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Abstract

Recent efforts of tracking low Earth orbit and medium Earth orbit (MEO) satellites using geodetic very long baseline
interferometry (VLBI) raise questions on the potential of this novel observation concept for space geodesy. Therefore,
we carry out extensive Monte Carlo simulations in order to investigate the feasibility of geodetic VLBI for precise orbit
determination (POD) of MEO satellites and assess the impact of quality and quantity of satellite observations on the derived
geodetic parameters. The MEO satellites are represented in our study by LAGEOS-1/-2 and a set of Galileo satellites. The
concept is studied on the basis of 3-day solutions in which satellite observations are included into real schedules of the
continuous geodetic VLBI campaign 2017 (CONT17) as well as simulated schedules concerning the next-generation VLBI
system, known as the VLBI Global Observing System (VGOS). Our results indicate that geodetic VLBI can perform on a
comparable level as other space-geodetic techniques concerning POD of MEO satellites. For an assumed satellite observation
precision better than 14.1 mm (47 ps), an average 3D orbit precision of 2.0 cm and 6.3 cm is found for schedules including
LAGEOS-1/-2 and Galileo satellites, respectively. Moreover, geocenter offsets, which were so far out of scope for the geodetic
VLBI analysis, are close to the detection limit for the simulations concerning VGOS observations of Galileo satellites, with
the potential to further enhance the results. Concerning the estimated satellite orbits, VGOS leads to an average precision
improvement of 80% with respect to legacy VLBI. In absolute terms and for satellite observation precision of 14.1 mm
(47 ps), this corresponds to an average value of 17 mm and 7 mm concerning the 3D orbit scatter and precision of geocenter
components, respectively. As shown in this study, a poor satellite geometry can degrade the derived Earth rotation parameters
and VLBI station positions, compared to the quasar-only reference schedules. Therefore, careful scheduling of both quasar
and satellite observations should be performed in order to fully benefit from this novel observation concept.
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1 Introduction

B Grzegorz Klopotek

grzegorz Klopotek @chalmers.se Geodetic very long baseline interferometry (VLBI) is a

space-geodetic technique with a long tradition of realizing
terrestrial (Bachmann et al. 2016) and celestial reference
systems (Fey et al. 2009), and uniquely providing the full
set of Earth orientation parameters (EOP) that relate those
two systems (Nothnagel et al. 2017). Observations of radio
emission from very distant natural radio sources, objects
commonly referred to as quasars, are the basis of geodetic
Department of Space, Earth and Environment, Chalmers VLBI. Due to the great distances, a catalog of well-defined
University of Technology, Onsala Space Observatory, quasars realizes a quasi-inertial reference frame. While using
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these radio sources provides a unique capability of simulta-
neous determination of a full set of EOP, other Earth-based
parameters, commonly accessible by satellite techniques like
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Systems (GNSS) or Doppler Orbitography and Radio posi-
tioning Integrated by Satellite (DORIS), cannot be derived
from standard geodetic VLBI analysis. In particular, this
implies that VLBI does not provide a direct access to
information that relates to the gravity field or to geocenter
motion.

Driven by recent efforts to track Earth-orbiting satel-
lites with geodetic VLBI, several technical (McCallum
et al. 2017) and theoretical (e.g., Hase 1999; Duev et al.
2012) questions arose concerning the use of such obser-
vations for the benefit of the geodetic community (Dickey
2010) and the Global Geodetic Observing System (GGOS,
Plag and Pearlman 2009). Since the latter aims to com-
bine all space-geodetic techniques in a consistent manner
for a very stable and precise reference frame, the ques-
tion of the performance of geodetic VLBI for satellite
tracking needs to be also addressed before observation con-
cepts for GGOS can be designed. The simultaneous use
of several space-geodetic techniques is beneficial for over-
coming the technique-specific weaknesses while providing
the highest quality and homogeneity of global geode-
tic parameters (Rothacher et al. 2011; Artz et al. 2012;
Sosnica et al. 2019). The inclusion of a dedicated VLBI
transmitter on board of future GNSS satellites would thus
create a great opportunity for the multi-technique analysis
of space-geodetic data. Such a concept is realized nowa-
days with SLR observations of GNSS satellites that are
equipped with laser retroreflector arrays. This allows, for
instance, validation of microwave-based GNSS orbits with
SLR (Otsubo et al. 2001; Montenbruck et al. 2015; Hackel
et al. 2015).

Observations of both satellites and quasars with VLBI
could bring several benefits along with some challenges. As
the very same instruments (i.e., reference points) are used to
observe both quasars and Earth-orbiting satellites, technique-
specific coordinate frame solutions (Plank et al. 2016) can be
derived in order to investigate technique-specific systematic
effects and the quality of local ties. The latter refers to vectors
connecting the reference points of geodetic instruments at co-
location sites. The insufficient quality of local ties (Ray and
Altamimi 2005; Altamimi et al. 2016) limits the accuracy of
today’s ITRF realizations, besides inhomogeneous network
configurations or technique-specific errors. Observations of
satellites with VLBI telescopes would allow to include this
technique in co-location on board of spacecrafts and realize
the concept of space ties. With VLBI, the positions of satel-
lites can be connected directly to the reference frame defined
by extragalactic radio sources and those estimates can be
compared with positions determined by other space-geodetic
techniques. In this case, the technique ties are realized
together by all instruments that can observe the co-location
satellite, enhancing in this way the quantity of tie mea-
surements and improving their spatio-temporal resolution.

@ Springer

Therefore, space ties and carefully chosen (ground-based)
local ties could thus be utilized for an improved derivation of
TREF, and/or mitigation of systematic errors that are present in
the space-geodetic techniques. The combined solutions can
potentially result in an enhanced quality of target param-
eters such as station positions, EOP or spacecraft orbits.
At the co-location ground stations, single troposphere and
clock models can be applied to two observation types and
thus improve the stability of the solutions (Kriigel et al.
2007).

So far only few dedicated experiments have been per-
formed with the purpose to track low Earth orbit (LEO)
or medium Earth orbit (MEO) satellites with VLBI (Haas
et al. 2014; Tornatore et al. 2014; Plank et al. 2017; Heller-
schmied et al. 2018). However, these observations were
neither performed with networks of globally distributed
VLBI stations nor did they address determination of satel-
lite orbits. A variety of simulation studies have also been
carried out with the aim of understanding how one could
benefit from tracking satellites in the geodetic VLBI mode
(Plank 2013; Plank et al. 2016) and whether this technique
could contribute to the concept of co-location in space (Min-
nel 2016; Anderson et al. 2018). Although over the past
years several interesting aspects have been discussed, studies
whether geodetic VLBI has the potential to access geode-
tic parameters other than those currently obtained have not
been performed so far. The latter aspect and the concept
of co-location in space imply also precise determination
of spacecraft orbits. Accurate orbit parameters are of high
importance for Earth science missions when solving for
global parameters of geophysical interest (Bertiger et al.
1994; Kang et al. 2000).

In this study, we investigate the feasibility of geodetic
VLBI for precise orbit determination of MEO satellites with
the use of extensive Monte Carlo simulations. The follow-
ing sections explain the concept of satellite observations in
the geodetic VLBI mode, describe the simulation environ-
ment and summarize the results obtained from our extensive
Monte Carlo simulations. The latter involve quasars and
observations of LAser GEOdynamics Satellite (LAGEOS-
1 and LAGEOS-2) and a set of Galileo satellites in three
consecutive 24-h geodetic VLBI sessions, which were used
to derive 3-day solutions. In Sect. 2, the concept of observa-
tions of satellites with geodetic VLBI is described. Extensive
information on the input data, simulation setup and param-
eterization applied in this study is given in Sect. 3. Results
based on schedules representing the performance of both the
legacy and the next-generation VLBI systems are presented
in Sect. 4. The discussion concerning the obtained results
and the impact of satellite observations on classical geodetic
parameters is given in Sect. 5. The final section consists of a
summary and outlook.
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2 Geodetic VLBI observations of
Earth-orbiting satellites

Recent experiments related to tracking of artificial radio
sources with geodetic VLBI include observations of signals
characterized by different strength and structure. Differential
One-way Ranging (DOR) tones used for spacecraft track-
ing (range and range-rate measurements) constitute the first
example. When applied to geodetic VLBI (Haas et al. 2017,
Hellerschmied et al. 2018), the obtained group-delay observ-
ables are characterized by a theoretical precision on the
sub-nanosecond level (Zheng et al. 2014; Klopotek et al.
2019). VLBI stations with L-band capability can observe
GNSS satellites. This results in single-band delay uncer-
tainties on a similar level (Plank et al. 2017). Besides these
theoretical values, one needs also to consider additional fac-
tors that can degrade the quality of satellite observations.
One example are ionosphere delays in the case of single-
frequency observations. This effect can be reduced by using
externally derived ionosphere delays, e.g., delays computed
based on GNSS data (Ménnel and Rothacher 2016). In this
case, however, non-negligible delay contributions would still
be present (Sekido et al. 2003). In addition, effects due to tro-
posphere and station clock variations need to be modeled at
the data analysis stage and can be also estimated with the use
of quasar observations (Plank et al. 2017; Klopotek et al.
2019). The different nature of quasar and satellite obser-
vations requires also changes of the usual observation and
analysis approaches. The conventional VLBI delay model
(Petit and Luzum 2010) is not applicable in the case of the
Earth-orbiting satellites and so-called near-field VLBI delay
models (Fukushima 1994; Sekido and Fukushima 2006;
Duev et al. 2012) have to be used. This applies to both the
correlation and data analysis stage (Klopotek et al. 2017,
Hellerschmied et al. 2018). In addition, depending on the
satellite orbital height, one additional challenge is that the
mutual visibility to a satellite is much smaller than to a quasar.

Typical natural radio sources for geodetic VLBI are
characterized by observed flux densities on the order of
1072°Wm~2 Hz~!. GNSS L-band signals, as received on the
surface of the Earth, are several orders of magnitude stronger
(Steigenberger et al. 2018) than radiation from quasars. This
implies that VLBI delay observables, based on observations
of artificial radio sources, are in theory rather precise even for
short measurements of only few seconds. Therefore, instead
of observing natural radio sources for tens of seconds, several
satellite scans' with even different satellites can be carried
out during the same time, given that the antennas’ slew speeds
are sufficiently high. The current VLBI telescopes are already

1" A single scan should be understood as a radio source that is observed
simultaneously by several VLBI telescopes, not necessarily with the
same observation lengths.

capable of tracking objects at various orbital heights, includ-
ing LEO satellites (Sun et al. 2018; Hellerschmied et al.
2018). This also should not be an issue for the next-generation
VLBI telescopes due to their improved tracking capabilities
(Petrachenko et al. 2009; Fukuzaki et al. 2015). However, a
compromise needs to be found when utilizing such sources
as very strong signals might be problematic for the dynamic
range of the VLBI systems. If not potentially damage VLBI
front-ends at the first place, they would pose the problem of
varying attenuation levels for the VLBI back-ends, which is
in general not preferable and may cause some problems at the
data analysis stage (Plank et al. 2017). Furthermore, strong
satellite signals do not allow to use the existing VLBI phase-
calibration (PCAL) systems designed to reduce instrumental
effects. Therefore, for a prospective VLBI-like transmitter
placed on a GNSS satellite, signal strength on the order of
tens of mW over a MHz bandwidth? would be suitable for
observations in the geodetic VLBI mode (see Sect. 3.2).

Although it is possible to make use of DOR tones in the
geodetic VLBI analysis (Hellerschmied et al. 2018; Klopotek
et al. 2019), processing of such data at the post-correlation
analysis stage, when the group delays are obtained, is not
always a straightforward task and some alterations at this
stage are necessary. Alternatively, a VLBI-like transmitter
on a satellite could transmit signals reminiscing quasars,
i.e., random signals with equal intensity over wide fre-
quency bands. Such a solution would open the possibility
of using standard tools from traditional geodetic VLBI. In
that case, multiple few-MHz-wide channels spanning few
hundred MHz would be favorable for observations in the
geodetic VLBI mode. Realization of the proposed concept
would thus not require any signal modulation while still pro-
viding relative delays on each baseline.

