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Abstract

We present results from observation, correlation and analysis of interferometric measurements between the three geodetic very
long baseline interferometry (VLBI) stations at the Onsala Space Observatory. In total, 25 sessions were observed in 2019 and
2020, most of them 24 h long, all using X band only. These involved the legacy VLBI station ONSALAG60 and the Onsala twin
telescopes, ONSA13NE and ONSA13SW, two broadband stations for the next-generation geodetic VLBI global observing
system (VGOS). We used two analysis packages: vSolve to pre-process the data and solve ambiguities, and ASCOT to solve
for station positions, including modelling gravitational deformation of the radio telescopes and other significant effects. We
obtained weighted root mean square post-fit residuals for each session on the order of 10—15 ps using group-delays and 2—5 ps
using phase-delays. The best performance was achieved on the (rather short) baseline between the VGOS stations. As the
main result of this work, we determined the coordinates of the Onsala twin telescopes in VTRF2020b with sub-millimetre
precision. This new set of coordinates should be used from now on for scheduling, correlation, as a priori for data analyses,
and for comparison with classical local-tie techniques. Finally, we find that positions estimated from phase-delays are offset
~ 43 mm in the up-component with respect to group-delays. Additional modelling of (elevation dependent) effects may
contribute to the future understanding of this offset.

Keywords Onsala Space Observatory - Geodetic core sites - Geodetic VLBI - VGOS - Onsala twin telescopes - Short-baseline
interferometry

1 Introduction of human society has been highlighted in a corresponding
United Nation resolution (UN 2017).

Geodetic very long baseline interferometry (VLBI) is a space The basis for the creation and maintenance of the ITRF is

geodetic technique that is of major importance (Bachmann
et al. 2016) for the International Terrestrial Reference Frame
(ITRF) (Altamimi et al. 2016). The ITRF is the most precise
and accurate realisation of a global geodetic reference frame
(GGREF) that is needed by the scientific community as well as
society as large. Its importance for a sustainable development
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space geodetic observations that are performed at so-called
geodetic core (fundamental) sites. Geodetic core sites are
equipped with co-located instrumentation for a variety of
space geodetic measurements, such as, e.g. geodetic VLBI
and Global Navigation Satellite Systems (GNSS). To make
the best possible use of the different space geodetic mea-
surements at co-location sites, the local geometrical relations
between the reference points of the different space geodetic
instrumentation have to be known with high accuracy.

The Onsala Space Observatory (OSO) is one of these
geodetic core sites and operates several co-located space
geodetic instruments. Since 1979, the 20-m-diameter radio
telescope, ONSALAG60 (ON), is used for geodetic VLBI and
contributes regularly to the observing program of the Inter-
national VLBI Service for Geodesy and Astrometry (IVS).
This makes ONSALAGO the station with the longest time
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series of observations of all the VLBI stations that are active
in the IVS.

During recent years, two new 13.2-m-diameter radio tele-
scopes were built at Onsala Space Observatory, ONSA13NE
(OE) and ONSA13SW (OW), the so-called Onsala twin tele-
scopes (OTT) (Haas 2013; Haas et al. 2019). The OTT are
instruments for the next-generation VLBI system (Petra-
chenko et al. 2009), commonly referred to as VGOS (VLBI
Global Observing System). VGOS is going to become the
work horse of the IVS for the coming decades. Due to very
fast slewing telescopes with insignificant structural defor-
mation and dual-polarised broadband receivers, VGOS is
expected to improve the performance by one order of mag-
nitude compared to the so-called legacy S/X VLBI system
(Petrachenko et al. 2009), and thus be able to reach the accu-
racy level that is necessary to address the societal needs
in connection with the Global Geodetic Observing System
(GGOS; Plag and Pearlman 2009) and global change research
in general.

In order to use the new VGOS telescopes and observations
together with the other existing space geodetic observa-
tions, the so-called local-tie vectors between the reference
points of the new and the previously existing instrument
have to be determined. Usually, local-tie vectors between
reference points for different space geodetic instrumentation
are determined with classical geodetic survey, see, e.g. Haas
and Eschelbach (2005); Losler et al. (2013, 2016). How-
ever, in the case of co-located instrumentation of the same
space geodetic technique, also technique-inherent observa-
tions can be used to determine the local-tie vectors. For this
purpose, we performed during 2019 and 2020 a series of
short-baseline local interferometry campaigns with the three
co-located geodetic VLBI stations at Onsala, i.e. ON, OE and
OWw.

Section 2 presents briefly the three main instruments at
Onsala that are used for geodetic VLBI. The design and setup
of the short-baseline co-location experiments performed in
2019 and 2020 are described in Sect. 3. Section 4 explains
data correlation and post-correlation analysis. The methods
of geodetic analysis of the resulting delay data are presented
in Sect. 5, and the resulting positions are given in Sect. 6.
Finally, Sect. 7 gives a summary and outlook.

2 The geodetic VLBI systems at Onsala

The Onsala Space Observatory has the longest time series
of VLBI observations in Europe, going back to the first
astro/geodetic session already in 1968 (Whitney 1974). In
the early days, the 25 m radio telescope built in 1963 was
used for VLBI. During 1976 to 1979 the radome-enclosed
20 m radio telescope (ONSALAG60, ON) was built (right in
Fig. 1) and has been used since then for geodetic VLBI (Sch-
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Fig. 1 The Onsala telescope cluster used in these observations: OW
(left), OE (middle), and ON (right; inside radome). OW and OE are
about 75 m apart, and the baseline between ON and OE is about 470 m
long. Credit: Onsala Space Observatory/Roger Hammargren

erneck et al. 1998). This makes ON the VLBI station with the
longest time series in the IVS. During the last decades, ON
has participated in on the order of 50 S/X sessions per year,
and has been involved in all continuous (CONT) campaigns
that the IVS organised.

During 2015-2017, the OTT (left and middle in Fig. 1)
were installed (Haas 2013; Haas et al. 2019), following
the design for the VGOS, the next-generation VLBI sys-
tem (Petrachenko et al. 2009). The OTT were inaugurated
in May 2017 and in late 2017 they started to participate in
first international VGOS test sessions. After thorough system
tests, the OTT are now operating regularly in the [IVS VGOS
sessions since early 2019. Table 1 provides some technical
parameters for comparing the three geodetic VLBI systems
at Onsala.

