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Abstract

The Center for Orbit Determination in Europe (CODE) is contributing to the most recent reprocessing effort of the International
GNSS Service (IGS) with a triple-system solution including GPS (since 1994), GLONASS (since 2002) and Galileo (since 2013). Several
model improvements with respect to the operational processing scheme have been implemented and applied for the reprocessing effort:
The first group of improvements is related to the update of IERS-related models (mean pole and high-frequency pole models). The sec-
ond group is related to the inclusion of Galileo with calibrated receiver and satellite antennas. The consistency of the scale for the ground
station coordinates was verified based on the estimation of GNSS-specific coordinate biases. It turned out that currently widely used
GPS-based receiver antenna calibrations do compensate (just by chance) a discrepancy in the scale when using the pre-launch satellite
antenna calibrations for Galileo.

Furthermore and third, a long-arc solution over three days is introduced where in particular empirical velocity changes are resched-
uled with respect to the operational processing chain at CODE. Instead of simply estimating them every 12 h they are now setup at orbit
midnight. This rescheduling reduces the size of orbit misclosures by 10% for GPS and 15% for Galileo; no improvement for GLONASS
was observed because there the orbit misclosures are dominated by other effects. Another feature applied for the first time in this repro-
cessing series is to downweight the observations of a number of GPS satellites with a reduced stability in the attitude control around the
year 2000. This change in the analysis strategy reduces the noise level of GNSS-derived products, e.g., of the Earth rotation series.

Even if the article is focusing on the reprocessing series as provided by the CODE analysis center many of the conclusions may also be
applied to other GNSS series in future.
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1. Introduction

In preparation of the next release of the International
Terrestrial Reference Frame ITRF 2020), the International
GNSS Service (IGS, Johnston et al., 2017) has asked for
contributions to its 3rd reprocessing campaign (so called
repro3). The most recent developments and experience
from the operational processing of the Global Navigation
Satellite System (GNSS) observations were consistently
applied to the dataset of more than 25 years. With this ini-
tiative the best possible IGS contribution to the ITRF2020
shall be guaranteed.

The Center for Orbit Determination in Europe (CODE)
acts as a global Analysis Center (AC) of the IGS. It is a
joint venture between the Astronomical Institute, Univer-
sity of Bern (AIUB), Bern; the Federal Office of Topogra-
phy swisstopo, Wabern, both Switzerland; the Federal
Agency of Cartography and Geodesy (BKG), Frankfurt
a.M.; and the Institute for Astronomical and Physical
Geodesy, Technical University of Munich (IAPG/TUM),
Munich, both Germany. CODE supported already the pre-
vious reprocessing campaigns of the IGS (Steigenberger
et al., 2011; Steigenberger et al., 2014) and reprocessing
activities related to other projects (e.g., Fritsche et al.,
2014; Sušnik et al., 2020).

The operational processing strategies are under constant
evaluation in order to identify potential modelling deficien-
cies and to improve the solutions. These developments are
well documented in the annual reports to the IGS (e.g.,
Dach et al., 2020, as the most recent one). Several detected
modelling shortcomings have been addressed to obtain the
best possible reprocessing products for CODE’s reprocess-
ing contribution. These modelling updates can be realized
either by configuration changes or may require additional
developments in the underlying software package, the Ber-
nese GNSS Software (Dach et al., 2015). Some of these
modeling extensions were related to the IERS conventions
(Petit and Luzum, 2010, where IERS stands for Interna-
tional Earth Rotation and Reference Frame Service),
others followed agreements between the IGS ACs, and a
third group was compiled by most recent progress at
CODE when analyzing operational and other recent repro-
cessing product series.

This paper describes the latest improvements for the
satellite modelling at CODE which have been implemented
for the IGS repro3 effort. We will assess in the various steps
2

of the transition from the operational CODE final solution
series to the analysis strategy for reprocessing the GNSS
data as it is implemented at CODE for the IGS repro3
effort. This procedure allows us to assess the influence of
model changes and improvements on the solution series
in detail.

The paper starts with a description of selected key
aspects of the CODE reprocessing solution. The applied
model changes and improvements are grouped and intro-
duced step by step. At each step, the influence on the
derived GNSS results are discussed. The first step consist
of replacing the conventional IERS models by the models
agreed upon by the IGS ACs (Section 3). The next step
describes the inclusion of Galileo as the third GNSS
besides GPS and GLONASS (Section 4). In this context
the antenna modeling is of particular interest. Section 5
describes the strategy to derive long-arc solutions over
three days and focuses on handling of orbit modeling defi-
ciencies during satellite eclipse. Last but not least, in the
early years of the reprocessed time span some of the GPS
satellites show a non-nominal behavior requiring down-
weighting of observations to specific satellites in order to
not degrade the GNSS-derived products (see Section 6).
A summary and conclusions are provided in Section 7.

2. Description and basic characteristics of the CODE repro3

solution

The CODE repro3 solution provides a consistent series
of GNSS-derived parameters starting from the beginning
of the IGS operations in January 1994 as a GPS-only solu-
tion. As already in earlier reprocessing solutions, the early
years of the International GLONASS Experiment (IGEX,
Willis et al., 2000) are not considered because of the insta-
bility of the satellite constellation. GLONASS is included
in the solution since year 2002. At that time less than ten
GLONASS satellites were active; the constellation was
completed in December 2011 by typically up to two
triple-launches per year. Within the last years from time
to time one or two slots in the constellation were not occu-
pied by active satellites. Initially, only few stations (mainly
located in Europe) supported tracking of GLONASS satel-
lites. This number increased continuously with time. Since
about 2009 a global tracking of the GLONASS satellites is
possible.
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A similar development took place for the Galileo con-
stellation. The first four satellites are included in the repro-
cessing solution starting with year 2013; the full
constellation was achieved with the activation of the 24th
satellite in early 2019. In the frame of the MGEX pilot pro-
ject (Multi-GNSS extension, Montenbruck et al., 2017) of
the IGS the tracking capability of many IGS sites was
quickly extended. Already during the year 2015 a global
coverage of Galileo tracking stations was achieved. The
inclusion of Galileo is new in reference frame relevant pro-
duct lines, e.g., the legacy final solutions – even though
CODE provides Galileo orbits and satellite clock correc-
tions as the first AC of the IGS in their legacy rapid and
ultra-rapid solution since September 2019 (Dach et al.,
2020).

Figs. 1 and 2 show the development of the number of
satellites included in the CODE reprocessing solution from
each of the three systems as well as the number of stations
providing the related observations illustrating the above
statements.

The station selection was based on the priority list
agreed upon between the ACs (see http://acc.igs.org/re-
pro3/repro3_station_priority_list_060819.pdf; accessed in
September 2019), considering aspects like collocation sites
with other space-geodetic techniques, long history of time
series. In addition, the availability and the content of
observation files was evaluated prior to the definitive sta-
tion selection. A global coverage for all considered GNSS
was targeted as early as possible in the time line of the pro-
duct generation. Another important aspect was to include
only stations equipped with antennas for which a multi-
GNSS receiver antenna calibration is available (observa-
Fig. 2. Number of stations in the reprocessing solution.