Good knowledge of technique-specific offsets/phase cen-
ters of the employed instruments is a prerequisite for deriving
high-quality geodetic products of various kinds (Schmid et al.
2007). This applies to both the receiver antenna and the posi-
tion of the satellite antenna phase center. VLBI telescopes are
high-gain directive antennas and therefore suffer neither from
multipath effects nor from phase-center variations. However,
in the case of prospective VLBI observations of satellites
equipped with dedicated transmitters, satellite phase-center
offsets (PCOs) and phase-center variations (PCVs) have to
be considered. The physical location of the antenna reference
point and the average electronic phase-center location can be
precisely measured prior to the satellite launch. However, this
needs to be augmented with an in-flight calibration (based
on post-fit observation data residuals) as the effective phase-
center positions can vary significantly depending on the error
sources additionally present in the actual spacecraft environ-

2 Standard microwave link budget calculations (Seybold 2005) for a
3 dBi transmitter gain and a distance of 20,000 km.
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ment. Similarly to the analysis of GNSS observations in a
global solution (Schmid and Rothacher 2003; Haines et al.
2004; Schmid et al. 2007; Montenbruck et al. 2008; Jaggi
etal. 2009), corrections to the VLBI transmitter antenna char-
acteristics, obtained from the ground calibration, could be
determined from the VLBI data, together with other geode-
tic parameters of interest and represented as a function of
nadir angle and azimuth in the satellite antenna frame. In
the case of prospective observations including both satel-
lites and quasars, the terrestrial scale is derived from quasar
observations, which, along with SLR data, are used to real-
ize the ITRF scale (Altamimi et al. 2016). Nevertheless, long
time series and varying observation geometries are essential
in order to obtain the most reliable phase-center corrections
and properly decouple all solve-for parameters (Schmid and
Rothacher 2003; Schmid et al. 2007).

3 Simulation setup and parameter
estimation

Simulation studies are useful tools for assessing the per-
formance of new concepts or technology in case no real
observations are available. In Monte Carlo simulations, a
large number of simulation runs provide the basis for deriving
information on the investigated parameters, given the math-
ematical model and a set of input parameters with known
stochastic behavior (probability distribution). In this study,
Monte Carlo simulations were carried out with the ¢5++
analysis software (Hobiger et al. 2010), which was developed
with the aim of processing VLBI, GNSS and SLR separately
or in a multi-technique approach by combining them on the
observation level (Hobiger and Otsubo 2014; Hobiger et al.
2014; Hobiger and Otsubo 2017). This is beneficial for the
data analysis as processing several observation types with the
same software provides high consistency w.r.t. the applied a
priori models and parameterization.

The simulated geodetic VLBI observables consist of the
geometric delays and a number of additional contributions.
In the case of quasar observations, the so-called Consen-
sus Model (Petit and Luzum 2010) is used to calculate the
geometric delay. As stated in Sect. 2, this is not applicable
to satellite observations and the conventional VLBI delay
model needs to be replaced by a near-field model. The Monte
Carlo approach is realized by changing atmospheric, station
clock and measurement-noise contributions for each simu-
lation run, providing in this way the basis for predicting the
performance of the investigated ideas. The c5++ analysis
software has already been used to conduct similar simulation
studies. Extensive information concerning geodetic VLBI
simulations in c5++ is given by Kareinen et al. (2017) and
Klopotek et al. (2018).

@ Springer

3.1 Input data

The International VLBI Service for Geodesy and Astrometry
(IVS, Nothnagel et al. 2017) is an international collaboration
of institutions, which operate and support the components of
geodetic and astrometric VLBI. During the last two decades,
every third year the performance of the VLBI systems was
investigated by organizing a continuous VLBI campaign
(CONT). In this study, the Legacy-1 observation network
of CONT17 (Behrend et al. 2017) was chosen as a represen-
tative set of stations for the current (S/X) VLBI system. In
order to combine satellite and quasar observations, the cor-
responding schedule files for the first three days of CONT17
were used, i.e., between 2017/11/28 00:00:00 UTC and
2017/12/01 00:00:00 UTC. Our study included also sched-
ules related to the next-generation (broadband) VLBI system
referred to as the VLBI Global Observing System (VGOS,
Petrachenko et al. 2009; Niell et al. 2018). We created a
VGOS-type schedule with a station network used during the
conceptual phase of VGOS. It covered the same 3-day period
as the CONT17 schedules. The distribution and quantity of
VGOS stations used in this study thus does not exactly rep-
resent the currently realized VGOS network. Nevertheless,
throughout our simulations, it is possible to investigate the
dependence of the enhanced observation density, higher pre-
cision of quasar observations and a homogeneous network
configuration on the determined satellite-based parameters.
One can address therefore the question of the benefit of satel-
lite observations carried out in the VGOS era, compared to
using the current VLBI system. The distribution of the par-
ticipating telescopes for both employed networks (CONT17
and VGOS) is illustrated in Fig. 1.

Satellite observations were added into the geodetic VLBI
schedules by modifying VLBI experiment (VEX) files
(Whitney et al. 2002), managed by the IVS and publicly
available through its server’. In the case of the VGOS-type
observations, we used three VEX files converted from a sin-
gle SKD file (Gipson 2010). A priori information based on
real orbits (see below for more details) was used to compute
the position of a satellite at any given time and then either
every fourth or eighth quasar scan was replaced with few
10-s satellite scans (or a single satellite scan in the case of
the VGOS schedule) for all stations that could see the satel-
lite. In case a certain station could not see the satellite, it was
placed back to observe the originally scheduled radio source.
In order to decorrelate parameters requiring good observ-
ing geometries (troposphere model, station positions), quasar
observations dominate our solutions in terms of sky cover-
age and quantity. Rather than observing a handful of satellites
very frequently, VLBI telescopes have to spend a significant
amount of time pointing at many different directions in the

3 https://cddis.gsfc.nasa.gov/vIbi/ivsdata/aux/2017/.
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Fig. 1 VLBI stations of the 14-station CONT17 Legacy-1 network
(red) and stations of a hypothetical 16-station VGOS network (yellow).
The name labels refer to the CONT17 stations. Since the VGOS net-

sky. A similar approach of modifying VEX files was applied
by Klopotek et al. (2018) for combining quasar and lunar
observations. This approach provides a simple method to
utilize both data types while providing a sufficiently large
number of non-quasar observations.

Two satellite constellations were examined in this study,
assuming that they are observable with VLBI. GNSS was
represented by a set of Galileo (GAL) satellites (EO1, E02,
E04, EO07, E12 and E26), i.e., two satellites per orbital
plane. The three equally-spaced GAL orbital planes, with a
56° inclination, are characterized by an orbital altitude of
23,222 km. Our simulations included also the LAGEOS-
1 and LAGEOS-2 satellites, hereafter referred to as LAG
satellites. LAGEOS-1 is located at an altitude of 5860 km
and moves on an orbit inclined by 109.90°. In the case of
LAGEOS-2, the orbital height and orbital inclination equal
5620 km and 52.67°, respectively. The LAG case can be
seen as a pure theoretical study which only concerns the
common visibility aspect and the sensitivity of geodetic
VLBI to geocenter and Earth rotation parameters (ERP), see
Sect. 4. However, the LAG-type schedules correspond also
to some extent to scenarios related to co-location in space
(Nerem et al. 2011). Satellites at LAG-like altitudes still
allow to obtain a sufficiently large number of interferomet-
ric measurements at long baselines, compared to satellites
at GNSS-like altitudes. On the contrary, a global network
of VLBI stations and LEO satellites would result in too
few observations and many baselines that could not observe
satellites. As a consequence, this would lead to rather poor

-180° -135° -90° -45°
90—

0 45° 90° 135° 180°

work employed here was used in the design phase of VGOS, no station
names are given. The map created using ETOPO1 Global Relief Model
(Amante and Eakins 2009)

observing geometries for orbit determination and parameter
estimation (Ménnel 2016).

Final orbit products* (Dach et al. 2016) in the form of
SP3 files from the Center for Orbit Determination in Europe
(CODE) were used in the GAL-related simulations. For the
LAG case, the a priori orbit information was based upon SP3
files, calculated at European Space Agency (ESA) and pub-
licly available via a dedicated ftp server’ of the International
Laser Ranging Service (ILRS, Pearlman et al. 2019). Such
external orbit information for both employed constellations
served as the basis for deriving initial state vectors necessary
in the orbit determination process, see Sect. 3.4.1.

The overall number of observations in the modified
schedules exceeded significantly the amount of observations
present in the original schedules. As mentioned in Sect. 2,
artificial radio sources can be observed for shorter periods of
time due to their signal strength. Therefore, several satellite
scans can be obtained from replacing a single quasar scan,
and, e.g., a 10-s satellite scan duration is more than sufficient
to reach typical targets for the baseline-based Signal-To-
Noise Ratio (SNR), a criterion used at the scheduling stage.
More details on the original and modified schedules are given
in Table 1.

4 https://cddis.gsfc.nasa.gov/pub/gps/products/mgex/1977/;
https://cddis.gsfc.nasa.gov/pub/gps/products/mgex/1978.

5 https://cddis.gsfc.nasa.gov/pub/slr/products/orbits/.
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3.2 Precision of the simulated observations

The simulations included contributions originating from
three major error sources, i.e., tropospheric turbulence,
behavior of hydrogen masers at observing sites, and baseline-
based measurement noise (Petrachenko et al. 2009; Nilsson
and Haas 2010). The precision of the simulated satellite
observations was controlled in our case by modifying only the
baseline-based (Gaussian) noise. Its level should in principle
reflect the current (realistic) precision of such observations.
However, it is also possible to investigate via this parameter
how the quality of the derived target parameters depends on
the precision of satellite observations. Therefore, eight differ-
ent baseline noise levels for satellite observations were used.
They covered the levels between 1.4 mm and 300.0 mm in
logarithmic steps. For quasar observations, 14.1 mm (47 ps)
and 1.4 mm (4.7 ps) were used to reflect the performance
of the current (S/X) VLBI and VGOS systems, respectively.
In each simulation run (60 runs per noise level), the a pri-
ori satellite position states were perturbed randomly with a
standard deviation of 30 m, before being used in the second
stage of the analysis (see Sect. 3.4). Hence, it could be veri-
fied whether the orbit solutions converged toward the a priori
orbit used to generate the satellite observations.

A millimeter-level satellite observation precision, also
examined in our study, is theoretically possible. Assum-
ing VGOS-compliant observations providing a root-mean-
square (RMS) spanned bandwidth® B g s of about 0.34 GHz
per band, group-delay VLBI observables with an uncertainty
of approximately 1.4 mm (4.7 ps) could be then obtained
while reaching baseline-based SNR targets on the order
of 100 for 1-s scan lengths and 2-bit quantization (Taka-
hashi et al. 2000). For GNSS-type orbits and a VLBI-like
transmitter with a 3 dBi antenna gain, this would imply,
for instance, transmission of radio signals with power lev-
els below one Watt and over a spanned frequency range of
approximately 0.85 GHz, assuming utilization of multiple
few-MHz-wide channels per band and polarization (Niell
et al. 2018). Accordingly, smaller SNR targets would imply
larger Bgrys in order to still operate within a millimeter
observation precision regime.

The presented simulation setup provides a close-to-reality
assessment of the feasibility of geodetic VLBI for an accurate
orbit determination of Earth satellites. However, since it was
assumed in this study that all the force models are perfectly
known and no acceleration noise is present, the same mod-
els were applied both in the simulation and in the analysis
(recovery) step.

6 A quantity related to the bandwidth-synthesis technique referring to
the applied channel center frequency sequences and corresponding to
approximately 40% of the total frequency span (Rogers 1970; Thomp-
son et al. 2017).
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Fig.2 Performance metrics (precision and accuracy) calculated based
upon the Monte Carlo simulations and using external orbits. The same
routine applies also to LAG satellites

3.3 Orbit quality assessment

Various methods can be used to assess the quality of the
obtained orbit solutions. This often includes n-day orbit
overlaps, day-boundary discontinuities or inter-technique
comparison of the derived orbits (Hackel et al. 2015). In
our case, the orbit quality was assessed by investigating the
scatter among the individual 3-day orbit solutions w.r.t. the
mean 3-day orbit. This indicates a precision of the orbit solu-
tions. When the individual solutions are compared to the a
priori orbit information, accuracy of the obtained orbits can
be assessed. Such computations were performed with 5-min
intervals for the radial, cross-track and along-track compo-
nents as well as for the three-dimensional positions. This
approach is illustrated in Fig. 2. An average value calculated
based on such quantities represents therefore an overall mean
orbit quality.

3.4 Analysis setup

The target parameters were derived with various analysis
options, but always employing a two-stage approach. The
second-order clock polynomials were derived in stage-1. The
estimation of one 3-day continuous piece-wise linear func-
tion for the station clocks was thus possible and was carried
out in stage-2 along with estimation of the parameters of
interest and for different analysis options.

Estimation of additional parameters, i.e., zenith wet delays
(ZWD), tropospheric gradients, station clocks, as well as
estimation of station positions with No-Net-Translation/No-
Net-Rotation (NNT/NNR) conditions (using nine out of
fourteen stations for the CONT17 network, i.e., excluding

FORTLEZA,HOBART26, KOKEE, WARK12M, KASHIM11,

and utilizing all stations for the VGOS network, see Sect. 5)
was carried out in all of the employed analysis options. The
parameters estimated in our analysis are listed in Table 2 for
all of the employed analysis options. For each satellite-quasar
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schedule used in this study (Table 1), a corresponding ref-
erence solution containing only quasar (Q) observations is
available. In the presence of an identical quasar observation
geometry, the impact of satellite observations on the solve-for
parameters can be easily studied and understood. Therefore,
seven reference solutions in which station positions and addi-
tional parameters were estimated are referred throughout the
text to as O-S. In the second analysis option, additionally ERP
(polar motion and UTI-UTC) were estimated with a daily
resolution. This analysis option is abbreviated as Q-SE. The
0S§-S and QS-SE analysis options correspond to Q-S and Q-
SE in terms of the parameterization, but include satellite (S)
observations with satellite orbits fixed to their a priori values.
The next analysis option, related to the modified schedules
and abbreviated as QS-0S, included determination of satel-
lite orbits (O), estimation of station positions and additional
parameters and had ERP fixed to their a priori values. A
similar analysis option, but with estimation of the geocenter
offsets (G), is abbreviated as QS-OSG. The QS-OSE option
is similar to QS-OS, but included estimation of ERP. In the
analysis option referred to as OS-OSEG, additionally one set
of geocenter offsets was estimated per solution.