3 ONTIE observations

We started to gain first experience with short-baseline exper-
iments at Onsala in early 2019 as part of a master’s thesis
project (Marknids 2019). The longest distance between the
telescopes is only about 550 m which is short enough for
differential ionospheric effects to be negligible, and there-
fore there is no need for dual-band (e.g. S/X) observations.
Since the common overlapping frequency range for all three
systems is 8.1-9 GHz (X-band), we focused entirely on
this band. In this work, we analyse the 25 VGOS databases
(vgosDb) summarised in Table 2.
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Table 1 The VLBI stations at

the Onsala Space Observatory VLBI station ID Diameter (m) Geodetic frequency range Polarisation
used for geodetic VLBI ONSALAG0 ON 20.0 2.2-2.4 GHz and 8.1-9.0 GHz R+1L
observations

ONSAI13NE OE 13.2 3.0-15 GHz X+Y

ONSA13SW ow 13.2 2.2-14 GHz X+Y
Table2 Summary of the 25 vgosDBs analysed in this work
Exp. code Conf. in Table 3 Excl. chans. vgosDbs Dur. (h) Stations Manual PCAL
ON9114 A - 19APR24VB 4 ON, OE ON
ON9120 A a(b) 19APR30VB 29 ON, OE, OW ON, OW
ONO9122 A a(b) 19MAY02VB 29 ON, OE ON
ONO9135 B a(b) 1I9MAY15VB 4 ON, OE, OW ON, OW
ONO9136 B a(b) 1I9MAY16VB 26 ON, OE, OW ON, OW
ON9142 B a(b) 19MAY22VB 6 ON, OE, OW ON, OW
ON9323 B ab I9NOVI19VB 21 ON, OE, OW -
ON9327 B ab 19NOV23VB 24 ON, OE, OW -
ON9328 B ab 19NOV24VB 24 ON, OE, OW -
ONO0010 C ab (c) 20JAN10VB 20 ON, OE, OW -
ONO0011 C ab (c) 20JAN11VB 20 ON, OE, OW -
ONO0012 C ab (c) 20JAN12VB 20 ON, OE, OW -
ONO0079 C a(e) 20MARI9VB 24 ON, OE, OW -
ONO0080 C a(e) 20MAR20VB 24 ON, OE, OW -
ONO0081 C a(e) 20MAR21VB 24 ON, OE, OW -
ONO0082 C a(e) 20MAR22VB 24 ON, OE, OW -
ONO0177 C a(e) 20JUN25VB 23 ON, OE, OW -
ONO0178 C a(e) 20JUN26VB 23 ON, OE, OW -
ONO0179 C a(e) 20JUN27VB 23 ON, OE, OW -
ONO0180 C a(e) 20JUN28VB 23 ON, OE, OW -
ONO0223 C a(e) 20AUG10VB 24 ON, OE, OW ON
ONO0227 C a(e) 20AUG14VB 24 ON, OE, OW -
ONO0228 C a(e) 20AUG15VB 24 ON, OE, OW -
ONO0317 C a(e) 20NOV12VB 24 ON, OE, OW -
ONO0318 C a(e) 20NOV13VB 23 ON, OE, OW -

Some experiments spanned several days, and were split in multiple vgosDbs of approximately 24 h. Column 3 mark channels excluded from
fringe-fitting due to broadband RFI; channels in parenthesis only excluded on the OE-OW baseline

3.1 Scheduling

The schedules were prepared with the sked software (Gipson
2010). We added the OTT to the necessary catalogues, e.g.
the system equivalent flux density (SEFD) values. For OTT,
we used conservative X-band SEFD values of 3000 Jy, as esti-
mated during the commissioning phase. The corresponding
values for the ON system in the sked-catalogue are 2000 Jy.
We adopted the radio source catalogue that is routinely used
in the IVS operational VGOS series (VO). The schedules
were prepared with a minimum elevation cut-off of 5°.

ON is one of the S/X telescopes in the IVS with medium-
high slew speed, i.e. 3 degree/s in azimuth and 1 degree/s
in elevation. The OTT are fast VGOS-class telescopes with

12 and 6 degree/s in azimuth and elevation, respectively. To
simplify the scheduling, we used a minimum scan length of
30 s and forced the scheduling software to always schedule
all three telescopes together. As a result, the majority of the
scheduled scans were 30 s long, and only very few scans
were longer. The exceptions were the sessions ON9114,
which conservatively used a minimum scan length of 60 s
as part of early testing, and ONO0318, which was scheduled
to explore the impact of more scans using a minimum dura-
tion of 10 s. ON0O318 did achieve 25% more scans than the
similar ONO317, but these additional observations did not
significantly improve the final analysis.

Early tests only covered a few hours of observing time,
but once we had gained enough experience, we scheduled
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Fig.2 Example of a sky plot during a 24 h long ONTIE-experiment at
the Onsala Space Observatory. The three systems ON-OE-OW always
observe together and achieve in this particular example in total 1157
scans, with a total number of 127 different radio sources that were
observed

the ONTIE-sessions for 24 h or even several consecutive
days. The long sessions allow analysis on a range of dif-
ferent timescales. During a typical 24 h long session, about
1100 scans were scheduled during with more than 125 differ-
ent radio sources observed, several of these up to 20 times.
Figure 2 shows as an example a typical sky plot obtained
during a 24 h long ONTIE-experiment.

3.2 Polarisation and frequency setup

The ON system was using right circular polarisation (RCP;
hereafter referred to as R), while the OTT systems were
using linear dual-polarisation (hereafter referred to as X
and Y). The combination of circular and linear polarisation
basis, sometimes referred to as mixed-mode, is not a stan-
dard mode of observing and limited support exist for this
in various software packages. Mixed-mode observing was,
however, the only available option given the telescope sys-
tems involved. Further details regarding mixed-polarisation
fringe-fitting are noted in Sect. 4.2.

