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Abstract. The mission of the International GNSS Service
(IGS) is to deliver highly accurate GNSS data and prod-
ucts to the scientific users and the community. Among these
products, precise orbits, and clocks for GPS and GLONASS
are available to the public. These products are system-wise
combinations based on solutions provided by the Analysis
Centers (AC). Over the past years, the IGS has been putting
efforts in extending the service to other navigation satel-
lite systems within the Multi-GNSS Experiment and Pilot
Project (MGEX). Several ACs contribute by providing so-
lutions containing not only GPS and GLONASS but also
Galileo, BeiDou, and QZSS. However, there is no official
MGEX combination so far. Therefore, we started to develop
a new combination algorithm aiming at a fully consistent
multi-constellation solution. We apply two different strate-
gies focusing on the alignment of the orbits to the Interna-
tional Terrestrial Reference Frame (ITRF). In the first strat-
egy, we use the Earth Rotation Parameters (ERP) to align
the orbits, whereas in the second strategy Helmert parame-
ters provided by the Terrestrial Frame Combination Center
(TFCC) are applied. Based on the alignment we compare the
GPS orbit products from both strategies with the official IGS
orbits. These preliminary results show that the ERP strategy
agrees with the official orbits around by 30 mm whereas, with
the second strategy, the agreement is around 15 mm.

1 Introduction

Over the past decade, new Global Navigation Satellite Sys-
tems (GNSS) emerged and became operational in recent
years. For example, the European system Galileo that de-

clared the initial operability in 2016 (ESA, 2016) and the
Chinese BeiDou provide global services since the end of
2018 (CSNO, 2018). Besides, some Regional Navigation
Satellite Systems (RNSS) like the Japanese Quasi-Zenith
Satellite System (QZSS) and the Indian Regional Navigation
Satellite System (NAVIC) are officially available, respec-
tively, since November 2018 (National Space Policy Secre-
tariat, 2019) and April 2016 (Rao Satellite Centre, 2019). The
new constellations open additional possibilities, for example,
a larger number of satellites covering the sky, new advances
in signal structure and frequencies, clocks with better per-
formance and improved determination of geodetic parame-
ters, since different systems have different orbital planes, al-
titudes and orbital periods (Montenbruck et al., 2017). These
are benefits to all kind of applications that requires GNSS
products.

Since 1994, highly accurate GNSS products are provided
by the International GNSS Service (IGS), a federation of
over 200 geodetic and space institutes (Johnston et al., 2017).
From the very beginning the IGS provides, orbits products
for GPS on an operational basis. Starting with the IGEX’98
experiment, IGS put efforts also to integrate the GLONASS
constellation into operational service. The orbits are deter-
mined by the ACC (Analysis Center Coordinator) as a com-
bination of several independent solutions submitted by the
IGS Analysis Centers (AC), which we will refer to here as
legacy combination. Regarding the GLONASS combination,
it has to be mentioned that this solution is still experimen-
tal and is performed separately from the GPS combination.
Since 2012, the IGS has been putting efforts in extending
the service to the new navigation satellite systems within
the IGS Multi-GNSS Experiment and Pilot Project (MGEX,
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Montenbruck et al., 2017). As part of MGEX, a number of
ACs provide solutions containing also BeiDou, Galileo and
QZSS constellations. Although some investigations in meth-
ods to combine the MGEX products have been carried out
(Fritsche, 2016; Sakic et al., 2018), there is no official MGEX
combination so far.

In this article, we describe preliminary studies for a new
algorithm to achieve a combined orbit and clock product
within MGEX, that we will call “ECG” combination (for
Experimental Combination GFZ). We perform investigations
on how to align the orbits properly concerning the Interna-
tional Terrestrial Reference Frame (ITRF, Altamimi et al.,
2016). This alignment is a pre-requisite to make the com-
bined solution comparable to the results offered by the IGS
in their legacy products. For this study orbits from GPS week
1850 (end of June 2015) until week 1960 (beginning of Au-
gust 2017) are combined. First using Earth Rotation Param-
eters (ERP) and second using rotation parameters coming
from station coordinates (Helmert transformation). Based on
the alignment, the combination is performed.