Fig. 1. Number of satellites in the reprocessing solution.
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tions were not considered in the repro3 processing when
no calibrations were available for the related GNSS and
just the values from GPS are applied for other GNSS;
apart from the dedicated experiment in Section 4). Apart
from a few stations which were already active in the
1990s, stations were also left out when the calibration with
the correct radome was not available (according to the
practice within the IGS the calibration from the same
antenna, but without a radome should be used instead).
Due to these restrictive selection criteria regarding the
antenna calibration, the best possible consistency of the
obtained coordinates with the antenna reference point shall
be achieved. An upper limit of 300 stations per day was
applied in order to optimize the processing time as well
as the memory and harddisk consumption to the available
computer resources.

The detailed modeling is described in the ‘‘IGS Analysis
Strategy Summary” (provided at ftp://ftp.aiub.unibe.ch/R
EPRO_2020/CODE_REPRO_2020.ACN); an overview
of some key parameters is provided in Table 1. The general
processing chain was organized as follows:

1. After pre-processing the observations starting from
RINEX observation files, a normal equation (NEQ)
containing all relevant parameters was generated for
each day based on phase-only double-difference obser-
vations with resolved initial carrier phase ambiguities.

2. An initial solution for each day was computed solving
for station coordinates, troposphere parameters, orbital
parameters, Earth rotation parameters (ERPs), and
remaining phase ambiguity parameters that have not
been resolved to their integer values.

3. Consistency of satellite orbits and station coordinates
for consecutive days has been checked.

4. The NEQs from three consecutive days (from step 1)
were combined to a three-day solution as described in
Section 5 providing continuous estimates for station
coordinates, troposphere parameters, orbit parameters,
and ERPs over 72 h.

5. The solution for the geometry parameters was intro-
duced in a zero-difference combined code- and phase-
measurement analysis in order to obtain epoch-wise
receiver and satellite clock corrections with a sampling
of 300 s together with the relevant code- and phase-
biases (following the principle of observable-specific sig-
nal biases (OSB), Villiger et al., 2019; Schaer et al.,
2020).

6. In two further steps these clock corrections were densi-
fied by a phase-based interpolation (Bock et al., 2009)
from 300 s to 30 s and 5 s, respectively.

In this paper the focus is set on the model updates
related to the double-difference solution (steps 1–4); the
remaining two steps are only listed for completeness. The
parameters estimated in these steps are summarized in
Table 2.



Table 1
Selected modeling aspects for the GNSS processing of the CODE contribution to the IGS repro3.

Observation selection Phase measurementsa from GPS since 1994; from GLONASS since 2002; from Galileo since 2013 with baseline-wise resolved
ambiguities:
� Melbourne-Wübbena based widelane/narrowlane method (<6000 km for GPS and Galileo)
� Quasi-ionosphere free (QIF) approach for ambiguities not resolved in previous step (<2000 km for GPS and Galileo; GLO-
NASS, same frequencies)

� Phase-based widelane/narrowlane method (<200 km for GPS, Galileo, and GLONASS without restrictions)
� Direct L1/L2 method (<20 km for GPS, Galileo, and for GLONASS without restrictions)
(detailed description of these algorithms in Dach et al., 2015)

Please note that the observations from all GNSS are introduced with the same weight and do fully contribute to all estimated
(and relevant) parameters.

A priori SRP orbit
model

None for GPS and GLONASS; Galileo satellite properties from GSA (2017) implemented

Albedo modeling Modeled according to Rodriguez-Solano et al. (2012)
Satellite orbit

parameters
Initial conditions and empirical orbit parameters according to the ECOM-decomposition with constant and twice-per-
revolution in D; constant in Y; as well as constant and once-per-revolution terms in B (Arnold et al., 2015); stochastic pulses
(Beutler et al., 1994) in along-track, radial, and out-of-plane with constraints of 10�5; 10�6; 10�8 m=s

Orbital arc length Three-day solutions, see Section 5
Satellite attitude

modelling
GPS: Kouba (2009); GLONASS: Dilssner et al. (2011); Galileo: GSA (2017)

Datum definition Minimum constraint solution using a verified list of reference frame stations in IGSR3 frameb

Antenna corrections IGSR3 antenna correction model (including GNSS-specific receiver antenna corrections)c

Troposphere modeling VMF1 (Böhm and Schuh, 2004) with 2-hourly resolution of station-specific troposphere parameters, gradients (Chen and
Herring, 1997) with daily resolution

Ionosphere modeling Ionosphere-free linear combination and higher order ionosphere corrections (2nd and 3rd orders) as well as ray-bending
(Brunner and Gu, 1991; Bassiri and Hajj, 1993)

Elevation mask 3� with elevation-dependent weighting (sin2ðeÞ)
Sampling rate 30 s for pre-processing and ambiguity resolution; 180 s for the final solution

a Pseudorange observations are only used for the ambiguity resolution based on Melbourne-Wübbena linear combination and in the clock/bias product
generation step that is not discussed in this paper.
b ftp://igs-rf.ign.fr/pub/IGSR3/IGSR3_2077.snx (accessed January 2020)
c ftp://ftp.aiub.unibe.ch/users/villiger/igsR3_2077.atx (accessed January 2020)

Table 2
Parameters included in the one- and three-day solutions for the GNSS processing of the CODE contribution to the IGS repro3.

Parameter 1-day 3-day Remark on the 3-day solution

Station coordinates 3 per station 3 per station continuous over 72 ha

Vertical troposphere parameters 13 per station 37 per station continuity due to piece-wise linear representation
Troposphere gradient parameters 2 � 2 per station 4 � 2 per station continuity due to piece-wise linear representation
GNSS-translation biases removedb removedb only estimated for special solution, see Section 4
Earth rotation parameters 5 parametersc 11 parametersc continuity due to piece-wise linear representationa;

one UT parameter is fixed to the related values in the IERSC04(14)-series (Bizouard et al., 2019)
Geocenter coordinates removedb removedb 3 parameters included in the SINEX result file
Orbital elements 6 per satellite 6 per satellite one orbit arc over 72 h
Dynamical orbit parameters 7 per satellite 7 per satellite one orbit arc over 72 h
Stochastic orbit parameters � 6 per satellite � 18 per satellite at orbit midnight epoch for 3 components, see Section 5

removed from the NEQ if they are closer than 6 h to end of the orbital arc
Satellite antenna offset parameters removedb removedb 3 parameters per satellite for the SINEX result file
Satellite antenna phase patterns removedb removedb intended for further investigations

a Description of the technical details are provided in Section 5; special handling in Section 3
b The related parameters are removed from the NEQ and the right hand side vector, which corresponds to an infinitely strong constraint
c 2/4 sets � 3 components - 1 UT-value = 5/11 parameters for 1-/3-day solution, respectively.