Various frequency configurations were tried in observa-
tions, aiming to avoid local radio frequency interference
(RFI), as well as exploring the impact on the final anal-
ysis. Table 3 lists the frequency configuration used for all
experiments included in this work. Initially, we simply used
the standard frequency setup for IVS-R1 sessions with the
ON DBBC2 backend (Tuccari et al. 2010), focusing on 8
channels of 16 MHz bandwidth between 8213.99 MHz and

@ Springer

Table 3 List of frequency configurations for all experiments listed in
Table 2

Fourfit channel Conf. A Conf. B Conf. C

a 8213.99 (16) 8212.99 (32) 8244.99 (32)
b 8253.99 (16) 8252.99 (32) 8284.99 (32)
c 8353.99 (16) 8352.99 (32) 8384.99 (32)
d 8513.99 (16) 8512.99 (32) 8544.99 (32)
e 8733.99 (16) 8732.99 (32) 8764.99 (32)
f 8853.99 (16) 8852.99 (32) 8884.99 (32)
g 8873.99 (16) 8892.99 (32) 8924.99 (32)
h 8933.99 (16) 8932.99 (32) 8964.99 (32)

The frequencies denote the lower edge of each correlated BBC-channel
in MHz with the bandwidth, 16 or 32 MHz, given in parenthesis

8949.99 MHz (configuration A in Table 3). At the time,
16 MHz was the maximum available bandwidth for ON
(DBBC2 firmware v105 limitation), while the OTT (with
DBBC3 backends) observed with 32 MHz bandwidth per
channel. Table 3 shows the final correlated overlapping band-
width used in the analysis. Starting with experiment ON9135,
the DBBC2 firmware was upgraded to v107 which allowed
32 MHz channels also for ON. This allowed us to double the
bandwidth and thereby increase the signal-to-noise (config-
uration B).

Configuration C was an attempt to avoid RFI in the lowest
channels a, b which were often excluded from the analysis
of data using configuration B (see Table 2). Unfortunately,
RFI appeared also in a new channel e, but we decided to stick
with configuration C for all later experiments as it spanned a
larger total frequency range than configuration B.

For all experiments, ON frequency channels were recorded
as upper sideband (USB) while OE and OW data were
recorded as lower sideband (LSB). This corresponds to the
standard (S/X and VGOS) backend configurations for the
respective systems.

3.3 Phase and cable calibration

For standard geodetic VLBI sessions, ON is working with
a 1 MHz phase-calibration (PCAL) system, while the OTT
are equipped with more modern 5 MHz PCAL systems. It
is well known that ON suffers from rather strong direction-
dependent cable delay variations (Dan MacMillan, private
communication, 2002), which will affect the station posi-
tion if not correctly compensated for in the analysis. This is
usually done by using PCAL signals in the post-processing
(fringe-fitting) step, and cable calibration data in the analysis
step. We note that ON cable cal was always applied with the
same sign (—), even though some observing logfiles were
missing this information. An example of cable delay cali-
bration data for the three antennas is presented in Fig. 3.
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In general, both PCAL and cable cal are therefore nec-
essary to obtain accurate telescope positions. However, the
early ONTIE-sessions were observed without PCAL. The
reasons were that a) phase calibration and cable delay mea-
suring system (CDMS) of OW was not working in first part
of 2019 and needed to be repaired at Haystack observatory,
and b) that we were concerned about how to deal with the
potential correlation of the PCAL signals themselves. In the
second half of 2019, the OW system was repaired, and we
also learned about the possibility of using notch filters in post-
processing to reduce the impact of correlating PCAL-signals.
The notch filters were the same for all scans and all antennas
for an experiment, but changed slightly between experiments
to account for RFI differences. The exact details are given
in the fourfit control file for each experiment, included in
the correlator report available directly via the IVS, and also
included in the respective vgosDb. Therefore, PCAL was
enabled in the ONTIE-sessions starting with ON9323. We
note that the ON PCAL/cable system was malfunctioning
during experiment ON0223, but was repaired for ON0227.

3.4 Data recording

The data were recorded using jiveSab (Verkouter 2020) on
the Onsala flexbuff computers. ON data were sampled using
a DBBC2 backend and recorded as single-thread 8-channel
2-bit sampled VDIF files. For the early 16 MHz ONTIE-
sessions, this meant 512 Mbps data rate, while for the later
32 MHz experiments it meant 1 Gbps data rate.

OE and OW data were sampled using two DBBC3
units and, in early ONTIE-sessions, recorded as 8-thread 8-

channel 2-bit VDIF data, at 2 Gbps. The multi-thread data
were converted to single-thread 64-channel data using the
tool vmux (bundled with DiFX) for efficient correlation. This
worked, but delayed correlation due to the extra processing
time and space needed for the conversion process. In later
experiments, jive5ab version 3.0 was used which allowed
recording the 8 streams from each OE/OW DBBC3 into 8
separate single-thread VDIF files. These could be correlated
directly without vmux, allowing quicker processing of the
data.

4 Correlation and post-correlation
processing

In this section, we described in detail the correlation of the
VDIF data, as well as the post-processing steps applied after
correlation to obtain vgosDbs for geodetic analysis.

4.1 Correlation using DiFX

The OTT systems are equipped with DBBC3 (Tuccari et al.
2018) backends which, in the current firmware used for
VGOS observations (v123 or 124), only allows a channel
width of 32 MHz. This meant a bandwidth mismatch between
ON (16 MHz) and OTT (32 MHz) in initial experiments
(of which ON9114 and ON9120 are included in this work).
To overcome this, we used the zoomband capability of the
DiFX software correlator (Deller et al. 2007; Deller et al.
2011) to correlate matching 16 MHz channels on all base-
lines. In theory, we could correlate 32 MHz channels on the
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OE-OW baseline and 16 MHz on the ON-OE/OW base-
lines. While this could improve the signal-to-noise on the
OE-OW baseline, we opted for 16 MHz everywhere in the
early experiments for simplicity.

Starting with experiment ON9135, all telescope recorded
32 MHz channels and therefore we correlated these with
32 MHz channel width on all baselines. Surprisingly, we
found it necessary to use zoomband option in DiFX also
for the 32 MHz channels (although all channels matched
perfectly). If not, no correlation products were obtained for
the OE-OW baseline. After discussions with DiFX devel-
opers, we believe this happened because ON record USB
and OE/OW record LSB. This causes DiFX to generate two
frequency tables, but only one table is correctly interpreted
by difx2mark4, hence losing the LSB-LSB baseline (OE—
OW). We will investigate this further together with DiFX
developers, but as we did not find any negative effects using
zoomband we do not see this limiting the analysis presented
in this paper.