The consideration of the geocenter (offset) in our study is
motivated by the fact that observations of geodetic satellites
allow for determination of geocenter motion (Dong et al.
1997; Chen et al. 1999; Wu et al. 2012) in the terrestrial
reference frame (TRF). Solutions including estimation of
station positions reflect a case of an instantaneous obser-
vation network with its center in the instantaneous center
of the network (CN). The latter most often only approxi-
mates the center of figure (CF) of the outer surface due to
an insufficient and inhomogeneous coverage of the Earth by
geodetic stations and results in the so-called network effects
(Collilieux et al. 2009), which tend to bias the global geodetic
parameters. Nevertheless, an analysis of satellite data, cover-
ing longer time spans (months, years), allows to investigate
diurnal or inter-seasonal geocenter motion w.r.t. the mean
center of mass (CM) of the Earth or the origin of the Inter-
national Terrestrial Reference Frame (ITRF, Altamimi et al.
2016) as the geocenter offset expresses the spatial relation
between CF and CM. Due to the orbit characteristics and
the low impact of non-gravitational perturbing forces, the
ITRF origin is derived solely based on SLR measurements
of geodetic satellites at low altitudes (Petit and Luzum 2010;
Sosnica et al. 2014) as they are more sensitive to gravity
than, for instance, GNSS satellites. The cannonball shape of
the satellites, used for the frame origin derivation, facilitates
also the orbit modeling and results in lower correlation of
geocenter parameters with empirical orbit model parameters
(Meindl et al. 2013). In our simulation environment, how-
ever, one can investigate the sensitivity of the technique and
the used observing network for the geocenter offset estima-
tion. The presence of biases or large parameter uncertainties

@ Springer

can therefore indicate a lack of sensitivity, bad performance
of the chosen network or satellite constellation as well as
deficiencies in the orbit modeling. In reality, the geocenter
motion is not expected to be zero as it is mainly driven by
mass redistribution not considered in the estimation process.
In addition, the derived time series of that parameter contain
signals originating from the orbit modeling deficiencies and
network effects (Riddell et al. 2017; Couhert et al. 2018).

For the CONT17 network, VLBI station positions were
expressed in ITRF2014 (Altamimi et al. 2016). For both
CONT17 and VGOS schedules, the S/X source catalog of
the third realization of the International Celestial Refer-
ence Frame (ICRF3)’ was used to obtain the positions of
quasars. The quasar coordinates were not estimated in this
study and were fixed to their catalogue values. We used EOP
information available as the IERS-14-C04 series (Bizouard
and Gambis 2018). In addition, in each simulation that
included satellite observations, station clock biases (w.r.t. a
reference station) were determined once per solution as con-
stant parameters. Unfortunately, such clock biases cannot be
avoided, and when estimated, they degrade the determination
of satellite-based parameters, see Sect. 5.

The created simulation data set was analyzed in an iterative
least-squares (LSQ) fashion. Satellite and quasar observa-
tions were combined on the observation level to simultane-
ously determine common target parameters and to perform
precise orbit determination (POD) of satellites of interest.
Since the problem is nonlinear, an iterative LSQ method was
carried out until the weighted RMS post-fit residuals from
two consecutive iteration steps differed less than a prede-
fined convergence threshold. It has to be emphasized at this
point that the common parameters such as ZWD, troposphere
gradients, station positions, ERP or short-term variations of
VLBI station clocks were derived using both observation
types, proportionally to the applied weighting. In this case,
each observation was weighted with a value corresponding
to the noise level used for generating the baseline noise as
well as the wet mapping functions (Lagler et al. 2013). The
weighted iterative least-squares adjustment in c5++ was sup-
ported in stage-2 with the variance-component-estimation
algorithm (Hobiger and Otsubo 2017) as a simple tool for
relative weighting between two observation types.

3.4.1 Orbit modeling

POD of Earth-orbiting satellites with geodetic VLBI has been
recently implemented in c5++. Since POD in this software
is carried out mainly with SLR data (Otsubo et al. 2016),
it was already equipped with numerous satellite force mod-
els, a numerical integrator (Otsubo et al. 1996), and a batch
estimator using state transition matrices. In this study, a

7 www.iers.org/IERS/EN/DataProducts/ICRF/ICRF3/icrf3.html.
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conventional dynamic POD approach was performed using
publicly available satellite information for the force model-
ing.® The parametrization of the orbit parameters is given in
Table 2.

The satellite state vector (geocentric position and veloc-
ity) fully defines a set of initial conditions for an equation
of motion of artificial satellites. The estimation of empiri-
cal accelerations in the simulation environment, as stated in
Table 2, is motivated by the fact that POD of geodetic satel-
lites with SLR or GNSS always includes additional parame-
ters (pseudo-stochastic orbit parameters, once-per-revolution
empirical accelerations), which (only partly) absorb deficien-
cies in the modeling of gravitational and non-gravitational
forces perturbing satellite orbits (Colombo 1989; Springer
et al. 1999; Beutler et al. 2006). Empirical accelerations
are often substantially correlated with some of the geode-
tic parameters as they do not take into account the physical
processes causing those accelerations and a large number of
such parameters tends to weaken the solution (So$nica et al.
2014; Montenbruck et al. 2015).

The LAG-related orbit modeling considered a spherically
symmetric cannonball satellite and included solar radiation
pressure (SRP) and Earth radiation pressure coefficients set
to 1.13 and 1.0, respectively. For the GAL satellites, we
applied a hybrid model, namely a simple (GPS-applicable)
box-wing model (Milani et al. 1988) and the five-parameter
Empirical CODE Orbit Model (ECOM, Beutler et al. 1994),
referred throughout the text to as ECOM-1. The same set
of empirical accelerations was used in the LAG case. In
view of the prospective co-location missions at LAG-like
altitudes, where satellites are equipped with multiple space-
geodetic instruments and attitude control systems, the usage
of empirical accelerations expressed in a Sun-oriented frame,
as ECOM-1 or its updated version (ECOM-2, Arnold et al.
2015), are preferable. Such a frame is, in general, suitable
for proper treatment of perturbations induced by direct solar
radiation pressure and acting upon box-wing-type satellites
(Meindl et al. 2013; Montenbruck et al. 2015)

We considered only 3-day arcs in order to investigate the
feasibility and assess the performance of the proposed con-
cept. There is definitely no standard solution length to be
applied, and its selection depends upon many factors such as
the type and quantity of parameters to estimate or the satellite
orbital height. Solutions with longer observation periods (5-
day solutions, 7-day solutions) would result in an increased
number of satellite observations, satellite revolutions and
an improved observation geometry, helping to decorrelate
parameters of different nature (Haines et al. 2015). In some
cases, however, the extended observation arcs could degrade
the orbit parameters due to the insufficient modeling of some

8 www.gsc-europa.eu/support-to-developers/galileo- satellite-

metadata; https://lageos.cddis.eosdis.nasa.gov.

@ Springer

external forces, which may change throughout the considered
periods.

4 Results

The conduced simulations allow to calculate repeatabilities
in the form of Weighted Root-Mean-Square errors (WRMS)
for each of the parameters of interest. The obtained estimates
can be studied concerning both their uncertainty, i.e., preci-
sion, and their correctness, namely accuracy. Similarly to the
satellite orbits (see Sect. 3.3), the scatter of values around
the mean from all Monte Carlo runs can be interpreted as an
empirically determined precision of the investigated param-
eters, whereas the scatter around an a priori value, treated
in the simulation environment as truth, can be interpreted as
the parameter accuracy. One expects that both statistical mea-
sures should depend on the observing geometry, the number
of estimated parameters and the precision of the simulated
observations.

4.1 Orbit quality

Among other target parameters, each simulation run resulted
in a state vector (position and velocity) per satellite. That
information was used subsequently to evaluate the posi-
tion of satellites with a 5-min resolution for the 3-day
observation period (see Sect. 3.3) and the correspond-
ing location-dependent position scatter (location-dependent
WRMS values) was then used to calculate the mean position
scatter for each satellite observation precision level. For a 3D
orbit quality, such quantity is referred throughout the text to
as WRMSp3p. A general relation between the quantity of
satellite observations, the number of satellites, the analysis
option and the quality of the derived orbits can be inferred
from Table 3 for a case where the satellite observation preci-
sionis set to 14.1 mm (47 ps). An example of the dependence
of the satellite observation precision on the quality of the
derived orbits from QS-OS is shown in Fig. 3 for LAG and
GAL satellites.

For GAL satellites, a clear dependence is visible between
the orbit quality and both the number of the observed satel-
lites and the number of satellite observations. The orbit
precision in this case ranges between 3.9 and 9.6 cm, with
an average value of 6.3 cm. In terms of the accuracy, 6.3 cm
characterizes an average quality of the derived GAL orbits.
The number of observations and the observation density do
not affect significantly POD of LAG satellites in most of the
cases, as illustrated with the use of the LAG-S2-R4 and LAG-
S2-R8 schedules. The latter observing geometry has more
than a factor of two less satellite observations, but this does
not correspond directly to the lower orbit quality for both
satellites. The value of 2.0 cm characterizes a general orbit


www.gsc-europa.eu/support-to-developers/galileo-satellite-metadata
www.gsc-europa.eu/support-to-developers/galileo-satellite-metadata
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Table 3 Legacy VLBI results: quality of orbit solutions in terms of the mean three-dimensional position scatter (WRMSp3p) for each of the
analysis options and the precision of satellite observations set to 14.1 mm (47 ps)

Schedule name 08S-08 0S-05G 0S-OSE 0S-OSEG
(satellites) WRMSp3p (cm) WRMSp3p (cm) WRMSp3p (cm) WRMSp3p (cm)
LAG-S2-R4 1.7(1.7) 1.8(1.9) 1.8(1.9) 1.8(1.8)
(LAG-1; LAG-2) 1.7(1.8); 1.6(1.7) 1.8(1.9); 1.7(1.8) 1.6(1.7); 1.9(2.0) 1.6(1.7); 1.9(1.9)
LAG-S2-R8 2.0(2.1) 2.2(2.3) 2.1(2.1) 2.2(2.3)
(LAG-1; LAG-2) 1.7(1.7); 2.3(2.4) 1.9(1.9); 2.5(2.6) 1.8(1.8);2.4(2.4) 1.9(2.0); 2.5(2.6)
GAL-S3-R4 3.93.9) 4.8(4.8) 4.14.1) 4.9(4.9)
(E02; 3.3(3.3); 4.1(4.2); 3.5(3.5); 4.3(4.3);
E04; E12) 4.1(4.1);4.3(4.4) 5.1(5.1); 5.2(5.2) 4.2(4.2);4.5(4.5) 5.1(5.2);5.3(5.3)
GAL-S3-R8 5.1(5.1) 6.2(6.2) 5.1(5.2) 6.2(6.3)
(E02; 4.04.1); 5.2(5.2); 4.1(4.2); 5.3(5.3);
E04; E12) 6.2(6.2); 5.1(5.1) 7.2(7.2); 6.2(6.2) 6.2(6.3); 5.1(5.2) 7.2(7.3); 6.2(6.3)
GAL-S6-R4 5.6(5.7) 5.7(5.9) 5.7(5.8) 5.9(5.9)
(EO1; E02; 3.7(3.7); 3.5(3.5); 4.0(4.0); 3.7(3.8); 3.9(4.0); 3.7(3.8); 4.2(4.2); 3.9(4.0);
E04; E07; 7.3(7.3); 8.9(9.2); 7.4(7.4);9.1(9.4); 7.4(7.5);9.0(9.3); 7.5(7.6);9.1(9.4);
El12; E26) 4.5(4.6); 5.4(5.6) 4.7(4.8); 5.5(5.7) 4.6(4.7); 5.5(5.7) 4.8(4.9); 5.6(5.8)
GAL-S6-R8 8.9(9.0) 9.5(9.6) 9.009.1) 9.6(9.6)
(EO1; E02; 5.5(5.6); 4.8(4.9); 6.2(6.3); 5.6(5.7); 5.6(5.7); 5.0(5.0); 6.3(6.3); 5.7(5.8);
EO04; E07; 12.9(13.0); 16.6(16.7); 13.3(13.4); 17.0(17.1); 13.0(13.0); 16.7(16.8); 13.4(13.4); 17.1(17.2);
El12; E26) 5.5(5.6); 8.0(8.2); 6.1(6.1); 8.6(8.7) 5.6(5.7); 8.1(8.2) 6.2(6.2); 8.6(8.7);

The values in parentheses refer to the orbit accuracy. The bold font highlights the mean WRMS p3p calculated based upon the corresponding
quantities for each satellite. LAGEOS-1 and LAGEOS-2 are abbreviated as LAG-1 and LAG-2, respectively

precision for the CONT17 network and LAG satellites. The
same applies to the general orbit accuracy.