R. Dach et al. Advances in Space Research xxx (xxxx) xxx
A minimum constraint solution is performed for each
day. Station coordinates are estimated using no-net trans-
lation and no-net rotation conditions with respect to the
reference frame (IGSR3, the IGS-specific realization of
the ITRF2014 adapted for the IGS repro3 campaign).
The estimated coordinates are compared with the coordi-
nates in the given reference frame. Those stations with
4

deviations greater than 1 cm in the horizontal and 3 cm
in the vertical components are not used for the datum def-
inition. Typically, only 1 to 2 stations are excluded per day
(in maximum 5 stations out of more than 100 reference
frame sites). Finally, only the verified list of stations was
used for the datum definition. Their number per day is
shown as the black curve in Fig. 2.



Fig. 3. Percentage of resolved ambiguities in the CODE repro3 solution.

Fig. 4. Maximum differences between the ocean tidal loading displace-
ments based on FES2004 and FES2014b, respectively; summed effect over
all tidal components typically used in the GNSS data analysis.
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With the increasing number of Galileo tracking sites
more and more equipment changes might have introduced
inconsistencies with the reference frame coordinates
because of the uncertainty of receiver antenna calibrations.
In some cases also new stations have been introduced in
order to improve the Galileo tracking where most of them
don’t have coordinates in the IGSR3 coordinate set. As a
consequence the number of reference frame sites decreases
starting from 2016 onward from 150 to 120 (as shown in
Fig. 2) what still seems to be sufficient for a reliable datum
definition.

As a quality measure of GNSS solutions, Fig. 3 shows
the percentage of resolved initial carrier phase ambiguities.
According to the procedure described in Table 1, the
applied strategies depend on the length of the baselines
implying that in the case of a sparse network the resolution
rate cannot be very high (see, e.g., the blue and red curves
for GLONASS and Galileo, respectively). The limited res-
olution rate for GLONASS until the end of the series can
be explained by the condition that only ambiguities for
the same frequency are allowed to be resolved for baselines
longer than 200 km. On the other hand, nearly all GLO-
NASS intra-frequency ambiguities are successfully
resolved. It is also interesting that for comparable baseline
lengths more ambiguities for Galileo observations are suc-
cessfully resolved with the Melbourne-Wübbena approach
than for GPS. After applying the QIF strategy to resolve
also the remaining ambiguities the resolution rate for
GPS and Galileo is in the same order of magnitude. As
the Melbourne-Wübbena ambiguity resolution uses the
pseudorange measurements as well, this characteristic can
be viewed as an indication for the high quality of the Gali-
leo code observations. The short periods in the 1990s with
a higher resolution rate for GPS are related to intervals
when the anti-spoofing function was temporary switched
off.

3. Impact of the IERS-related modelling changes

The IERS conventional and background models were
updated in the following respects:

� mean pole model (Petit and Luzum, 2010, v 1.2.0),
� high-frequency pole model (Desai and Sibois, 2016), and
5

� ocean tidal loading corrections for station displacement
and gravitational effect on satellite orbits is now based
on FES2014b (Carrere et al., 2016).

The first of the three updated models can be interpreted
as a datum parameter for the ERP impacting not only the
estimated ERPs but also for asking for a related datum in
the gravity field representation (see King and Watson,
2014). In particular the oblateness of the Earth introduces
a twice-per-revolution effect on the orbits resulting in an
effect in the subdaily domain. For the last two model
changes the impact in the subdaily frequency domain of
the GNSS solutions is obvious.

When comparing the displacements of the summed-up
tidal components for the crustal deformations of
FES2004 (Lyard et al., 2006) and FES2014b for the sta-
tions included in the CODE reprocessing, no systematic
effects can be detected (see Fig. 4). There is a limited num-
ber of stations showing significant differences between these
two models: only 4 stations exceed 2 mm limits in the hor-
izontal and 2 stations show differences of more than 2 cm
in the vertical components (17 stations show more than 1
cm). These sites are located at the South coast of Alaska
and along the English Channel. As the changes in the
ocean tidal loading deformations for the GNSS ground sta-
tion network are very small or regionally restricted, the
impact on a global GNSS solution is limited. The influence
of the gravitational effect on the GNSS satellites is so small
that the model update changes the orbits on the one mil-
limeter level at maximum.
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A larger effect instead can be expected from the replace-
ment of the high-frequency pole model. As the ERPs are
set up as parameters with daily resolution (with offset
and rate), aliasing periods can be expected in a spectrum
of ERP estimates. Because such aliasing periods do not
only depend on the sampling of the ERPs but also on the
revolution period (or more precisely on the geometry repe-
tition period between the satellite and the ground stations,
Penna et al., 2007; Stewart et al., 2005), different effects for
each of the three considered GNSS will result. Abraha
et al. (2018) have demonstrated the different propagation
characteristics of various tidal frequencies into GPS and
GLONASS series, respectively.

For these reasons three consistent series of ERPs for
each of the GNSS have been derived, following the
approach introduced by Scaramuzza et al. (2018). This
means that one multi-GNSS solution is computed, where
separate ERPs are set up independently for each GNSS.
The discontinuities of the ERP values at the midnight
epoch are computed for day i and i+1 from the polar
motion offset x and rate _x:

xið24 hÞ ¼xið12 hÞ þ _xi
2

ð1Þ

xiþ1ð0 hÞ ¼xiþ1ð12 hÞ � _xiþ1

2
ð2Þ

Since the polar motion components xið24 hÞ and xiþ1ð0 hÞ
refer to the same epoch, the spectral analysis of their differ-
ence provides according to Kouba (2003) an insight in the
high-frequency pole model (of course overlayed by the rev-
olution period of the satellite orbits as described above).
For this purpose, daily independent ERP values are needed
at the midnight epoch. Using the polar motion series from
our one-day solution we obtained a noisy spectrum with
peaks at 200 to even 500 las whereas the peaks are ten
times smaller when comparing the offset values at noon
to a reference series (like, e.g., IERSC04(14)-series,
Bizouard et al., 2019, where the rates from the reference
can be used for interpolation). This demonstrates that the
polar motion rates are quite uncertain when computing
only one-day solutions (as already reported in Lutz et al.,
2016). With longer orbit arcs the stablity of the estimated
polar motion rates do improve.