The data were correlated on one of the Onsala flexbuff
computers using DiFX release version 2.6.1. For data-logistic
reasons different machines were used to correlate different
experiments, but all running identical software. On a typical
machine (12 CPUs 4 4.6 GHz, 128 GB RAM, 36 x 12 TB
storage) the correlation wall-time was about 1:1 compared to
the observing time (when excluding the vmux-step necessary
for early multi-thread experiments). The spectral resolution
used for correlation was 0.25 MHz (corresponding to 128
lags per 32 MHz channel bandwidth).

4.2 Fringe-fitting with HOPS fourfit

The post-correlation processing was done with the latest
stable version 3.21 of the Haystack Observatory Postpro-
cessing System (HOPS) (MIT/Haystack 2020). To achieve
proper PCAL extraction for multi-stream VDIF, version 1.6
of DiFX2mark4 was used to convert from SWIN (difx output)
to MK4 (fourfit input) format. Fringe fitting was done using
HOPS fourfit where, as standard geodetic analysis-software
is only able to process one polarisation product per baseline,
pseudo-stokes I was formed on the OE-OW baseline, and
RX+RY on the ON-OE/OW baselines. An example result,
showing one scan of the source NRAO150 on baseline ON-
OE observed in experiment ON0227, is presented in Fig. 4.
This is one of the brightest sources; a histogram of the SNR
obtained on the three baselines in experiment ON0227 is
presented in Fig. 5.

For antennas lacking PCAL and/or cable calibration dur-
ing a significant part of the experiment, manual PCAL was
used in fringe-fitting. In this case, channel-based phase cor-
rections were determined using one scan on a bright source
(often NRAO150), with pc_mode manual being used in
fourfit. ON R-pol was used as reference, i.e. corrections
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were found for OE/OW X/Y-pol. Where PCAL and cable
calibration was present, pc_mode multitone PCAL
was used in fringe-fitting. Additional channel-based phase-
corrections, on top of multitone PCAL, were determined for
the OE/OW X and Y polarisations (ON R-pol) as reported by
fourfit (using option -m 1) pc_phases on a bright source
(in most experiments NRAO150).

Because all three telescopes PCAL systems are tied to the
same hydrogen maser, the PCAL signals correlate strongly.
To reduce the impact of correlating PCAL signals when
fringe-fitting, notches were used in fourfit every 5 MHz
to remove the PCAL signals of the OTT. The notch filters
removed £0.5 MHz of bandwidth around the PCAL tones,
significantly reducing the impact of correlating PCAL signals
on fringe-fitting. This causes regular drops in the cross-power
spectra, also visible in Fig. 4. Minor residuals, resulting from
the periodic structure of the removed PCAL signals, can be
seen in the single-band delay panel in Fig. 4. For clarity,
we note that the PCAL data, extracted by DiFX, were avail-
able to fourfit for use in fringe-fitting. The notch filters just
removed the problematic channels from the visibility data, in
the same way that one can mask out correlating narrow-band
RFI. Channels completely removed due to broadband RFI
are listed in Table 3.

4.3 Creation of VGOS databases

After fringe-fitting, the obtained VLBI delay observations
were exported to the so-called vgosDb format (Bolotin et al.
2015) that can be read by standard geodetic VLBI analysis
software packages. Three database wrappers were created
using utilities bundled with the vSolve software package
version 0.7.1 (Bolotin et al. 2012). Wrapper 1 was created
from fringe-files using vgosDbMake 0.5.1. In this step we
decided to split observations spanning several days into sep-
arate databases with approximately 24 h in each database:
see Table 2. Wrapper 2 was created using vgosDbCalc 0.4.1.
Finally, Wrapper 3 was created using vgosDbProcLogs 0.5.1
which appended relevant supplemental data from the observ-
ing logfiles (temperature, pressure, humidity, etc.). In this
final step, we used pressure-corrected logfiles as described
in Sect. 5.1.2.

4.4 Editing and ambiguity resolution

The version 3 wrappers were now read by vSolve, and pro-
cessed in a standard way to remove obvious outliers and
resolve group-delay ambiguities. The results were written to
a new wrapper version 4. Finally, we used vSolve (version
0.7.3; which can save phase-delay ambiguity information) to
resolve phase-delay ambiguities and store the result in wrap-
per version 5.
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S -723 -71.3 -70.8 -71.7 -70.0 -69.7 -71.0 PC X delays (ns)
S -71.8 -70.0 -70.1 -70.9 -71.2 -71.0 -70.2 PCY delays (ns)
X -424.4 -425.5 -432.3 -428.4 -425.6 -430.9 -434.8 PC R delays (ns)
S:X -112:-73 63:31 -97:103 160:-129 -134:-150 26:75 -179:-125 PC phase
S:X -43:0 -341:0 -269:0 -216:0 -256:0 -152:0 -57:0 Manl PC
S 36 34 39 36 32 28 28 PC amp
X 16 18 17 15 16 15 13
s X01uYy X02UY X03UYy X04UYy X0o5UY Xoeuy Xo7UY Chan ids
Tracks
X01UR X02UR XO03UR X04UR X05UR X06UR X07UR Chan ids
Group delay (usec)(model)  -6.22978583269E+00 Apriori delay (usec) -6.22978685769E+00 Resid mbdelay (usec) 1.0D5568-06 +/- 1.5E-06
Sband delay (usec) -6.54804385769E+00 Apriori clock (usec) -5.1469994E+00 Resid sbdelay (usec) -3.18257E-01 +/- 4.0E-05
Phase delay (usec) -6.22978681319E+00 Apriori clockrate (us/s) 0.0000000E+00 Resid phdelay (usec) 4.45013E-08 +/- 9.0E-08
Delay rate (us/s) -4.38905231424E-05 Apriori rate (us/s) -4.39264918038E-05 Resid rate (us/s) 3.59687E-08 +/- 5.2E-09
Total phase (deg) -259.7 Apriori accel (us/s/s) 3.83258441536E-09 Resid phase (deg) 0.1 +/- 0.3
RMS  Theor. Amplitude 30.483 +/- 0.072 Pcal mode: MULTITONE, MULTITONE PC period (AP’s) 1, 1
ph/seg (deg) 0.8 0.7 Search (64X256) 30.313 Pcal rate: 0.000E+00, 0.000E+00 (us/s) sb window (us)  -1.000 1.000
amp/seg (%) 12.2 1.3 Interp. 0.000 Bits/sample: 2x2 SampCntNorm: disabled mb window (us)  -0.025 0.025
ph/frq (deg) 0.1 0.4 Inc. seg. avg. 26.797 Sample rate(MSamp/s): 64 dr window (ns/s) -0.010 0.010
ampl/frq (%) 13.4 0.6 Inc. frq. avg. 30.317 Data rate(Mb/s): 1792 nlags: 128 t_cohere infinite ion window (TEC) 0.00 0.00