An increased observation density and an enhanced satel-
lite observation precision generally lead to the improved orbit
solutions (precision and accuracy), as shown in Fig. 3. In the
case of low-quality satellite data, a clear relation between the
baseline noise and the WRMS values is present. The same
does not hold for observations with the precision better than
20 mm as WRMS values do not decrease for lower satellite
observation noise levels. This is related to the major error
sources dominating the noise budget in that case (see Sect. 5).

Since the WRMS statistics were calculated, at the first
place, for satellite positions evaluated every 5 min, it is also
possible to investigate the obtained orbit scatter with regard
to the location of the used satellites. The relation between
WRMSp3p and the satellite location is illustrated in Fig. 4
for LAGEOS-1 and a set of GAL satellites. Based upon the
results shown in Fig. 4, one can indicate few factors impacting
the quality of the derived orbits. The WRMS p3p values are
smaller for satellite-track segments containing more obser-
vations. This is related to the replacement strategy used in
this study, but also to the distribution of the participating
stations on the globe. Therefore, areas with the absence of
VLBI stations, or characterized by a lack of mutual visibil-
ity to satellites, impact negatively the average orbit quality,
represented as WRMS p3p values in Table 3. This is clearly
visible in the southern hemisphere where the orbit solutions
are worse by at least a factor of two for both satellite types,
compared to the northern hemisphere.

4.2 Station positions

Combination of quasar and satellite observations allows to
investigate the impact of the latter on the estimation of station
positions. WRMS values were evaluated for both the refer-
ence and LAG/GAL schedules from all analysis options in
which the satellite observation precision was set to 14.1 mm.
This allows to assess the impact of satellite geometry on
the estimated coordinates as the quality of satellite and
quasar observations is similar in this case. The correspond-
ing accuracy measure for individual stations, and expressed
in the form of WRMS3p, is shown in Fig. 5 for each of the
employed analysis options.

Observations of satellites should in principle help in sep-
arating troposphere delays from station heights, since such
targets cross the local skies relatively fast. For the considered
precision of satellite observations and the applied replace-
ment strategy, however, the satellite geometry improves the
station position estimates only marginally, regardless of the
applied analysis option. A general tendency is visible for
stations located in Europe and South Africa, where satellite
observations and the orbit determination process itself do not
degrade largely the quality of the estimated station positions.
In absolute terms, the maximum improvement for this group
of stations, and both satellite constellations, reaches approx-
imately 0.5 mm. For other stations, located in the southern
hemisphere, one can notice in most cases a degradation of the
station position estimates in the presence of satellite observa-
tions, with a similar effect of analysis options including orbit
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Fig. 3 Legacy VLBI results: Precision (P) and accuracy (A) of the
determined orbits as a function of the satellite observation precision.
The WRMS values were calculated for the along-track, cross-track
and radial components and also expressed as a 3D orbit scatter
(WRMS3p). The results are shown for the OS-OS analysis option

determination or when the orbits are fixed to their a priori
values.

Similarly to the derived orbits, the relation between the
varying quality of satellite observations and the determined
station positions can be investigated. This is illustrated in
Fig. 6 by means of the 3D position accuracy (WRMS3p) and
with the use of the reference solutions. The inclusion of satel-
lite observations with a precision of not better than 20 mm
does not seem to have a negative impact on the determined
station positions, compared to the reference solutions. For
very precise satellite observations and the standard quality of
quasar observations (14.1 mm), however, an overall degra-
dation, w.r.t. the reference solutions, of the station position
estimates, can be noticed for schedules including either LAG
or GAL satellites, on average reaching almost a factor of two
for an observation precision of 1.4 mm. In this case, satel-
lite observations dominate the solution and thus degrade in a
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(P) GAL-S3-R4 E12—e—
(A) GAL-S3-R4 E12- -o- -

(P) GAL-S3-R8 E12—e—
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including schedules with (a—d) LAG and (e-h) GAL satellites (only
EO02 and E12). For both satellite constellations, the accuracy curves are
in close vicinity to the precision curves, making them barely distin-
guishable in the plots

significant manner parameters relying on a good observing
geometry (see Sect. 5).

4.3 Earth rotation parameters

Earth rotation parameters are products provided by geode-
tic VLBI on a daily basis (Nothnagel et al. 2017), and it is
rather important to examine how the performed combina-
tion of quasar and satellite observations impacts ERP. This is
illustrated in Fig. 7, where WRMS values (accuracy) of the
derived polar motion (xp, yp) and UT1-UTC from schedules
including LAG and GAL satellites are shown in dependence
on the satellite observation precision and along with the
corresponding ERP estimates from the reference solutions
(Q-SE) containing only quasar observations.

As in the case of the estimated station positions, a similar
pattern in the results is present, where more precise satellite



Geodetic VLBI for precise orbit determination of Earth satellites: a simulation study Page130f26 56

LAGEOS-1

WRMS;p [mm]

O ° ° ° 0_90
-180°-135° -90° -45° o 45° 90° 135 180

) 180°_135° _90° 45" O° 45 90" 135 180" Galileo - E02 & E04 & E12
90" ﬂ - - Q

WRMS 55 [Mmm]

90
-180°-135" -90° —45° ° 45 90" 135" 180°

Fig. 4 Legacy VLBI results: location-dependent WRMS p3p (preci- red dots represent the stations of the CONT17 network. The results
sion) of the orbit solutions for a LAGEOS-1 from LAG-S2-R4 and are shown for the OS-OS analysis option and the satellite observation
b GAL (E02, E04, E12) satellites from GAL-S3-R4. The locations of precision set to 14.1 mm (47 ps)

satellites at observation epochs are represented by small dots. The large

observations degrade the quality of the derived ERP. This  emerging from observations of LAG or GAL satellites as well
effect is more pronounced for GAL satellites and when more  as the applied replacement strategy also contribute to less
satellite observations are used in the combination, as visi-  optimal observing geometries in terms of the ERP estima-
ble in the case of the GAL-S3-R4 and GAL-S6-R4 schedules.  tion. This is noticeable especially in the case of very precise
Regardless of the satellite type, for the cases where satellite  satellite observations and when their number increases, such
observation precision is worse than 20 mm, the identified  as for the R4-type schedules. Although the schedules with
decrease in accuracy of the ERP estimates is rather small, satellites contain in total more observations, they were mod-
w.r.t. the values from the reference solutions, as the satellite ified in a non-optimal fashion, i.e., with no consideration on
observations do not dominate the solution anymore. Apart  the orientation of the baselines nor their lengths and thus may
from the sky-coverage issue, the mutual visibility constraints ~ not improve the ERP estimates (see Sect. 5).
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tions derived from a—d LAG and e-1 GAL schedules. The results shown
are based upon all stations (mean values) and the minimum and maxi-

4.4 Geocenter

Geocenter offsets (Xgc,Ygce, Zgc) were estimated both in
the OS-OSG and QS-OSEG analysis options. The WRMS
(precision and accuracy) of the derived geocenter offsets for
simulations including LAG and GAL satellites are shown in
Fig. 8 on the basis of the CONT 17 network and in dependence
on the satellite observation precision.

As one would expect, more precise satellite observations
provide better geocenter offsets, regardless of the satellite
type. On the other hand, the increased number of satel-
lite observations does not improve the precision/accuracy
of these parameters. The GAL-type schedules and CONT17
network leads to the precision of the geocenter offsets on

mum values of WRMSs3p (per station) found for each noise level. All
schedules are simulated with the same observation precision for quasars
(14.1 mm)

the order of 2—4 cm, for almost noise-free satellite observa-
tions. In the case of LAG satellites and the satellite precision
better than 20 mm, an improvement w.r.t. the Galileo-derived
geocenter can be noticed, and the precision for all three com-
ponents settles at approximately 9 mm. Similarly to satellite
orbits, a linear dependence of the observation precision on
the obtained WRMS values cannot be noticed, and this result
has to be interpreted in relation to the residual effects orig-
inating from three major error sources, as further explained
in Sect. 5. In terms of the accuracy of the LAG-derived and
Galileo-derived geocenter offsets, an identical pattern, coin-
ciding with the results for the precision of those parameters,
for all geocenter components can be noticed and no major
biases can be identified.
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Fig. 7 Legacy VLBI results: WRMS (accuracy) of polar motion (xp,
¥p) and UT1-UTC from a, b LAG-type and c—f GAL-type schedules.
For each schedule type, the color-coded (blue, green, orange) values
correspond to ERP derived from the related reference (Q-SE) solution
(the same geometry, but without satellite observations). All schedules
were processed with the quasar observation precision set to 14.1 mm

4.5 VGOS network

The simulations concerning VGOS-type schedules can be
studied accordingly. In this case, however, we consider only
GAL satellites (using GAL-S6-R8) and utilize three satel-
lite observation precision levels, namely 1.4 mm, 14.1 mm
and 138.6 mm. The corresponding results are summarized in
Table 4 in the form of WRMS p3p concerning the orbit solu-
tions and by means of WRMS calculated for each geocenter
components (offsets). The relation between the WRMS p3p
and the satellite location is shown in Fig. 9 for a set of three
Galileo satellites and the satellite observation precision of
14.1 mm.
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for all of the analysed schedules

Observations based upon the GAL-S6-R8-VGOS schedule
lead to the improved orbit solutions w.r.t. the correspond-
ing results derived from the GAL-S6-RS schedule and when
comparing the results for the satellite observation precision
of 14.1 mm. With regard to the QS-OS analysis option, the
improvement reaches on average 80% in terms of the orbit
precision and accuracy. The homogeneous network provides
in this case proper observation conditions for POD. The
WRMS p3p are in most parts of the globe similar with excep-
tion that, for satellite-track segments with no observations,
this quantity tends to be higher than the average WRMS o3 p,
as visible for one of the tracks located between South Amer-
ica and Australia. However, this issue is related now only to
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Fig. 9 VGOS results: location-dependent WRMS p3p (precision) of
the orbit solutions for GAL (E02, EO4 and E12) satellites from the
GAL-S56-R8-VGOS schedule and the OS-OS analysis option. The loca-

the replacement strategy applied in our study and its defi-
ciencies are expected to be overcome when sophisticated
scheduling strategies are considered. The derived geocen-
ter offsets also benefit from the observations in the VGOS
era as the parameter precision and accuracy are improved
by at least 70% for all of its components, compared to the
results based upon GAL-S6-R8 and satellite observation pre-
cision of 14.1 mm. In addition, no visible biases are present
for these parameters. However, the Zg¢ precision/accuracy
is still visibly worse than for the other two components as the
same GAL orbit parameterization was used for the VGOS-
type schedule. This issue is discussed in more detail in Sect. 5.
Similarly to the CONT17 network, the impact of addi-
tional satellite observations on the estimated station positions
and ERP can be investigated in this case. The corresponding
results for VGOS-type observations and GAL-S6-R8-VGOS
are summarized in Fig. 10. In the case of the employed sched-
ule, the obtained results indicate that the satellite observations
do not negatively impact the determination of station posi-
tions and ERP, also in the case of the most precise satellite
observations (1.4 mm). The lack of the negative impact can
be associated with the ratio of satellite to quasar observa-
tions as well as the similar measurement precision set for
both observation types. This is further discussed in Sect. 5.

@ Springer
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tions of satellites at observation epochs are represented by small dots.
The large yellow dots represent VGOS stations used in this study. The
results are shown for the satellite observation precision set to 14.1 mm

5 Discussion

The results of our extensive Monte Carlo simulations indicate
that POD of GAL or LAG-like satellites would be possible
even for severe mutual-visibility constraints resulting from
the differential nature of VLBI and orbital heights of the
considered satellites. If geodetic VLBI observations of GAL
satellites could reach a few-centimeter-level precision with
today’s legacy systems, one could compute dynamic orbit
solutions which are characterized on average by a 3D orbit
precision of up to 10 cm. This is approximately the same
level of quality as present in GNSS-only or SLR-only solu-
tions, with the 3D orbit precision for GAL between 14 cm
and 36 cm (Hackel et al. 2015; Montenbruck et al. 2017,
Bury et al. 2019). Concerning the GNSS technique, a good
quality of orbit products is achieved in the case of the Global
Positioning System (GPS), where the 3D orbit precision is
well below 10 cm (Montenbruck et al. 2017). This is possi-
ble due to a rather simple satellite shape and greater mass,
compared to GAL satellites (Montenbruck et al. 2015), both
factors facilitating handling of non-gravitational perturbing
forces acting upon GPS satellites. In terms of the prospec-
tive VLBI-derived GAL orbits, the most encouraging are
therefore results for VGOS-type observations, where GAL
orbit solutions are improved and might reach few-centimeter-
level precision. For schedules including LAG satellites,
the obtained orbit precision is on the few-centimeter-level,
which is also comparable to the orbits determined with SLR
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Fig. 10 VGOS results: the quality of ERP and station positions based
upon the GAL-S6-R8-VGOS schedule: a, b WRMS3p (accuracy) of
station positions; ¢ WRMS (accuracy) of polar motion (xp, yp) and
UT1-UTC. The color-coded values correspond to WRMS derived from
the reference (Q-S and Q-SE) solutions. As shown, different analysis
options provide very similar results in terms of the ERP and station
positions, making them indistinguishable in the plots

(Appleby et al. 2016; Pearlman et al. 2019). However, the
direct comparison does not hold in the LAG case as differ-
ent assumptions were made in our study concerning the orbit
parameterization.