For these reasons, the procedure to generate the three-
day long-arc solution (described in Section 5) was modified
by not applying the constraints on the piece-wise linear
ERP parameters at midnight. The results from ERP dis-
continuities as obtained from the GNSS-specific solutions
are shown in Figs. 5b–d together with a conventional series
of ERPs where all GNSS are contributing to one and the
same ERP series (Fig. 5a). As already pointed out by
Scaramuzza et al. (2018), GPS has better capabilities to
compute ERP series than other systems like GLONASS
and Galileo because GPS is based on six instead of three
orbital planes. This is clearly visible in the higher general
noise in the spectra in Figs. 5c and d compared to Fig. 5b.
6

For GLONASS a dedicated high noise is visible in the
range of 7 to 8 days period. The constellation repeats after
8 sidereal days (and 17 revolutions of the satellites). That
this period does not appear that clear is related to the fact
that several GLONASS satellites have been inactive for a
longer interval during this three years time span. The
related period of 10 days in case of Galileo is not pro-
nounced because the constellation was rather incomplete
during a long time where these strectra are computed from.

The most prominent periods in the combined solution
(Fig. 5a) are at 14.8 days (mainly in the Y-component)
and 14.2 days (in both components). The magnitude of
the first one is reduced by updating the models, whereas
the magnitude of the latter one is amplified. Looking
through the series of the individual GNSS (Figs. 5b–d)
the same behavior for these periods can be observed but
to a different extent. This consistent behavior indicates that
the peaks at these periods are likely really related to the
high-frequency pole model.

For many amplitudes at other periods, an improvement
or degradation of the series for the individual GNSS can be
found. In summary, there are more cases with a moderate
improvement than with a degradation. These effects are not
detectable to the same extent in the combined series, which
is expected, because the orbit characteristics of different
satellite systems are overlayed and the magnitude of
GNSS-specific effects is reduced.

Numerous tidal constituents generate multiple aliasing
frequencies; a detailed analysis on the strength and weak-
ness of the new high frequency pole model from Desai
and Sibois (2016) is beyond the scope of this analysis.
Let us conclude, however, that the new model seems to
be moderately better than the old one but it is also not free
from weaknesses. This conclusion is in line with the final
summary of the IERS ad hoc working group (Gipson,
2018; Moore, 2019), which was established to select the rec-
ommended high-frequency pole model from a number of
candidates.

For completeness, also the combined dual-system solu-
tions have been computed. The two solutions containing
GPS (GPS&Galileo; shown in Fig. 5e and GPS&GLO-
NASS; not shown here) are dominated by the characteris-
tics of the GPS-solution. Nevertheless, the magnitude of
the peaks (e.g., the 14.8 days period in the Y-component)
is reduced in the dual-system solutions with respect to the
GPS-only solution because GLONASS and Galileo show
both a smaller peak with the new model than GPS in the
single-system solutions.

The GLONASS&Galileo dual-system solution (shown
in Fig. 5f) is of special interest regarding the conclusion
in Scaramuzza et al. (2018) where it was predicted that
the combination of two (or more) systems based on three
orbital planes have a significant benefit for the ERP estima-
tion. Even if the noise in the low-frequency range (in par-
ticular below 10 days) is still slightly higher than in the
GPS-only (Fig. 5b) and the dual-system solutions contain-
ing GPS (e.g., Fig. 5e) it is much better than the original



Fig. 5. Power spectrum of ERP midnight discontinuities based on 3-day GNSS solutions with daily independent ERPs computed for the years 2017 to
2019 where all three models are changed in the new with respect to the old IERS modelling.
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single system solutions (see GLONASS in Fig. 5c and Gali-
leo in Fig. 5d).

There is an important difference between a constellation
considering of six planes and the combination of two con-
stellations with three planes each. In the six plane constel-
lation of GPS the planes are shifted by 60 degree. In case of
three-plane constellations like GLONASS or Galileo, the
planes are separated by 120 degree within the constellation.
Only if the ascending nodes of the two three plane constel-
lations are shifted by 60 degree, the configuration is compa-
rable to the six plane constellation. At the beginning of the
year 2017, the angle between the ascending nodes of the
planes from GLONASS and Galileo is about 6 degree only.
The value changes in time due to individual nodal preces-
sion for each of the systems (in particular because of the
bigger inclination of the GLONASS planes) and ends up
at 13 degree by end of 2019. It will take about 20 years until
these two constellations will have the optimal separation of
the orbital planes of 60 degree.

4. Inclusion of Galileo

Apart from the established GNSSs (GPS and GLO-
NASS), the satellite constellation of the European Galileo
system was fully deployed by the beginning of 2019, but
consists of a reasonable number of satellites already since
2017 (see Fig. 1). First of all, the combination of observa-
tions from different GNSS reduce the mapping of satellite
orbit-specific frequencies into the products (e.g., investi-
gated by Dach et al., 2009, but later also by many others).
In addition the use of the disclosed pre-launch Galileo
satellite antenna calibrations (GSA, 2017) offers for the
first time the possibility of a potential GNSS contribution
to the scale of a reference frame (Villiger et al., 2020). So
far, the missing component was the receiver antenna cali-
bration for the new Galileo signal frequencies. This missing
link was provided in the course of preparing the IGS repro-
cessing effort (Wübbena et al., 2019) by establishing a new
set of receiver antenna calibrations including all relevant
GNSS frequencies.

Prior to this initiative the calibration values for GPS
were adopted for Galileo, creating a potential source of
inconsistency. While the first frequency agrees among the
two GNSS (E1 and L1 at 1.57542 GHz), the second fre-
quency typically used for Galileo analysis (E5a at 1.17645
GHz) is substantially different from the corresponding
GPS frequency (L2 at 1.2276 GHz). In order to assess this
discrepancy, so called inter-GNSS translation biases (Dach
et al., 2015) have been set up in the Bernese GNSS Soft-
ware package, implicitly meaning that for each of the
GNSS separate coordinates are estimated. The geodetic
datum definition therefore acts only on the GPS-related
coordinates whereas the coordinates for the other systems
are attached via a zero-mean condition expressed in the
geocentric Cartesian coordinate system. The resulting
biases are transformed into the local horizon system at
each station where the vertical component is of particular
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interest in order to study the consistency regarding the
scale information and evaluation of the available multi-
GNSS receiver antenna calibrations.

Box-plots of the estimated inter-GNSS translation
biases during the years 2018 and 2019 are shown in
Fig. 6. The stations are sorted according to the antenna
used (no distinction regarding the radome is made in order
to limit the number of groups). The same station list is used
in all panels. This is worth mentioning because in the
IGSR3 solutions the GLONASS and Galileo measure-
ments have only been processed if the corresponding recei-
ver antenna corrections have been available (see Section 2).
In case of the IGS14 receiver antenna calibrations such a
condition is not applied because copying the GPS-based
calibrations to Galileo works in any case. Consequently,
these solutions contain more stations where Galileo data
are used than the solutions based on the IGSR3 antenna
correction model.

