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Abstract We describe the Wettzell-Onsala G130128
experiment, where for the first time a GLONASS satel-
lite was observed in VLBI mode with the new L-band
system on the 20-m radio telescope in Wettzell. Fringes
were successfully found using two independent soft-
ware correlators and three independent a priori delay
models. The RMS scatter of the derived phase delays
is below 10 ps for solution intervals of 2 s and larger.
The RMS scatter of the derived group delays is below
1.5 ns for solution intervals of 30 s and larger. The to-
tal delays, using the three different a priori delay mod-
els, agree on the level of 0.8-0.9 ns and 0.2-0.4 ns, for
groups delays and integrated delay rates, respectively.
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1 Introduction

During recent years the topic of an improved connec-
tion of the VLBI and GNSS reference frames has been
discussed. Currently, these techniques are linked to-
gether at ground-based co-location stations only. This
kind of connection relies on local surveys at the sites
to be able to link the reference points of the different
instruments used for geodetic VLBI observations and
GNSS observations, respectively. To improve the con-
nection of the techniques, the idea of observing GNSS
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satellites with VLBI has been brought up, e.g. [1, 2].
Several such GNSS-VLBI experiments have been per-
formed during recent years, where a stochastic delay
measurement noise of 80 psin 1 s and 4 ps in 15 min
could be achieved [2]. Because GNSS signals are in
the L-band, radio telescopes with L-band receivers are
needed for such observations. However, geodetic radio
telescopes are usually only equipped with S/X-band
receivers. Thus these telescopes cannot be used for
GNSS-VLBI experiments. To overcome this restric-
tion, an L-band system that extracts the L-band sig-
nal from the S-band signal chain has been developed
at Wettzell [3, 4]. To test this new instrumentation, a
test experiment was conducted in early 2013.

2 The Observations

The G130128 experiment was conducted on January
28, 2013, on the Onsala—Wettzell baseline. At On-
sala, the 25-m telescope with an L-band receiver was
used, while at Wettzell, the 20-m telescope with the
specially developed L-band receiver was utilized. The
observations concentrated on one GLONASS satellite
(Norad # 37139, GLONASS-736, PR09), that was ob-
served for 45 minutes, in nine scans of four minutes
length each and one minute breaks. Four IF channels of
8 MHz bandwidth were observed with the central fre-
quency at 1586.87 MHz. The observing plan was pre-
pared by JIVE (Joint Institute for VLBI in Europe) and
included a stop-and-go tracking of the satellite with 15
second updates. Because the primary goal was to test
the L-band receiver at Wettzell, no calibrator source
was observed.
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Fig. 1 Signal spectrum of PR0O9 (Norad # 37139, GLONASS-
736) observed on 2013-01-28 at Onsala.

As the Onsala 25-m telescope is equipped with a
dedicated L-band receiving system, the satellite sig-
nal strength had to be attenuated in the RF regime by
30 dB, in order to avoid saturation. A picture of the
resulting signal spectrum is presented in Figure 1 and
clearly shows the GLONASS signal.

On the other hand, the L-band signal at Wettzell is
extracted via the S-band horn that is attenuating the L-
Band frequencies by about 60 dB. Thus, here the signal
had to be amplified by 30 dB before the receiver. The
spectrum of the signal was not visible at the station.

3 A priori Delay Modeling and Data
Correlation

A priori delay values were modeled with three different
approaches. The first set of a priori delays was calcu-
lated by Dmitry Duev as described in [5]. These val-
ues included the geometrical, ionospheric, and tropo-
spheric contributions, as well as the axis offset at the
Onsala 25-m telescope. In the following discussion,
these a priori delay values are referred to as D-model.
The second set of a priori delay values was calcu-
lated by Lucia Plank [6], following [7]. These values
included only the geometrical contributions and will be
referred to as L-model in the following discussion.
The last set of a priori delays were calculated by
Riidiger Haas following [8] and also only included the
geometrical contributions. The satellite positions for
these calculations were based on final ephemerides
with 15 min temporal resolution provided by CODE

time (h)

Fig. 2 Comparison of a priori delay values. Shown are the differ-
ences between the D- and R-model (top), L- and R-model (mid-
dle), and D- and L-model (bottom).

(Center for Orbit Determination in Europe). These
a priori values will be referred to as R-model.

Figure 2 depicts a comparison of the geometrical
part of the three sets of a priori delays. The D- and
R- model, both calculating geocentric delays, agree on
the level of about 15 ns. Probably, part of the detected
differences is due to different treatment of the a pri-
ori satellite orbit information and necessary interpola-
tion between satellite positions that are only given at
discrete epochs. The differences between the L-model
and the other two models are larger and on the order of
about 490 ns. This rather large difference is due to the
L-delays being topocentric.

4 Preliminary Analysis

The correlation of the observed data was done with two
different software correlators, the SFXC [9] at the Joint
Institute for VLBI in Europe (JIVE) and the DiFX [10],
installed at the Onsala Space Observatory. The SFXC
correlation explicitly used the a priori delays of the D-
model, while the DiFX correlation was done with all
three sets of a priori delays.

As an example, the amplitudes and phases, as de-
rived from the correlation with DiFX using the D-
model, are presented in Figure 3. The DiFX correla-
tion was done with 0.25 s integration time, and the fig-
ure depicts the average of the nine scans of four min-
utes length each. In all four IF channels, a rapid phase
change is clearly visible, and clear and strong ampli-
tudes are detected.
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Fig. 3 Amplitudes and phases in the four IF channels after correlation with DiFX using the a priori delay values of the D-model.
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Fig. 4 Amplitudes and phases in the four IF channels after fringe-fitting with AIPS [11] with a 30 s solution interval.