S:az14.7 el 20.0 pa-12.6

Control file: cf_k20227
Samplers: abcdefgh

Fig. 4 Example of fringes obtained during session ON0227. This is a
fourfit plot showing one scan on the radio source NRAO150 between
OE and ON. To maximise the signal-to-noise for the geodetic analysis,

X:az14.7 el 20.0 pa-12.7
Input file: /mnt/raidz0/K-analysis_Onames/on0227/1234/227-1909/SX..1FPOSA  Output file: Suppressed by test mode

u,v (fr/asec) 0.039 0.024

the mixed-basis (RX, RY) correlation products are added together in the

simultaneous interpolator

fringe-fitting as YR+XR. The regular drops in amplitude every 5 MHz
correspond to channels with cross-correlating phasecal signals which
have been excluded from fringe-fitting using notches in fourfit
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Fig.5 Histogram of fourfit

SNR for all observations

without G-codes in experiment

ONO0227. Values greater than #*
300 have been excluded for

clarity, and the legend shows the
percentage of (non-G-code)

observations shown. It is clear

that the OE-OW baseline

100 o

EEE ON-OE:94.99% below SNR-cut 300

(bottom) is more sensitive than

the ON-OE/OW baselines 100 H

EEl ON-OW:96.48% below SNR-cut 300

5 Geodetic data analysis

We used the software package ASCOT (git commit hash
daa99¢2)! (Artzetal.2016) for our geodetic analysis. ASCOT
is a fully developed geodetic VLBI analysis software pack-
age and has been used recently for the contribution of IVS
Analysis Center at the Onsala Space Observatory for its con-
tribution to the ITRF2020 calculations.? The software is able
to model both thermal (Nothnagel 2009) and gravitational
(see, e.g. Nothnagel et al. 2019; Losler et al. 2019) deforma-
tion of radio telescopes, which has a significant impact on the
local-tie vectors (see Sect. 5.5.4). ASCOT is also capable of
analysing both group-delay and phase-delay observations,
and combine the results from multiple databases into one
global solution.

5.1 A priori data and modelling

ASCOT (and vSolve) make use of a priori data, such as initial
station positions, site velocities and Earth Orientation Param-
eters (EOP). Some of these parameters may have a significant
impact on the final results, and therefore we strive to use the
best available a priori information.

The ON position was fixed to the value presented in
VTRF2020b (BKG 2020). We note that this is the first VTRF
release which includes gravitational deformation modelling

1" Available via https://github.com/varenius/ascot.
2 https://ivsce.gsfc.nasa.gov/IVS_AC/IVS- AC_ITRF2020.htm.
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BN OE-OW:88.51% below SNR-cut 300

100 150 200 250 300
Fourfit Signal-to-noise (SNR)

for ON (Thaller 2021). Initial positions for OE and OW were
based on Real-time Kinematic (RTK) GPS measurements
carried out in 2016, plus information taken from the con-
struction drawings.

All three stations were assumed to have velocities identical
to the values for ONSALAG60 in VTRF2020b (BKG 2020).
We used axis offsets of 0 mm for OE, OW and —6 mm for
ON (Haas and Eschelbach 2005). EOP information was taken
from the most recent IERSC04, and the VMF3 tropospheric
mapping function (re3data.org 2021) was used in all ASCOT
processing.

Source positions of the quasars observed were assumed
as their [CRF3 S/X values (Charlot et al. 2020).3

Corrections for cable delay variations (CDMS for OTT)
were applied in the analysis if, and only if, the antennas had
working PCAL which could be used in fringe-fitting. For
antennas labelled with Manual PCAL in Table 2, no cable cal-
ibration was applied when analysing the particular vgosDb.

5.1.1 No ionosphere corrections

In standard dual- and multi-frequency VLBI observations,
ionospheric corrections are usually applied in the analysis.
Such corrections were not possible to apply in our case since
we only observed X-band. However, the three stations ON,
OE and OW are located within about 550 m distance, i.e. the

3 Available via http://hpiers.obspm.fr/icrs-pc/newwww/icrf/icrf3sx.
txt.


https://github.com/varenius/ascot
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differential ionospheric effects are negligible. Ionospheric
corrections could thus be omitted without any significant
impact on the analysis.

5.1.2 Pressure correction of observing log files

All three telescope systems at OSO use the same meteo-
rological station, and the corresponding data are recorded
identically in the three individual logfiles. However, the
ellipsoidal height of this meteosensor is not identical to the
ellipsoidal height of neither the reference point (intersection
of telescope’s azimuth and elevation axes) of ON, nor of OTT.

We therefore corrected the pressure readings as recorded
in log files correspondingly, using a height-dependent pres-
sure correction (Berg 1948). The corrected pressure P, is
calculated according as

Py = P, x (1 —0.0000226 x (h — h,))>?> )

where P, is the original field-system wx log value, 4 is the
height of ON (59.3 m), OE (53.2 m) or OW (53.2 m), and
h, is the height of the OSO pressure sensor (46.6 m). The
approximate changes with respect to the original observing
log-values are ON = —1.5 hPa, OE = —0.8 hPa, OW =
—0.8 hPa. Since the ellipsoidal heights can be assumed to be
accurate within 10 cm, the pressure corrections are expected
to be accurate within 0.1 hPa. Using the corrected pressure
values in the vgosDbs ensures that the zenith hydrostatic
delays can be modelled as good as possible. We note that the
log files available via the IVS are the corrected logfiles, with
the pressure correction already applied.