For satellite observations with a precision better than about
20 mm and a CONT17-type network, one can identify a
settling of the WRMS values of the orbit solutions (and
geocenter offsets) for schedules including LAG or GAL satel-
lites. This implies that the observation precision is not the
only limiting factor. In the presence of almost perfect satellite
observations, the target parameter estimation is driven by a
much lower quality of quasar observations (14.1 mm) and the
residual contributions of the turbulent troposphere and sta-
tion clocks, both still present in the solution (Klopotek et al.
2018). Reducing contributions from the station clocks and
diminishing troposphere effects could enhance the solution.
This is confirmed with the simulations for the VGOS era,
where the orbit quality is significantly, but not exclusively,
improved due to better handling of major error sources and
a magnitude lower (1.44 mm) quasar observation noise. The

major factor in this case is also the homogeneous observ-
ing network resulting in satellite observations that are better
distributed over the entire orbital arcs. In the case of the
CONT17 station geometry, mainly the northern-hemisphere
parts of the orbits are observed resulting in unevenly dis-
tributed observations over the arc. This in turn could lead to
orbit deformation or shifting. As a consequence, these orbit-
related effects impact negatively the station coordinates for
analysis options including POD.

The quality of the geocenter estimates should be consid-
ered as a combined effect of the sensitivity of geodetic VLBI
to geocenter motion, network geometry, satellite orbit type,
orbit modeling accuracy, residual troposphere and station
clock effects, and finally the precision of satellite observa-
tions. As shown in this study, legacy geodetic VLBI applied
to geocenter estimation from observations of LAGEOS-1/-2
satellites would perform not as well as SLR (So$nica et al.
2014), with the precision of geocenter offsets on the order
of up to a single centimeter, for the considered satellite
observation precision of better than 20 mm. Accordingly,
the precision of those components is at least a factor of two
worse for Galileo-derived offsets. For GAL satellites, Zgc
is always recovered with less precision/accuracy than the
remaining (Xgc, Ygc) components. This stems from the
orbit characteristics (and modeling) of those satellites and
can be connected to the orbit inclination, i.e., a lack of satel-
lites on polar orbits (Sosnica et al. 2014).

The question that still remains is whether the obtained
quality of geocenter estimates would be sufficient to detect
geocenter motion. The situation definitely improves in the
case of observations in the VGOS era, where geocenter
components (not biased here by the inhomogenous station
distribution) can be retrieved, for the most precise satellite
observations, with the accuracy on the level of approximately
4 and 7mm for equatorial (Xgc, Ygc) and Zgc components,
respectively. Although the geocenter signal considered on
an annual basis is smaller (Collilieux et al. 2009; Wu et al.
2012; So$nica et al. 2014), the VGOS-derived geocenter esti-
mates are close to detection of that phenomenon and further
improvements may be expected, e.g., with more sophisticated
scheduling schemes, utilization of satellites at lower altitudes
and more optimal orbital inclinations for that purpose. Incor-
poration of an independent data set, as VGOS-derived time
series from observations of LEO or MEO satellites, would
create an opportunity to enhance the geocenter motion esti-
mates and contribute to the ITRF origin realization while
separating various technique-specific issues from geophys-
ical signals (Collilieux et al. 2009; Wu et al. 2012; Meindl
et al. 2013; Riddell et al. 2017; Couhert et al. 2018).

The Galileo-derived geocenter motion for all space-
geodetic techniques is rather problematic due to the char-
acteristics of the GNSS orbits and the applied orbit param-
eterization (Meindl et al. 2013; Thaller et al. 2014; Meindl

@ Springer



56  Page 20 of 26

G. Klopotek et al.

rrrrrrrrrrrrrrrr

. L EEEEEEGEEEERREGEEITIELS
8885358872 FPBERIRNIRNINRXX
\ [ | 26¢ 08
Yec
XGC

Eo2xX HE || LAG2-Y0

02y M [ | [ | | B weiv

E02-Z || LAG2D0 | o4
E04-X ... . . LAG1-DO ;
E04-Y LAG2-Bs

E04-Z | || LAG2-Bc

Sg: [ | B reiss

E12.7 u u B erse
E02-VX | | | LAG2-B0 -00
E02-VY == || LAG1-B0
E02-VZ
v = [ ] LAG2-VZ
E04-VY E ™ [ | LAG2-VY
E04-VZ | || LAG2VX
E12-VX || || B B vz o4
Eiz'VV || | | LAGH-VY [
Eog—\ég L EE L B B wervx
E£04-B0 [ 1] LAG2:Z
E12-B0 | | LAG2-Y
E02-Bc | | | [ [ ] LAG2-X
E02-Bs [ | HEN | | B ez -08
E04-Bc | | | [ | | ] LAGTY
E04-Bs H E =EE | HE
E12-Bc ] | | LAGx
E12-Bs | | | | ||
€200 11 M EEE |
E04-DO | | | [ ||
E12-D0 | | | | | |
E02-vo M | [ |
E04-Y0 [ | ||
E12-Y0 | | | [ |

XGC

YGC

z6C | || EEEEEEEEN

X >N X >N X>N

Fig.11 Correlations between satellite state vectors (denoted as X, Y, Z
and VX, VY, VZ), estimated empirical accelerations (denoted as DO,
Y0, BO, Bc and Bs) and geocenter offsets (denoted as XGC, YGC,
ZGC) from 3-day GAL-S3-R4-type (lower triangle) and LAG-S2-R4-
type (upper triangle) schedules (for the QS-OSEG analysis option) for
CONT17 (legacy VLBI)

et al. 2015). The reduced sensitivity due to the higher orbits
and less revolutions, compared to LEO or LAG satellites,
further degrades the retrieval of that parameter. For GAL
satellites, the estimated constant accelerations in the direc-
tion toward Sun (Dg) and Bc, Bs parameters are highly
correlated with Zgc. Such problem does not exist for LAG
satellites due to the different orbit characteristics of those
targets and much smaller (direct and indirect) SRP effects
(Meindl et al. 2013). However, SRP-induced effects are still
(theoretically) absorbed in our case by the constant and once-
per-revolution sine and cosine terms. Therefore, Zg¢ from
observations of LAG satellites is much more accurate than
the corresponding Galileo-derived quantity. An example of
correlations between the satellite-based parameters and geo-
center offsets is shown in Fig. 11 for two of our schedules
and the applied orbit parameterization. Concluding, obser-
vations of LAG-like satellites benefit geocenter solutions, an
improved SRP modeling becomes essential for GNSS-like
orbits (and satellite shapes) observed by all space-geodetic
techniques, and consideration of polar orbits could be useful
for an improved Zgc estimation.

The combination of satellite and quasar observations
seems to be a reasonable solution when estimating positions
of VLBI telescopes, especially for poor satellite geometries.

@ Springer

The latter should be understood in this context as a low num-
ber of satellite passes and non-varying satellite tracks over
local skies of the participating stations. This kind of geome-
try prevents from reliable estimation (reducing correlations)
of troposphere parameters, station clocks and positions of
VLBI antennas (Herring 1986; Rothacher 2002). In terms of
the sky coverage, quasar observations outperformed obser-
vations of both chosen satellite constellations and allowed
to sample the sky more uniformly. An example of the dis-
tribution of satellite and quasar observations at local skies
obtained in our case is shown in Fig. 12 for both GAL-type
and LAG-type schedules.

A full multi-GNSS satellite constellation without quasars
could in principle provide proper observations for resolv-
ing troposphere parameters and estimating station positions.
However, even a 3-day quasar-only solution and a consider-
able VLBI network, as shown in this study (Fig. 6), may out-
perform sophisticated satellite-only scheduling approaches
characterized by homogeneous networks and longer obser-
vation periods (Plank 2013; Plank et al. 2016). It is also
unclear whether satellite-only schedules would be suit-
able for handling technique-specific effects (and satellite-
dependent errors) or simultaneous POD and ERP estimation
(Plank et al. 2016) as the quality of ERP is also related to the
separation between two stations forming a baseline (Noth-
nagel and Schnell 2008; Nothnagel et al. 2017). In our case,
the satellite scans, that replaced the quasar scans, may contain
shorter baselines. This negatively impacts ERP estimation as
the solution becomes less sensitive to those parameters, com-
pared to the reference schedules with very long (north—south,
east—west) baselines. Although not shown here, the same in
principle can occur in the case of EOP estimation. The fol-
lowing aspects are rather important and therefore should be
taken into account when scheduling both quasar and satellite
observations for the estimation of global geodetic parame-
ters. The accuracy of the derived polar motion depends also
upon the stations (geometry) used in the NNT/NNR con-
straints. Therefore, an alteration of the later can result in an
improved/decreased estimation of polar motion. Care has to
be taken in this matter as an inclusion of poorly determined
stations in the NN'T/NNR constraints leads to the distribution
of the related station-position uncertainties into the whole
network. In our case, this corresponds to CONT17-related
solutions in the presence of almost noise-free satellite obser-
vations and stations that are characterized by a low number of
satellite observations (see, e.g., Médnnel 2016). In addition,
the analysis options QS-S, QS-SE, OS-0S, QS-OSE were
obtained also with the use of the NNT constraint, leading
to over-constrained solutions that may be suboptimal. Over-
constraining results in a distortion of the network and allows
less freedom to the solution. This fact should be also consid-
ered when interpreting the results concerning the estimated
station positions.
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Fig. 12 Distribution of satellite and quasar observations on local skies
shown for four stations and based on 3-day a LAG-S2-R4 and b GAL-
S6-R4 schedules for CONT17 (legacy VLBI)

For very precise satellite observations (with an observa-
tion precision better than 20 mm), a degradation in the quality
of station positions and ERP is noticeable, including to some
extent also the estimated orbits. The aforementioned effect of
the poor satellite geometry (and the station definition for the
datum constraints) is amplified in this case as the solutions are
dominated by the satellite observations due to large weights
imposed on them (up to a factor of one hundred between the
two observation types) in the adjustment process. This neg-
atively impacts the estimation of parameters such as station

clocks, ZWD and troposphere gradients. In consequence, the
station positions and ERP estimates are also degraded. The
same does not hold for observations in the VGOS era where
the noise level of 1.4 mm was used to reflect the quality of
quasar observations as well as the number of quasar obser-
vations in the investigated schedule is more than 20 times
larger than the number of satellite observations.

In this study, station-dependent clock biases were esti-
mated once per 3-day arcs. Consideration of this parameter
is inevitable in reality as some timing problems, or instru-
mental (station-based and satellite-based) issues may occur,
or only single-frequency data are used (Himwich et al. 2017,
Hellerschmied et al. 2018; Anderson et al. 2018; Klopotek
et al. 2019). In conventional geodetic VLBI, the size and
variation of the absolute (reference-formatter) time offsets
directly impact the UT1 estimates (Hobiger et al. 2009) and
are significant for 24-h VLBI experiments where long base-
lines are employed (Himwich et al. 2017). If valid also for
satellite observations, the prospective time offset at VLBI
stations could also introduce position offsets in the along-
track direction (Anderson et al. 2018). Nevertheless, this
problem should be addressed with the use of empirical accel-
erations and station clock biases estimated in our case, which
should account for an unknown time offset between the
VLBI frame and the frame defined by the observed space-
crafts (and their clocks). As this unknown offset affects
both quasar and satellite observations, a proper strategy for
handling the reference-formatter time offsets needs to be con-
sidered anyway to obtain utmost accurate estimates of the
Earth’s rotation angle (Hobiger et al. 2009; Himwich et al.
2017). An attractive option would be to encode information
on the spacecraft-clock time in the signal, which could be
received by a VLBI station for time-of-flight measurements
(Anderson et al. 2018). The latter could be of benefit for
obtaining the missing information on formatter-clock offsets
and improving UT1 products. This is, however, associated
with significantly higher costs related to the transmitter, com-
pared to random noise present in standard geodetic VLBI.