Fringe-fitting with AIPS [11] was done for 0.25 s,
1's, 2 s, and 30 s solution intervals. Figure 4 depicts
the corresponding amplitudes and phases after fringe-
fitting with a 0.25 s solution interval. The phases in the
four IFs are now stable. The remaining non-flat phase
residual and the amplitude bandpass shape are due to
the instrument response and can be calibrated in future
observations.

After fringe-fitting with AIPS, group delays, delay
rates, and phases were compared for the three corre-
lations. Figure 5 depicts the raw phases after fringe-
fitting with a 30 s solution interval. For the correlation
using the D-model, the raw phases (black triangles in
Figure 5) could be unwrapped without problems, and
phase delays could easily be determined. However, for
the correlations with the L- and R-models, some prob-
lems occurred with phase unwrapping. This indicates
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Fig. 5 Raw phases after fringe-fitting with AIPS with a 30 s so-
lution interval. The phases need to be unwrapped before phase
delays can be obtained. The unwrapping worked fine for val-
ues from the correlation with the D-model (black triangles), but
failed for the other two (R-model, blue circles; L-model, red
squares) where not all phase ambiguities could be resolved.

that improvements are still necessary for these two
a priori models.

For all three correlation sets, the delay rates could
be integrated. As an example, Figure 6 depicts the
group delays, integrated delay rates, and phase delays
of the DiFX correlation using the D-model and subse-
quent fringe-fitting with AIPS with a 30 s solution in-
terval. It is clearly visible that the group delays have a
much larger scatter than both the integrated delay rates
and the phase delays. Table 1 presents the RMS scatter
for different solution intervals. Already for a solution
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Fig. 6 Group delay (red triangles), integrated delay rate (blue
circles), and phase delay (black squares) results from the DiFX
correlation using a priori delay values of the D-model.

Fig. 7 Comparison of total delays, i.e., a priori delays plus resid-
ual delays from the the DiFX correlation and post-processing.
Shown are the differences between processing with the D- and
R-model (top), L- and R-model (middle), and D- and L-model
(bottom). Results based on group delays (GD) are shown as red
triangles, based on integrated delay rates (IDR) as blue circles.

interval of 2 s, phase delays and integrated delay rates
reach an RMS scatter level of about 10 ps, while group
delays do not reach an RMS scatter below 1.5 ns before
a solution interval of 30 s.

Table 1 RMS scatter after fringe-fitting with different solution
intervals. The correlation itself was done using a priori delay val-
ues according to the D-model and the DiFX software correlator.

Solution RMS scatter
interval | group delays| integrated delay rates| phase delays
Is 59ns 17.6 ps 12.5 ps
2s 3.9 ns 9.5 ps 8.7 ps
30s 1.4 ns 9.1 ps 8.8 ps

The fringe-fitted delay residuals from AIPS were
added to the corresponding a priori delay models to
give total delays. The differences for the total delays for
the three models are presented in Figure 7, and the cor-
responding RMS scatter of these differences are given
in Table 2. The agreement is on a level of 0.8-0.9 ns
for group delays and 0.2-0.4 ns for phase delays (ap-
proximated by integrated delay rates).

5 Conclusions and Outlook

The G130128 experiment verifies that the L-band sys-
tem on the Wettzell 20-m radio telescope, which is
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Table 2 RMS scatter of the total delay differences between the
three different correlations using the three different a priori delay
models, the D-, R- and L-model.

Difference | RMS group delays| RMS integrated delay rates
D-R 0.76 ns 0.22 ns
L-R 0.88 ns 0.22 ns
D-L 0.86 ns 0.42 ns

regularly used for geodetic VLBI, works fine. Fringes
were successfully found on the Wettzell-Onsala base-
line with two independent software correlators, SFEXC
and DiFX. For the DiFX correlations, three different
and independent a priori delay models were used, and
fringes were found with all three approaches. The cor-
relation results were post-processed with AIPS. For the
correlation using the D-model, group delays, integrated
delay rates, and phase delays could be determined suc-
cessfully. For correlations using the two other a priori
models, group delays and integrated delay rates could
be determined, but the phase delay determination suf-
fered from unresolved phase ambiguities.

The RMS scatter of the phase delays was on the
level of 10 ps for solution intervals of 2 s, while group
delays reached an RMS scatter below 1.5 ns for solu-
tion intervals not shorter than 30 s.

Total delay values, i.e., a priori delay models plus
fringe-fitted delay residuals from AIPS, agreed on a
level of 0.8-0.9 ns for group delays and 0.2-0.4 ns for
phase delays (approximated by integrated delay rates)
between the three different correlations. This indicates
that the L- and R-model for a priori delay values need
to be improved, which was also evident from the unre-
solved ambiguities for the phase delay determination.

For the future, we are planning improvements
of post-processing by, e.g., bandpass calibration and
doppler tracking to remove time-dependent phase
residual errors. We are also planning further exper-
iments to observe GLONASS satellites with VLBI,
involving more VLBI stations and observing several
GLONASS satellites, which shall also be simulta-
neously observed with satellite laser ranging (SLR).
Furthermore, we plan for a dedicated L/S/X session
involving the 20-m radio telescope at Wettzell, which
is able to receive all three frequency bands, and the
two radio telescopes at Onsala, the 25-m telescope
with L-band capability, and the 20-m telescope with
S/X capability. This approach will allow us to observe
geodetic radio sources with the S/X systems and

GLONASS satellites with the L-band systems in the
same experiment.
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