The paper is organized as follows: Section 2 presents a
small review of the distribution of the MGEX products and
a comparison between the legacy and MGEX provided by
the ACs. Section 3 proposes two strategies to align the ACs’
orbits and then perform the combination. The combinations
are assessed based on the RMS between the individual so-
lution and the combined orbit. Section 4 is dedicated to our
conclusions and perspectives.

2 ACs’ MGEX products

So far, six ACs provide multi-constellation products to the
IGS/MGEX, namely:

– Deutsches GeoForschungsZentrum (GFZ), Potsdam
(Uhlemann et al., 2015; Deng et al., 2016)

– Centre National d’Etudes Spatiales (CNES), Groupe
de Recherche de Géodésie Spatiale (GRGS), Toulouse
(Loyer et al., 2018; Katsigianni et al., 2018);

– Center for Orbit Determination in Europe (CODE),
Bern (Prange et al., 2015, 2018);

– Technische Universität München (TUM), Munich
(Selmke et al., 2018);

– Shanghai Astronomical Observatory (SHAO), Shanghai
(Chen et al., 2012);

– Wuhan University (WU), Wuhan (Guo et al., 2016).

Table 1 summarizes the status and characteristics of the de-
livered products. Among these, the satellite positions in the
Earth-fixed (Cartesian) frame with 15 or 5 min rate are pro-
vided in .sp3 format and clock corrections (.clk format)

with 30 s sampling rate. Earth rotation parameters, in partic-
ular the daily estimates for X and Y pole offsets and rates are
given in .erp format while station coordinates are provided
in a SINEX format (.snx). Inter-systems biases describing
time reference differences between observations of different
GNSS are provided in .bias format. Three of the six ACs
– GRGS, GFZ, CODE – also provide GPS and GLONASS
products to the legacy IGS processing line. For each of those
three ACs, we extract the GPS orbit information from the
final legacy products as well as the GPS orbits from their
MGEX files and compute the RMS 3-D between both solu-
tions (Fig. 1). As GRGS extracts their IGS legacy submis-
sion from their MGEX products their solutions are identical
and therefore not shown in Fig. 1. For CODE and GFZ, the
differences are at the centimeter level. For the CODE dif-
ferences a significant decrease over time is visible, what we
may attribute to the changes and improvements in the deter-
mination of their MGEX orbits, for example, the usage of a
new model for solar radiation pressure as described in Arnold
et al. (2015) and Prange et al. (2017).

3 Orbits alignment

Since the IGS started to distribute orbit products, they are
provided in the International Terrestrial Reference Frame
(ITRF). Over the years two different strategies were applied
to align all the ACs products and consequently the final com-
bined orbits to the ITRF (Kouba et al., 1994; Kouba, 2015).
To keep the equivalence, the combined MGEX orbits should
be in the ITRF. To carry through this, we study in this section
the two alignment methods and we perform the orbit combi-
nation.

3.1 ERP based alignment

At the very beginning of the IGS orbits combination, when
ACs did not submit the estimated station coordinates the
ERP strategy was developed to align orbits to the ITRF. The
method is discussed and described in Springer and Beutler
(1993), Kouba et al. (1994) and Beutler et al. (1995). Based
on the Bulletin B, provided by the International Earth Ro-
tation and Reference Systems Service (IERS) (Luzum and
Gambis, 2014), and the ERP solutions provided by the ACs,
each orbit is aligned to the ITRF. This pole rotation is de-
scribed in Xu (2007). For further comparisons, we ignored
TUM and SHAO as they do not provide ERP which is a pre-
requisite for this first combination strategy. The combination
itself is performed with the following steps (Fig. 2). In a first
step, a mean orbit of all ACs solutions is computed for each
satellite. To remove small systematic errors a Helmert trans-
formation is performed between the individual AC orbits and
the derived mean position. Based on this transformation the
weights of the ACs is computed using the following equation
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Table 1. Analysis Centers and their product submissions, as reference also IGS legacy and MGX (Sakic et al., 2018) are added.