Similarly to SLR stations, VLBI telescopes can observe
only one target at a time. The 3-day solutions were sufficient
in our study to determine reliable orbits of the consid-
ered satellites. In the case of SLR, the same arc lengths
may be insufficient and longer observation periods are pre-
ferred when tracking multiple satellites (Bury et al. 2019).
Although most SLR stations can operate in both day and
night time (So$nica et al. 2015; Pearlman et al. 2019), this
space-geodetic technique is highly weather dependent. On
the contrary, VLBI observations can be performed under any
(to areasonable degree) weather conditions and regardless of
the time of the day. Hence, much more satellite observations
per station can be in principle obtained within 24-h sessions,
compared to SLR (Bury et al. 2019; Pearlman et al. 2019;
Sosnica et al. 2019). This could be advantageous to geodetic
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VLBI considering also the proposed approach in which VLBI
stations could track satellites and quasars within the same 24-
h experiments and with almost no additional organizational
effort. However, SLR observations are affected by less errors,
compared to geodetic VLBI or GNSS. Laser measurements
are free from ionosphere effects and significant contribution
of the wet part of the tropospheric delay (almost negligible)
as well as not affected by other signal characteristics (phase
ambiguities, satellite clocks, satellite antenna phase-center
variations). The remaining effects can be corrected rather
well (range biases). Therefore, SLR will continuously serve
as an independent and important validation tool concerning
orbits derived from space-geodetic techniques operating with
microwave-based measurements.

6 Summary and conclusions

The possibility of employing geodetic VLBI for precise orbit
determination of Earth-orbiting satellites was investigated
with the use of extensive Monte Carlo simulations in which
quasar observations and observations of either LAGEOS-
1/-2 or a set of Galileo satellites were combined on the
observation level in 3-day solutions. The performed simu-
lations reflected close-to-reality scenarios and, apart from
the simulated measurement noise, they included realistic
stochastic models related to troposphere and station clocks
as well as considered different satellite observation precision
levels. The derived orbit solutions were investigated both in
terms of their precision and accuracy. Moreover, we exam-
ined the impact of this novel concept on classical geodetic
parameters such as VLBI station positions and Earth rota-
tion parameters. We also studied the potential of geodetic
VLBI for determining geocenter offsets from either of the
used satellite constellations.

In the case of LAGEOS-1/-2 satellites, the obtained orbits
are characterized by the precision of approximately 2.0 cm
for CONT17-type schedules. The same quantity for Galileo
orbits reached on average 6.3 cm for the group of satellites
used in this study (either one or two satellites per orbital
plane within the same schedule). A major factor affecting the
orbit solutions is the characteristics of an observing network,
where stations in the most optimal case are distributed homo-
geneously on the globe. This benefits precise determination
of satellite orbits, geocenter offset estimates as well as the
standard geodetic VLBI observations. The effect of a non-
optimal station distribution is clearly visible in our study,
on the basis of the CONT17 network, for both LAGEOS-
1/-2 and Galileo satellites, where the precision of the orbit
solutions is diminished by almost a factor of two for the
areas where no stations are present and thus no observa-
tions are available. With simulated legacy VLBI observations
to LAGEOS-like and a set of chosen Galileo satellites, the
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obtained precision of geocenter offsets was only on the order
of a single centimeter and a few centimeters, respectively.
Unfortunately, this is insufficient for detection of geocenter
motion as this phenomenon has an annual signal that is on
the order of few millimeters (Wu et al. 2017). In addition,
the Z geocenter offset cannot be derived reliably in this case
due to deficiencies in the modeling related to solar radiation
pressure. However, it was also shown that satellite observa-
tions in the VGOS era provide a noticeable improvement of
both the orbit solutions and the geocenter components (nearly
reaching the detection limit of geocenter motion) due to the
enhanced observation density, homogeneous station distri-
bution and a factor of ten more precise quasar observations.
This results in a good observation geometry for POD and
significantly better handling of major error sources affecting
geodetic VLBI observations at large.

A simplified scheduling strategy was applied in our study
in order to include satellite observations into the employed
schedules. In the proposed concept, scheduling of satellite
observations was restricted only by the common-visibility
criterion. This is a non-optimal approach and few addi-
tional factors need to be considered such as the baseline
length or its orientation. Nevertheless, it was shown that
the combination of quasar and satellite observations could
allow theoretically for simultaneous estimation of ERP (polar
motion and UT1-UTC) along with geocenter offsets, VLBI
station positions and satellite orbits. Compared to the refer-
ence solution including only quasar observations, ERP and
station positions, derived based on the CONT17 network,
were degraded only slightly for satellite observation preci-
sion levels not better than the precision level of the quasar
observations. No negative impact was noticeable, however,
in the case of satellite observations and the VGOS-type net-
work. As VLBI telescopes can track only one target at a time,
the inclusion of satellite observations is a trade-off between
the number of the tracked satellite passes and the maximum
number of the tracked satellites on one side and the baseline
lengths and their orientation on the other. Combination of
satellite and quasar observations could be an optimal solu-
tion for estimation of target parameters as the quality of the
latter is susceptible to poor satellite geometries. Therefore,
the presented results highlight the importance of optimized
scheduling of prospective sessions comprising both observa-
tion types. This aspect was, however, not investigated in this
study and needs to be addressed in the future.

Geodetic VLBI is the only technique that provides the
full set of EOP (polar motion, UT1, celestial pole offsets),
contributes to the ITRF scale, and uniquely realizes the
International Celestial Reference System, as opposed to the
satellite-based techniques, i.e., SLR, GNSS and DORIS. The
results presented in this study address several important ques-
tions concerning the usefulness of geodetic VLBI for POD
of Earth-orbiting satellites. As shown throughout the text,
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observations of satellites with geodetic VLBI could extent
the field of its research with novel and important applica-
tions. The discussed concept poses a very attractive way
of directly relating the celestial reference frame, TRF, EOP
and satellite orbits in a single framework for a consistent
set of global geodetic products, besides the aspect of the
combination of space-geodetic techniques in space. In addi-
tion, antenna-related effects, which are of major importance
in GNSS (multi-path, antenna phase center offsets and the
related variations), are not of concern at VLBI stations due
to the use of highly directive parabolic antennas. This makes
this space-geodetic technique also an attractive tool for an
inter-technique orbit validation. However, a number of tech-
nical hurdles need to be addressed prior one could consider
testing such a novel concept on global scales. Any related
efforts should be also discussed with the GNSS, VLBI and
GGOS communities in order to make the most out of the
concept of VLBI and satellite observations. Dedicated trans-
mitters sending VGOS-compliant broadband signals and
located on boards of LEO, GNSS or co-location satellites
are in favor as a network of small, fast-slewing VGOS anten-
nas is more suitable for satellite observations than the current
VLBI system. If successful, geodetic VLBI could be another
space-geodetic technique with the capability of providing
independent orbit solutions with high accuracy and also with
the potential of contributing (to a certain extent) to the ITRF
origin. Observations of quasars and carefully chosen satel-
lites within the same sessions would undeniably bring new
challenges, but could also provide the geodetic community
with a great opportunity of redefining the role of VLBI in
space geodesy.

Acknowledgements Open access funding provided by Chalmers Uni-
versity of Technology. The simulations were performed in the Unix
environment with the related tools (Yoo et al. 2003; Tange 2011)
and on resources provided by Chalmers University of Technology at
Onsala Space Observatory as well as Chalmers Centre for Compu-
tational Science and Engineering (C3SE) provided by the Swedish
National Infrastructure for Computing (SNIC). The IVS and CODE
are acknowledged for the publicly available VEX files and GNSS final
orbit products, respectively. Finally, we thank the anonymous review-
ers for the thorough review and constructive comments that led to the
significantly improved quality of the manuscript.

Author contributions GK and TH implemented the new module of
c5++ related to geodetic VLBI observations of satellites, and along
with TO extended its interface with the possibility of carrying out
precise orbit determination of Earth satellites. GK performed all the
simulations, created the figures and wrote the manuscript. RH and TH
supervised GK and along with TO helped to improve the manuscript.
All authors accepted the final version of the manuscript.

Funding Not applicable.

Availability of data and materials The dataset (VEX files) used in this
study is available from the corresponding author on a reasonable request.

Compliance with ethical standards

Conflict of interest The authors declare that there are no conflict of
interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

Altamimi Z, Rebischung P, Métivier L, Collilieux X (2016) ITRF2014:
A new release of the International Terrestrial Reference Frame
modeling nonlinear station motions. J Geophys Res Solid Earth.
https://doi.org/10.1002/2016JB013098

Amante C, Eakins BW (2009) ETOPOI1 1 arc-minute global relief
model: procedures, data sources and analysis. NOAA Tech-
nical Memorandum NESDIS NGDC-24. National Geophysical
Data Center. https://doi.org/10.7289/V5C8276M. Accessed 30
Apr 2019

Anderson JM, Beyerle G, Glaser S, Liu L, Minnel B, Nilsson T,
Heinkelmann R, Schuh H (2018) Simulations of VLBI obser-
vations of a geodetic satellite providing co-location in space.
J Geodesy 92:1023-1046. https://doi.org/10.1007/s00190-018-
1115-5

Appleby G, Rodriguez 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 Geodesy 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) CODE’s new solar radi-
ation pressure model for GNSS orbit determination. J Geodesy
89(8):775-791. https://doi.org/10.1007/s00190-015-0814-4

Artz T, Bernhard L, Nothnagel A, Steigenberger P, Tesmer S (2012)
Methodology for the combination of sub-daily Earth rotation from
GPS and VLBI observations. J Geodesy 86(3):221-239. https://
doi.org/10.1007/s00190-011-0512-9

Bachmann S, Thaller D, Roggenbuck O, Losler M, Messerschmitt L
(2016) IVS contribution to ITRF2014. J Geodesy 90(7):631-654.
https://doi.org/10.1007/s00190-016-0899-4

Behrend D, Thomas C, Gipson J, Himwich E (2017) Planning of the con-
tinuous VLBI Campaign 2017 (CONT17). In: Haas R, Elgered G
(eds) Proceedings of the 23rd European VLBI Group for Geodesy
and Astrometry Working Meeting, Chalmers University of Tech-
nology, Gothenburg, pp 132-135

Bertiger WI, Bar-Sever YE, Christensen EJ, Davis ES, Guinn JR,
Haines BJ, Ibanez-Meier RW, Jee JR, Lichten SM, Melbourne
WG, Muellerschoen RJ, Munson TN, Vigue Y, Wu SC, Yunck TP,
Schutz BE, Abusali PAM, Rim HJ, Watkins MM, Willis P (1994)
GPS precise tracking of TOPEX/POSEIDON: results and impli-

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/2016JB013098
https://doi.org/10.7289/V5C8276M
https://doi.org/10.1007/s00190-018-1115-5
https://doi.org/10.1007/s00190-018-1115-5
https://doi.org/10.1007/s00190-016-0929-2
https://doi.org/10.1007/s00190-015-0814-4
https://doi.org/10.1007/s00190-011-0512-9
https://doi.org/10.1007/s00190-011-0512-9
https://doi.org/10.1007/s00190-016-0899-4

56  Page 24 o0of 26

G. Klopotek et al.

cations. J Geophys Res Oceans 99(C12):24,449-24,464. https://
doi.org/10.1029/94JCO01171

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

Beutler G, Jaggi A, Hugentobler U, Mervart L (2006) Efficient satellite
orbit modelling using pseudo-stochastic parameters. J Geodesy
80(7):353-372. https://doi.org/10.1007/s00190-006-0072-6

Bizouard C, Gambis D (2018) International earth rotation and reference
systems service earth orientation parameters EOP (IERS) 14 C04.
ftp://hpiers.obspm.fr/iers/eop/eopc04/. Accessed 21 Sep 2019

Bury G, Sosnica K, Zajdel R (2019) Multi-GNSS orbit determination
using satellite laser ranging. J Geodesy 93:2447-2463. https://doi.
org/10.1007/s00190-018-1143-1

Chen JL, Wilson CR, Eanes RJ, Nerem RS (1999) Geophysical interpre-
tation of observed geocenter variations. ] Geophys Res Solid Earth
104(B2):2683-2690. https://doi.org/10.1029/19981B900019

Collilieux X, Altamimi Z, Ray J, van Dam T, Wu X (2009) Effect of the
satellite laser ranging network distribution on geocenter motion
estimation. J Geophys Res Solid Earth. https://doi.org/10.1029/
2008JB005727

Colombo OL (1989) The dynamics of global positioning system
orbits and the determination of precise ephemerides. J Geo-
phys Res Solid Earth 94(B7):9167-9182. https://doi.org/10.1029/
JB094iB07p09167

Couhert A, Mercier F, Moyard J, Biancale R (2018) Systematic
error mitigation in DORIS-derived geocenter motion. J Geophys
Res Solid Earth 123(11):10,142-10,161. https://doi.org/10.1029/
2018JB015453