The satellite antenna corrections from the IGS14-
related model have been used in Figs. 6a and b. The recei-
ver antenna corrections for GPS and GLONASS measure-
ments are the ones provided for the related systems. On the
other hand, for Galileo observations the GPS-based recei-
ver antenna corrections are applied. Systematic biases dif-
ferent from zero result for some antenna types (in
particular for Galileo in Fig. 6b). This indicates deficiencies
in the practice of using GPS receiver antenna calibrations
for Galileo frequencies due to lack of available calibra-
tions. Some of the GLONASS antennas show a similar
effect to a lower extent. This may indicate some limitations
in the quality of the GLONASS-specific receiver antenna
corrections in the IGS14 model. A similar behavior can
be observed also for the horizontal components to a smal-
ler extent. While the largest horizontal inter-GNSS coordi-
nate bias stays below 5 mm the size for the vertical
component reaches values of up to 10 mm.

Replacing the receiver antenna model by the new correc-
tions established for each frequency in the multi-GNSS
analysis, the biases as presented in Figs. 6c and d result.
For GLONASS the systematic biases for some of the
antenna types vanish. Only station-specific biases for a
few sites remain. In the horizontal components the biases
are typically in the range of 1 to 2 mm. The picture for
Galileo is comparable for the horizontal components. In
the vertical, a mean bias of 7.5 mm results with some vari-
ations from station to station.

This is in agreement with the findings of Villiger et al.
(2020) where similar biases in the scale with respect to
IGS14 reference frame (the IGS-specific realization of the
ITRF2014, Altamimi et al., 2016) were found, when apply-
ing the Galileo satellite antenna corrections together with
the new GNSS-specific receiver antenna corrections.
Because the GPS and GLONASS satellite antenna correc-
tions have originally been adjusted to the scale of the
ITRF2014 solution but Galileo provides calibrations for
satellite and receiver antennas, it was decided by the IGS
ACs to correct the satellite antenna offsets for GPS and



Fig. 6. Box-plots of inter-GNSS translation biases for the vertical component derived from the solutions of the years 2018 and 2019; the colored boxes
indicate the interquartile range, the whiskers 1.5 � IQR, the white dot the median. The mean and standard deviation values above the plots are computed
from the median values over all stations.
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GLONASS accordingly by �16:0 cm and �15:6 cm respec-
tively for the current reprocessing effort (Villiger, 2020;
Rebischung, 2020). These corrections are included in the
IGSR3 antenna model whereas for the Galileo satellites
the same antenna corrections are used in all plots of
Fig. 6, namely the ones from GSA (2017).

When also for the GPS and GLONASS the corrected
satellite antenna offsets (as established in the IGSR3
model) are used together with the new GNSS-specific
receiver antenna calibration values, the inter-GNSS
translation biases result as shown in Figs. 6e and f.
According to the numbers in the plots of Fig. 6, the
biases for Galileo and GLONASS have been reduced
and the figures are dominated by site-specific effects
(apart from the Galileo-related biases for some Javad
antennas in violet colors).
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From Fig. 6 it can be concluded, that it is harmful to use
the correct Galileo-specific receiver antenna corrections in
combination with the Galileo satellite antenna corrections
as published by GSA (2017) together with the IGS14
GPS/GLONASS satellite antenna model corrections and
the IGS14 reference frame. The resulting scale discrepancy
seems to compensate (by chance) the error introduced into
the solution by applying the GPS-based receiver antenna
corrections also for the Galileo frequencies.
5. Realization of the three-day orbit solution

CODE has a long tradition in generating long-arc solu-
tions (Beutler et al., 1996), allowing it on the one hand to
mitigate the weakness of the estimated ends of orbital arcs.
When generating such a solution based on NEQs as
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described in Brockmann (1997) none of the observations
needs to be processed twice, which speeds up the process-
ing. On the other hand, the resulting length of the long-
arc orbit solution is a multiple of the basic processing
length of one day, namely 72 h, when adding a daily
NEQ before and another one after the day of interest. This
arc length is significantly longer than that for other IGS
ACs (e.g., 30-h arcs for GRGS or JPL, Perosanz et al.,
2020; Murphy et al., 2019).

On the one hand, such long-arc solutions have higher
requirements on the representation of the real satellite tra-
jectory by the orbit models. On the other hand, Prange
et al. (2016) have demonstrated that there is a significant
improvement in the orbit quality for long-arc solutions
compared to solutions applying orbit arcs over only one
day. This is in particular true for the early period of orbit
solutions for the Galileo satellites with a revolution period
longer than half a day when the network allowed it only to
observe for a part of the satellite revolution. Depending on
the satellite and network configuration the satellite may
pass the well-observed region (e.g., Europe) only once per
day but up to five times in a three-day solution, resulting
in a much more reliable estimation of the orbit parameters.

As Lutz et al. (2016) have shown, the longer orbital arcs
help to improve the quality of the obtained ERP series. In
order to allow for a continuous orbit over the midnight
epoch (to be established in the quasi-inertial frame) a con-
tinuity condition for the ERP between the consecutive days
is needed. On the other hand, a strong continuity condition
results in four independent sets of ERPs over 3 days which
is not fully compatible with the two sets of ERPs per 24 h
as it is usually obtained by the IGS ACs when polar motion
and the corresponding rates are computed. In order to
overcome this dilemma, the following procedure was
implemented in the Bernese GNSS Software and applied
for the repro3 for the first time:

� In the daily NEQ the ERPs are given in a piece-wise lin-
ear parametrization with two parameters per component
at the beginning and the end of each day.

� For a continuity condition when generating multi-day
solutions the parameters at midnight can simply be com-
bined into one parameter (which is the traditional
approach). Now, these two parameters are kept sepa-
rate, but constrained to the same estimated ERP value.

� As at the central day boundaries, there are still two
parameters per day, they can still be transformed into
daily offset and rate per component when generating
the SINEX file allowing for two inversions of the
NEQ from the SINEX file:
– with continuity conditions to be fully compatible to
the orbit three-day long-arc solution and
– without continuity condition to be compatible with
other ERP representations from other ACs.

With this technical generalization, a compromise
between the needs of the IGS and the long-arc solutions
favored by CODE was found. So, the CODE contribution
10
to this IGS reprocessing effort is a three-day long arc solu-
tion. This circumstance also allows it to reconsider the
scheduling of the empirical velocity changes (Beutler
et al., 1994), the so called stochastic pulses. In the tradi-
tional (e.g., CODE rapid or final) solution, pulses in the
three components (radial, along track, out of plane) are
set up regularly every twelve hours (at noon and midnight
each day) for each satellite. When analyzing the solutions
from a previous reprocessing series (e.g., the EGSIEM-
reprocessing results documented by Sušnik et al., 2020) it
turned out that these pulses have shown the biggest benefit
when located in the middle of the period when the satellite
is passing the Earth shadow. Most of the other pulses did
not have a significant impact on the obtained orbit solu-
tion, in particular if the Sun has high elevation above the
orbital plane.