AC/Prod. AC abbreviation Orbits ERP Clock corrections SINEX Bias Constellations

CODE COD X X X X G+R+E+C+ J
GFZ GFZ X X X X G+R+E+C+ J
GRGS GRG X X X G+R+E
SHAO SHA X X G+R+E+C
TUM TUM X X E+C+ J
WU WUM X X X G+R+E+C+ J

IGS legacy IGS X X X X G+ (R)
MGX (Sakic et al., 2018) MGX X G+R+E+C+ J

Figure 1. Difference between the orbits from the IGS legacy products and the MGEX products, submitted by two ACs (CODE and GFZ) –
GPS constellation.

from Kouba et al. (1994):
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In Eq. (1) Scent is the number of satellites per AC, Esat
cent is

the number of positions per AC per satellite. The position
of the transformed orbits and the mean orbit is represented
by P ′sat

cent and P̄ sat, respectively. Therefore, the weighting re-
lies on the geometrical differences between AC solutions and
mean orbits. With the ACs’ weights, the weighted mean or-
bits are calculated. The two final steps are to compute the
transformations between the weighted mean orbits and the
individual orbits and then calculate a final weighted average
orbit. More details about the specific method are provided in
Kouba et al. (1994).

Figure 3 represents the RMS of orbit differences between
individual ACs solutions and the final combined orbits. For
the comparison, we added two additional solutions to this
figure. The first solution is the legacy IGS (GPS only) prod-
uct, the second solution is the MGEX combination based
on Sakic et al. (2018), called MGX. For most of the ACs,
a constant behavior with RMS values around 15 mm is visi-
ble. Considering the legacy and MGX solutions, the RMS is
around 25 mm. We assigned this higher value compared with
the ACs solutions to the different set of orbits used in the
processing chain. The first one is based on the rotations com-
ing from the parameters of a Helmert transformation, which
will be discussed in more detail in the next section, and the
second one is based on the ERP combination provided by the
IGN (Rebischung et al., 2016).

Figure 4 shows that the RMS of the ACs’ orbits are de-
creasing over time and that they are getting closer to the ECG
solution indicating that the orbit consistency between the
ACs improved. Among all the constellations, the GPS orbits
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Figure 2. The flowchart presents the generalized steps for both alignment strategies and orbit combination.

Figure 3. RMS values with respect to the individual ACs’ MGEX submission for GPS orbits and the GPS ECG combination result computed
by ERP strategy.

seem to be the most stable followed by Galileo, GLONASS,
and BeiDou. However, the orbit quality varies from week to
week and so does the agreement to the combined solution.
This issue might be related to inaccurate models decreasing
the orbit quality, such as the handling of solar radiation pres-

sure where inaccuracies might result in stronger orbit errors
during periods of low elevation of the Sun above the satel-
lite orbit plane. Some investigations have shown for instance
that a mismodelling for Galileo satellites during those peri-
ods can also affect the orbit determination of other constella-
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Figure 4. RMS values with respect to the individual ACs’ MGEX submission orbits using all constellations and the ECG combination results
computed by the ERP strategy.

tions (Sidorov et al., 2018, 2019). Regarding that or problems
in the attitude model resulting in orbit discrepancies during
eclipse periods. Over the weeks of the study, the weight dis-
tribution is similar among the four ACs, where GRGS re-
ceived the highest value of around 31 %.