Dach R, Schaer Stefan AD, Orliac E, Prange L, Susnik A, Villiger A,
Jaggi A (2016) CODE final product series for the IGS. Astronom-
ical Institute, University of Bern, Bern

Dickey JM (2010) How and why to do VLBI on GPS. In: Behrend D,
Baver KD (eds) IVS 2010 general meeting proceedings, interna-
tional VLBI service for geodesy and astrometry, pp 65-69

Dong D, Dickey JO, Chao Y, Cheng MK (1997) Geocenter variations
caused by atmosphere, ocean and surface ground water. Geophys
Res Lett 24:1867-1870. https://doi.org/10.1029/97GL01849

Duev DA, Calves MG, Pogrebenko SV, Gurvits LI, Cimo G, Bahamon
TB (2012) Spacecraft VLBI and Doppler tracking: algorithms and
implementation. Astron Astrophys 541:A43

Fey AL, Gordon D, Jacobs CS (eds) (2009) The second realization of the
international celestial reference frame by very long baseline inter-
ferometry, presented on behalf of the IERS/IVS Working Group.
IERS Technical Note 35, Verlag des Bundesamts fiir Kartographie
und Geodisie, Frankfurt am Main

Fukushima T (1994) Lunar VLBI observation model. Astron Astrophys
291:320-323

Fukuzaki Y, Wada K, Kawabata R, Ishimoto M, Wakasugi T (2015) First
geodetic result of Ishioka VGOS station. In: Haas R, Colomer F
(eds) Proceedings of the 22nd European VLBI group for geodesy
and astrometry working meeting, pp 67-70

Gipson J (2010) An introduction to Sked. In: Behrend D, Baver KD
(eds) IVS 2010 general meeting proceedings, international VLBI
service for geodesy and astrometry, pp 77-84

Haas R, Neidhardt A, Kodet J, P16tz C, Schreiber U, Kronschnabl G,
Pogrebenko S, Duev D, Casey S, Marti-Vidal I, Plank L (2014) The
Wettzell-Onsala G130128 experiment—VLBI-observations of a
GLONASS satellite. In: IVS 2014 general meeting proceedings
‘VGOS: the new VLBI network. International VLBI service for
geodesy and astrometry, pp 451-455

Haas R, Halsig S, Han S, Iddink A, Jaron F, La Porta L, Lovell J, Neid-
hardt A, Nothnagel A, P16tz C, Tang G, Zhang Z (2017) Observing
the Chang’E-3 Lander with VLBI (OCEL): technical setups and

@ Springer

first results. In: Nothnagel A, Jaron F (eds) Proceedings of the first
international workshop on VLBI observations of near-field targets,
5-6 Oct 2016. Schriftenreihe des Inst. f. Geodisie u. Geoinforma-
tion, vol 54. ISSN 1864-1113, Bonn, pp 41-64

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

Haines B, Bar-Sever Y, Bertiger W, Desai S, Willis P (2004) One-
centimeter orbit determination for Jason-1: new GPS-based strate-
gies. Mar Geodesy 27(1-2):299-318. https://doi.org/10.1080/
01490410490465300

Haines BJ, Bar-Sever YE, Bertiger WI, Desai SD, Harvey N, Sibois
AE, Weiss JP (2015) Realizing a terrestrial reference frame
using the Global Positioning System. J Geophys Res Solid Earth
120(8):5911-5939. https://doi.org/10.1002/2015JB012225

Hase H (1999) Phase centre determinations at GPS-satellites with
VLBI. In: Schliiter W, Hase H (eds) Proceedings of the 13th Euro-
pean VLBI group for geodesy and astrometry working meeting,
pp 273-277

Hellerschmied A, McCallum L, McCallum J, Sun J, B6hm J, Cao J
(2018) Observing APOD with the AuScope VLBI array. Sensors.
https://doi.org/10.3390/s18051587

Herring TA (1986) Precision of vertical position estimates from
Very Long Baseline Interferometry. J Geophys Res Solid Earth
91(B9):9177-9182. https://doi.org/10.1029/JB091iB09p09177

Himwich E, Bertarini A, Corey B, Baver KD, Gordon D, La Porta L
(2017) Impact of station clocks on UT1-TAl estimates. In: Haas R,
Elgered G (eds) Proceedings of the 23rd European VLBI group for
geodesy and astrometry working meeting. Chalmers University of
Technology, Gothenburg, pp 172-176

Hobiger T, Otsubo T (2014) Combination of GPS and VLBI on the
observation level during CONT11—common parameters, ties and
inter-technique biases. J Geodesy 88(11):1017-1028. https://doi.
org/10.1007/s00190-014-0740-x

Hobiger T, Otsubo T (2017) Combination of space geodetic techniques
on the observation level with c5++: common nuisance parameters
and data weighting. In: van Dam T (ed) REFAG 2014. Springer,
Cham, pp 31-37

Hobiger T, Koyama Y, Bohm J, Kondo T, Ichikawa R (2009) The effect
of neglecting VLBI reference station clock offsets on UT1 esti-
mates. Adv Space Res 43(6):910-916. https://doi.org/10.1016/j.
asr.2008.11.005

Hobiger T, Otsubo T, Sekido M, Gotoh T, Kubooka T, Takiguchi
H (2010) Fully automated VLBI analysis with c¢5++ for ultra
rapid determination of UT1. Earth Planets Space 62(12):933-937.
https://doi.org/10.5047/eps.2010.11.008

Hobiger T, Otsubo T, Sekido M (2014) Observation level combination
of SLR and VLBI with c¢5++: a case study for TIGO. Adv Space
Res 53(1):119-129

Jaggi A, Dach R, Montenbruck O, Hugentobler U, Bock H, Beutler G
(2009) Phase center modeling for LEO GPS receiver antennas and
its impact on precise orbit determination. J Geodesy 83(12):1145.
https://doi.org/10.1007/s00190-009-0333-2

Kang Z, Tapley B, Bettadpur S, Ries J, Nagel P, Pastor R (2006) Pre-
cise orbit determination for the GRACE mission using only GPS
data. J Geodesy 80(6):322-331. https://doi.org/10.1007/s00190-
006-0073-5

Kareinen N, Klopotek G, Hobiger T, Haas R (2017) Identifying optimal
tag-along station locations for improving VLBI intensive sessions.
Earth Planets Space 69(16):1-9. https://doi.org/10.1186/540623-
017-0601-y

Klopotek G, Hobiger T, Haas R (2017) Implementation of VLBI near-
field delay models in the c5++ analysis software. In: Nothnagel
A, Jaron F (eds) Proceedings of the first international work-
shop on VLBI observations of near-field targets, 5-6 Oct 2016.


https://doi.org/10.1029/94JC01171
https://doi.org/10.1029/94JC01171
https://doi.org/10.1007/s00190-006-0072-6
ftp://hpiers.obspm.fr/iers/eop/eopc04/
https://doi.org/10.1007/s00190-018-1143-1
https://doi.org/10.1007/s00190-018-1143-1
https://doi.org/10.1029/1998JB900019
https://doi.org/10.1029/2008JB005727
https://doi.org/10.1029/2008JB005727
https://doi.org/10.1029/JB094iB07p09167
https://doi.org/10.1029/JB094iB07p09167
https://doi.org/10.1029/2018JB015453
https://doi.org/10.1029/2018JB015453
https://doi.org/10.1029/97GL01849
https://doi.org/10.1007/s10291-013-0361-5
https://doi.org/10.1007/s10291-013-0361-5
https://doi.org/10.1080/01490410490465300
https://doi.org/10.1080/01490410490465300
https://doi.org/10.1002/2015JB012225
https://doi.org/10.3390/s18051587
https://doi.org/10.1029/JB091iB09p09177
https://doi.org/10.1007/s00190-014-0740-x
https://doi.org/10.1007/s00190-014-0740-x
https://doi.org/10.1016/j.asr.2008.11.005
https://doi.org/10.1016/j.asr.2008.11.005
https://doi.org/10.5047/eps.2010.11.008
https://doi.org/10.1007/s00190-009-0333-2
https://doi.org/10.1007/s00190-006-0073-5
https://doi.org/10.1007/s00190-006-0073-5
https://doi.org/10.1186/s40623-017-0601-y
https://doi.org/10.1186/s40623-017-0601-y

Geodetic VLBI for precise orbit determination of Earth satellites: a simulation study

Page250f26 56

Schriftenreihe des Inst. f. Geodidsie u. Geoinformation, vol 54,
ISSN 1864-1113, Bonn, pp 29-33

Klopotek G, Hobiger T, Haas R (2018) Geodetic VLBI with an arti-
ficial radio source on the Moon: a simulation study. J Geodesy
92(5):457-469. https://doi.org/10.1007/s00190-017-1072-4

Klopotek G, Hobiger T, Haas R, Jaron F, La Porta L, Nothnagel A, Zhang
Z, Han S, Neidhardt A, Plotz C (2019) Position determination of
the Chang’e 3 lander with geodetic VLBI. Earth Planets Space
71(1):23. https://doi.org/10.1186/s40623-019-1001-2

Kriigel M, Thaller D, Tesmer V, Rothacher M, Angermann D, Schmid
R (2007) Tropospheric parameters: combination studies based on
homogeneous VLBI and GPS data. J] Geodesy 81(6):515-527.
https://doi.org/10.1007/s00190-006-0127-8

Lagler K, Schindelegger M, Bohm J, Krasna H, Nilsson T (2013) GPT2:
empirical slant delay model for radio space geodetic techniques.
Geophys Res Lett 40(6):1069—-1073. https://doi.org/10.1002/grl.
50288

Minnel B (2016) Co-location of geodetic observation techniques in
space. PhD thesis, ETH Zurich, Ziirich. https://doi.org/10.3929/
ethz-a-010811791

Minnel B, Rothacher M (2016) Ionospheric corrections for single-
frequency tracking of GNSS satellites by VLBI based on co-
located GNSS. J Geodesy 90(2):189-203. https://doi.org/10.1007/
s00190-015-0865-6

McCallum J, Plank L, Hellerschmied A, Bohm J, Lovell J (2017)
Technical challenges in VLBI observations of GNSS sources. In:
Nothnagel A, Jaron F (eds) Proceedings of the first international
workshop on VLBI observations of near-field targets, 5-6 Oct
2016. Schriftenreihe des Inst. f. Geodisie u. Geoinformation, vol
54, ISSN 1864-1113, Bonn, pp 7-10

Meindl M, Beutler G, Thaller D, Dach R, Jaggi A (2013) Geocenter
coordinates estimated from GNSS data as viewed by perturbation
theory. Adv Space Res 51(7):1047-1064. https://doi.org/10.1016/
j-asr.2012.10.026

Meindl M, Beutler G, Thaller D, Dach R, Schaer S, Jiggi A (2015) A
comment on the article “A collinearity diagnosis of the GNSS
geocenter determination” by P. Rebischung, Z. Altamimi, and
T. Springer. J Geodesy 89(2):189-194. https://doi.org/10.1007/
s00190-014-0765-1

Milani A, Nobili AM, Farinella P (1988) Non-gravitational perturba-
tions and satellite geodesy. Astron Notes 309(1):38-38. https://
doi.org/10.1002/asna.2113090108

Montenbruck O, Garcia-Fernandez M, Yoon Y, Schon S, Jiaggi A (2008)
Antenna phase center calibration for precise positioning of LEO
satellites. GPS Solut 13(1):23. https://doi.org/10.1007/s10291-
008-0094-z

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

Montenbruck O, Steigenberger P, Prange L, Deng Z, Zhao Q, Perosanz
F, Romero I, Noll C, Stiirze 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

Nerem R, Bar-Sever YE, Grasp Team (2011) The geodetic reference
antenna in space (GRASP)—a mission to enhance the terrestrial
reference frame, pp G51B-04

Niell A, Barrett J, Burns A, Cappallo R, Corey B, Derome M, Eckert
C, Elosegui P, McWhirter R, Poirier M, Rajagopalan G, Rogers
AEE, Ruszczyk C, SooHoo J, Titus M, Whitney A, Behrend D,
Bolotin S, Gipson J, Gordon D, Himwich E, Petrachenko B (2018)
Demonstration of a broadband very long baseline interferometer
system: a new instrument for high-precision space geodesy. Radio
Sci 53(10):1269-1291. https://doi.org/10.1029/2018RS006617

Nilsson T, Haas R (2010) Impact of atmospheric turbulence on geode-
tic very long baseline interferometry. J Geophys Res Solid Earth.
https://doi.org/10.1029/2009IB006579

Nothnagel A, Schnell D (2008) The impact of errors in polar
motion and nutation on UT1 determinations from VLBI Inten-
sive observations. J Geodesy 82(12):863-869. https://doi.org/10.
1007/s00190-008-0212-2

Nothnagel A, Artz T, Behrend D, Malkin Z (2017) International
VLBI service for geodesy and astrometry—delivering high-quality
products and embarking on observations of the next generation.
J Geodesy 91(7):711-721. https://doi.org/10.1007/s00190-016-
0950-5

