Journal of Geodesy (2019) 93:2447-2463
https://doi.org/10.1007/s00190-018-1143-1

ORIGINAL ARTICLE

@ CrossMark

Multi-GNSS orbit determination using satellite laser ranging

Grzegorz Bury'® - Krzysztof Sosnica' - Radostaw Zajdel’

Received: 7 June 2017 / Accepted: 6 April 2018 / Published online: 19 April 2018
© The Author(s) 2018

Abstract

Galileo, BeiDou, QZSS, and NavIC are emerging global navigation satellite systems (GNSSs) and regional navigation satellite
systems all of which are equipped with laser retroreflector arrays for range measurements. This paper summarizes the GNSS-
intensive tracking campaigns conducted by the International Laser Ranging Service and provides results from multi-GNSS
orbit determination using solely SLR observations. We consider the whole constellation of GLONASS, all active Galileo,
four BeiDou satellites: 1 MEO, 3 IGSO, and one QZSS. We analyze the influence of the number of SLR observations on
the quality of the 3-day multi-GNSS orbit solution. About 60 SLR observations are needed for obtaining MEO orbits of
sufficient quality with the root mean square (RMS) of 3 cm for the radial component when compared to microwave-based
orbits. From the analysis of a minimum number of tracking stations, when considering the 3-day arcs, 5 SLR stations do
not provide a sufficient geometry of observations. The solution obtained using ten stations is characterized with RMS of 4,
9, and 18 cm in the radial, along-track, and cross-track direction, respectively, for MEO satellites. We also investigate the
impact of the length of orbital arc on the quality of SLR-derived orbits. Hence, 5- and 7-day arcs constitute the best solution,
whereas 3-day arcs are of inferior quality due to an insufficient number of SLR observations and 9-day arcs deteriorate the
along-track component. The median RMS from the comparison between 7-day orbital arcs determined using SLR data with
microwave-based orbits assumes values in the range of 3—4, 11-16, and 15-27 cm in radial, along-track, and cross-track,
respectively, for MEO satellites. BeiDou IGSO and QZSS are characterized by RMS values higher by a factor of 8 and 24,
respectively, than MEO orbits.
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1 Introduction
1.1 Role of SLR in space geodesy

Satellite laser ranging (SLR) is a precise space-geodetic
technique that provides range measurements to artificial
satellites. Due to both the characteristics of geodetic satel-
lites and precise devices for range measurements installed
at SLR tracking stations, SLR plays an important role in
the realization of the International Terrestrial Reference
Frame (ITRF, Altamimi et al. 2016). Orbits of geodetic
satellites, such as LAGEOS or Etalon, are determined with
sub-centimeter accuracy using range measurements (Sosnica
etal. 2014; Appleby et al. 2016). As aresult, SLR contributes
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to the determination of geocenter coordinates, defining thus
the origin of ITRF, the global scale, and station coordi-
nates. Apart from the realization of ITRF, SLR provides the
most accurate value of the standard gravitational parame-
ter, GM, and low-degree spherical harmonics of the Earth’s
gravity field (Thaller et al. 2011; BloBfeld et al. 2015;
Sosnica et al. 2015; Cheng and Ries 2017). The International
Laser Ranging Service (ILRS, Pearlman et al. 2002) unifies
and coordinates all activities of SLR stations that represent
the ground segment of SLR. The ILRS does not only col-
lect, archive, analyze, and distribute SLR and Lunar Laser
Ranging data, but also supports different space missions by
providing special SLR tracking campaigns and the priority
list' including satellites to be tracked by the SLR stations.
The priority list contains both passive geodetic satellites and
various active spacecraft equipped with Laser Retroreflector
Arrays (LRAs) for range measurements.

! https://ilrs.cddis.eosdis.nasa.gov/missions/mission_operations/
priorities/index.html.
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1.2 SLR tracking of GNSS

Due to the fact that all new active navigation satellites are
equipped with LRAs, SLR serves as a validation tool for
microwave-based GNSS orbits (Zhu et al. 1997; Appleby
et al. 1999; Urschl et al. 2007; Fritsche et al. 2014; Mon-
tenbruck et al. 2015a; Steigenberger et al. 2015; Zajdel et al.
2017). The SLR validation performed by Sosnicaetal. (2015)
was characterized by the root mean square (RMS) at the level
of 2.4 and 3.3 cm for GPS and GLONASS satellites, respec-
tively, which coincides with the orbit accuracy declared by
the International GNSS Service (IGS, Dow et al. 2009). SLR
residuals play a crucial role in the quality evaluation of both
operational products of the official multi-GNSS experiment
(MGEX, Montenbruck et al. 2017; Prange et al. 2017) and the
real-time MGEX products (Kazmierski et al. 2018). Finally,
SLR residuals may serve as a validation tool for the empir-
ical models designed for the absorption of solar radiation
pressure (SRP) such as the Empirical CODE Orbit Model
(ECOM, Arnold etal. 2015) or box-wing models (Rodriguez-
Solano et al. 2014).

Range measurements can also be used for an independent
determination of satellite orbits. Pavlis (1995) determined
GPS orbits solely from SLR observations obtaining the RMS
atthelevel of 7.7,75.1, and 56.5 cm for GPS-35and 9.8, 72.9,
and 90.9 cm for GPS-36 in the radial, along-track, and cross-
track direction, respectively. A joint adjustment of GNSS and
SLR observations performed by Urschl et al. (2007) provided
an improvement of the determination of the semimajor axis
of GNSS orbits. Urschl et al. (2008) calculated the prelim-
inary 9-day orbits of the very first Galileo, i.e., GIOVE-A,
using solely SLR measurements and achieved the accuracy
at the level of 0.1, 0.5, and 1.0 m in the radial, along-track,
and cross-track direction, respectively. Montenbruck et al.
(2015b) calculated 14-day orbits using solely SLR data for
two NavIC satellites, IRNSS-1A and IRNSS-1B. Due to the
poor geometry of SLR observations provided by 8 stations,
out of which only 2 were located out of Europe, and an
insufficient number of SLR observations, NavIC orbits were
determined with the accuracy at the level of 2, 15, and 10 m
in the radial, along-track, and cross-track direction, respec-
tively. The combination of GNSS and SLR observations
performed by Hackel et al. (2015) resulted in a mitigation of
systematic errors in Galileo-IOV solutions. The degradation
of the internal consistency between GNSS and SLR combi-
nation was solved by adding an offset of 5cm to Galileo’s
LRA which should rather be assigned to mismodeling of
the microwave antenna thrust (Steigenberger et al. 2017),
albedo (Rodriguez-Solano et al. 2012), and the existence of
the satellite signature effect (Otsubo et al. 2001; Sosnica et al.
2015).

@ Springer

1.3 The new GNSS constellations

Due to the emergence of new navigation satellite systems,
IGS initiated MGEX. Apart from continuously being mod-
ernized constellations of GPS and GLONASS, navigation
satellite systems consist now of European Galileo, Chinese
BeiDou, Japanese Quasi-Zenith Satellite System (QZSS),
and Indian NavIC. GNSS satellites do not orbit only on
Medium Earth Orbits (MEQOs), but also, as in the case of
BeiDou System, on Geostationary Earth Orbits (GEOs) and
on Inclined Geosynchronous Orbits (IGSOs). Satellites of
new constellations differ with regard to satellite bus charac-
teristics; thus, the equipment for range measurements is also
dependent on the type of the satellite. Table 1 summarizes the
characteristics of the multi-GNSS constellations in terms of
SLR measurements and orbit properties. LRAs mounted on
each satellite type are different in shape, size, and the number
of corner cubes.

The GLONASS constellation consists of 24 operational
MEQO satellites with the majority of M-type satellites, and two
experimental K-type satellites, out of which only one is oper-
ational. GLONASS satellites are equipped with the highest
number of corner cubes, i.e., 112 and 123 for GLONASS-M
and GLONASS-K, respectively. Retroreflectors mounted on
GLONASS-K satellites surround the GNSS transmit antenna
and are the only ring-shaped LRAs.

