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Abstract The observation of satellites with VLBI is an
auspicious approach, providing a variety of new possi-
bilities. Promising applications can be found, among
others, in the field of inter-technique frame ties. Al-
though several test observations to GNSS satellites
have been carried out in recent years, this approach
is still far away from being applied routinely. Diffi-
culties already start during observation planning, with
the standard geodetic scheduling software not being
prepared to include satellites as observation targets in
the required control files. The new satellite scheduling
module of the Vienna VLBI Software (VieVS; Bohm
et al., 2012) offers a solution to this. It allows the user
to prepare schedules for observations of selected satel-
lites, also in combination with standard observations
to natural radio sources. The schedule files in the cur-
rent VEX format created this way provide the possibil-
ity to conduct actual VLBI satellite experiments. The
next step is to evaluate suitable scheduling strategies
for satellite observations, which will allow to imple-
ment an automatic source selection approach. The de-
velopment of a convenient scheduling software in the
form of the new VieVS module is important to support
further research and development in this field.
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1 Introduction

Observations of anthropogenic space objects with radio
telescopes is not new for the VLBI in general. There
have been numerous of those observations in the last
decades, mainly for the navigation of (deep) space mis-
sions, e.g. carried out by the NASA Deep Space Net-
work (e.g. Border, 2009). However, the observation of
spacecrafts, in particular of Earth-orbiting satellites, is
new for the geodetic VLBI system. The basic idea is
to apply standard VLBI data acquisition and analysis
schemes to direct observations of satellite signals, simi-
lar to those used for operational observations of natural
radio sources (mostly quasars).This will offer a variety
of new possibilities for the geodetic community, where
probably the most promising ones can be found in the
field of inter-technique ties, as discussed e.g. by Plank
et al. (2014).

For successful VLBI data acquisition, suitable ob-
servation plans, referred to as schedules, are required
to define the timing of a VLBI session and to config-
ure the receiver equipment. The scheduling of geodetic
VLBI sessions is a critical task and is usually done by
dedicated software, such as SKED (Gipson, 2012), or
VIE_SCHED (Sun et al., 2014), the standard schedul-
ing module in VieVS. In case of VLBI satellite ob-
servations the problem was that those commonly used
geodetic scheduling programs did not support satellites
as radio sources routinely. Hence, lots of manual inter-
actions were needed for previous experiments, to care-
fully prepare the required observation plans and the re-
lated interchange files. To close this gap a dedicated
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Satellite Scheduling Module was developed for VieVS
(Hellerschmied et al., 2015), which enables the cre-
ation of realistic schedules for satellite observation for
upcoming test and research campaigns in a simple and
convenient way. The observation plans are saved in a
standardized file format and can be applied to control
real observations.

2 VLBI satellite observations

2.1 Basic observables

The choice of the basic observables in the data analy-
sis affects how the data have to be taken, both in fre-
quency setup and in the sequence of scans. In geodesy
typically measurements of signal delays derived from
phase slopes of wide frequency ranges are used. The
available bandwidth of satellite signals is small com-
pared to quasar signals. On the other hand, the signal
strength is usually much higher, which is assumed to
compensate the negative effects of the narrow band-
width on the accuracy of the derived delay observables.

Alternatively, phase referencing could be used be-
tween satellite and a nearby target, e.g. a well defined
natural radio source of known position. This scheme
has been used for most astronomical applications,
as well as for near-field VLBI observations of space
probes, e.g. of the ESA Venus Express Spacecraft
(Duev et al., 2012). A big complication for this
approach for Earth orbiting satellites emerges due to
the very short distance between target and observer: A
quasar that is close to a satellite seen from one site is
likely to be far from this satellite as seen from another
site.

2.2 Combined schedules

The combination of satellite and quasar scans in one
session and a common treatment in the data analysis
offers various interesting possibilities, such as:

e Determine satellite positions directly in the CRF
e Reveal local-tie discrepancies between the VLBI
frame and reference frames of other techniques, e.g.

as shown for VLBI and GNSS in the simulation
study by Plank et al. (2014)

e [Establish a direct link between the geometric VLBI
reference frame and the geocenter (Dickey, 2010)

However, there are severe observation restrictions
on the station level, mainly due to limited receiver ca-
pabilities. Standard geodetic VLBI is done routinely
in the S- and X-band, while satellite signals are not
restricted to those bands. GNSS satellites, which are
particularly interesting for VLBI observations, trans-
mit radio signals in the L-band, which is generally not
observable with the standard geodetic antenna equip-
ment without changes in the hardware. Only a few an-
tennas provide the possibility to combine S/X-band ob-
servations and L-band observations, either by automat-
ically switching the receiver (e.g. Medicina'), which
has the drawback that those adaptions take some time
and may change internal signal delays, or by using ded-
icated S/X/L-band receivers as developed at the station
Wettzell by Kodet et al. (2014).