5.1.3 Analysis settings and parametrisation

All observed scans were correlated (no data loss), and all cor-
related scans were post-processed. A few observations were
removed in the geodetic analysis, either due to low quality
codes from fringe-fitting, or due to being significant out-
liers. The numbers vary between the vgosDbs, but in general
> 95% of all scheduled observations were used in the final
analysis.

In addition to OE and OW station positions, we modelled
ZWD (every 30 min), clocks (every 60 min), thermal expan-
sion of the antennas, and gravitational deformation of the
antennas. The significance of these effects is investigated in
Sect. 5.5.

We also added 3 ps and 1.5 ps of extra elevation-
dependent noise to the group- and phase-delay observations,
respectively. Addition of extra noise is standard procedure
in geodetic VLBI analysis to account for over-optimistic
weights in the delay observations, and hence bring the
reduced x?2 closer to 1 (Gipson 2007).

Another way to illustrate the results is to look at the OE
and OW positions obtained as a function of time, i.e. from
each vgosDb. A comparison of the group-delay positions for
the 25 ONTIE-session is shown in Fig. 7.

5.2 Group-delay analysis

Using ASCOT we obtain, for each vgosDb in Table 2,
group-delay position estimates for OE and OW. The OE and
OW group-delay positions for all vgosDbs are presented in
Tables 11 and 12, respectively. To illustrate the results, we
present in Fig. 6 three histograms of the post-fit residuals
on the three baselines from the group-delay analysis of all
ONTIE-sessions with ASCOT. Normal distributions are fit-
ted to these histograms and show that the mean residuals are
below 1 ps on all three baselines, with standard deviations
below 15 ps. As expected, the short baseline between the
modern VGOS antennas OE and OW gives the best perfor-
mance.

5.2.1 Station positions derived from global analysis of
group-delays

ASCOT allows so-called global solutions, where multiple
sessions are combined to estimate one set of coordinates for
the whole time span. This is done by stacking the normal
equations of the individual sessions into one big normal equa-
tion system. By inverting this combined system of normal
equations, we obtained the station coordinates of OE and
OW, as well as the associated variance-covariance matrix.
From the latter, we then calculated the formal uncertainties
of the positions. In this combined solution, we only included
sessions which had phase and cable calibration applied for
all antennas (see Table 2). The resulting global (group-delay)
OE and OW positions are given in Table 10.

5.3 Phase-delay analysis

With ASCOT we also obtain, for each vgosDb in Table 2,
phase-delay position estimates for OE and OW. The OE
and OW phase-delay positions for all vgosDbs are presented
in Tables 13 and 14, respectively. Histograms of all phase-
delay residuals are presented in Fig. 8, with mean residuals
below 0.1 ps and standard deviations below 5 ps. This is, as
expected, a significant improvement in the uncertainties with
respect to the group-delay results. Similarly to our group-
delay results, the short baseline between the modern VGOS
antennas OE and OW gives the best performance, also for
phase-delays.
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Fig.6 Histograms of post-fit
group-delay residuals of all 25
ONTIE-sessions. The red lines
are the corresponding fitted
normal distributions, and their
mean values p and standard
deviations o are given

Fig.7 Group-delay positions
for OE (blue stars) and OW (red
circles), with 30 uncertainties.
The final global group-delay
positions have been subtracted.
Except for a few early points
(without phase and cable
calibration available), the
individual results are in good
agreement with the global
position
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Fig.8 Histograms of post-fit
phase-delay residuals of all 25 400 ~ p=004ps 0 =433ps
ONTIE-sessions. The red lines N ON-OE
are the corresponding fitted
normal distributions, and their 200
mean values p and standard
deviations o are given. For easy
comparison, the same horizontal 0 : o . :
axis range is used as in Fig. 6
400 - — u=-007ps,c=420ps
N ON-OW
200 A
0 T L T ).I T
400 —— u=005ps,c=191ps
I OE-OW
200 A
0 T T T T
—40 -20 0 20 40

Residual [ps]

Table 4 VTRF2020b (epoch 2010.0) phase-delay positions (in m) and their formal standard deviations (in mm) for OE and OW, obtained as

described in Sect. 5.3.2

Antenna X Y VA ox oy oz
OE 3,370,889.29933 711,571.19930 5,349,692.05005 0.04 0.02 0.06
ow 3,370,946.77978 711,534.50658 5,349,660.92639 0.04 0.02 0.06

5.3.1 The effect of phase and cable calibration

As noted in Sect. 3.3, ON suffers from direction-dependent
cable delay variations (Dan MacMillan, private communi-
cation 2002), which will affect the observed delays if not
correctly compensated for in the analysis. Indeed, we find a
significant systematic offset of about 1 cm in X and Z (see
Fig. 9) between experiments with/without PCAL and cable
corrections for ON (listed in Table 2).

5.3.2 Station positions from global analysis of phase-delays

As with the group-delay data, we can use ASCOT to
obtain a global solution of phase-delay data, i.e. a com-
bined phase-delay solution for multiple sessions. Again, we
use the sessions with phase and cable calibration present,
and we obtain the OE and OW positions presented in
Table 4.

5.4 Differences in group-delay and phase-delay
positions

Contrary to expectations, we find a significant systematic
offset between the group- and phase-delay positions. This
can be seen in Fig. 9, where the zero-level is the global
group-delay position. However, the offset becomes clearer
after conversion to an ENU system, see Table 5. Since the
offset is primarily in the Up-direction, it is consistent with
an elevation-dependent delay error. ON is known to suffer
from significant (~ 5 mm) gravitational deformation effects,
which manifest primarily in the up-coordinate. While this
is included in our modelling, this gravitational deformation
model was primarily developed and tested using group-delay
observations. There could be additional effects which affect
phase-delay estimation. Other explanations for this system-
atic offset are also possible, but a detailed investigation of
this offset is beyond the scope of this paper. We note, how-
ever, that group-delay analysis is the most common method
routinely employed by IVS analysis centres to derive station
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Fig.9 Phase-delay positions for
OE (blue stars) and OW (red
circles), with 3o uncertainties.