Otsubo T, Kunimori H, Engelkeimier B, Takahashi F (1996) Develop-
ment of space geodetic technology analysis software: Concerto. J
Commun Res Lab 43:23-56

Otsubo T, Appleby GM, Gibbs P (2001) Glonass laser ranging accu-
racy with satellite signature effect. Surv Geophys 22(5):509-516.
https://doi.org/10.1023/A:1015676419548

Otsubo T, Matsuo K, Aoyama Y, Yamamoto K, Hobiger T, Kubo-oka T,
Sekido M (2016) Effective expansion of satellite laser ranging net-
work to improve global geodetic parameters. Earth Planets Space
68(1):65. https://doi.org/10.1186/s40623-016-0447-8

Pearlman MR, Noll CE, Pavlis EC, Lemoine FG, Combrink L, Degnan
1], Kirchner G, Schreiber U (2019) The ILRS: approaching 20
years and planning for the future. J] Geodesy 93(11):2161-2180.
https://doi.org/10.1007/s00190-019-01241- 1

Petit G, Luzum B (eds) (2010) IERS conventions (2010) IERS Technical
Note 36. Verlag des Bundesamts fiir Kartographie und Geodisie,
Frankfurt a. M

Petrachenko B, Niell A, Behrend D, Corey B, Bohm J, Charlot P, Col-
lioud A, Gipson J, Haas R, Hobiger T, Koyama Y, MacMillan D,
Malkin Z, Nilsson T, Pany A, Tuccari G, Whitney A, Wresnik J
(2009) Design aspects of the VLBI2010 system. Progress report
of the IVS VLBI2010 committee

Plag HP, Pearlman M (eds) (2009) Global geodetic observing system:
meeting the requirements of a global society on a changing planet
in 2020, 1st edn. Springer, Berlin. https://doi.org/10.1007/978-3-
642-02687-4

Plank L (2013) VLBI satellite tracking for the realization of frame
ties. PhD thesis, Vienna University of Technology, Vienna. http://
katalog.ub.tuwien.ac.at/ AC11121594

Plank L, Bohm J, Schuh H (2016) Simulated VLBI satellite tracking of
the GNSS constellation: observing strategies. In: Rizos C, Willis
P (eds) IAG 150 years. Springer, Cham, pp 85-90

Plank L, Hellerschmied A, McCallum J, Bohm J, Lovell J (2017) VLBI
observations of GNSS-satellites: from scheduling to analysis. J
Geodesy 91:1-14

Ray J, Altamimi Z (2005) Evaluation of co-location ties relating
the VLBI and GPS reference frames. J Geodesy 79(4):189—-195.
https://doi.org/10.1007/s00190-005-0456-z

Riddell AR, King MA, Watson CS, Sun Y, Riva REM, Rietbroek
R (2017) Uncertainty in geocenter estimates in the context of
ITRF2014. J Geophys Res Solid Earth 122(5):4020-4032. https://
doi.org/10.1002/2016JB013698

Rogers AEE (1970) Very long baseline interferometry with large
effective bandwidth for phase-delay measurements. Radio Sci
5(10):1239-1247. https://doi.org/10.1029/RS0051010p01239

Rothacher M (2002) Estimation of station heights with GPS. In: Drewes
H, Dodson AH, Fortes LPS, Sanchez L, Sandoval P (eds) Vertical
reference systems. Springer, Heidelberg, pp 81-90

Rothacher M, Angermann D, Artz T, Bosch W, Drewes H, Gerstl M,
Kelm R, Konig D, Konig R, Meisel B, Miiller H, Nothnagel A,
Panafidina N, Richter B, Rudenko S, Schwegmann W, Seitz M,
Steigenberger P, Tesmer S, Tesmer V, Thaller D (2011) GGOS-
D: homogeneous reprocessing and rigorous combination of space

@ Springer


https://doi.org/10.1007/s00190-017-1072-4
https://doi.org/10.1186/s40623-019-1001-2
https://doi.org/10.1007/s00190-006-0127-8
https://doi.org/10.1002/grl.50288
https://doi.org/10.1002/grl.50288
https://doi.org/10.3929/ethz-a-010811791
https://doi.org/10.3929/ethz-a-010811791
https://doi.org/10.1007/s00190-015-0865-6
https://doi.org/10.1007/s00190-015-0865-6
https://doi.org/10.1016/j.asr.2012.10.026
https://doi.org/10.1016/j.asr.2012.10.026
https://doi.org/10.1007/s00190-014-0765-1
https://doi.org/10.1007/s00190-014-0765-1
https://doi.org/10.1002/asna.2113090108
https://doi.org/10.1002/asna.2113090108
https://doi.org/10.1007/s10291-008-0094-z
https://doi.org/10.1007/s10291-008-0094-z
https://doi.org/10.1007/s00190-014-0774-0
https://doi.org/10.1029/2018RS006617
https://doi.org/10.1029/2009JB006579
https://doi.org/10.1007/s00190-008-0212-2
https://doi.org/10.1007/s00190-008-0212-2
https://doi.org/10.1007/s00190-016-0950-5
https://doi.org/10.1007/s00190-016-0950-5
https://doi.org/10.1023/A:1015676419548
https://doi.org/10.1186/s40623-016-0447-8
https://doi.org/10.1007/s00190-019-01241-1
https://doi.org/10.1007/978-3-642-02687-4
https://doi.org/10.1007/978-3-642-02687-4
http://katalog.ub.tuwien.ac.at/AC11121594
http://katalog.ub.tuwien.ac.at/AC11121594
https://doi.org/10.1007/s00190-005-0456-z
https://doi.org/10.1002/2016JB013698
https://doi.org/10.1002/2016JB013698
https://doi.org/10.1029/RS005i010p01239

56  Page 26 of 26

G. Klopotek et al.

geodetic observations. J Geodesy 85(10):679—-705. https://doi.org/
10.1007/s00190-011-0475-x

Schmid R, Rothacher M (2003) Estimation of elevation-dependent
satellite antenna phase center variations of GPS satellites.
J Geodesy 77(7):440-446. https://doi.org/10.1007/s00190-003-
0339-0

Schmid R, Steigenberger P, Gendt G, Ge M, Rothacher M (2007) Gen-
eration of a consistent absolute phase-center correction model for
GPS receiver and satellite antennas. J Geodesy 81(12):781-798.
https://doi.org/10.1007/s00190-007-0148-y

Sekido M, Fukushima T (2006) A VLBI delay model for radio sources
at a finite distance. J Geodesy 80(3):137-149. https://doi.org/10.
1007/500190-006-0035-y

Sekido M, Kondo T, Kawai E, Imae M (2003) Evaluation of GPS-based
ionospheric TEC map by comparing with VLBI data. Radio Sci.
https://doi.org/10.1029/2000RS002620

Seybold JS (2005) Introduction to RF propagation. Wiley, Hoboken.
https://doi.org/10.1002/0471743690

SosnicaK, Jaggi A, Thaller D, Beutler G, Dach R (2014) Contribution of
Starlette, Stella, and AJISAI to the SLR-derived global reference
frame. J Geodesy 88(8):789—-804. https://doi.org/10.1007/s00190-
014-0722-z

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

Sosnica K, Bury G, Zajdel R, Strugarek D, Drozdzewski M, KaZmierski
K (2019) Estimating global geodetic parameters using SLR
observations to Galileo, GLONASS, BeiDou, GPS, and QZSS.
Earth Planets Space 71(1):20. https://doi.org/10.1186/540623-
019-1000-3

Springer TA, Beutler G, Rothacher M (1999) A new solar radiation
pressure model for GPS satellites. GPS Solut 2(3):50-62. https://
doi.org/10.1007/PL0O0012757

Steigenberger P, Thoelert S, Montenbruck O (2018) GNSS satellite
transmit power and its impact on orbit determination. J Geodesy
92(6):609-624. https://doi.org/10.1007/s00190-017-1082-2

Sun J, Tang G, Shu F, Li X, Liu S, Cao J, Hellerschmied A, Bohm J,
McCallum L, McCallum J, Lovell J, Haas R, Neidhardt A, Lu W,
Han S, Ren T, Chen L, Wang M, Ping J (2018) VLBI observations
to the APOD satellite. Adv Space Res 61(3):823-829. https://doi.
org/10.1016/j.as1.2017.10.046

@ Springer

Takahashi F, Kondo T, Takahashi Y, Koyama Y (2000) Very long base-
line interferometer. Wave summit course. Ohmsha Ltd, Tokyo

Tange O (2011) GNU parallel—the command-line power tool.;login.
USENIX Mag 36(1):42-47. https://doi.org/10.5281/zenodo.
16303

Thaller D, Sosnica K, Dach R, Jaggi A, Beutler G, Mareyen M, Richter B
(2014) Geocenter coordinates from GNSS and combined GNSS-
SLR solutions using satellite co-locations. In: Rizos C, Willis P
(eds) Earth Edge Sci Sustain Planet. Springer, Heidelberg, pp 129—
134

Thompson AR, Moran JM, Swenson GW (2017) Interferometry and
synthesis in radio astronomy. Springer, Cham. https://doi.org/10.
1007/978-3-319-44431-4

Tornatore V, Haas R, Casey S, Duev D, Pogrebenko S, Calvés GM
(2014) Direct VLBI observations of global navigation satellite sys-
tem signals. In: Rizos C, Willis P (eds) Earth on the edge: science
for a sustainable planet. Springer, Heidelberg, pp 247-252

Whitney A, Lonsdale C, Himwich E, Vandenberg N, van Langevelde H,
Mujunen A, Walker C (2002) VEX file definition/example. http://
www.vlbi.org/vex/docs/vex %20definition%2015b1.pdf, techni-
cal report 1.5b1

Wu X, Ray J, van Dam T (2012) Geocenter motion and its geodetic and
geophysical implications. J Geodyn 58:44-61. https://doi.org/10.
1016/j.jog.2012.01.007

Wu X, Kusche J, Landerer FW (2017) A new unified approach to deter-
mine geocentre motion using space geodetic and grace gravity
data. Geophys J Int 209(3):1398-1402. https://doi.org/10.1093/
2ji/ggx086

Yoo AB, Jette MA, Grondona M (2003) SLURM: simple linux
utility for resource management. In: Feitelson D, Rudolph L,
Schwiegelshohn U (eds) Job Schedul Strateg Parallel Process.
Springer, Berlin, pp 44-60

Zheng W, Huang Y, Chen Z, Wang GW, Liu Q, Tong F, Li P (2014)
Realtime and high-accuracy VLBI in the CE-3 Mission. In: IVS
2014 general meeting proceedings ‘VGOS: the new VLBI net-
work’. International VLBI Service for Geodesy and Astrometry,
pp 466472


https://doi.org/10.1007/s00190-011-0475-x
https://doi.org/10.1007/s00190-011-0475-x
https://doi.org/10.1007/s00190-003-0339-0
https://doi.org/10.1007/s00190-003-0339-0
https://doi.org/10.1007/s00190-007-0148-y
https://doi.org/10.1007/s00190-006-0035-y
https://doi.org/10.1007/s00190-006-0035-y
https://doi.org/10.1029/2000RS002620
https://doi.org/10.1002/0471743690
https://doi.org/10.1007/s00190-014-0722-z
https://doi.org/10.1007/s00190-014-0722-z
https://doi.org/10.1007/s00190-015-0810-8
https://doi.org/10.1007/s00190-015-0810-8
https://doi.org/10.1186/s40623-019-1000-3
https://doi.org/10.1186/s40623-019-1000-3
https://doi.org/10.1007/PL00012757
https://doi.org/10.1007/PL00012757
https://doi.org/10.1007/s00190-017-1082-2
https://doi.org/10.1016/j.asr.2017.10.046
https://doi.org/10.1016/j.asr.2017.10.046
https://doi.org/10.5281/zenodo.16303
https://doi.org/10.5281/zenodo.16303
https://doi.org/10.1007/978-3-319-44431-4
https://doi.org/10.1007/978-3-319-44431-4
http://www.vlbi.org/vex/docs/vex%20definition%2015b1.pdf
http://www.vlbi.org/vex/docs/vex%20definition%2015b1.pdf
https://doi.org/10.1016/j.jog.2012.01.007
https://doi.org/10.1016/j.jog.2012.01.007
https://doi.org/10.1093/gji/ggx086
https://doi.org/10.1093/gji/ggx086

	Geodetic VLBI for precise orbit determination of Earth satellites: a simulation study
	Abstract
	1 Introduction
	2 Geodetic VLBI observations of Earth-orbiting satellites
	3 Simulation setup and parameter estimation
	3.1 Input data
	3.2 Precision of the simulated observations
	3.3 Orbit quality assessment
	3.4 Analysis setup
	3.4.1 Orbit modeling


	4 Results
	4.1 Orbit quality
	4.2 Station positions
	4.3 Earth rotation parameters
	4.4 Geocenter
	4.5 VGOS network

	5 Discussion
	6 Summary and conclusions
	Acknowledgements
	References