2.3 Future scheduling strategies
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Fig. 1 Possible constellation for combined S/X/L-band obser-
vations. Wettzell is able to observe all bands. In Onsala sibling
antennas are used to cover all three bands.

One major task for the near future is the implemen-
tation of an automatic source-selection approach for
satellites and combined sessions, respectively. Current
geodetic scheduling software implement automatic
source selection approaches, which usually optimize
the sky coverage at the stations. This is required to
determine accurate tropospheric corrections and to
beat down atmospheric errors.

However, there are still several open questions: One
question is how to combine satellite and quasar scans

! http://www.med.ira.inaf .it/ManualeMedicina/
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reasonably within one session (in terms of scan se-
quence, ratio between satellite and quasar scans, spa-
tial source distribution, etc.) to improve the desired tar-
get estimates. Another important point is how to han-
dle station-dependent restrictions in the observable fre-
quency bands, as discussed in Sec. 2.2. One possibility
is to take advantage of twin or sibling telescopes: One
telescope for satellites, e.g. in L-band, and the other
one for classical S/X-band observations, as outlined in
Fig. 1 for the baseline Onsala-Wettzell.

3 VieVS Satellite Scheduling Module

The Satellite Scheduling Module is integrated into the
Graphical User Interface (GUI) of VieVS. In addition
to the function range of the standard scheduling mod-
ule VIE_SCHED it provides the following features:

Orbit prediction:  Satellite positions and velocities
are required for two tasks: (a) For the observation
planning to check the conditions for a valid scan
(see Sec. 3.2) and to determine whether a satellite is
observable at a certain epoch. (b) For the calculation
of the tracking data which are included in the final
schedule files to enable a stepwise satellite track-
ing (see Sec. 3.3). The applied orbit determination
approach has to provide the possibility to predict
satellite positions at least a few days to the future
with sufficient accuracy, because the scheduling is
usually done several days before the actual sessions
are carried out. In VieVS the orbit determination
is based on Two-Line Element (TLE) datasets. The
great advantage of TLE data is their wide availabil-
ity for thousands of space objects on a daily basis
and free of charge”. The calculations are based on
analytical Simplified General Perturbation models
(SGP; Hoots and Roehrich, 1980), without the re-
quirement of CPU-intensive interpolations. The ac-
curacy of those orbit predictions is not sufficient to
be used for the correlation. Therefore, the satellite
positions have to be obtained from other sources,
e.g. from GNSS final orbits provided by the IGS.

Interactive user interface: The scheduling is con-
trolled via a text-based user interface. Several in-
teractive plots visualize the current satellite-station

2 For more information visit:

NORAD/elements/

http://www.celestrak.com/

constellation, observation restrictions and summa-
rize the available observation times of potential tar-
gets. Useful auxiliary information are also provided,
e.g. cable wrap positions, etc.

Satellite scans:  Satellite scans can be added scan by
scan, just by selecting the target. The scan start time
is calculated automatically, but the on-source has to
be defined manually.

Combined schedules: Quasar and satellite scans
can be mixed in one schedule, where blocks of
quasars scans can be added automatically using the
station-based scheduling strategy of VIE_SCHED
(Sun et al., 2014). Individual station networks can
be defined for both observation types, including
antennas in twin/sibling mode.

3.1 Program overview and workflow

A program overview is outlined in Fig. 2:

1. Input data: On program start, different kinds of
input data are loaded. Catalog files provide all re-
quired information about VLBI stations, e.g. coor-
dinates, equipment and antenna parameters. Con-
figuration files are used to define the receiver con-
figuration for specific observation scenarios and
TLE data are needed for orbit predictions.

2. VieVS GUI: The basic observation setup can be
defined in the GUI. The user selects the station net-
work, session start time and duration, and further
observation parameters, e.g. the cut-off elevation.
Via mouse-click the internal TLE library can be
updated automatically over a web service. Further-
more, a pre-selection of satellites has to be made.