The final global group-delay
positions have been subtracted.
Two significant offsets can be
seen: a about 1 cmin X and Z
between experiments
with/without cable- and
phase-cal, and b a systematic

dX [mm]

oLy
I

offset in X and Z (=3 mm in the

group-delay positions

dY [mm]

Up-direction; see also Table 5)
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Table 5 ENU difference for the global OE and OW positions obtained
with phase-delays compared to group-delays

Antenna AE (mm) AN (mm) AU (mm)
OE +0.07 £ 0.04 —0.19+£0.01 +3.77 £0.28
ow +0.11 £ 0.04 +0.07 £ 0.01 +2.52 £0.28

positions. Therefore, to avoid confusion in the community,
we also chose to present group-delay estimates as the OE
and OW station positions in this paper. The systematic offset
will be monitored and further investigated in future observa-
tions.

5.5 Modelling clocks, ZWD, and antenna
deformation

In this section, we investigate how various effects, which are
possible to model in ASCOT, impact the estimated OE and
OW positions.

5.5.1 Impact of clock parameter interval length

In order to investigate the impact of the clock parameter inter-
val length, we compared the estimated OTT positions using
both 1 h and 20 min intervals. Using 20 min increases the
number of parameters to be estimated by a factor of three
(compared to 1 h), but did not cause a problem for the analy-
sis due to the large number of observations during the usually
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24 h long ONTIE-sessions, with well above 1000 observa-
tions per baseline.

Table 6 provides the observed changes in the weighted
mean of the estimated station positions for the OTT from
all ONTIE-sessions. We find that station positions are not
impacted significantly by the choice of clock parameter inter-
val length. This finding is confirmed from a similar analysis
of individual ONTIE-sessions with vSolve. Since ON, OE
and OW all share the same maser clock, any variations
between the three systems are likely due to telescope-specific
instrumental instabilities.

5.5.2 Impact of estimating Zenith Wet Delay (ZWD)

All three stations are located within 550 m and thus to a large
extent share the same common local troposphere. Further-
more, the ONTIE-sessions were scheduled in a way that all
three stations observed each scan together, i.e. the antennas
had almost identical azimuth and elevation directions. How-
ever, in principle, small variations in the local troposphere
and atmospheric turbulence effects could affect the delays
on the three baselines in a differential way.

Since the elevation angles for the three antennas were
almostidentical, itis not possible to estimate antenna-specific
tropospheric parameters for all three antennas. However, it
is possible to estimate differential ZWD parameters for OE
and OW as piece-wise linear offsets every 20 min, while
not estimating any tropospheric parameters for ON. Table 7



Short-baseline interferometry local-tie experiments at the Onsala Space Observatory

Page 130f21 54

Table 6 Effect on the weighted mean station positions of OE and OW when changing from clock interval length of 1 h to 20 min, expressed in a

topocentric east-north-up (ENU) coordinate system

Antenna AE (mm) AN (mm) AU (mm)
OE —0.023 £ 0.022 —0.008 £ 0.017 +0.061 £ 0.043
ow +0.023 £ 0.021 —0.032 £0.019 +0.031 £ 0.061

Table 7 Effect on the estimated station positions of OE and OW, expressed in a topocentric (ENU) coordinate system, when estimating ZWD for
OE and OW as piece-wise linear offsets with 30 min interval length, compared to not estimating ZWD

Antenna AE (mm)

AN (mm) AU (mm)

OE —0.030 £0.040
ow +0.006 £ 0.037

—0.006 £ 0.027
—0.023 £0.026

—0.784 £0.261
—0.321 £0.226

provides the observed changes in the weighted mean of the
estimated station positions for the OTT from all ONTIE-
sessions when analysing with and without estimating ZWD
for OE and OW. The changes are expressed in a topocentric
east-north-up (ENU) coordinate system. While the horizon-
tal components are not affected by more than 30 um, we note
a significant reduction in the up-components of the antennas,
on the level of 0.3 mm to 0.8 mm. This shows that estimat-
ing differential ZWD is of importance, even for this small
network. The estimated differential ZWD themselves are typ-
ically within 1 mm, and the values in general follow each
other for both stations, with some few exceptions. The overall
scatter is on the order of 0.5—-1 mm. A more detailed investi-
gation on the differential ZWD and their potential importance
to sense atmospheric turbulence, is the topic of future inves-
tigations.

5.5.3 Impact of thermal deformation

Figure 10 depicts the expected impact of thermal deformation
on a VLBI delay observation for antenna ON and OE/OW
following the model by Nothnagel (2009). This delay model
uses mainly the antenna dimensions, the expansion coeffi-
cients of the material, and the temperature difference with
respect to a reference temperature. A temperature of 10 K
higher than the reference temperature for the Onsala site
is used for this graph. A strong dependence on elevation
is visible for both ON and OE/OW. However, since the
actual telescope towers have rather similar dimensions, the
two curves are rather similar. The largest differential effect
for a delay observation on the ON-OE/OW baseline is on
the order of 1.5 ps for an observation at zenith direction.
Table 8 presents the effect on the estimated weighted mean
topocentric positions of OE and OW when including thermal
deformation. While the change is largest for the topocentric
up-component, none of the changes are significant.

5 T=T +10K

T 1p (PS)

Py ——ON
.l /A ——OE/OW

0 . . . . . |
0 15 30 45 60 75 90

€ (degree)

Fig. 10 Thermal deformation effect on the VLBI delay (Nothnagel
2009) for the antennas ON (red) and OE/OW (blue)

5.5.4 Impact of gravitational deformation

Modelling of gravitational deformation of radio telescopes
(Nothnagel etal. 2019; Losler et al. 2019) was not included in
ITRF2014, but is strongly recommended by the IVS analysis
coordinator, in particular for the preparations for analyses to
prepare the upcoming ITRF2020 (John Gipson, private com-
munication, 2020). We therefore used ASCOT to investigate
the impact of gravitational deformation on the analysis of the
ONTIE-sessions.