Galileo consists of 18 out of 30 planned satellites decom-
posed into three MEO orbits. The Galileo segment contains
two types of spacecraft, i.e., four in-orbit validation (IOV)
spacecraft that were launched after two, inactive now, GIOVE
satellites, and 14 fully operational capability (FOC) space-
craft, out of which, two were launched into highly elliptic
orbits (Montenbruck et al. 2017). Despite the fact that the
satellites in elliptic orbits cannot be used in navigation, they
can serve for the investigation of a gravitational redshift
(Delva et al. 2015). Galileo satellites are significantly lighter
than other satellites (see Table 1); thus, they are more affected
by the transmit antenna thrust (Steigenberger et al. 2017)
and albedo (Rodriguez-Solano et al. 2012). Galileo-IOV are
equipped with arrays of the largest area (430.0 x 470.0 mm)
that contain one of the biggest corner cubes (23.3/33.0 mm).
As aresult, it is easier for stations to get good returns from the
early Galileo rather than from Galileo-FOC satellites which
are equipped with LRAs of a reduced number (60) of smaller
(19.1/28.2 mm) corner cubes. As aresult, Galileo-FOC LRAs
have an area smaller (331.0 x 248.7 mm) by a factor more
than 2 compared to Galileo-IOV which makes Galileo-FOC
one of the hardest satellites to track by SLR stations. The
current operational BeiDou-2 constellation consists of six
GEQ, six IGSO, and three MEO satellites. BeiDou MEO
and IGSO carry fewer corner cubes (42) than Galileo-FOC
satellites; however, the corner cubes are larger. As a result,
the whole array has a bigger surface (316.0/280.0 mm) than
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Q7SS

BeiDou

Galileo

GLONASS

Table 1 continued

System
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63.75

55.52 Plane C: 24.50

48.0/48.5

Plane A: 75.50, Plane B: 63.55

Plane 1: 87.75, Plane 2: 53.20

Max beta

39.98, Plane
D: 56.51

Plane C 39.0

356

Plane 3: 70.60

353

354 362 360 361

31

351

356

353

Draconitic year (day)

37.4-39.1 25.8 125.0 73.3 95.5
205

36.9-37.5

25.6

25.6

Revolution of node (year)

77.4

36.6

274.7 65.3-70.9 65.3-70.0 314 63.1

274.7

Revolution of perigee (year)

Galileo-FOC. BeiDou GEO is equipped with significantly
larger LRAs compared to other satellites (490.0/430.0 mm).
Larger LRAs are required for geosynchronous satellites due
to their high altitude. Japanese QZSS is an augmentation
system for GPS and consists of three geosynchronous and
one geostationary spacecraft. Similar to BeiDou GEO, all
QZSS are equipped with larger LRAs than MEO satellites
(400.0/400.0 mm). The other regional navigation system con-
sidered by MGEX is the Indian NavIC that consists of 3 GEO
satellites and 4 IGSO satellites.

1.4 The goal of this study

This study discusses the results of precise multi-GNSS orbit
determination using solely SLR observations as the first step
of the combined SLR-GNSS solution. We analyze both the
internal and external accuracies of the solution in order to
evaluate the influence of SLR observations to GNSS satel-
lites on the multi-GNSS solution and evaluate the role of
laser ranging in combination with microwave observations.
We concentrate mostly on active MEO GNSS satellites. We
also evaluate the utility of SLR-derived multi-GNSS orbits
according to the current requirements of Global Geodetic
Observing System (GGOS, Plag and Pearlman 2009).

In existing literature on the determination of GNSS orbits
using SLR, there is little information about unambiguous
strategies in terms of the number and geometry of obser-
vations that are sufficient for the precise multi-GNSS orbit
determination. Information about the optimal calculation
strategy and the best-suited arc length is missing as well.
Moreover, SLR stations are capable of tracking more than 50
GNSS satellites (Kirchner and Koidl 2015); thus, this analy-
sis can contribute to the development of tracking strategy, in
which multi-GNSS constellations would be tracked homo-
geneously.

This article aims at answering the following questions:

— How many SLR observations are necessary to determine
precise multi-GNSS orbits using SLR data only?

— What is an optimal geometry of observations, and thus,
how many stations should track navigation satellites to
provide a homogeneous coverage with observations for
the whole GNSS constellation?

— What is an optimal length for an orbital arc, i.e., how
much can we extend an orbital arc in order to both, gather
the largest number of SLR observations to GNSS satel-
lites without degradation of the orbit?

1.5 Structure of the paper
The paper is structured as follows. Section 2 describes the

methodology of the solution. Section 3 summarizes GNSS
special tracking campaigns held by ILRS in the period of
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2014-2017. Section 4 discusses the results. After the inves-
tigation of the efficiency of solutions, we assess internal
accuracy by the analysis of the mean error of the orbital
semimajor axis. Then, we investigate the external accuracy
of the orbit solution as a function of the number of SLR
observations and the number of tracking stations. Section 5
investigates different arc lengths in order to develop an opti-
mal processing strategy. Section 6 contains comments and
summarizes the paper in terms of the improvement of the
consistency of solutions based on the microwave (GNSS)
and optical (SLR) observations.

2 Methodology

The calculations of multi-GNSS orbits using solely range
measurements are performed in the modified version of
Bernese GNSS Software 5.2 (Dach et al. 2015). In order
to determine a precise orbit, a set of a priori orbit positions
and Earth rotation parameters (ERPs) is needed. In our cal-
culations, we use official ERPs and orbits from the Center for
Orbit Determination in Europe (CODE, Prange et al. 2017).2
In order to increase the consistency of orbit solutions, we use
the same SRP model as CODE—the new ECOM?2 (Arnold
et al. 2015). The solution provided by CODE is based on
the same software package and is one of the most accu-
rate for GPS, GLONASS and Galileo constellations within
MGEX (Montenbruck et al. 2017) as well as for Galileo
satellites launched into highly eccentric orbits (SoSnica et al.
2018). The CODE products, however, do not contain BeiDou
GEO satellites. Both SRP models developed by CODE, i.e.,
ECOM and ECOM2, were designed to absorb solar radiation
pressure for satellites that work strictly in the yaw-steering
attitude mode, whereas BeiDou GEO is maintained almost
continuously in the orbit-normal mode. In our analysis, we
process data from the period between 2014.0 and 2016.9,
during which two changes in using orbit models occurred.
Till the end of 2014, the classical ECOM was used (Beut-
ler et al. 1994; Springer et al. 1999). At the beginning of
2015, the new ECOM2 was proposed. In August 2015, the
number of estimated ECOM2 parameters in CODE products
was reduced from 9 to 7 by excluding 4-times-per-revolution
parameters.

The strategy of the orbit solution is similar to the official
5-system CODE solution for MGEX (Prange et al. 2017),
i.e., 3-day orbital arcs are generated, and the solution for a
particular day refers to the middle day of the arc. Such an
approach greatly stabilizes the solution, especially for new
and incomplete GNSS systems, and thus is used not only for
MGEX solutions, but also for operational and reprocessed
products at CODE (Lutz et al. 2016).

2 ftp://ftp.aiub.unibe.ch/CODE_MGEX/CODE/.

However, during the 3-day period, the number of SLR
observations may be insufficient to provide a solution of the
best possible quality. An extension of the arc length results in
the increase in the number of SLR observations. On the other
hand, the solution can suffer from the degradation of both
the Keplerian and empirical orbit parameters as the external
forces acting upon satellites may change over time. Also, with
the extension of the orbital arc the risk of multiple satellite
maneuvers occurs which may degrade the solution. Due to
that fact, we make an attempt to arrange a strategy for the
orbit determination, testing 3-, 5-, 7-, and 9-day-long arcs in
order to both maximize the number of SLR observations and
not allow orbit parameters to degrade.

We perform two types of final solutions: solution A with
the estimation of the full set of parameters, i.e., Keplerian and
empirical orbit parameters, SLR station coordinates referred
to the SLRF2008,% ERPs, and geocenter coordinates. In solu-
tion B, we calculate only a set of Keplerian end empirical
orbit parameters, whereas the remaining parameters are fixed
to a priori values. The characteristics of both solutions are
shown in Table 2.

After the data screening, during which observations
exceeding the maximum sigma of residuals at the level of
25 cm are marked as outliers, the set of normal equations is
saved. In order to minimize the influence of SLR range biases
on estimated parameters, we calculate mean annual range
biases for each station-satellite pair. A similar approach was
used for LAGEOS satellites by Appleby et al. (2016). The
computed range biases are re-substituted to a priori data for
further calculations; thus, the systematic errors caused by
range biases are diminished and the solution becomes more
stable due to a reduced number of estimated parameters. In
further calculations, re-substituted range biases are strongly
constrained to a priori values. The penultimate step is the
validation of SLR core stations by calculating the Helmert
transformation parameters between a priori coordinates from
SLRF2008 and computed coordinates. Stations with residu-
als from the Helmert transformation greater than 45 mm in
the north, east, or up component are marked and not taken as
core stations in further calculations. Coordinates of non-core
stations are estimated as free parameters without any con-
straints imposed thereon. Having provided lists of verified
core stations, we proceed to the final parameter estimation in
which we test different arc length strategies by stacking 1-day
normal equations into 3-, 5-, 7-, and 9-day arcs, after which
we compare the middle days of orbital arcs with microwave-
based orbits from CODE.

