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Abstract The topic of VLBI tracking of GNSS satel-
lites has lately emerged as a new way for linking the
dynamic reference frame realized by GNSS satellites
to the ICRF. Recently, a few related experiments and
studies were carried out to test and further develop this
technique. In this contribution, we present preliminary
results of post-correlation with the observations from a
recent VLBI tracking of a GLONASS satellite experi-
ment performed by the radio telescopes in Wettzell and
Onsala in January 2013 [1]. To determine and evaluate
the ability of these observations, the appropriate way to
fringe fit the correlation data from artificial signals is
studied, and some graphs after calibrations from AIPS
are analyzed.
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1 Introduction

While the ITRF (International Terrestrial Reference
Frame) is realized by the combination of the various
space geodetic techniques, VLBI (Very Long Baseline
Interferometry) is the only technique to determine
the ICRF (International Celestial Reference Frame)
through its observations of extragalactic radio sources.
According to combinations of parameters derived
by GNSS (Global Navigation Satellite Systems) and
VLBI, e.g. troposphere delays [2], gradients, and
UT1-UTC [3], evidence of discrepancies between
the two systems becomes obvious. Terrestrial local
ties can provide a way to interlink the otherwise
independent technique-specific terrestrial reference
frames, but only to some degree [4]. It is evident that
errors in the determination of the terrestrial ties, e.g.
due to the errors during the transformation from the
locally surveyed coordinates into global Cartesian
three dimensional coordinates, introduce significant
errors in the combined analysis of space geodetic
techniques. A new concept for linking the space
geodetic techniques might be to introduce celestial
ties, e.g. realized by several techniques co-located on
board a satellite [5]. A small satellite carrying various
space geodetic techniques is under investigation at
GFZ. Such a satellite would provide a new observing
platform with its own additional unknowns, such as
the orbit or atmospheric drag parameters. A link of the
VLBI and GNSS techniques might be achieved in a
more direct way as well: by VLBI tracking of GNSS
satellites with the extragalactic radio sources nearby as
calibrators. This new kind of hybrid VLBI-GNSS ob-
servation could comprise a new direct inter-technique
tie without the involvement of surveying methods
and would improve the consistency of the two space
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geodetic techniques VLBI and GNSS, in particular
of their celestial frames. Several tests of this type of
observation were already successfully carried out. First
results were obtained from the GLONASS satellites
tracking data in cooperation with JIVE using the
software SWSpec and SCTracker [6]. In our work,
to test this kind of innovative observation, we also
analyzed the observations from an experiment where
the PR0O9 GLONASS satellite was tracked [1] in this
work.

2 “VLBI Tracking GLONASS” Experiment
Description

With the new L-band receiver equipped at the 20-m
Wettzell telescope [7], the PRO9 GLONASS satel-
lite was successfully tracked from 13:15:00 UT to
13:59:59 UT on January 28th, 2013 for the first time
together with the 25-m Onsala telescope (experiment
G130128, Figure 1 and Figure 2) [1]. Data were
recorded in L1 format with 8§ MHz bandwidth and
RHCP (Right Hand Circular Polarization) [7] and
correlated with the JIVE Software Correlator SFCX in
the Nertherlands, which is based on the original design
developed for VLBI tracking of the Huygens Probe. It
is able to support both the far-field and the near-field
delay models and processing data in various “flavors”
of the Mark 5 format [8].

Skyplot for the station ONSALAZS (28.01.2013 at 13:15)
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Fig. 1 Skyplot for station Onsala85.

Skyplot for the station VWWETTZELL (28.01.2013 at 13:15)
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Fig. 2 Skyplot for station Wettzell.

3 Data Reduction for Artificial Signals

The artificial GLONASS signals are quite narrow,
which differs from the broad continuous spectrum
from natural extragalactic radio sources. The spectral
resolution of the narrow band observations from
GLONASS is 15.6 Hz, ie., 512 channels per IF
(Intermediate Frequency). The lower edge frequencies
in the four IFs are displayed in Table 1 [9]. The whole
bandwidth spreads from 1595 MHz to 1603 MHz.
This situation limits the observation accuracy, and
multi-band delays (the derivation of the phases over the
wide-spreading bandwidth in different IFs with respect
to the frequencies) could not be derived because the
signals are all centered to almost the same frequency
and differ only by 10 kHz. After correlation, the data
were stored in files of the FITS-IDI (Flexible Image
Transport System-Interferometry Data Interchange)
[10] format with 0.5 s and 1 s integration time,
respectively. To get the delay and rate for the geodetic
parameter estimation, fringe-fitting should be done
first.

Table 1 The lower edge IF frequencies (in MHz).

