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Abstract A series of VGOS technology R&D sessions
has been undertaken. In total, seven 24-hour sessions
were scheduled along with associated 1-hour tests. The
primary goal is to significantly increase the number of
observations per session at each station. In the VGOS
R&D series so far, the number of observations per ses-
sion has more than doubled when compared to cur-
rent operational VGOS sessions. Other related priori-
ties include: 1) to optimize high rate schedules both for
geodesy and for imaging; 2) to develop and test pro-
cesses to determine and apply source structure correc-
tions; and 3) to evaluate and test improved frequency
sequences. Sources were analyzed to produce closure
images, maps, models, and preliminary corrections.
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1 Introduction

In early 2021 the IVS Observing Program Commit-
tee (OPC) informed the VGOS Technical Committee
(VTC) that resources had been allocated for a series
of VGOS technology R&D sessions. Within this man-
date, a series of seven 24-hour VGOS R&D sessions
were undertaken along with associated 1-hour tests.
The main purpose of the sessions is to demonstrate op-
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erational readiness for “high rate observing,” in other
words, to move towards the VLBI2010 target [2] of,
on average, one scan every 30 seconds at each station.
Other related priorities include: 1) to optimize high rate
schedules both for geodesy and for imaging; 2) to de-
velop and test processes to determine and apply source
structure corrections; and 3) to evaluate and test im-
proved frequency sequences.

2 The Sessions

A total of seven 24-hour VGOS R&D sessions and six
1-hour tests were placed in the Master Schedule. These
are summarized in Table 1.

Table 1 VGOS R&D sessions.

Observing Session Duration Integrations Frequency
date code (hours) (seconds) sequence
2021-07-29  VR2101 24 7-20 Standard
2021-10-15  V1288A 0.5 60 New
2021-10-15  V1288B 0.5 60 New
2022-01-20  VR2201 24 7-20 Standard
2022-02-18  VT2049 1 7-20 VI288A
2022-03-17  VR2202 24 7-20 V1288A
2022-03-18  VT2077 1 5-18 Standard
2022-05-19  VR2203 24 7-20 Standard
2022-07-21  VR2204 24 5-18 Standard
2022-07-22  VT2203 1 120 New
2022-09-15  VR2205 24 7-20 Standard
2022-09-16  VT2259 1 120 New
2022-11-09  VR2206 24 7-20 New
2022-11-10  VT2314 1 ? ?
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3 Frequency Sequence Development

The current operational VGOS frequency sequence
was developed in support of the GGAO-Westford
proof of concept sessions. Now, after several years, the
VGOS network has expanded and RFI problems have
become more ubiquitous. A review of the frequency
sequence has been undertaken.

Two basic tendencies are required of a good fre-
quency sequence: 1) that the SNR for fringe detection
is as low as possible; and 2) that delay precision is as
high as possible. In general, delay precision improves
as channel separation increases and fringe detection
improves as channel distribution becomes more even.

These tendencies are tempered by hardware con-
straints. To ensure network compatibility, a system
with four 512-MHz bands across 3 to 10.7 GHz (the
same as for the proof-of-concept system) will be
considered the benchmark.

In addition, other factors must be considered, e.g.,
the loss of channels due to narrow-band RFI, the loss of
whole regions of the spectrum due to broadband RFI,
non-linear behavior of the system, and non-linear be-
havior caused by source structure.

In the design process used here, it is assumed that
band-A and band-D will be placed as near as possible
to the extremes of the 3 to 10.7 GHz frequency range.
This is to ensure adequate delay precision. To study the
detectability aspect of the sequences, the probability of
a missed phase connection is then calculated at every
possible pair of band-B and band-C frequencies as they
are moved, in 32-MHz steps, throughout the interven-
ing spectral region.

In Figure 1, logyo of the best (i.e., lowest) 8,000
probabilities are plotted assuming an SNR of 10 in
each band. At this SNR, it can be seen that there is a
wide range of sequences that perform well, e.g., for se-
quences in the blue and green regions the probability of
error is less than 1 part in 10°. The existence of these
somewhat broad regions means that, at least to some
extent, frequencies can be adjusted to avoid broadband
RFI.

The best performing sequence (located at
f=[3,000.4; 4,472.4; 6,584.4; 10,200.4] MHz) has
been tested in two 1-hour sessions, V1288A, VT2049,
and in one 24-hour session, VR2202. In the sessions
correlated so far, no serious RFI issues were detected
although not all stations were included in the tests.

