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Abstract The EU-VGOS collaboration carries out ob-
servational sessions on a regular basis, some of them
being correlated at TU Wien. This is a progress report
on aspects of data processing from e-transfer to fringe-
fitting. We compare two approaches of handling dual
linear polarization: combining all four linear polariza-
tion products to pseudo Stokes /, and conversion from
linear to circular polarization using PolConvert. Our re-
sults so far seem to indicate that the latter approach
gives a higher signal to noise ratio than the former.
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1 Introduction

The EU-VGOS project was started in 2018 by |Alef
et al.| (2019) with the aim to find a way for post-
processing VGOS data alternate to the way imple-
mented by the Haystack group within the HOPS pack-
age (Niell et al.; 2018}, and references therein). The idea
is to exploit a CASA (McMullin et al., 2007) based
Python pipeline that includes the PolConvert (Marti-
Vidal et al., 2016) software, makes use of phase-cal
tones, is able to correct ionospheric dispersion, and al-
lows Stokes I fringe-fitting of the data. For this pur-
pose, the EU-VGOS collaboration carries out research
and development sessions with a network of VGOS
stations, mainly located in Europe but also beyond.
Here we report on the processing of EU-VGOS data
at the VLBI correlator of TU Wien, from e-transfer to
fringe-fitting.

The TU Wien VLBI correlator is operated by the
working group of Higher Geodesy at the Department
of Geodesy and Geoinformation. Correlations are be-
ing carried out by J. Gruber and F. Jaron. For data stor-
age and processing we use the infrastructure of the Vi-
enna Scientific Cluste where we can use up to ten
compute nodes simultaneously. Each of these nodes is
equipped with 2 CPUs with 24 cores each, resulting
in 48 cores per node. We have 1 PB of disk space re-
served exclusively for VLBI. We are connected to the
GEANT network via a 10 Gbit/s link which is, how-
ever, shared with other users. For correlation we use the
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DiFX-2 software correlator (Deller et al.,[2011]) in var-
ious sub-versions. For fringe-fitting we currently use
HOPS/fourfit in its version 3.22. We have also PIMA
(Petrov et al., 2011) installed on our system.

2 Short-scan experiments

Here we report on the processing of ﬁveE] EU-VGOS
sessions: ev0287, ev0303, ev0314, ev0328, ev0345.
These experiments were scheduled by M. Schartner
using his software VieSched++ (Schartner & Bohm),
2019)). One special feature of the sessions is that shorter
integration times were tested. Currently, all IVS-VGOS
sessions utilize a fixed 30 s integration time, indepen-
dent of the source brightness. In contrast, within the
sessions considered here, integration times between
10 and 20 s were examined. Therefore, each session
was divided into blocks and each block was scheduled
with a different integration time. In addition, calibrator
scans were included with durations of 2 to 3 min each.
To ensure a reasonable signal to noise ratio (SNR) for
the short scans, the theoretical SNR was computed dur-
ing scheduling. Although this is standard for S/X ob-
servations, it is currently not utilized in the IVS-VGOS
sessions due to the lack of station system equivalent
flux density (SEFD) and source flux density informa-
tion in the scheduling catalogs for the VGOS frequen-
cies. To overcome this issue, the SEFD information
was directly provided by the stations and the source
flux densities were interpolated and extrapolated based
on their S and X band flux densities. Similar to schedul-
ing standard S/X observations, the SNRs were com-
puted for each band individually and different thresh-
olds between 8 and 20 per band were used. In these
five sessions the participating stations were the two
Onsala telescopes (ONSA13NE and -SW), Wettzell
(WETTZ13S), Yebes (RAEGYEB), and in ev0345 also
Ishioka (ISHIOKA) in Japan.

The frequency setup of these sessions (Fig. [I) is
identical to the one currently used for global VGOS
experiments, with four bands distributed between 3
and 11 GHz. The observations, each six hours in du-
ration, were carried out in dual linear polarization. The
polarizations were labeled “X” and “Y” in the VEX

2 This number is continuously growing. Currently ten of these
sessions are being processed in Vienna, but we restrict ourselves
to these five experiments as representative examples.
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Fig. 1 Frequency setup. Each of the four bands (A-D) has a
width of 480 MHz and contains 8 channels, each 32 MHz wide.
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Fig. 2 E-transfer of five EU-VGOS sessions.