Pass IF 1 IF2 IF3 IF 4
Frequency |1594.87(1594.88|1594.89|1594.90
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3.1 Fringe-fitting

The aim of fringe-fitting is to get the delay and the rate,
and the basic theory is as follows,

A¢I,V:¢o+(3—(3Av+ %—?At) (1)
g—e denotes the delay, and %—‘f is the rate [11]. The
fringe-fitting was conducted by the Astronomical
Imaging Processing System (AIPS), developed and
maintained by NRAO. The algorithm determining
the residual delay, rate, and phase in the AIPS soft-
ware is realized by the task ‘FRING’. Through FFT
(Fast Fourier Transform) and least squares solution,
single-band group delays and rate residuals were
independently obtained from each of the four IFs. In
the comparison between the results from 0.5 s and
1 s integration times, we set Wettzell as the reference
station and chose the solution interval of 15 s (antenna
stop and go in every 15 s [1]).
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Fig. 3 Delay residuals correlation data with 1 s integration time.

)

From Figure 3, it is obvious that big outliers (IF 1)
exist in delay residuals from the FITS-IDI data with
1 s integration time, while the 0.5 s FITS-IDI data im-
prove the results by almost one order of magnitude
(Figure 4). The delay residuals at a level of 10 ns in Fig-
ure 4 could come from the difference between the ob-
servations and the a priori delay model, the instrument,
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Fig. 4 Delay residuals correlation data with 0.5 s integration
time.

the clock, etc. The delay residuals are below zero, in-
dicating that there are some systematic errors which
need further analysis. Results with a smaller integra-
tion interval, i.e., 0.25 s, were also tested and analyzed
in [1]. In the fringe-fitting for the 0.5 s FITS-IDI data,
the SNR cutoff is 10 dB.

1 1

T~ 2Av SNR 2)
Av is the bandwidth (8 MHz). We can tell from
Equation 2 that the delay accuracy should be less than
6 ns. Through the fringe-fitting, the results were fitted
to the midpoint of the epoch. The RMS of the phase,
delay and rate with different solution intervals in the
first scan are presented in Figure 5. The solution in-
terval of 15 s (30 integrations) shows the best stability
and highest precision. The average RMS (Root Mean
Square) of the phase, delay, and rate are 1.43 degrees,
0.98 ns, and 0.34 mHz, and the SNR is 40.28 dB if we
set the solution interval to 15 s. In conclusion, a smaller
solution interval in the fringe-fitting lowers the accu-
racy with the SNR decreasing, while the larger solution
intervals such as 30 s may have less stability, which is
possibly caused by the rapid movements of the satel-
lite. In a real time satellite tracking experiment, a small
solution interval, i.e., 3 s could be more suitable with
the correspondingly relatively lower average precision

of 2.3 ns for delay residuals.
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Fig. 5 SNR and RMS of phase, rate, and delay with different
solution intervals.

3.2 Calibrations and Graphic Analysis

There are several calibrations in AIPS, which are
important for imaging, such as amplitude calibration,
band pass calibration, self-calibration, etc. The task
‘CLCAL can apply the SN table from fringe-fitting to
the CL table for the calibration [12]. With these cali-
brations, we can plot the results by the ‘POSSM’ task
to present the cross-power spectrum and phase against
frequency. The graphics in Figure 6 and Figure 7 show
that the correlation process and fringe-fitting were
successful.
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Fig. 6 Cross-power spectrum and phase against frequency with
15 s solution interval.

From Figure 6 and Figure 7, we can see that the
smaller solution interval in fringe-fitting can cause a
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Fig. 7 Cross-power spectrum and phase against frequency with
3 s solution interval.

stronger amplitude and less noise in the results, while
the delay (phase vs. frequency) is not as flat as that of
a larger solution interval, which means that the delay
residuals have some kind of deviations. To take into
account the graphic results and the above mentioned
RMS, a 15 s solution interval could be suitable for pre-
cise processing in VLBI satellite tracking.

4 Conclusions

Fringe-fitting with results of 0.5 s integration time is
better than with 1 s integration time. The delay resid-
uals improve by one order of magnitude. Precision
of a level of 10 ns is obtained in the former case.
The figures of cross-power spectrum and phase against
frequency verify the reliability of the correlation and
fringe-fitting in AIPS. A solution interval of 15 s is
suitable in fringe-fitting in this experiment with FITS-
IDI data of 0.5 s integration time; the correspond-
ing RMS for phase, delay, and rate are 1.43 degrees,
0.98 ns, and 0.34 mHz. A small solution interval such
as 3 s may be useful for real-time tracking. More data
from future similar experiments with more stations are
needed. Extending the observation duration and ob-
serving more satellites would also help to improve the
results. Radio sources as calibrators with broader band-
width added into GNSS tracking experiments may im-
prove the GNSS observation accuracy.
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