Figure 11 depicts the effect of gravitational deformation
on the VLBI delay observation for the antennas ON (Noth-
nagel et al. 2019) and OE/OW (Losler et al. 2019). Both
antenna types again show a clear elevation dependence. How-
ever, while OE/OW are rather stiff and stable antennas with a
maximum effect of about 2 ps, ON is deforming much more
and suffers from delay effects of almost 20 ps between obser-
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Table 8 Effect of including

thermal deformation modelling Antenna AE (mm) AN (mm) AU (mm)
(Nothnagel 2009) in the analysis g ~0.001 £ 0.002 40.001 £ 0.001 10.038 +0.079
ow ~0.001 £ 0.001 40.000 + 0.001 10.040 £+ 0.079

Presented are the corresponding changes in the weighted mean topocentric positions of OE and OW
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Fig. 11 Gravitational deformation effect on the VLBI delay for the
antennas ON (red, Nothnagel et al. 2019) and OE/OW (blue, Losler
et al. 2019)

vations in zenith and at the horizon. The largest differential
effect for a delay observation on the ON—OE/OW baseline is
~ 19 ps for an observation at the horizon.

Table 9 presents the effects on the estimated weighted
mean topocentric positions of OE and OW when these grav-
itational deformation effects are used or are not used. Using
or not using the gravitational deformation model for ON,
see Table 9(a), changes the up-component significantly, more
than 5.3 mm, while the horizontal changes are not significant.

Using or not using the gravitational deformation model for
OE and OW, see Table 9(b), also changes the up-component
significantly, by more than 0.6 mm, while the horizontal
changes are not significant. These tests show the importance
of modelling gravitational deformation of VLBI antennas
in the data analysis. We note that the consistent modelling
of both thermal and gravitational deformation of all three
antennas, ON, OE, OW, gives the lowest WRMS scatter of
the post-fit residuals.

6 Results

Our final (group-delay) positions for OE and OW are pre-
sented in Table 10. These were obtained as explained in
Sect.5.2.1, as aglobal ASCOT estimate combining all ONTIE
sessions where phase and cable calibration was present.

7 Summary and outlook

During 2019 and 2020, we performed a series of short-
baseline interferometry experiments to connect ONSA13NE
and ONSAI3SW, the Onsala twin telescopes, to the
ONSALAG60 VLBI station. These co-location sessions were
performed using X-band only observations. The sessions
were scheduled, observed, correlated and analysed at the
Onsala Space Observatory. The coordinates of the Onsala
twin telescopes could be determined in VTRF2020b with

Table 9 Effect of including

gravitational deformation Antenna AE (mm) AN (mm) AU (mm)
modelling (Nothnagel et al. (a) OE 40.003 + 0.002 —0.014 4 0.003 15.387 £ 0.009
2019; Losler et al. 2019) in the
data analysis oW 40.005 = 0.002 ~0.014 %+ 0.004 15387 +£0.011
(b) OE 40.000 = 0.002 ~0.003 % 0.001 10.671 = 0.009
oW ~0.001 % 0.002 ~0.004 = 0.001 10.664 = 0.006

Presented are the corresponding changes in the weighted mean topocentric positions of OE and OW when
either (a) the gravitational deformation model for ON is used or is not used, and (b) when the gravitational

deformation model for OE and OW is used or is not used

Table 10 VTRF2020b (epoch

2010.0) group-delay positions Antenna X Y oY oz
(in m) and their formal standard g 3,370,889.29717 711,571.19876  5,349,692.04692 0.05 0.17
deviations (in mm) for OE and

OW, obtained as described in ow 3,370,946.77840  711,534.50648  5,349,660.92411 005 017
Sect. 5.2.1
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uncertainties on the sub-mm level. This new set of coor-
dinates (see Table 10) should be used from now on for
scheduling, correlation, as a priori for data analyses, and
for comparison with classical local-tie techniques. We note,
however, that since we use gravitational deformation mod-
elling for all stations, the OTT positions derived will differ
slightly with respect to the upcoming ITR2020 positions. We
note that the vgosDbs of all ONTIE- sessions are available
via the IVS.

Using the ASCOT software, we investigated the impact of
various effects such as thermal and gravitational deformation.
We also compared phase-delay and group-delay position
estimates, finding systematic offsets of about ~3 mm in
the Up-direction. This may be due to residual elevation-
dependent delay-errors in the gravitational deformation
model for ONSALAG6Q, and/or other causes.

From the experience gained, we have developed proce-
dures that allows us to repeat these kinds of observations and
the corresponding data processing and analysis on a regu-
lar basis. Thus, regular monitoring of the baselines between
the three stations can be done several times per year. These
regular sessions can, with proper continuous amplitude cal-
ibration measurements, also provide regular flux-density
monitoring observations of quasars. This way of regularly
checking the stability of the local network appears advan-
tageous compared to performing labour-intensive classical
local-tie surveys.

The plan is however to also perform a classical geodetic
survey of the local-tie vectors between the OTT and the ref-
erence points of the other geodetic stations at Onsala. This
work was planned during early 2020, but was delayed due
to the ongoing covid-19 pandemic. Furthermore, we want
to do a GNSS-based local-tie survey following the approach
described in Ning et al. (2015). We also aim at connecting the
fourth VLBI station in the Onsala telescope cluster, the 25 m
radio telescope, using similar interferometric measurements
at C-band.

Acknowledgements We want to acknowledge fruitful discussions and
advise provided by Mike Titus (MIT/Haystack), Simone Bernhard
(MPIfR Bonn), Grzegorz Klopotek (previously at Chalmers), and Sergei
Bolotin (NVI).

Author Contributions EV and RH scheduled, observed, and correlated
the observed data. EV, RH, and TN analysed the data, using various
software packages. All authors contributed to writing the manuscript
and read and approved the final version of the manuscript.

Funding Open access funding provided by Chalmers University of
Technology. Not applicable.

Availability of data and materials The DiFX output and derived data
products that support the findings of this study are available from the
corresponding author upon reasonable request. All vgosDbs are avail-
able via the IVS.

Declarations

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

Codeavailability vSolveisavailable via https://sourceforge.net/projects/
nusolve/. ASCOT is available via https://github.com/varenius/ascot.

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/.

A Positions of OE and OW for all vgosDbs
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and 14. These data can be used, together with Table 10, to
reproduce Figs. 7 and 9. The uncertainties are the formal
errors given by ASCOT.
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