In our calculations, we consider multi-GNSS satellites
both tracked by the ILRS network and satellites broadcast-
ing signals on at least two frequencies allowing for the
microwave solutions (see Table 1). We calculate orbits for the

3 https://ilrs.cddis.eosdis.nasa.gov/science/awg/SLRF2008.html.
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Table 2 Characteristics of performed solutions: solution A with the estimation of all parameters, solution B with the estimation of orbit parameters

only

Parameter Solution A

Solution B

Orbit parameters 6 Keplerian (n-day)

7 ECOM2 parameters (n-day)
(DO, YO, BO, B1C, B1S, D2C, D2S)

Station coordinates

Core stations

Verification of core stations with rejection of

6 Keplerian (n-day)
7 ECOM2 parameters (n-day)
(DO, YO0, BO, B1C, B1S, D2C, D2S)

Fixed to the SLRF2008

outliers exceeding 45 mm from Helmert
transformation. Network constrains

No net rotation
No net translation
Other stations
Range biases
Earth rotation parameters X pole (1-day)
Y pole (1-day)
LoD (1-day)
Geocenter coordinates

Estimated as free parameters (n-day)

Estimated as free parameters (n-day)

Fixed to the SLRF2008

Annual mean biases calculated for each station-satellite pair and re-substituted

Fixed to a priori values
Fixed to a priori values
Fixed to a priori values

Fixed to a priori values

‘n-day’ means that one set of parameters is calculated in an n-day period

whole constellation of GLONASS satellites. Although the
constellation consists of 24 satellites, 31 GLONASS space-
craft were tracked in total, due to the replacement of several
satellites. We calculate orbit solutions for four Galileo-IOV
and ten FOC satellites including E14 and E18 which were
launched into incorrect orbits. We consider four BeiDou
satellites: one MEO and three IGSO satellites. The first space-
craft of the QZSS constellation, i.e., QZS-1, is considered as
well.

3 The ILRS-intensive tracking campaigns

At the 18th International Workshop on Laser Ranging in
Japan in November 2013, ILRS agreed to increase efforts
on tracking GNSS constellations and initiated a special
study group called Laser Ranging to GNSS s/c Experiment
(LARGE). The goal of the LARGE group was to define
an operational strategy for tracking GNSS satellites and to
improve the consistency between solutions provided by ILRS
and IGS. In the frame of the LARGE project, three special
tracking campaigns were announced between 2014 and 2017.
Figure 1 illustrates the number of SLR observations to GNSS
satellites registered for each 3-day orbit solution. The three
special tracking campaigns are marked with red boxes.

The first special campaign lasted from August 1 to
September 30, 2014. During the campaign, stations were
asked to track all GNSS satellites or at least spacecraft from
the current priority list of ILRS. The purpose of the pilot cam-
paign was to check the capability of SLR stations to track the
whole constellation of GNSS satellites, which was far more

@ Springer

than an ordinary procedure at SLR stations. Through the first
campaign the most intensively tracked GLONASS satellites
were R02, R07, R18, and R21. The number of SLR obser-
vations to the Galileo and BeiDou satellites increased only
slightly. For QZS-1 no changes in the number of observa-
tions were registered. One of the most important outcomes
of the campaign was that the intensification of GNSS satellite
tracking did not have a negative influence on the tracking of
geodetic satellites, including low orbiting spacecraft (Pearl-
man et al. 2015).

The second campaign was held from November 22, 2014,
to the end of February 2015. Instead of tracking all GNSS
satellites, the scenario for the second campaign included in
the first place six GLONASS satellites, i.e., R02, R0O7, R12
R17, R18, and R20. The tracking of Galileo-IOV and Bei-
Dou satellites was given the second priority. The number
of SLR normal points increased by 107, 154, and 107% for
GLONASS R02, R12, and R18, respectively, as compared to
the similar period of 100 days of the non-campaign period,
i.e., between the end of April 2014 and August 1, 2014.
Apart from Galileo E19, for which the number of observa-
tions increased only by 7%, the increase of SLR observations
was neither registered for the other Galileo satellites, nor for
the BeiDou MEO satellites. Instead, stations were focused on
tracking GLONASS satellites included in the third priority
list: RO3, R04, RO8, and R09.

The third GNSS tracking campaign was held between
August 10 and October 16,2015, and involved six GLONASS
satellites: R0O3, R07, R09, R12, R20, and R21; Galileo-IOV
and BeiDou C11. The number of observations collected in
the frame of the 67-day campaign was higher by 104, 51,
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Fig. 1 The number of SLR observations (right axis) to GNSS satellites
(left axis: PRN number) registered to active GNSS satellites during
3-day periods between 2014 and 2016. R—denotes GLONASS, E—

and 81% for GLONASS RO03, R0O7, and R12, respectively,
when compared to a similar period of 67 days before the 3rd
tracking campaign. This time, the number of observations
increased also for Galileo-IOV by 94, 93, and 61% for E11,
E12, and E19, respectively. At the end of the third campaign,
a significant increase in the number of observations at the
level of 193% was registered also for BeiDou MEO C11.

4 Results

4.1 The effectiveness of multi-GNSS orbit solutions
using SLR

The efficiency of the orbit solutions is evaluated as a ratio
between the number of successful SLR solutions to the
number of determined orbit solutions using microwave obser-
vations at CODE for the same period.

The median efficiency of the orbit solution equals 87, 86,
79, 63, and 39% for GLONASS, Galileo, BeiDou MEO,
BeiDou IGSO, and QZSS, respectively. The effectiveness
of GLONASS, Galileo and BeiDou MEO owes to the fact
that those constellations consist only of global coverage
satellites which provides an even geometry of SLR observa-
tions, whereas BeiDou IGSO and QZSS suffer from a poor
geometry of observations due to their regional attitude. We
distinguish satellites that were included in the priority list of
ILRS during the period of analysis (see Fig. 2). Only one

Galileo, C—BeiDou, J—QZSS. Asterisk (*)—satellites included in the
priority list of ILRS for more than 50% of their lifetime

GLONASS satellite (R07) was included in the ILRS prior-
ity list during the whole period between 2014 and 2016. For
more than a half of the GLONASS constellation, it was pos-
sible to provide precise orbit solutions for more than 80%
of cases, even if the satellites were not included in the prior-
ity list. In total, 10 spacecraft of the Russian constellation
were included in the priority list only for a short period
or were not included at all. As a result, for some of those
satellites it was impossible to determine a reliable orbit solu-
tion for about 42% cases (see Fig. 2). These satellites were
tracked only by the European stations; thus, their observa-
tional geometry was inferior. Galileo satellites are placed in
the priority list right after their launch. As a consequence,
orbit solutions could be provided for more than 80% cases
for almost all Galileo spacecraft. BeiDou and QZSS satel-
lites were included in the priority list for the whole period of
the analysis; however, all of these satellites (apart from C11)
are regional, geosynchronous spacecraft. As a result, due to
the insufficient number of SLR observations, the efficiency
of solution is rather poor (see Sect. 4.3).

4.2 Impact of the observation number on the
internal orbit quality

The impact of the number of SLR observations on the internal
quality of the 3-day orbit solutions is evaluated on the basis
of formal errors of the semimajor axis. Such an analysis pro-
vides information on whether the observation geometry from
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Fig. 2 The efficiency of multi-GNSS orbit solution using SLR data.
The color shows a period for which a particular spacecraft was included
into the priority list of ILRS. Green color means that the satellite was
included in the priority list for the whole analysis period. The blue color

the normal equation systems is sufficient for obtaining high-
quality orbits. The formal error of the semimajor axis m, of
the j-th satellite is extracted from diagonal elements of the
covariance matrix:

Ma,j = moy/ (diag(ATA)~).

where A is the design matrix describing the observation
geometry, and mq is the a posteriori variance of the unit
weight, i.e., mean error of the solution, i is the parameter
index in the normal equation system corresponding to the
semimajor axis of j-th satellite. Figure 3 illustrates a set of
semimajor axis formal errors for particular MEO satellites
for solutions A and B (see Table 2). The red line represents
solution B with the estimation of orbit parameters only. The
result of the solution A is slightly better, i.e., mq assumes
very small values. However, if considering all parameters,
the number of estimated parameters approaches to the num-
ber of observations. As a result, a set of normal equations,
for several satellites, is close to singular and the value of the
a posteriori variance of unit weight m is underestimated. In
solution A, the least squares method fits well to the observa-
tions through a large number of estimated parameters, but the
solution is not as reliable as when estimating orbit parameters
only, where the number of observations significantly exceeds
the number of parameters. In the following analysis, we con-
centrate mostly on the results from the solution B which is
non-singular, more stable, and thus more reliable.

