer-provided satellite geometry
and optical surface parameters, while best results (i.e.,
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Adjusted PODRIX TriG COMB
none 9.4 8.8 8.6
range bias 7.1 6.3 6.1
LRA(x,y,z), range bias 6.7 6.0 5.7
LRA(x,y), pos, range bias 6.3 5.6 5.2

reduced correlation between estimated empirical accelera-
tions and f§ angle) are obtained in empirically calibrated
models assuming either increased surface areas or increased
re-radiation. The root cause of this apparent discrepancy is
not presently known, and the present findings clearly indi-
cate a need for more detailed investigations of self-shading
effects and thermal radiation budgets in the non-
gravitational force modeling of this spacecraft.

Given the transition of the GNSS- and SLR-based ter-
restrial reference frames to 1GS20 and SLRF2020 during
the 3-year analysis period, special attention is given to
the impact of this change on observation modeling and
orbit determination. Concerning GNSS, the use of the
new, 1GS20-compatible igs20.atx transmit antenna model
offers a notably improved consistency of observed and
factory-calibrated GPS and Galileo phase center offsets
for the receiving antennas of Sentinel-6A rather than the
old igsl4.atx model. Nevertheless, inconsistencies at the
10 mm level remain, which hint at possible phase center
shifts upon integration of the antenna into the spacecraft.
While knowledge of the phase center-location is vital for
purely kinematic POD, the orbital height in a dynamically

Table 9

LRA offset corrections from adjustment of LRA offsets and range biases
(A) and from adjustment of LRA offsets, range biases and station position
offsets (B). All values in mm. COMB solutions prior to 2023 have been
corrected with a cross-track offset of -7.Imm to account for the lacking
yaw angle correction in the underlying CPOD analysis center products.

Solution A B

x y z x y z
PODRIX +5.1 +0.2 -0.9 +5.1 -0.5 -
TriG -39 +0.5 —0.8 -39 -0.3 -
COMB +4.8 -1.0 -1.0 +4.7 -1.2 -
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Fig. 12. SLR residuals of the PODRIX (top), TriG (center), and combined CPOD (bottom) POD solutions of Sentinel-6A over the 3-year analysis period
after the adjustment of range biases, LRA offsets, and station position corrections. Values in the top right of each subplot denote mean values + standard
deviations for the individual cases. Gray lines describe the variation of the Sun elevation 8 over the orbital plane.

constrained POD is largely unaffected by the frame transi-
tion and mainly driven by the choice of dynamical models.

The comparison of GNSS-based Sentinel-6A orbit prod-
ucts with satellite laser ranging observations from 17 high-
performance stations evidences a sub-centimeter orbit
accuracy but likewise indicates various systematic errors
in the GNSS observations and the SLR processing. Use
of SLRF2020 stations coordinates in the SLR modeling
provides notably decreased SLR residuals compared to
SLRF2014 throughout the entire analysis period, but still
requires adjustment of systematic range biases for best per-
formance and suggests inconsistencies in the adopted sta-
tion positions of 1-10mm for individual sites.
Concerning the relative timing bias of the TriG and
PODRIX receivers, the SLR analysis suggests almost equal
contributions of opposite sign from both instruments rela-
tive to the time base of the ITRF network.

Overall, the analysis of Sentinel-6A GNSS and SLR
observations indicates a persistent need for refined model-
ing and instrument calibration in order to improve the con-
sistency of different space-geodetic techniques. With
respect to GENESIS, timing biases introducing along-
track position errors deserve specific attention in addition
to the well-known aspects of phase center and center-of-
mass determination.
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