3. User interface: After setting all required param-
eters, the program calculates the available obser-
vation periods for all selected satellites and pro-
vides this information to the user in terms of text
and graphics. Via the provided interface, the user is
able to compile an observation plan by assembling
satellite and quasar scans manually in the desired
order. After selecting a target source, the program
calculates the required slew times and suggests a
scan start time automatically. For quasar scans, also
the optimal scan duration (on-source time) is cal-
culated. For satellites the determination of the on-
source time is still a subject of research, because
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several required parameters (e.g. flux density, re-
ceiver efficiency, etc.) are still unknown. There is
also the possibility to combine satellite scans in se-
quence with classical geodetic schedules of quasar
scans, computed by the station-based scheduling
approach of VIE_.SCHED (Sun et al., 2014).

4. VEX files: The final observation plans are saved as
VEX-formatted files (see Sec. 3.3).

3.2 Observation conditions

To determine whether an observation target is observ-
able at a certain epoch, several visibility conditions and
limitations in the antenna hardware are considered:

Common visibility: A satellite has to be visible si-
multaneously from all antennas of the defined sta-
tion network. Therefore, the visibility is examined
separately for each site, considering the defined cut-
off elevation and a horizon mask, if available. By
combining these data, the common visibility from
the network is examined. Although it would be re-
quired for large (up to global) station networks, sub-
netting is not supported so far. For delay time calcu-
lations a target has to be visible simultaneously from
at least two stations forming one baseline. However,
single station observations, e.g. for signal acquisi-
tion tests, can also be scheduled.

Slew rates: Contrary to quasars, satellites can move
quite fast relative to the Earth’s surface, depending
on their orbit height. Hence, it has to be ensured,
that the antenna slew rates are sufficiently high, so
that the antennas are able to keep track of the satel-
lite during data acquisition.

Axis limits and cable wrap:  Axis limits of individ-
ual antennas are checked. Furthermore, the cable
wrap of AzEl-mounted antennas has to be tracked
to calculate slew times between consecutive scans
unambiguously.

Sun distance: A certain distance between the Sun
and the observation target has to be kept to prevent
signal degradation.

3.3 Schedule files

The final observation plans are saved in VEX-
formatted schedule files. VEX (Whitney et al., 2002) is
a standard file format for VLBI schedules. Those files
comprise all required information to carry out a VLBI
session. Additionally to the scan sequence, all setup
parameters for the receiver equipment are defined
there, e.g. sample rates, frequencies and bandwidths.

To enable satellite tracking without the require-
ment of dedicated satellite tracking modes, a so-called
stepwise tracking (e.g. Hellerschmied et al., 2015)
is implemented in the issued VEX files. Satellite or-
bits are fragmented and approximated by discrete posi-
tions in the VEX files, defined by topocentric Ra/Dec
similarly to the source definition of quasars. Satellites
are tracked by repositioning the antennas in a defined
time interval to the defined tracking points. Individual
VEX files are generated for each station, because the
topocentric satellite positions differ between sites.

The testing period for a revised VEX format (VEX
2.0) already started in December 20143, This is quite
important for VLBI satellite tracking, because the new
format will provide the possibility to include TLE orbit
data directly to the control files. In combination with
dedicated satellite tracking features of the VLBI Field
System this will enable continuous and smooth track-
ing (Himwich and Gipson, 2012).

4 Summary and outlook

The VieVS Satellite Scheduling Module provides a
flexible tool for the scheduling of real VLBI satellite
observations, also in combination with classical
quasars scans. The final observation plans are saved
in VEX-formatted schedule files, which are able
to control real experiments by applying a stepwise
tracking approach for satellites. This module was
initially applied for successful test observations of
GLONASS satellites in January 2014 on the baseline
Onsala-Wettzell (further details are provided by Haas
etal., 2015).

The implementation of a suitable scheduling opti-
mization approach, which is a prerequisite for an auto-
matic selection of satellites, requires further research.

3 https://safe.nrao.edu/wiki/bin/view/VLBA/Vex2
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Fig. 2 Overview of the VieVS Satellite Scheduling Module: (1.) Input data, (2.) GUL (3.) user interface and (4.) output.

Therefore, it is planned to combine the simulation tools
for satellites (Plank et al., 2014) with the new schedul-
ing module in VieVS, to investigate scheduling strate-
gies for satellites based on realistic schedules.
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