The formal error of orbit semimajor axis converges
quickly in the range between 13 and 50 observations (Fig. 3).
In order to determine GNSS orbits with the accuracy of the
semimajor axis at the level of 6¢cm, we need approximately

ey
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stands for the satellites that were in the priority list for more than a half
of the analysis period, whereas the yellow color implies that the satellite
was included in the priority list for less than a half of the analysis period
or was not included at all

50 SLR observations. This can be read from Fig. 3 in the case
of all MEO satellites. The formal error of the semimajor axis
when using 60 SLR observations equals 5.0, 4.6, 4.2, and
5.9cm for R18, E19, E30, and C11 satellites, respectively.

4.3 Comparison to the microwave-based orbits

The external accuracy of the 3-day orbit solution is eval-
uated based on the analysis of differences between orbits
determined using solely SLR observations and orbits from
official CODE MGEX orbit products. We compare positions
of satellites in 15-min intervals decomposed into three direc-
tions: R—radial—pointing from the center of the Earth to the
satellite, W—cross-track—normal to the orbital plane, and
S—along-track—perpendicular to other axes and approxi-
mating the direction of the satellite velocity vector. Then, the
mean offset and the RMS of differences are calculated. All
analyses provided in this section are calculated for the 3-day
orbit solution.

4.3.1 Dependency on the number of observations

Figure 4 shows three examples of the comparison between
SLR-based and microwave-based orbits of GLONASS R18
for three selected days in 2015. When the number of SLR
observations is 54 (Fig. 4, middle), the differences are at the
centimeter level for the radial and along-track components
and at the decimeter level for cross-track. When doubling
the number of SLR observations, the RMS in the radial and
along-track directions does not improve significantly (Fig. 4,
top). However, the cross-track component improves by the
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R18. RMS is given for the middle day (time in UTC) of the solution

in blue; solution B with the estimation of orbit parameters only is shown
in red. Individual solutions are marked as faint dots, and median values
are marked as large dots

factor of 4. When the number of SLR observations is just
25, the solutions becomes unstable with differences up to
several meters (Fig. 4, bottom). The along-track component
exhibits a secular drift, whereas all orbit components show
large periodic variations of the period corresponding to the
satellite revolution and the second harmonic of the satellite
revolution period.

The accuracy of an orbit based on 25 SLR observations is
insufficient for geodetic purposes. However, such an orbit can
be sufficient for the determination of space debris (Cordelli
et al. 2016), including inactive GLONASS satellites, all
of which are equipped with retroreflectors for SLR mea-
surements. A good observational geometry, i.e., including
observations collected by stations from different continents,
can improve the orbit quality of inactive satellites even in a
solution based on just 25 SLR observations.

Now, we provide a statistical analysis of the differences
between microwave and SLR orbits for the 3-year period by
estimating median values. Figures 5 and 6 show the depen-
dency of the number of SLR observations on the RMS of
orbit differences and the dependency of the number of SLR
stations on the RMS values, respectively.

In all cases the radial component is characterized by the
smallest value of RMS both for SLR and microwave solu-
tions (Montenbruck et al. 2017). Due to the fact that the radial
component is directly measured by SLR and is strongly sub-
ject to the a priori applied force models, it is calculated in
the most reliable way, even for a relatively small number
of SLR observations and a relatively small number of SLR
tracking stations. In microwave solutions, the RMS of both
cross-track and along-track components assumes similar val-
ues. However, the cross-track component determined using
SLR is characterized by a significantly higher value of RMS,
similarly to the results based on simulated data reported
by Hugentobler (2017) for Galileo SLR-derived orbits. As in
the case of the semimajor axis (Fig. 3), the more SLR obser-
vations contributing to the solution, the smaller the value of
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Fig.5 Dependency of the number of SLR observations on the RMS of
differences between microwave and 3-day SLR solutions. The vertical
scale for BeiDou IGSO (bottom-middle) and QZSS (bottom-right) is

RMS is. In most cases, 60 SLR observations are sufficient to
provide reliable GNSS orbits. For the number of 60 obser-
vations, the RMS in the radial direction equals 2.9, 2.8, 4.5,
and 2.0 cm for R07, R18, E19, and C11, respectively (Fig. 5).
However, the cross-track component determined from 60
observations exhibits an RMS at the level of about 20cm
with an exception of Galileo E18, for which the RMS in
the along-track component reaches 10.1 cm. The solution for
E18, on the other hand, is not as stable as for the other MEO
spacecraft. RMS of the 3D position equals 19.3, 22.1, 22.4,
and 17.6 cm, for RO7,R18, E19, and C11, respectively. Char-
acteristics of RMS values of the solutions calculated using
60 SLR observations for all satellites and constellations are
shown in Table 3.
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changed, due to the higher RMS values. Raw data are shown as faint
dots. Median values (by five) are shown as solid lines

The number of 100 observations collected during the
3-day period was exceeded only for several GLONASS satel-
lites and for Galileo-IOV E19. If the number of observations
exceeds the level of about 100, the RMS of the radial compo-
nent does not further improve as it already equals 2.3 cm for
all GLONASS satellites. However, both the along-track and
cross-track components are characterized by a much lower
value of RMS when the number of SLR observations reaches
100, i.e., 6.8 and 10.9cm in the along-track and cross-track
direction, respectively, which results in the 3D RMS at the
level of 14.3cm. As a result, the 3D position of satellites
illustrated in Fig. 5 improves to the level of 13.3, 13.6, 15.6,
and 15.1 cm for RO7, R18, E19, and C11, respectively.
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Table 3 Summary of RMS between microwave and SLR orbits
obtained using 60 SLR observations for 3-day arcs (all values are given
in cm)

Component GLONASS  Galileo BeiDou QZSS
IOV FOC MEO IGSO

Radial 2.9 4.0 4.3 2.3 4.6 -

Along-track 8.8 104 157 102 245 -

Cross-track ~ 16.7 18.1 203 123 49.8 -

3D 21.4 233 262 179 556 -

More than 100 observations to one spacecraft do not
significantly improve the solution. In terms of the orbit deter-

and cross-track (green). The vertical scale for BeiDou IGSO (bottom-
middle) and QZSS (bottom-right) is changed, due to the higher values
of RMS

mination using SLR, stations should focus on providing a
constant number of observations to the whole multi-GNSS
constellation rather than focus on particular satellites.

The distribution of RMS of differences for Galileo-FOC
E30 is slightly better (2.9, 7.5, and 20.7 cm in radial, along-
track, and cross-track, respectively) than for GLONASS R10
(6.2, 11.1, and 20.5 cm in the radial, along-track, and cross-
track, respectively), despite a similar number of observations.
However, R10 is simultaneously tracked only by 5 SLR sta-
tions, whereas E30 is tracked by more than 10 stations. The
high number of stations itself does not provide a recipe for an
accurate orbit solution. Stations that provide range measure-
ments have to be homogeneously and globally distributed.
High quality of Galileo E30 orbit results from the fact that this
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satellite is tracked by worldwide distributed stations, which
provide a proper geometry of observations.

Orbit solutions vary for different types of BeiDou satel-
lites. BeiDou MEO switches from the yaw-steering mode to
normal mode when the |B| angle, i.e., the elevation angle
of the Sun above the satellite’s orbital plane, is below 4°
(Montenbruck et al. 2015¢). Despite the fact that the normal
mode is not modeled correctly, the RMS of differences for
BeiDou MEO is similar to GLONASS and Galileo constel-
lations. The regional attitude of IGSO satellites significantly
limits the number of observations and weakens the geome-
try of range measurements. The reference microwave orbits
for geosynchronous satellites are not of the highest quality;
as well, thus further investigations in terms of the geosyn-
chronous orbit parameter estimation have to be performed.

