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Abstract At Onsala Space Observatory, two gimbal-
mounted GPS antennas were installed on each side of
the 20-m VLBI radio telescope. The coordinates of the
GPS antennas estimated for different VLBI telescope
angle readings, at different epochs, were used to cal-
culate the invariant point (IVP) of the telescope. The
GPS data, with 1-s sampling rate, were recorded for
five semi-kinematic observing campaigns. Two differ-
ent methods, Precise Point Positioning (PPP) and sin-
gle difference analysis, were used to estimate the GPS
coordinates. The results show that the local tie vector
between the Onsala IVS and the IGS reference points
can be determined with an accuracy of a few millime-
ters. The single difference data processing gives a bet-
ter accuracy (~1 mm) in determining the axis offset of
the telescope.

Keywords GPS, invariant point, local tie vector, axis
offset

1 Introduction

In order to measure the local tie vector between a GPS
and a VLBI reference point, we need to determine the
invariant point (IVP) of the VLBI telescope. The IVP
is the intersection of the primary axis with the shortest
vector between the primary, rotated by azimuth, and
secondary axis, rotated by elevation [1]. For the VLBI
telescope at the Onsala Space Observatory (OSO), the
primary and secondary axes do not intersect, and the
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IVP is thus the projection of the secondary axis onto
the primary axis. Therefore, the IVP can only be mea-
sured by indirect surveying methods [2]. In the years
of 2002 and 2008, two classical geodetic measurement
campaigns were performed at OSO where the local tie
vector was determined with very high accuracy on the
sub-mm level for both campaigns. The difference of
the estimated local tie between the two campaigns is
0.7 mm [3]. However, the whole working time con-
sumed for the classical measurements was also signifi-
cant.

Based on a model first presented by [4, 5] proposed
a modified model in which the telescope axes can be
presented in the same three-dimensional Cartesian sys-
tem as the observed coordinates. This is well suited to
measurements obtained by GPS antennas that are at-
tached to the telescope structure. Following this ap-
proach, in the summer of 2013 two gimbal-mounted
GPS antennas were installed on each side of the 20-m
VLBI radio telescope at OSO. GPS data were acquired,
with a sampling rate of 1 s, for five semi-kinematic ob-
serving campaigns. The data were analyzed using two
different processing methods, Precise Point Position-
ing (PPP) and single difference analysis. Both the local
tie vector between the IGS and the IVS reference points
and the axis offset of the telescope were determined.

2 Methodology

We used a model developed for the Metsdhovi tele-
scope in order to calculate the IVP of the VLBI tele-
scope from the time series of estimated GPS coordi-
nates [5].
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Fig. 1 The schematic diagram of the model parameters in a lo-
cal reference frame. Note that the actual positions of the GPS
antennas are on the sides of the telescope (see Figure 2).
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where the coordinate vector of the GPS antenna X,
(n=1, 2) in an arbitrary reference frame is determined
by the sum of three vectors (see Figure 1): the coor-
dinate vector of the IVP of the telescope X, the hori-
zontal axis offset vector E — Xy rotated by the angle o
about the azimuth axis a, and the vector from the ec-
centric point E to the antenna point B, (n=1, 2) rotated
about the elevation axis e by the angle € and about the
azimuth axis by the angle o.

The input data to Equation 1 are the estimated co-
ordinates of the two GPS antennas, together with the
azimuth and the elevation angles of the VLBI telescope
for each time epoch.

Since the axes are unit vectors, we have two con-
dition equations for the azimuth axis and the elevation
axis.

ay-ax+ay-ay+a;-a; =1 )

ex-extey-eyte e, =1 3)

Meanwhile the offset vector E — X is perpendicular to
both the azimuth and elevation axes, so we have two
more condition equations:

(E—X())x~6lx+(E—Xo)y-ay-i-(E—Xo)z-aZ =04

(E*XO))C'ex+(E*XO)y'ey‘F(E*XO)Z'eZ =0 (5

All unknown parameters in Equation 1 were estimated
as corrections to their approximate values starting from
a priori values by solving a least squares mixed model
including all condition equations and the main func-
tion. The solution is reached by iterations until conver-
gence is found, i.e., the correction of the IVP coordi-
nates to the previous estimates are less than 0.1 mm.