files. It is important to point out that these are local
horizontals/verticals at the telescopes and (without a
field rotator) are not aligned with the celestial X and
Y coordinates, and are subject to changes in the par-
allactic angle. Hence, “H” and “V” might be a better
choice for these labels. The sampling rate per chan-
nel was 64 Msamples/s (and 32 Msamples/s for Yebes
I/Q sampling) with 2-bit quantization, resulting in a
net data rate of 8.192 Gbit/s per antenna. All stations
are equipped with phase-cal units, most of them in-
ject tones every S MHz, except for Yebes, which has
tones every 10 MHz. Most of the stations have DBBC
backends (Tuccari et al.l 2018), providing real-valued
data, only Yebes has an RDBE (Ruszczyk et al., 2012)
and the data are complex-valued. Stations record their
data onto Mark 6 modules or onto FlexBuff recorders,
except for ISHIOKA, who use an ADS3000+ sampler
and a K5VSI recording system.

3 E-transfer

The TU Wien correlator does not have any Mark 6 units
at its disposal, so data have to be transferred electron-
ically. We used m5copy and jive5ab for the data trans-
fersﬂ It took approximately one month to complete all
transfers with a total volume of 115 TB (Fig.[2). When
comparing the transfer duration of the individual sta-
tions, one has to keep in mind that Onsala had to trans-
fer twice the amount of data (having two VGOS tele-

3 https://github.com/jive-vlbi/jivebab
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Fig. 3 E-transfer of ev0303 from Yebes to Vienna. Remaining
data volume is plotted against time. The file size is color coded.
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Fig. 4 E-transfer of ev0303 from Onsala to Vienna. Top: There
is a strong dependence of transfer rate on file size. Bottom: Us-
ing the e-transfer daemon/client pair almost completely removes
the file size dependence.

scopes), and Ishioka participated in only one (ev0345)
out of these five sessions.

As an example of a smooth transfer, Fig. |§| shows
a plot for Yebes. The curve of remaining data volume
plotted against time is a straight line without any de-
pendence on file size. The average transfer rate in this
case was 1.2 Gbit/s. The situation was initially very dif-
ferent for the transfers from Onsala. The plot in the top
panel of Fig. f] reveals a strong dependence of trans-
fer rate on file size. Onsala recorded the data in multi-
file format, resulting in many files with relatively small
sizes of a few GB each. Only the few larger calibrator
scans reached the full speed of 1.3 Gbit/s. The small
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Fig. 5 Conversion from multi- to single-thread using vmux on
Wettzell data of session ev0303. Remaining data volume is plot-
ted against time. Gaps that follow the linear trend correspond to
larger files being converted. Horizontal gaps are related to vmux
being stuck in an infinite loop of error messages. The purple line
is an extrapolation of the initial linear trend that would have been
continued in the absence of errors.

files came at only half that speed. After discussing the
issue with the author of jive5ab it became clear this
is the result of a large-ish constant per-file delay be-
tween transfers that the jive5ab+m5copy approach suf-
fers from, causing the experienced transmission time
of a small file to be (significantly) larger than the phys-
ical transfer time of the content itself. H. Verkouter
suggested trying the e-transfer daemon/client paiﬂ -
a server/client file transfer utility that, like jive5ab but
without its overheads, is capable of using the UDT
data transfer protocol (Gu & Grossman), [2007) for fast
data transfer over long, fat links where the TCP pro-
tocol significantly underperforms. We tested the new
toolchain by repeating the same transfer. The resulting
plot (bottom panel of Fig. ) confirms that the file size
dependence has almost been removed. In this way the
total transfer duration could be reduced from initially
18 down to 12 hours.

4 Correlation

4.1 Converting multi- to single-thread

The DiFX software correlator adopted also for VGOS
can process recordings that are multi-threaded VDIF
(e.g., from the VLBA) or multi-threaded multi-
datastream VDIF (e.g., Phased NOEMA in the EHT
and GMVA). However, only single-threaded VDIF and
the older DiFX version 2.5.3 have been validated for
VGOS so far. In addition, the difx2mark4 converter in
2.5.3 and in versions prior to 2.6.2 does not correctly
handle PCal entries from multi-datastream recordings.

4 https://github.com/jive-vlbi/etransfer
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Thus any recordings not present in a VGOS-validated
layout should be converted prior to correlation in
DiFX-2.5.3.

For the five sessions that are subject of this arti-
cle, Wettzell recorded the data in multi-threaded VDIF
format. Conversion is done using the tool vmux that is
part of the DiFX distributiorﬂ Unfortunately, convert-
ing the data took very long, as shown in Fig. [5] The
conversion of six hours of data from one station alone
took approximately as long as the observation. This,
however, includes time during which vmux was out-
putting error messagesﬂ in an infinite loop which had to
be manually interrupted. Another consequence of these
errors is that about 5 % of the data could not be con-
verted, with calibrator scans being especially affected.