4.3.2 Dependency on the number of SLR tracking stations

The quality of the orbit solution depends also on the num-
ber of SLR tracking stations. Our analysis confirms that the
accuracy of orbit solution increases with the growth of the
number of SLR stations as reported by Hugentobler (2016)
who used simulated SLR data. According to Fig. 6, the solu-
tion based on fewer than 5 SLR stations provides orbits of
a poor quality with the median RMS of differences at the
level of 7.8, 23.0, and 48.6 cm in the radial, along-track, and
cross-track, respectively, for all satellites considered in our
calculations. GLONASS R10 was tracked by up to 5 SLR
stations—all of which are located in Europe, which does not
allow for obtaining high-quality orbits (see Fig. 6). BeiDou
IGSO CO08 is tracked at maximum by 6 stations (Fig. 6),
whereas the QZS-1 is simultaneously tracked by only up to 4
stations and on average by 1-2 stations. Moreover, the geom-
etry of observations is barely changeable in time. With the
increase in the number of stations from 5 to 10, the value of
the RMS starts to decline and reaches 3.6, 9.4, and 18.4 cm
in the radial, along-track, and cross-track direction, respec-
tively, which is by the factor of 2 better compared to the
case of employing 5 SLR stations. For more than 10 SLR
stations, the orbit solution stabilizes. In the case of 12 track-
ing stations, the accuracy of the orbit solution reaches the
level of 2.9, 8.4, and 14.9 cm in the radial, along-track, and
cross-track component, respectively.

The high number of SLR stations itself does not provide
a reliable orbit without a sufficient observation geometry,
which is a reason for the good quality of the orbit solutions
for RO7, R18, and E19. The median value of the RMS for
GLONASS RO07 tracked by 14 stations equals 2.6, 5.2, and
9.9cm in the radial, along-track, and cross-track direction,
respectively (see Fig. 6). GLONASS R18 is characterized by
even smaller values of RMS, i.e., 1.7, 3.8, and 6.8 cm in the
radial, along-track, and cross-track direction, respectively,
while being tracked by 15 SLR stations. For Galileo-IOV
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E19 the best solution is provided by 14 stations and equals
2.8, 8.2, and 13.1 cm in the radial, along-track, and cross-
track direction, respectively. Unexpectedly, for Galileo-FOC
E30 the lowest values of RMS are obtained from the solu-
tion based on 10 tracking stations and equals 2.3, 5.7, and
6.3 cm for the radial, along-track, and cross-track direction,
respectively. However, the median values are obtained from
only one solution; thus, it should not be considered as repre-
sentative without further investigations.

In conclusions, at least 60 SLR observations collected by
10 different SLR stations are needed to obtain 3-day SLR
orbits with a quality of about 3, 9, and 18 cm for the radial,
along-track, and cross-track, respectively. With the increase
in the number of SLR observations and the number of sta-
tions, the solution improves and stabilizes when more than
10 homogeneously distributed stations provide at least 100
observations.

5 The impact of the arc length
5.1 Orbit overlaps

We check the internal consistency of different arc length
strategies by the analysis of the orbit overlaps which are cal-
culated as an RMS between the middle day of the arc and
the corresponding day of the consecutive arc. For the longer
arcs, the internal accuracy of the determined orbits increases,
because for the 3-day arcs the middle (second) day is com-
pared to the first day from the consecutive arc, whereas for the
5-day arcs the middle (third) day is compared to the second
day from the consecutive arc.

For satellites for which the efficiency of solutions was
higher than 80% (see Fig. 2), orbit overlaps are at the cm
level in the radial direction for the 3-day solutions. With the
extension of the orbital arc, the median RMS of orbit over-
laps decreases by 58, 73, and 81% for the 5-, 7-, and 9-day
arcs, respectively. Figure 7 shows orbit overlaps for the 5-day
solutions for which the median RMS equals 4.3, 14.8, and
32.8cm in the radial, along-track, and cross-track direction,
respectively, which is better by 58% than for the 3-day solu-
tions but is worse by 36% than for the 7-day solutions, for
which almost 5% of solutions could not be calculated due
to the satellites maneuvers. For the most intensively tracked
satellites, i.e., GLONASS R07 the median RMS of orbit over-
laps for the 5-day solution reached the level of 2.1, 6.6, and
10.8 cm in the radial, along-track, and cross-track direction,
respectively. The internal accuracy for BeiDou IGSO and
QZSS is of poor quality and does not significantly improve
with the extension of the orbital arc. In the best case, the
median RMS of the orbit overlaps for the 5-day solution
equals 19, 66, and 167cm in the radial, along-track, and
cross-track direction, respectively, for BeiDou IGSO CO08.
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As a result, the presented methodology is better suited for
MEQO satellites, rather than for BeiDou IGSO and QZSS.

5.2 The distribution of solutions for selected
satellites

Table 4 shows the contribution of solutions with the accuracy
better than 10cm for three MEO satellites, i.e., GLONASS
RO2, Galileo-IOV E19, and BeiDou MEO C11. The effec-
tiveness of the accuracy below 10 cm in the radial direction
reaches 90 and 92% for 5- and 7-day solutions in the case of
GLONASS RO02, whereas for 3-day arcs equals only 71%.
With the extension of an orbital arc, the quality of the along-
track and cross-track components improves dramatically. In
the case of the cross-track component, the contribution of
solutions with the accuracy better than 10 cm is higher by a
factor of 3 for 5- and 7-day arcs in contrary to 3-day solutions
(see Table 4). However, for the 9-day solution the quality
decreases even by 5% as compared to the 7-day solution A.
The GLONASS constellation is the only one, for which the
solution A is superior to the solution B which may be caused
by the fact that GLONASS satellites are tracked by new Rus-
sian stations which do not have good a priori coordinates in
SLRF2008.

Galileo E19 is tracked by almost the same set of SLR sta-
tions as R02; however, the distribution of solutions is slightly
worse as compared to the GLONASS satellites. The number
of solutions below the level of 10 cm in the radial direction is
higher by 16, 17 and 17% for 5-, 7-, and 9-day arcs, respec-

tively, as compared to the 3-day solutions. In contrary to the
radial component, for the cross-track component, 5-day arcs
constitute the best solution (see Table 4).

BeiDou Cl11 is the least intensively tracked satellite in
the collection (Table 4). The geometry of observations is the
weakest as well, as it is tracked intensively by the Euro-
pean and Australian stations and Changchun. As a result,
the solution improves with the extension of the orbital arc.
The number of solutions below the level of 5 cm in the radial
direction is greater by 20% when compared 7-day solutions
to the 3-day solutions.

In conclusion, for the most intensively tracked satellites,
e.g., RO2 and E19, 5- or 7-day arcs constitute the optimal
solution. For the 9-day solution the degradation in the along-
track component can be noticed (see Table 4). For R02, the
increase in solutions with accuracy below the level of 10cm
in the along-track component is more spectacular (from 38 to
57%) than for E19 (from 18 to 27%) when extending the arc
from 3 to 5 days. For satellites that are tracked less intensively
(mostly by the European stations), we conclude that 7- and
9-day-long arcs constitute the best solution. However, for the
most intensively tracked satellites the 9-day solution causes
a degradation in the along-track component. The cross-track
component improves, not much enough though, to compen-
sate for the degradation of other components. Moreover, one
has to remember that the longer the arc is, the bigger the risk
occurs that satellites maneuvers take place, due to which, in
our case, almost 10% of solutions could not be obtained for
the 9-day arcs.

5.3 Strategy development for all satellites

Figure 8 illustrates median values of the RMS of differences
between microwave and SLR orbits calculated for all solu-
tions for the whole multi-GNSS constellation in the analyzed
period. Solution A with the estimation of all parameters
appears to be more reliable than solution B for the whole
GLONASS constellation. On the other hand, the median for
GLONASS satellites contains the results for satellites that
are not tracked intensively enough to determine a reliable
orbit. The RMS for 7-day arcs calculated for intensively
tracked spacecraft equals: 3.3, 9.0, and 14.3 cm in the radial,
along-track, and cross-track component, respectively. Such
satellites constitute only a half of the GLONASS constella-
tion; thus, the median calculated for the whole constellation
is not as reliable as in the case of e.g., Galileo.