This result indicates that the parameters of the Empiri-
cal CODE Orbit Model (ECOM, Arnold et al., 2015) are
quite efficient to model the GNSS satellite orbits. Since
the ECOM parameters are intended to absorb the solar
radiation pressure (SRP) effect they are switched off when
the satellite is in the Earth (and Moon) shadow. In this per-
iod, only the osculating elements are available to compen-
sate for forces acting on the satellite. Since the osculating
elements have to represent the orbit through the entire
orbital arc, they are unable to compensate for any non-
gravitational force during the shadow period (assuming
that the gravitational forces are sufficiently modeled).

Sidorov et al. (2020) have demonstrated using the exam-
ple of the Galileo satellites that the thermal emission from
the satellite radiators has a significant influence on the orbit
– a force that is also acting during the eclipse phases. With
the usual setup there is none of the ECOM parameters
available that can compensate for these forces. The gener-
ation of a physical model seems currently not possible
because of missing publicly available thermal properties
information. That the stochastic orbit parameters can
absorb such effects was shown for instance by Sidorov
et al. (2020) where their magnitude was reduced by
enabling the empirical thermal radiation modeling.

Obviously the stochastic pulses may compensate certain
orbit modeling deficiencies. It thus seems to be appropriate
to schedule the stochastic pulses related to the orbit revolu-
tion period, e.g., in the middle of the eclipse period, instead
of distributing them equally spaced (every 12 h) over the
orbital arc. The use of the stochastic pulses was not limited
to the eclipse season but to orbit midnight in general
because there was a positive impact observed also for one
or two weeks before and the end of the eclipse season (in
particular for GLONASS). This new scheme of scheduling
the stochastic pulses is applied in the CODE repro3
contribution.

The orbit misclosures with the old and new scheme of
scheduling the stochastic orbit parameters are compared
in Fig. 7 for the GPS and Galileo constellations during
the year 2019. In general the yellow structures from the left
hand plots (bigger misclosure values from the old schedul-



Fig. 7. Orbit misclosures from three-day solutions in 2019; the satellites are sorted according to the orbital planes (the two Galileo satellites in the elliptic
orbit are indicated with the artificial plane number 99); the satellite numbers are the SVN.
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Fig. 8. Comparisons of orbit misclosures in millimeter from three-day solutions in 2019 between solution with stochastic pulses at noon and midnight with
respect to the solution with pulses at orbit midnight.
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ing of the pulses) are mostly gone in the right hand plots
with the new scheduling. When applying this new scheme,
the orbit misclosures for GPS satellites are reduced by
about 10% on average. The reduction depends in detail
on the satellite type, the biggest benefit resulting for Block
IIR-M (SVN range from 48 to 58), to lower extent for
Block IIR-B (SVNs 47 and 59 to 61) and nearly no benefit
is achieved for Block IIF satellites (SVN range from 62 to
73).

For the Galileo satellites the orbit misclosures improve
even by about 15% by rescheduling the epochs of the
stochastic pulses, because the orbital revolution period is
farther away from the solar day than for GPS. In this
way, potential periodic orbit errors are sampled in favor
of GPS. In addition, the orbit modeling for Galileo satel-
lites is more sensitive to non-gravitational forces because
of the larger area-to-mass ratio. On the other hand, the
orbit modeling for Galileo makes use of the published
satellite properties (GSA, 2017) as a priori model, a prac-
tice that was suggested, e.g., by Bury et al. (2019).

A similar picture is provided by Fig. 8 where the orbit
misclosures from both solution series are directly com-
pared. The values from the traditional solution with
stochastic pulses at daily noon and midnight are plotted
on the axis of the ordinate whereas the misclosures from
the solution with the revised scheduling of the stochastic
pulses at orbit midnight are plotted on the axis of abscissas.
A symbol above the diagonal line means in that way an
improvement whereas a point below indicates a
degradation.

In case of GPS (Fig. 8a) 54% of the points are in the bin
for orbit misclosures below one centimeter with both
strategies. This agrees with the conclusion from Fig. 7 that
only a subset of the satellite types really benefits from the
changed scheduling of the stochastic pulses. There are
17% where the magnitude can be reduced from between
one and two centimeters below one centimeter but also
10% where an increase from below one towards a range
12
of between one and two centimeters appears. Overall,
10% of the orbit misclosures do not change and 52% are
reduced by the rescheduling of the stochastic pulses.

The situation with GLONASS is not that clear. On one
hand, completely removing the stochastic pulses from the
processing, shows that they are beneficial not only in the
eclipse seasons, but even one to three weeks before and
after this interval (Dach et al., 2018). It looks like these
satellites change their attitude maintenance scheme (men-
tioned as ‘‘eclipse passing algorithm” in Dilssner et al.,
2011) a certain time before and after the eclipse season.
This is another reason to setup the pulses at orbit midnight
also outside the eclipse season. On the other hand, Fig. 8c
shows that there is nearly no effect on the orbit misclosures
from the scheduling of the stochastic pulses for the GLO-
NASS satellites. This was also already documented in
Dach et al. (2018). Obviously the orbit modeling for these
satellites do suffer from other effects where for instance
Dach et al. (2019) has reported one of them – even if the
alternative satellite antenna corrections have been applied
in the solutions discussed here (in contrast to Dach et al.,
2018).

With this rescheduled stochastic pulses the average of
the orbit misclosures for the Galileo constellation is at least
on the same level as for GLONASS (12.8 mm and 12.5 mm
respectively). With the pulses at noon and midnight the
misclosures have a magnitude of 14.8 mm for Galileo
and 12.7 mm for GLONASS. The corresponding numbers
of GPS show a reduction from 8.8 mm to 7.8 mm.

This effect may be seen as a CODE-specific issue because
the long-arc solution is more sensitive to unmodeled orbit
effects. For a further refinement of the GNSS satellite orbit
modeling one needs dedicated orbit model studies during
the eclipse period – preferably of course based on publicly
available information about the satellites. A comparison of
the CODE orbits with the orbits provided by other IGS
ACs reveals no specific orbit degradation during the eclipse
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seasons. This result implies that other groups are affected
by the same problems.
Fig. 9. Estimated sine terms for the once-per-revolution component in B

direction of the ECOM decomposition according to Arnold et al. (2015)
for the GPS satellites during the year 1998; the satellites are sorted by their
SVN.
6. Downweighting observations of misbehaving satellites

Springer (2000) reported a set of GPS satellites with a
reduced attitude stability towards the end of the 1990s.
He lists up to seven satellites with potential issues for
September 1998 in Table 2.1 (Springer, 2000): PRNs 14
and 16 are indicated with ‘‘Wheels” as well as PRNs 18,
19, 24 and 29 with ‘‘Wheels?” (for all these satellites the
PRNs and SVNs are identical at that time). These satellites
are explained to have problems with their momentum
wheels needed for attitude stabilization. For PRN/SVN
23 (‘‘Panel”) the attitude stability is also limited because
the solar panel adjustment could not be carried out by
the usual automatic procedure.