3 GPS Observations and Data Processing

We first mounted two Leica AS10 multi-GNSS anten-
nas on both sides of the telescope dish using two rotat-
ing holders. Both holders have counterweights in order
to make the two antennas point to the zenith regardless
of the position of the VLBI telescope (see Figure 2).
Then we conducted five observing sessions in which
the movement of the VLBI telescope was scheduled for
different azimuth and elevation angles. The duration of
each session was 24 hours. For the first two sessions
(July 9 and 10, 2013), the telescope was positioned at
elevation angles 10°, 15°, 20°, 25°, 30°, 35°, 40°, 45°,
55°, 65°, 75°, and 85°. For each elevation angle, the
telescope was positioned at four different azimuth an-
gles with an interval of 90°. In total, we had 48 tele-
scope positions. After every 30 minutes, the telescope
moved to a new position. For the later three sessions
(September 21-23, 2013), the telescope moved through
the same elevation angles as for the first two sessions,
but with four more azimuth angles for each elevation
angle with an interval of 45°, which gave us a total of
96 telescope positions.

The sampling rate of GPS measurements was 1 Hz.
We first processed the GPS data using GIPSY/OASIS
II v.6.2 where the Precise Point Positioning (PPP) strat-
egy was implemented for a kinematic solution. The
GPS orbit and clock products were provided from a
reprocessing of existing archives. In a kinematic solu-
tion, it is difficult to estimate tropospheric delay with a
high accuracy. Considering the short distance (~78 m)
between the IGS station (ONSA) and the VLBI tele-
scope, the Zenith Wet Delay (ZWD) and its horizon-
tal gradients estimated from ONSA should be approx-
imately the same as the ones estimated from the two
GPS antennas on the telescope. Therefore, we first es-
timated ZWD and gradients from the data obtained at
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Fig. 2 The installation of the GPS antennas on (a) the left side
and (b) the right side of the 20-m radio telescope.

ONSA using a static solution. Thereafter, the ONSA-
estimated ZWD and gradients were input to the data
processing for the two GPS antennas, while the hydro-
static delay was modeled with a scale height parameter
given by the nominal position without adjustments.

Besides PPP, we also processed differenced GPS
data considering that the two GPS antennas on the
telescope and the IGS station ONSA have a common
ionospheric delay and the common delay of the neu-
tral atmosphere. We took advantage of this feature in
our data processing by forming two baselines (GPS1-
ONSA and GPS2-ONSA) in order to avoid the estima-
tion of those common parameters. As a start, we used
single differenced observations from only the L1 fre-
quency in order to achieve a low level of noise where
the baseline coordinates were solved after the ambigu-
ities were fixed as floats.

For both processing methods, PPP and single dif-
ference analysis, the absolute calibration of the Phase
Center Variations (PCV) of the GPS antennas is nec-
essary. However, it is complicated to implement in our
case, because the orientation of the GPS antenna on
the radio telescope varies while the telescope is rotat-
ing. The true azimuth angle of the satellite seen from
the GPS antenna changes with the VLBI telescope az-
imuth. If we would apply the standard absolute PCV
calibration directly, it would cause systematic errors in
the estimated GPS coordinates and the resulting IVP.
In order to solve this problem, we calculated the orien-
tation of the two GPS antennas based on the position
of the telescope for each epoch. Then the true azimuth
angle seen in the direction of the GPS satellite was cal-
culated, and the corresponding PCV correction reading

from the standard IGS table was applied in the RINEX
files. Eventually, the corrected RINEX files were used
in the GPS data processing.

Finally, the estimated GPS coordinates and the
telescope angle reading (azimuth and elevation) for
each epoch were input to the linearized least squares
mixed model with condition equations (see Equa-
tions 1 to 5). After the first two iterations, residuals
larger than 50 cm were removed, and after another
two iterations, the threshold value was set to 25 cm.
Then, after two more iterations, the data points with
residuals larger than three times the standard deviation
were removed. Thereafter, we let the model run for
another two iterations in order to reach convergence.
On average, about 50% of the input data points were
removed as outliers.