Due to the fact that all Galileo satellites are tracked evenly,
the European constellation seems to be the most reliable
one for the development of the optimal arc length strategy.
According to Fig. 8, the most reliable length of the arc is 7-
day. However, as in the case of 9-day solutions, the satellites
maneuvers still interfere with the process of orbit determina-
tion. As a result, given the compromise between the quality
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Table 4 Percentage of solutions
with the accuracy higher than PRN Component 3-Day (%) 5-Day (%) 7-Day (%) 9-Day (%)
10cm in the radial, along-track, A B A B A B A B
and cross-track component for
R02, E19, and C11 for different RO2 Radial 71 78 90 88 92 90 89 90
processing strategies. Values for Along-track 38 39 57 4 57 45 52 47
solution A and B are shown
Cross-track 9 14 26 21 32 29 35 33
E19 Radial 62 66 80 82 81 83 80 83
Along-track 18 23 27 27 25 25 22 22
Cross-track 4 7 11 10 10 12 10 14
Cl11 Radial 37 42 57 59 62 63 64 66
Along-track 11 16 26 21 37 25 39 32
Cross-track 3 6 9 8 12 12 14 15

Table5 Median RMS for 5- and 7-day SLR solutions compared to the internal consistency of all MGEX Analysis Centers reported by Montenbruck

et al. (2017)

5-Day (SLR) 7-Day (SLR) Montenbruck et al. (2017) (GNSS)
Radial Along Cross 3D Radial Along Cross 3D Radial Along  Cross 3D
GLONASS ALL 7.4 21.5 39.0 48.1 ALL 6.2 182 297 382 4-11 4-12 3-9 6-17
ILRS 4.6 13.3 194 25.6 ILRS 4.1 11.8 15.7 21.6
RO7 0.8 2.4 1.9 32 RI8 1.1 1.2 2.6 3.1
Galileo ALL 4.8 15.1 309 36.0 ALL 4.0 156 273 328 4-10 10-19 6-20 14-29
E12 1.6 3.7 1.8 44 EI18 1.6 2.0 2.3 34
BeiDou MEO 5.0 154 28.2 349 MEO 44 134 229 283 3-11 1021 6-10 12-26
Cl1 1.2 1.8 5.1 5.5 Cl1 0.9 2.6 7.0 7.5
IGSO 244 64.7 268.8 302.0 IGSO 15.9 43.0 1852 1959 11-23 24-39 17-23  32-51
QZSS Jo1 72.7  201.1 560.6 764.2 J01 64.5 156.6 6105 714.8 10-71 28-133 16-156 40-240

‘ALL’ denotes median value of RMS for all solutions for all satellites in the constellation. ‘ILRS’ denotes satellites in the priority list of the ILRS.
RO7, R18, E12, E18, and C11—the best solution obtained for respective constellations. All values are given in cm

of the solution and the efficiency of calculations we consider
the 5-day solution B as the most reliable. The accuracy for
this solution is at the level of 4.8, 15.1, and 30.9 cm in the
radial, along-track, and cross-track direction, respectively.

BeiDou MEO segment is represented only by one space-
craft, i.e., C11. This satellite is not tracked as intensively
as the other MEO satellites; thus, the longer the arc is the
more observations supply the solution (see Fig. 8). A simi-
lar situation occurs for the BeiDou IGSO constellation. The
extension of the orbital arc does not, however, improve the
solution for QZSS.

Table 5 gives the median results from the 5- and 7-day
orbit determination using SLR with the consistency of all
Analysis Centers (AC) of MGEX provided by Montenbruck
et al. (2017) which are based on microwave GNSS obser-
vations. GLONASS satellites are divided into two groups,
i.e., all satellites from the Russian constellation and satel-
lites included in the priority list of ILRS. The RMS of SLR
solutions for intensively tracked GLONASS satellites (i.e.,
4 cm) is only slightly higher than the bottom threshold of con-
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sistency of MGEX ACs for the radial component. A similar
situation occurs for all MEO satellites, especially for Galileo
and BeiDou MEO whose accuracy of the determination of
the radial and along-track components of about 4 and 15cm
respectively, fits well the orbit accuracy provided by MGEX
ACs. Due to the poor SLR observation geometry, the solution
for BeiDou IGSO and QZSS is significantly worse than the
MGEX performance. Table 5 contains also the best solutions
obtained for GLONASS, Galileo, and BeiDou MEO satel-
lites for the 5- and 7-day solutions. In all cases, the RMS is
slightly lower, albeit in the threshold of the consistency of
MGEX solutions.

The most consistent solution was provided for the
GLONASS RO7 on July 15, 2015. The 5-day solution was
calculated using 129 SLR observations provided by 12 homo-
geneously distributed SLR stations. During the 5-day period
RO7 was tracked by 2 stations from North America, 3 from
Asia, 2 from Australia, and 5 from Europe all of which pro-
vided an even and sufficient geometry of observations. The
RMS of the best solution for GLONASS RO07 equals: 0.8,



Multi-GNSS orbit determination using satellite laser ranging

2461

1

W3Day A
W3-Day B
W5-Day A
0.8 E5-Day B

-l nhmu

W7-Day B
GLONASS Galileo

=
)

RMS [m]

[[19-Day A

M “ 1

Ll

Beillon MEQ

RMS [m]

Fig. 8 The median values of the RMS of differences between
microwave and SLR orbits calculated for the whole constellation of
GLONASS, Galileo, BeiDou MEO, BeiDou IGSO, and QZSS. Bars
contain values of the RMS decomposed into three directions, i.e., radial,
along-track, and cross-track, and 3D, respectively (from left to right).
Solution A corresponds to the solution with the estimation of the param-
eters mentioned in Table 2. Solution B considers only Keplerian and
empirical orbit parameters

2.4, and 1.9 cm in the radial, along-track, and cross-track
direction, respectively (see Table 5).

6 Discussion and conclusions

Thanks to the great effort of ILRS and SLR tracking sta-
tions, the number of SLR observations to multi-GNSS has
grown significantly since late 2013. This enables us to deter-
mine GNSS orbits based on SLR observations in 87, 86, 46,
and 39% cases for GLONASS, Galileo, BeiDou, and QZSS,
respectively. Based on the orbit solutions, we performed anal-
yses which answered the questions: what is the sufficient
number of SLR observations and what is the optimal geome-
try of SLR observations in order to provide an orbit solution
at the cm level. We also investigated an optimal arc length in
order to both increase the considered number of observations
and to avoid the orbit parameters to degrade.

The internal consistency of the orbit solutions based solely
on SLR observations to multi-GNSS satellites is at a satisfy-
ing level, i.e., the median RMS of orbit overlaps reached
the level of 4, 15, and 33cm in the radial, along-track,

and cross-track direction, respectively. In order to determine
multi-GNSS orbits with the mean error of the semimajor axis
at the level of 6 cm, one needs about 50 SLR observations. As
in the case of the external accuracy, with 20-30 observations
one may obtain an orbit of a meter accuracy which can be suf-
ficient for inactive navigation satellites equipped with LRAs;
thus, range measurements to GNSS satellites may contribute
to tracking of space debris.

On average, 60 observations are sufficient to provide a
precise multi-GNSS orbits of a scientifically useful quality
at the level of: 3, 11, and 17cm in the radial, along-track,
and cross-track direction, respectively, for all MEO satel-
lites, whereas the quality of the solution for BeiDou IGSO
was worse by the factor of 4 and for QZSS the number of 60
observations has never been reached. If the number of obser-
vations increases to 100, the RMS of both the along-track
and cross-track components decreases to the cm level. More
than 100 observations improve the solution only marginally
such that it is not worth putting effort on tracking a small
subset of particular satellites in an attempt to increase the
data beyond this level. It would be more efficient to track the
whole MGEX constellation homogeneously.

The number of SLR stations that provide SLR observa-
tions is not without significance. More than 5 stations are
necessary to provide a decent geometry of observations. In
total, 10 SLR stations provide a sufficient geometry to deter-
mine multi-GNSS orbits of a useful quality. Stations that
provide observations have to be, however, homogeneously
distributed in order to provide a sufficient geometry of obser-
vations. BeiDou IGSO and QZSS satellites are observed by
fewer than 6 stations, which is one of the reasons why we
cannot calculate high-quality orbits for those satellites due to
a poor geometry of observations. Moreover, the normal atti-
tude mode, which is used by various satellites during parts
of the eclipse periods, causes problems with orbit modeling
for both the microwave and SLR solutions.

We also tested the impact of the orbital arc length on the
orbit solution by testing 3-, 5-, 7-, and 9-day arcs. For the
intensively tracked satellites 5-day arcs constitute the best
solutions with the median RMS at the level of 4.8, 15.1,
and 28.2cm and 7-day arcs with the median RMS at the
level of 4.1, 13.4, and 22.9 cm in the radial, along-track, and
cross-track direction, respectively. As in the case of the 9-day
solution, the degradation of the accuracy of the along-track
component appears. Moreover, satellite maneuvers that occur
in the 9-day period made it impossible to calculate 10% of
solutions, whereas in the case of the 7-day arcs maneuvers
deteriorated fewer than 5% of solutions.

Figure 9 summarizes the diversity of the achieved orbit
quality. The accuracy of SLR-derived orbits depends on: (1)
the number of SLR observations, (2) the number and distribu-
tion of SLR tracking stations, (3) the length of the orbital arc,
(4) the generation of the satellite, (5) type of orbital plane,
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Fig. 9 Multi-GNSS orbit determination using SLR as a function
of the number of observations, 8 angle (angular height of the Sun
above the orbital plane), and the Empirical CODE Orbit Model
(ECOMI1/ECOM?2). The number of observations and RMS values are
presented as a 14-day medians. Gray areas indicate special GNSS track-
ing campaigns

(6) B angle, (7) empirical models used in the calculation
(ECOM1/ ECOM2).