These problem satellites represent at that time about a
quarter of the entire active GPS constellation. They were
in use partially even through to the mid of the 2000s,
implying that they may affect about the first third of the
reprocessing period. Consequently, for a reprocessing effort
(here in particular repro3) a special treatment is needed for
these satellites because they also showed a reduced orbit
quality (e.g., indicated by higher values for the orbit mis-
closures) in previous reprocessing efforts.

In order to identify the related periods two consecutive
daily orbit arcs are represented by one two-day arc. The
two-day arc is compared to the two original orbits in terms
of 3D-RMS of satellite positions every 15 min for each
satellite (rsat). A mean RMS for the entire GPS constella-
tion is computed (rGPS). A satellite is indicated as poten-
tially problematic if the satellite-specific RMS exceeds a
limit of four times the mean RMS over the entire constel-
lation (rsat > 4 � rGPS). If a sequence of such indications
(at least 15 out of 20 days) is detected a potentially prob-
lematic satellite is assumed. In such a case also the esti-
mated SRP coefficients have been inspected more closely
because they also typically show an ‘‘unusual pattern” in
case of serious orbit modelling problems.

Fig. 9 shows the estimated SRP coefficients for the sine
component in B-direction as an example. They are typically
Table 3
Time periods when the observations to specific GPS-satellites have been down

SVN/PRN satellite activ

13 02 1989–06-10
14 14 1989–02-14
15 15 1990–10-01
16 16 1989–08-18
17 17 1989–12-11
18 18 1990–01-24
19 19 1989–10-21
21 21 1990–08-02
23 23 1990–11-26
24 24 1991–07-04
29 29 1992–12-18

13
in the range of �2 nm=s2. For some satellites this range is
exceeded during several periods of the year, namely for
SVNs 14, 16, 23, and 24. The same satellites were marked
by Springer (2000) to have problems with attitude mainte-
nance. Also the test with the long-arc fit described in the
previous paragraph did indicate potential problems for
the same satellites. Therefore, these estimated SRP param-
eters were used as complementary information when inter-
preting a cumulation of large RMS values in the two-day
arcs. Based on this information, the periods with problem-
atic attitude behavior of the GPS satellites were identified
and listed in Table 3.
weighted because of modeling problems.

e downweighted

2004–05-13 2001–04-10 2003–06-03
2000–04-16 1996–05-16 2000–04-16
2007–03-14 1999–04-21 2003–01-02
2000–10-14 1996–02-08 2000–10-14
2005–02-24 2000–12-03 2003–07-16
2000–08-19 1996–05-12 2000–08-19
2001–09-12 1996–04-29 2001–09-12
2003–01-28 2000–12-31 2003–01-28
2004–02-17 1995–02-01 2002–01-02
2011–10-01 1997–11-15 2004–07-11
2007–10-24 2001–12-02 2007–10-24
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All GPS satellites with attitude stability problems were
launched before 1992. Almost the complete fleet of Block
II satellites (SVNs between 13 and 21) is in the list; except
for PRN20/SVN20, which was deactivated after only six
years of service. From the Block IIA generation, 6 satellites
were launched in 1992 (SVNs 25 to 29, and 32). Only three
of them (SVNs 23, 24, and 29) are affected. Overall, eleven
satellites are affected, the largest simultaneous number is
eight (out of 28 active GPS satellites) in 1999 and at the
beginning of the year 2000. The last satellite with this kind
of problems was deactivated in October 2007 (SVN 29).
Some of the satellites returned to nominal behavior (SVNs
13, 15, 17, 23, and 24) after some months/years of the
degraded service.

For the reprocessing observations to these satellites were
downweighted by a factor of 10 during the time periods
listed in Table 3. This prevented a contamination of the
global solutions by these problematic satellites. To illus-
trate this, Fig. 10 shows the orbit misclosures for all GPS
satellites for the year 2000 with and without downweight-
ing. The effect of the attitude instability propagates differ-
ently depending on the elevation of the Sun above the
orbital plane. As the affected satellites are located only in
some of the orbital planes, the amount of orbit degradation
for the other satellites is varying. There are time periods
where most of the satellites affected by attitude instability
(up to a third of all satellites) lie in orbital planes with
Fig. 10. Orbit misclosures from three-day solutions during the

14
low Sun elevation angle. Including observations to these
satellites with equal weight then results in an obvious
degradation of orbit quality for the entire constellation.
If, on the other hand, the mentioned satellite-specific
weighting scheme is applied, this orbit degradation is
restricted to the satellites with attitude problems. For those
satellites the orbit misclosures slightly increase which is
expected in a least squares adjustment.

Downweighting observations to misbehaving satellites
not only improves the general orbit quality, but also the
quality of other estimated parameters. This is in particular
true for the ERPs during the time periods when all orbit
parameters are degraded in Fig. 10a. The differences with
respect to the C04 series from the IERS are more consis-
tent. The power spectra of the X- and Y-components of
polar motion in Fig. 11 document a significant reduction
of spurious spectral lines when downweighting the observa-
tions of the satellites in Table 3. The time period 1997–2002
was analyzed in Fig. 11 because a significant part of the
GPS constellation was affected in this period.

Similar improvements also result for the station coordi-
nates. When comparing the estimated coordinates with
those given in the reference frame the RMS of a Helmert
transformation can be taken as a quality measure. This
value becomes more consistent in time (i.e., shows less sys-
tematic variations) in particular during the 1990s and the
early 2000s when applying the downweighting scheme for
year 2000; the satellites are sorted according to their SVN.



Fig. 11. Power spectrum of the differences between the estimated polar
motion series and the reference series (IERS14C04) for 1997–2002.
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the misbehaving satellites. Even if downweighting the satel-
lites means that the solution is computed in fact by fewer
observations for global and station-related parameters.
Obviously this reduction is less harmful to the solution
than the inclusion of satellites with reduced orbit quality
due to the uncertainty of the attitude stability.
7. Summary and Conclusions

CODE contributes with a multi-GNSS solution to the
repro3 – the third reprocessing effort of the IGS. This solu-
tion is derived from the operational CODE final product
generation scheme by applying various model changes
and improvements.

Selected IERS conventional and background models
were updated, namely the mean pole model and the high-
frequency pole model (Desai and Sibois, 2016). Also the
ocean tide model was changed from FES2004 to FES2014b
for modeling ocean tidal loading station displacement and
to include the gravitational influence on the GNSS satellite
orbits. Because there are aliasing effects between the peri-
ods of tidal constituents and the orbit revolution periods,
the effect of the model change is expected to have different
magnitude for each GNSS. When comparing the GNSS-
specific ERP discontinuities between the estimates for con-
secutive days at midnight, it turns out that the amplitudes
of a number of spectral lines are reduced. There are also a
few examples of an increase of amplitudes. This suggests
that the new models seem to be better than their predeces-
sors, but are not perfect.