We have by now implemented a script which auto-
matically interrupts and restarts the process when such
error messages occur, eliminating this overhead. Nev-
ertheless, vmux still takes very long compared to the
actual observing time and will dominate the processing
time if many stations deliver the data in multi-thread
format. Attempts to parallelize the process on a cluster
have not been successful so far. One possible reason
could be that the process is I/O-limited.

4.2 DiFX for VGOS

Currently there has not been any official DiFX re-
lease which correlates VGOS data without any prob-
lems. Correlator centers have to apply various patches
to their installations. Aiming at a DiFX version for
VGOS, we discussed the issue within the EU-VGOS
collaboration. As a result, at MPIfR Bonn we back-
ported a specific set of EU-VGOS-relevant patches
from the more recent DiFX-2.6 series into the DiFX-
2.5 development base. In addition, MIT Haystack up-
dated the included HOPS package from 3.19 to the
current 3.22 vendor release used in VGOS process-
ing. This development base, including HOPS 3.22, will
be released as DiFX-2.5.4 after completion of an open
testing phase in the DiFX user communityﬂ At Vienna

5 If you have Mark 6 units, another possibility is to use the tool
mk6vmux to convert the data directly off Mark 6 modules.

6 Messages of the type: “desync, frame delta 15796, fps 31250”

7 https://deki.mpifr-bonn.mpg.de/Cooperations/

EU-VGOS_P-0-C/VGOS_DiFX_Versions

we used this version to correlate ev0303, and the results
are shown in the following.

5 Calibration and fringe-fitting

We focus on two options for fringe-fitting:

1. Combine the four linear polarization products to
pseudo Stokes I without any actual polarization cali-
bration (cf. Eq. 2 in |Cappallo 2014)). This is imple-
mented in the HOPS/fourfit software suite and is de-
scribed in the MIT Haystack VGOS manua

2. Convert visibilities from linear to a circular po-
larization basis, including a proper cross-polarization
complex gain calibration (Marti-Vidal et al.,|[2016)). Us-
ing a preliminary version of PolConvert for VGOS, we
estimate the cross-polarization gain in a least squares
method and apply the estimates in the conversion pro-
cess. PolConvert also takes care of the differential par-
allactic angle correction to be introduced between po-
larization products in the visibilities. After this, we are
ready to tell fourﬁtE] to combine the two parallel hand
circular polarization products to form true Stokes /.

6 Results

Figure [6] shows two fourfit fringe-plots for one calibra-
tor scan from ev0303. The plot in the top panel shows
the result for pseudo Stokes /, and the bottom panel for
the polconverted data. For this example scan pseudo
Stokes I yields an SNR of 525.4 while the polconverted
data give a considerably higher SNR of 607.7. An in-
spection of other scans confirmed a tendency of higher
SNR for polconverted data.

7 Conclusions and outlook

We have presented a work in progress. These are our
conclusions so far:

1. E-transfer to Vienna works smoothly. An initial
drop in transfer rate for small files could be fixed
by using a different file transfer utility.

8 https://www.haystack.mit.edu/wp-content/uploads/

2020/07/docs_hops_000_vgos-data-processing.pdf
9 Command line option -P RR+LL
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Fig. 6 Fourfit fringe-plot. Top: Pseudo Stokes /. Bottom: Pol-
converted data.

2. Converting multi-thread VDIF data to single-
thread, using the tool vmux, takes very long and
will become a significant overhead for experiments
with larger networks.

3. In order to avoid locally patched DiFX installations
for VGOS, Bonn and MIT Haystack have put to-
gether DiFX-2.5.0. This version is in a testing phase
now and needs to be approved by the DiFX and
VGOS communities to become version 2.5.4.

4. First results from fringe-fitting polconverted data
indicate that SNR seems to be systematically higher
than for pseudo Stokes /. This is expected, because
PolConvert does a proper cross-polarization com-
plex gain calibration.

Until now, the gain estimates in PolConvert come
from only one calibrator scan selected from the whole
experiment. Further development of the tool has al-
ready shown that many scans can be used in the least
squares adjustment to generate more accurate solu-
tions, and the current status of the development is con-
centrated on being able to apply this functionality to
any of the EU-VGOS session setups.

Algorithms for fringe-fitting dual linear polariza-
tion broadband data have now been implemented in
PIMA. We plan to include this option in the future.
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