The analysis performed in this paper provides informa-
tion about the required number of SLR observations and their
optimal geometry; thus, this work can serve as a recommen-
dation for SLR stations for collecting SLR observations in
terms of precise multi-GNSS orbit determination using SLR
data.

Firstly, one should investigate the accuracy and capabil-
ities of the orbit determination using solely range measure-
ments in order to use SLR-derived multi-GNSS orbits in
studies, such as the determination of global geodetic parame-
ters. The quality of the orbit solution is at the satisfying level,
with the best case of the 5-day solution for the GLONASS
RO7 which was calculated using 129 observations delivered
by 12 homogeneously distributed SLR stations. RMS of the
solution reached the level of 0.8, 2.4, and 1.9 cm in the radial,
along-track, and cross-track direction, respectively, which
fulfills the criteria of the precise orbit.

Multi-GNSS orbits derived using solely SLR data serve
as an independent orbit solution; thus, they can contribute as
an evaluation tool for the orbit modeling problems indicated
by microwave solutions. Figure 9 validates the correctness of
the new ECOM2 model for Galileo satellites. The influence
of low B angle does not affect Galileo satellites to such an
extent during the use of ECOM?2. However, the methodol-
ogy presented in this paper performs well for MEO satellites
but still requires further investigation in the case of geosyn-
chronous satellites. After that, the methodology can be used
for BeiDou-3 satellites, i.e., C31, C32 (IGSO) and C34,
C33 (MEO) that are not currently considered by ACs, and
for the determination of Galileo-IOV E20 that broadcasts
microwave signal on just one frequency since 2014, and thus,
the precise MGEX orbits are not available. Finally, multi-
GNSS orbit determination using solely SLR data is the first

@ Springer

step for a combined microwave-SLR orbit solution which
is crucial for the SLR-GNSS co-location in space onboard
GNSS satellites independent from ground-based local ties.

Acknowledgements This work has been realized in the frame of the
OPUS project founded by the National Science Center Poland (NCN)
Grant: UMO-2015/17/B/ST10/03108. The authors would like to thank
the CODE for the microwave orbits and the ILRS for SLR data. We
also thank ILRS for organizing special tracking campaigns and SLR
tracking stations for putting an extent effort to collect observations to
GNSS satellites. We also thank the Wroclaw Center of Networking
and Supercomputing (http://www.wcss.wroc.pl): MATLAB Software
License No: 101979. The authors would like to thank three anonymous
reviewers and the editor for valuable remarks.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

References

Altamimi Z, Rebischung P, Metivier L, Xavier C (2016) ITRF2014:
a new release of the international terrestrial reference frame
modeling nonlinear station motions. J] Geophys Res Solid Earth
121:6109-6131. https://doi.org/10.1002/2016JB013098

Appleby G, Otsubo T, Sinclair AT (1999) Comparison of precise SLR
orbits of the GLONASS satellites with microwave orbits. In: Pro-
ceedings of IGEX-98 workshop, pp 247-257

Appleby G, Rodrguez J, Altamimi Z (2016) Assessment of the accu-
racy of global geodetic satellite laser ranging observations and
estimated impact on ITRF scale: estimation of systematic errors
in LAGEOS observations 1993-2014. J Geod 90(12):1371-1388.
https://doi.org/10.1007/s00190-016-0929-2

Arnold D, Meindl M, Beutler G, Dach R, Schaer S, Lutz S, Prange L,
Sosnica K, Mervart L, Jaggi A (2015) CODEs new solar radiation
pressure model for GNSS orbit determination. J Geod 89(8):775—
791. https://doi.org/10.1007/s00190-015-0814-4

Beutler G, Brockmann E, Gurtner W, Hugentobler U, Mervart L,
Rothacher M (1994) Extended orbit modeling techniques at the
CODE processing center of the international GPS service for
geodynamics (IGS): theory and initial results. Manuscr Geod
19:367-386

BloBfeld M, Miiller H, Gerstl M, Stefka V, Bouman J, Gottl F,
Horwath M (2015) Second-degree Stokes coefficients from multi-
satellite SLR. J Geod 89(9):857-871. https://doi.org/10.1007/
s00190-015-0819-z

Cheng M, Ries J (2017) The unexpected signal in GRACE estimates of
C20.J Geod 97(8):897-914. https://doi.org/10.1007/s00190-016-
0995-5

Cordelli E, Vananti A, Schildknecht T (2016) Analysis of the orbit deter-
mination accuracy using laser ranges and angular measurements.
In: 67th international astronautical congress (IAC), Guadalajara,
Mexico, 26-30 September 2016

DachR, Lutz S, Walser P, Fridez P (eds) (2015) Bernese GNSS Software
Version 5.2. User manual. Astronomical Institute, University of
Bern, Bern, Open Publishing. https://doi.org/10.7892/boris.72297

Delva P, Hees A, Bertone S, Richard E, Wolf P (2015) Test of the gravita-
tional redshift with stable clocks in eccentric orbits: application to
Galileo satellites 5 and 6. Class Quantum Gravity 32(23):232003.
https://doi.org/10.1088/0264-9381/32/23/232003


http://www.wcss.wroc.pl
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/2016JB013098
https://doi.org/10.1007/s00190-016-0929-2
https://doi.org/10.1007/s00190-015-0814-4
https://doi.org/10.1007/s00190-015-0819-z
https://doi.org/10.1007/s00190-015-0819-z
https://doi.org/10.1007/s00190-016-0995-5
https://doi.org/10.1007/s00190-016-0995-5
https://doi.org/10.7892/boris.72297
https://doi.org/10.1088/0264-9381/32/23/232003

Multi-GNSS orbit determination using satellite laser ranging

2463

Dow J, Neilan R, Rizos C (2009) The international GNSS service in a
changing landscape of global navigation satellite systems. J Geod
83(34):191-198. https://doi.org/10.1007/s00190-008-0300-3

Fritsche M, Sosnica K, Rodriguez-Solano C, Steigenberger P, Dietrich
R, Dach R, Wang K, Hugentobler U, Rothacher M (2014) Homo-
geneous reprocessing of GPS, GLONASS and SLR observations.
J Geod 88(7):625-642. https://doi.org/10.1007/s00190-014-
0710-3

Hackel S, Steigenberger P, Hugentobler U, Uhlemann M, Montenbruck
O (2015) Galileo orbit determination using combined GNSS
and SLR observations. GPS Solut 19(1):15-25. https://doi.org/
10.1007/s10291-013-0361-5

Hugentobler U (2016) Ranging the GNSS constellation. In: 20th inter-
national workshop on laser ranging held in Potsdam, Germany,
10-14.10.2016

Hugentobler U (2017) Innovation: laser ranging to GNSS satellites. In:
GPS world, vol 28, no 5, 42 pp, May 2017. http://gpsworld.com/
kindred-spirits-laser-ranging-to- gnss-satellites/

Kazmierski K, So$nica K, Hadas T (2018) Quality assessment of multi-
GNSS orbits and clocks for real-time precise point positioning.
GPS Solut 22:11. https://doi.org/10.1007/s10291-017-0678-6

Kirchner G, Koidl (2015) Maximizing the output of SLR station Graz:
tracking 140 targets. 2015 ILRS technical workshop, Matera, Italy,
October 26-30, 2015

Lutz S, Steigenberger P, Meindl M, Beutler G, Sosnica K, Schaer
S, Dach R, Amold D, Thaller D, Jaggi A (2016) Impact of the
arclength on GNSS analysis results. ] Geod 90(4):365-378. https://
doi.org/10.1007/s00190-015-0878-1

Montenbruck O, Steigenberger P, Hugentobler U (2015a) Enhanced
solar radiation pressure modeling for Galileo satellites. J Geod
89(3):283-297. https://doi.org/10.1007/s00190-014-0774-0

Montenbruck O, Steigenberger P, Riley S (2015b) IRNSS orbit deter-
mination and broadcast ephemeris assessment. Institute of Navi-
gation. Presented at ION ITM 2015, Dana Point, CA, 26-28 Jan
2015

Montenbruck O, Schmid R, Mercier F, Steigenberger P, Noll C, Fatkulin
R, Kogure S, Ganeshan AS (2015c) GNSS satellite geometry and
attitude models. Adv Space Res 56(6):1015-1029. https://doi.org/
10.1016/j.asr.2015.06.019