Galileo was included as the third GNSS in CODE’s
repro3 contribution. It turned out that the current config-
uration (as it is used for instance in the CODE-rapid pro-
cessing) produces a good approximation of the scale as
currently established in the IGS14 frame. In this configura-
tion the Galileo pre-launch satellite antenna calibrations
are used whereas for the ground stations the antenna cor-
rections for the two GPS frequencies are also used for
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the Galileo measurements. When using the updated set of
calibrations for the receiver antennas which are including
corrections for the Galileo frequencies, a scale offset with
respect to IGS14 frame is obtained, which is compensated
by the modified antenna z-offsets for GPS and GLONASS
satellites and the reference frame as it is recommended to
be used for the IGS reprocessing. The scale for the ground
stations becomes again consistent between Galileo and
GPS/GLONASS. At the same time some deficiencies in
the GNSS-specific receiver antenna calibration did improve
as well meaning the inter-GNSS translation biases become
smaller. It seems that two independent effects compensate
each other to a large extent. When using the IGS14 refer-
ence frame together with the pre-launch satellite antenna
calibrations for Galileo, the traditional strategy of using
the receiver antenna calibrations from GPS also for Galileo
measurements should be applied. GNSS-specific receiver
antenna calibrations should only be used together with
the updated satellite antenna correction set as prepared
by the IGS for repro3 (IGSR3).

As Galileo has a longer revolution period than GPS (ap-

prox. 14h 05m compared to 11h 58m) the satellites do not
complete two revolutions per day. For that reason longer
than one-day orbital arcs are preferable as realized by the
CODE reprocessing solution with its three-day orbit solu-
tions. On the other hand, longer arcs require a better mod-
eling of the forces acting on the satellites. Even with an a
priori force model based on the satellite information as
provided by GSA (2017), the satellite trajectory cannot
be represented on the centimeter level if the usual empirical
ECOM2 parameters are estimated. Empirical velocity
changes absorb a part of the unmodelled effects in the satel-
lite orbits. These so-called stochastic pulses have been
rescheduled from an uniform spacing in the operational
CODE solution (every 12 h at noon and midnight) to the
orbit midnight epoch. Due to this more reasonable schedul-
ing the orbit misclosures at midnight are reduced by 10%
for GPS and even by 15% for Galileo satellites, in particu-
lar during the eclipse season. This improvement indicates
weaknesses in the orbit modelling during the eclipse season.
Comparing the CODE orbits with those from other IGS
ACs does not indicate a degradation of the CODE orbit
products during eclipse season confirming the consistency
of all AC solutions also during this period. This implies
that this particular issue is not CODE-specific.

Last but not least, time periods between 1995 and 2007
have been identified when some of the GPS satellites suffer
from persisting attitude control problems. This degrades
some of the estimated SRP parameters, thus, reducing
the orbit quality for the affected satellites. Other parame-
ters of the solutions may be degraded, as well, as a conse-
quence of the attitude problems – in particular between
1999 and 2001 when about a quarter of the active GPS
satellites is affected. By downweighting of the measure-
ments of these satellites the resulting time series are signif-
icantly improved.
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8. Availability of the reprocessed product files

The CODE contribution to the recent reprocessing effort
of the IGS includes:

� GPS: orbits since 1994; satellite clock corrections with
30 s sampling since the year 2000 and starting in the year
2003 even with a 5 s sampling.

� GLONASS: orbits since 2002, satellite clock corrections
since 2008 with 30 s and 2011 with 5 s sampling (since
year 2012 nearly every day complete).

� Galileo: orbits since 2013; satellite clock corrections
since 2014 with 30 s sampling (due to the excellent stabil-
ity of the satellite clocks no further densification is nec-
essary, linear interpolation between 30 s values is
sufficient).

Besides the satellite clock corrections, a consistent set of
phase biases is generated, allowing for ambiguity resolution
for Precise Point Positioning (PPP) applications following
the approach described in Schaer et al. (2020).

The results are made available in the usual international
formats at ftp://ftp.aiub.unibe.ch/REPRO_2020/CODE
(the detailed list of files is given in A). The dataset is allo-
cated to the DOI: 10.7892/boris.135946.
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Appendix A. List of available product files from the CODE
repro3 solution

Files generated from three-day solutions and made
available at ftp://ftp.aiub.unibe.ch/REPRO_2020/CODE:

Ephemeris
COD0R03FIN_yyyyddd0000_01D_05M_ORB.SP3
GNSS ephemeris/clock data in daily files at 5-min intervals
in SP3d format, including accuracy codes computed from a
long-arc analysis

Daily ERPs
COD0R03FIN_yyyyddd0000_01D_01D_ERP.ERP
GNSS ERP (pole, UT1-UTC) solution in IGS ERP format

Normal equation
COD0R03FIN_yyyyddd0000_01D_01D_SOL.SNX
GNSS daily coordinates and ERP parameters together
16
with geocenter coordinates and satellite antenna phase cen-
ter offset parameters from the long-arc solution in SINEX
2.01 format

Clocks, 30s
COD0R03FIN_yyyyddd0000_01D_30S_CLK.CLK
GNSS satellite and receiver clock corrections at 30-s inter-
vals referring to the CODE-orbits from the long-arc anal-
ysis in clock RINEX 3.04 format

Clocks, 5s
COD0R03FIN_yyyyddd0000_01D_05S_CLK.CLK
GNSS satellite and receiver clock corrections at 5-s inter-
vals referring to the CODE-orbits from the long-arc anal-
ysis in clock RINEX 3.04 format

Code & Phase bias
COD0R03FIN_yyyyddd0000_01D_01D_OSB.BIA
CODE daily code and phase bias solution corresponding to
the above mentioned clock products in BIAS-SINEX 1.00
format

Weekly ERPs
COD0R03FIN_yyyyddd0000_07D_01D_ERP.ERP
GNSS ERP (pole, UT1-UTC) solution, collection of the 7
daily COD-ERP solutions of the week in IGS ERP format;
labeled with the starting day of the week

Weekly summary
COD0R03FIN_yyyyddd0000_07D_07D_SUM.SUM Anal-
ysis summary for 1 week on the long-arc solutions of the
week; labeled with the starting day of the week

The files are provided in yearly subdirectories. The
abbreviation yyyyddd in the above listed filenames stands
for the 4-digit year and the day of year.
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Böhm J, Schuh H (2004) Vienna mapping function in VLBI analyses.
Geophys. Res. Lett. 31(1):L01,603, doi:10.1029/2003GL018984

Brockmann E (1997) Combination of solutions for geodetic and geody-
namic applications of the Global Positioning System (GPS). In:
Geodätisch-geophysikalische Arbeiten in der Schweiz, vol 55, Sch-
weizerische Geodätische Kommission, Institut für Geodäsie und
Photogrammetrie, Eidg. Technische Hochschule Zürich, Zürich.
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Kuhlmann, H., Wübbena, G., Schmitz, M., Beutler, G., Jäggi, A.,
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