3.2 Helmert transformation parameter based
alignment

This strategy relies on the alignment method currently used
by the IGS for the final products, where nowadays are pro-
vided in the IGS reference frame which is consistent with the
ITRF. In the combination process, each AC is pre-aligned
according to three rotations coming from a set of Helmert
parameters. These rotations are based on the station coordi-
nates that the ACs provide in daily SINEX files. The TFCC
(Terrestrial Frame Combination Center, https://webigs.ign.fr/
tfcc/, last access: 13 February 2020), operated by the IGN,
performs the alignment of the station coordinates and weekly
distributes the transformation parameters in the summary
file. In the MGEX contribution the SINEX files are not avail-
able for most of the ACs Table (Table 1). However, as GRGS
provides SINEX files and the corresponding IGS and MGEX
submissions are identical, we developed a workaround ap-
proach. As shown in Fig. 2, the first step of the alignment
consists of a seven parameter Helmert transformation (Molo-
densky et al., 1962) between the orbits of each AC and those
of GRGS. With all the orbits aligned to the GRGS, we ap-
plied the TFCC rotations. The orbit combination was then
performed as described in the ERP strategy section.

Comparing both strategies in general, the differences are
small when regarding the RMS values to each orbit. For the
GPS constellation shown in Fig. 5, we see smaller RMS in

the second alignment than in ERP alignment for the com-
parison to legacy (G) and MGX orbits. The RMS values are
around 15 mm while reaching 25 mm in the first approach.
This result indicates that rotating the orbits to the GRGS
products is a good approximation of the official ITRF align-
ment and still relies on an official rotation. In Fig. 6, the ACs’
orbits for all constellations (G+R+E+C) show RMS val-
ues very similar compared to Fig. 4 of around 50 mm and few
millimeters higher for CODE.

4 Conclusions and further investigations

We are developing a new orbit and clock combination soft-
ware which allows deriving a consistent orbit solution for
all GNSS constellations at the same time. Hence we study
two ways to extend the combination methodology. In a first
test, we combined MGEX orbits from week 1850–1960 for
GPS, GLONASS, Galileo, and BeiDou. The alignment of the
MGEX products to the ITRF is a critical topic that needs to
be studied in a way to find the best solution in terms of avail-
able products and consistency. Having products in the official
reference system is, of course, essential to any application
in geodesy, surveying, positioning, etc. Both ERP strategy
and Helmert-based strategy worked well, while we found a
better agreement to the IGS legacy when applying the sec-
ond strategy, it is an expected result since the second strat-
egy aims to reproduce a similar workflow as the one used for
the IGS legacy final orbits. Comparing the derived combined
orbits shows an overall agreement at the level of 15 mm to
the IGS legacy (GPS only) and of 50 mm between the dif-
ferent MGEX solutions (all constellations). It seems that the
actual differences between legacy and the MGEX products
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Figure 5. RMS with respect to the individual ACs’ MGEX submission GPS orbits and the GPS ECG combination results computed by the
Helmert-based strategy.

Figure 6. RMS with respect to the individual ACs’ orbits using all constellations and the ECG combination result using the Helmert-based
strategy.

are around 10 mm. Because of that, we could not expect our
combination to reach a millimeter level difference when we
compare with the GPS legacy orbits. Moreover, our results
showed that it is possible to have a similar methodology as
the one existing currently to the GPS/GLONASS official or-
bits, where the alignment could be done using the rotations
coming from a Helmert transformation if all the ACs would
provide SINEX files. As expected, the orbits provided by the
ACs are most stable for GPS satellites. For the other systems,
we noticed that Galileo has the strongest improvements over

time, where the ACs RMS values decreased from 80 mm in
the week 1860 to around 40 mm in the week 1960.

Regarding the implementation of the algorithm to combine
the MGEX products, we are currently studying a suitable
weighting scheme taking into account the characteristics of
each system. Weights will be computed depending not only
on the ACs and satellites but also on the constellations. Fur-
thermore, we will test independent weighting strategies for
the final orbits, for example, based on residuals derived in
an orbit validation using satellite laser ranging observations
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(possible for GLONASS, Galileo, and BeiDou). To achieve
the highest consistency our goal is to include also the clock
and bias products in the combination process.

Data availability. The data used for this work are publicly and
freely available on the MGEX section of the IGS data centers
(e.g. ftp://cddis.gsfc.nasa.gov/pub/gps/products/mgex/, last access:
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ucts described in this study can be provided for free on demand.
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