Montenbruck O, Steigenberger P, Prange L, Deng C, Zhao Q, Perosanz
F, Romero I, Noll C, Sturze A, Weber G, Schmid R, MacLeod
K, Schaer S (2017) The multi-GNSS experiment (MGEX) of the
international GNSS service (IGS) achievements, prospects and
challenges. Adv Space Res 59(7):1671-1697. https://doi.org/10.
1016/j.asr.2017.01.011

Otsubo T, Appleby G, Gibbs P (2001) GLONASS laser ranging accu-
racy with satellite signature effect. SGEO 22(56):509-516. https://
doi.org/10.1023/A:1015676419548

Pavlis EC (1995) Comparison of GPS S/C orbits determined from GPS
and SLR tracking data. Adv Space Res 16(12):55-58. https://doi.
org/10.1016/0273-1177(95)98780-R

Pearlman M, Degnan J, Bosworth J (2002) The international laser
ranging service. Adv Space Res 30(2):135-143. https://doi.org/
10.1016/S0273-1177(02)00277-6

Pearlman M, Noll C, Torrence M (2015) Results from ILRS GNSS
tracking campaigns. 2015 ILRS technical workshop, October 26—
30, 2015, Matera, Italy

Plag HP, Pearlman M (eds) (2009) The global geodetic observing sys-
tem: meeting the requirements of a global society on a changing
planet in 2020. Springer, Berlin. ISBN 978-3-642-02687-4

Prange L, Orliac E, Dach R, Arnold D, Beutler G, Schaer S, Jaggi A
(2017) CODE:s five-system orbit and clock solution the challenges
of multi-GNSS data analyis. J Geod 91(4):345-360. https://doi.
org/10.1007/s00190-016-0968-8

Rodriguez-Solano C, Hugentobler U, Steigenberger P, Lutz S (2012)
Impact of earth radiation pressure on GPS position estimates.
J Geod 86(5):309-317. https://doi.org/10.1007/s00190-011-
0517-4

Rodriguez-Solano CJ, Hugentobler U, Steigenberger P, Blofifeld M,
Fritsche M (2014) Reducing the draconitic errors in GNSS geode-
tic products. J Geod 88:559-574. https://doi.org/10.1007/s00190-
014-0704-1

SosnicaK, Jaggi A, Thaller D, Beutler G, Dach R (2014) Contribution of
Starlette, Stella, and AJISAI to the SLR-derived global reference
frame. J Geod 88:789-804. https://doi.org/10.1007/s00190-014-
0722-z

Sosnica K, Jaggi A, Meyer U, Thaller D, Beutler G, Arnold D, Dach
R (2015a) Time variable Earths gravity field from SLR satel-
lites. J Geod 89(10):945-960. https://doi.org/10.1007/s00190-
015-0825-1

Sosnica K, Thaller D, Dach R, Steigenberger P, Beutler G, Arnold D,
Jaggi A (2015b) Satellite laser ranging to GPS and GLONASS.
J Geod 89(7):725-743. https://doi.org/10.1007/s00190-015-
0810-8

Sosnica K, Prange L, Kazmierski K, Bury G, Drozdzewski M, Zajdel
R, Hadas T (2018) Validation of Galileo orbits using SLR with
a focus on satellites launched into incorrect orbital plane. J Geod
92(2):131-148. https://doi.org/10.1007/s00190-017-1050-x

Springer T, Beutler G, Rothacher M (1999) A new solar radiation pres-
sure model for GPS satellites. GPS Solut 3(2):50-62. https://doi.
org/10.1007/PL00012757

Steigenberger P, Montenbruck O, Hugentobler U (2015) GIOVE-B solar
radiation pressure modeling for precise orbit determination. Adv
Space Res 55(5):1422-1431. https://doi.org/10.1016/j.asr.2014.
12.009

Steigenberger P, Tholert S, Montenbruck O (2017) GNSS satellite trans-
mit power and its impact on orbit determination. J Geod. https:/
doi.org/10.1007/s00190-017-1082-2

Thaller D, Dach R, Seitz M, Beutler G, Mareyen M, Richter B (2011)
Combination of GNSS and SLR observations using satellite co-
locations. J Geod 85(5):257-272. https://doi.org/10.1007/s00190-
010-0433-z

Urschl C, Beutler G, Gurtner W, Hugentobler U, Schaer S (2007) Con-
tribution of SLR tracking data to GNSS orbit determination. Adv
Space Res 39(10):1515-1523. https://doi.org/10.1016/j.asr.2007.
01.038

Urschl C, Beutler G, Gurtner W, Hugentober U, Ploner M (2008) Orbit
determination for GIOVE-A using SLR tracking data. In: Luck
J, Moore CWP (eds) Extending the range. Proceedings of 15th
international workshop on laser ranging, 4046 pp

Zajdel R, Sosnica K, Bury G (2017) A new online service for the val-
idation of multi-GNSS orbits using SLR. Remote Sens 9:1049.
https://doi.org/10.3390/rs9101049

Zhu SY, Reigber C, Kang Z (1997) Apropos laser tracking to
GPS satellites. J Geod 71(7):423-431. https://doi.org/10.1007/
5001900050110

@ Springer


https://doi.org/10.1007/s00190-008-0300-3
https://doi.org/10.1007/s00190-014-0710-3
https://doi.org/10.1007/s00190-014-0710-3
https://doi.org/10.1007/s10291-013-0361-5
https://doi.org/10.1007/s10291-013-0361-5
http://gpsworld.com/kindred-spirits-laser-ranging-to-gnss-satellites/
http://gpsworld.com/kindred-spirits-laser-ranging-to-gnss-satellites/
https://doi.org/10.1007/s10291-017-0678-6
https://doi.org/10.1007/s00190-015-0878-1
https://doi.org/10.1007/s00190-015-0878-1
https://doi.org/10.1007/s00190-014-0774-0
https://doi.org/10.1016/j.asr.2015.06.019
https://doi.org/10.1016/j.asr.2015.06.019
https://doi.org/10.1016/j.asr.2017.01.011
https://doi.org/10.1016/j.asr.2017.01.011
https://doi.org/10.1023/A:1015676419548
https://doi.org/10.1023/A:1015676419548
https://doi.org/10.1016/0273-1177(95)98780-R
https://doi.org/10.1016/0273-1177(95)98780-R
https://doi.org/10.1016/S0273-1177(02)00277-6
https://doi.org/10.1016/S0273-1177(02)00277-6
https://doi.org/10.1007/s00190-016-0968-8
https://doi.org/10.1007/s00190-016-0968-8
https://doi.org/10.1007/s00190-011-0517-4
https://doi.org/10.1007/s00190-011-0517-4
https://doi.org/10.1007/s00190-014-0704-1
https://doi.org/10.1007/s00190-014-0704-1
https://doi.org/10.1007/s00190-014-0722-z
https://doi.org/10.1007/s00190-014-0722-z
https://doi.org/10.1007/s00190-015-0825-1
https://doi.org/10.1007/s00190-015-0825-1
https://doi.org/10.1007/s00190-015-0810-8
https://doi.org/10.1007/s00190-015-0810-8
https://doi.org/10.1007/s00190-017-1050-x
https://doi.org/10.1007/PL00012757
https://doi.org/10.1007/PL00012757
https://doi.org/10.1016/j.asr.2014.12.009
https://doi.org/10.1016/j.asr.2014.12.009
https://doi.org/10.1007/s00190-017-1082-2
https://doi.org/10.1007/s00190-017-1082-2
https://doi.org/10.1007/s00190-010-0433-z
https://doi.org/10.1007/s00190-010-0433-z
https://doi.org/10.1016/j.asr.2007.01.038
https://doi.org/10.1016/j.asr.2007.01.038
https://doi.org/10.3390/rs9101049
https://doi.org/10.1007/s001900050110
https://doi.org/10.1007/s001900050110

	Multi-GNSS orbit determination using satellite laser ranging
	Abstract
	1 Introduction
	1.1 Role of SLR in space geodesy
	1.2 SLR tracking of GNSS
	1.3 The new GNSS constellations
	1.4 The goal of this study
	1.5 Structure of the paper

	2 Methodology
	3 The ILRS-intensive tracking campaigns
	4 Results
	4.1 The effectiveness of multi-GNSS orbit solutions using SLR
	4.2 Impact of the observation number on the internal orbit quality 
	4.3 Comparison to the microwave-based orbits
	4.3.1 Dependency on the number of observations
	4.3.2 Dependency on the number of SLR tracking stations


	5 The impact of the arc length
	5.1 Orbit overlaps
	5.2 The distribution of solutions for selected satellites
	5.3 Strategy development for all satellites

	6 Discussion and conclusions
	Acknowledgements
	References