4 Results

Figure 3 depicts the estimated baseline between the
two GPS antennas mounted on the VLBI telescope for
two different sessions in which the telescope moved
to 48 positions (July 9) and to 96 positions (Septem-
ber 23), respectively. The mean value and standard de-
viation given by PPP are 20.7778 m and 2.7460 m,
and 20.7590 m and 2.8292 m for the two sessions, re-
spectively. The corresponding values for the single dif-
ference data processing are 20.7465 m and 0.0384 m,
and 20.7450 m and 0.0496 m. It is clear that the base-
line estimated by single difference analysis has a much
smaller variability. Figure 3 also gives the number of
satellites, with an elevation cutoff of 15°, included in
the data processing for each epoch. It indicates that the
variations for both methods are correlated to the num-
ber of observed satellites.

The estimated local tie vector between the IGS and
the IVS reference points together with the estimated
axis offset of the VLBI telescope are shown in Figure 4.
For comparison, we also calculated the local tie vector
in ITRF2008 coordinates referring to the epoch of July
1, 2013, while for the axis offset we used values given
by two local surveys as references [3]. The results for
the estimated east and north components of the local tie
vector show no significant differences between the two
processing methods in terms of the mean value and the
standard deviation over five sessions. For the vertical
component, the single difference data processing gives
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Fig. 3 The baseline between the two GPS antennas on the sides of the telescope, estimated from both PPP (blue circles) and single
difference analysis (red stars), for two sessions in which (a) the telescope moved for 48 positions and (b) the telescope moved for 96

positions.

a smaller standard deviation (0.0027 m) than the one
derived by PPP (0.0079 m). The differences between
our estimated and the ITRF local tie vector are within
0.007 m. The comparison of the axis offset (see Fig-
ure 4d) shows a much better result for the single differ-
ence data processing, which gives a mean axis offset of
—0.005 m with a standard deviation of 0.0021 m over
five sessions. A difference of about 0.001 m is seen
with respect to the two local surveys (—0.0060 m for
2002 and —0.0062 m for 2008). The result from the
PPP data processing shows a significant difference, the
mean axis offset of —0.0224 m with a standard devia-
tion of 0.0077 m, from the reference values.

5 Conclusions and Future Work

We carried out five semi-kinematic observing sessions
in which the coordinates estimated for two GPS anten-
nas mounted on the rim of the main reflector of the
Onsala 20-m radio telescope for different telescope an-
gle readings, at different epochs, were used to calculate
the local tie vector between the Onsala IGS and the
IVS reference points. Two different methods, PPP and
single difference analysis, were used for the GPS data

processing. The result shows no significant differences
in the estimated local tie vector using the two differ-
ent processing methods, while the mean difference be-
tween the estimated local tie vector and the ITRF cal-
culated local tie vector is within 0.007 m. We also esti-
mated the axis offset of the VLBI telescope, where the
single difference data processing gives a better result
with a difference of 0.001 m from the reference axis
offset given by two local surveys, while the difference
seen from the PPP result is at the centimeter level.

As shown in Figure 3, larger variations in the es-
timated baseline, seen for both processing methods,
are correlated with the number of satellites. For future
work, in order to increase the number of observables,
measurements from other GNSS, e.g., GLONASS, will
be included.

Due to the blockage by the telescope, a significant
number of cycle slips occurred in the GPS phase mea-
surements, and this introduces more ambiguity param-
eters. Therefore, a higher sampling rate of GPS mea-
surements, e.g., 10 Hz or 20 Hz, would be good in order
to have more data available for the ambiguity estima-
tion.

The final goal of the work is to use only GPS
measurements obtained during standard geodetic VLBI
sessions, in which no extra telescope time will be re-
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Fig. 4 The estimated local tie vector between the IGS and IVS reference points shown for (a) East, (b) North, (c) Vertical components,
and (d) the axis offset of the telescope, given by both PPP (blue squares) and single difference data analysis (red circles). The
calculated ITRF local tie vectors are given by black dotted lines, while the axis offsets obtained from two local surveys are given by

black and green dotted lines.

quired. In that case, the GPS antenna will only be static
for very short observational time spans, in which the
ambiguities, when estimated as floats, become poorly
separable from the baseline coordinates. This will re-
sult in a poor accuracy of the estimated GPS coordi-
nates. In order to solve this problem, a double differ-
ence data processing with ambiguity fixing to integer
values will be used.
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