Detailed RFI analysis at each station will be required
for a more definitive and robust sequence definition.
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Fig. 1 Logio of the probability of a phase connection error at
SNR=20. The + symbol represents the position of the current
VGOS sequence.

Intuitively, it is expected that sequences will
perform reasonably well even if a small number of
channels are lost. With the current VGOS mode using
8-Gbps recording, 50% of each band is occupied,
which provides significant redundancy. This was
verified numerically for pairs of channels (Figure 2).
The red trace represents the Delay Resolution Function
(DRF) for the V1288A sequence, while each green
trace represents the DRF for the same sequence but
with the loss of two channels. All possible combina-
tions of channel pairs were considered. In addition to
the loss of about 3% SNR (which is not reflected in
the figure), the DRFs are distorted somewhat but not
enough to significantly degrade fringe detection.

Finally, the impact of nonlinear phase is considered
in a numerical study. The phase of a single VGOS band
is offset and this is repeated in sequence for each of the
four bands. In all cases, the phase offset produces a no-
ticeable shift of the main peak of the DRF (which man-
ifests as an unwanted delay bias). However, for band-B
or band-C, the delay bias is also accompanied by a sig-
nificant distortion of the DRF which greatly increases
the probability of a sub-ambiguity error. For the se-
quence used in V1288A and a phase offset of 45°, the
height of the highest sidelobe is nearly as high as the
main peak (Figure 3). This emphasizes the importance
of careful calibration of the system phase and the dan-
ger of using sources with excessive structure.
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Fig. 2 DRFs of the V1288A sequence. Green traces assume the
loss of arbitrary pairs of channels. Horizontal grid lines are sep-
arated by 10% of the central peak and vertical grid lines are sep-
arated by 500 ps.

Fig. 3 DRFs of the V1288a sequence. Blue traces represent
DREFs for phase offsets of 15°, 30°, and 45° at band-C. The red
trace is for no phase offset. Horizontal grid lines are separated
by 10% of the central peak and vertical grid lines are separated
by 500 ps.

4 Scheduling

The VGOS R&D sessions are scheduled using
VieSched++ [3] with the session designed individu-
ally.

The main focus of the R&D sessions is to increase
the observing rate, i.e., the number of observations per
session at each station. This is accomplished primarily
through the following scheduling-related strategies:

¢ Two (instead of one) record modules are used at
the Mark-6 stations. This ensures that data can be
recorded in real-time without waiting for a record
buffer to flush. The resulting saving is significant
given that, with the current VGOS single module
mode, the “buffer flush” is equal in duration to the
data record time.

* The accuracy of the antenna slew models was con-
firmed; if necessary they were improved. This en-
sures that the scheduling software accurately pre-

dicts on-source arrival time so that antennas are nei-
ther needlessly waiting for observations to begin
nor arriving too late. The Onsala case was partic-
ularly interesting where it was discovered that slew
rate can change depending on antenna pointing an-
gle and slew direction.

¢ Field system procedures (preob and midob) were
streamlined, removing unnecessary and time-
consuming checks. As a result, the preob time was
reduced from four seconds to two seconds.

e Signal-to-Noise (SNR)-based scheduling, similar
to that developed for some early EU-VGOS
sessions [1], was used. With this approach, the in-
tegration time is adjusted, within limits, to achieve
a specified SNR. For the R&D sessions, the
integration time limits were either from 7 seconds
to 20 seconds or from 5 seconds to 18 seconds (see
Table 1 for details). This is in contrast to opera-
tional VGOS sessions where fixed 30-s integrations
are used. SNR calculations require accurate system
SEFDs and source fluxes. Since source fluxes are
not available at the VGOS band frequencies, S/X
flux densities were inter-/extrapolated to VGOS
frequencies assuming a power-law spectral index.
For VR2203, the first VGOS-based band-ABCD
source flux density catalog, derived from previous
VGOS sessions, was tested. Also, the R&D SNRs
were typically too low for good calibration. As
a result, calibration scans were inserted into the
schedules. The cadence was either every hour or
every two hours and the duration was either 60
seconds or 120 seconds (see Table 2 for details).

Table 2 VGOS R&D scheduling statistics. Columns: session
name, number of stations, number of observations, number of
scans, and number of sources.

Session #sta #obs #scans #src Cal. scans Source catalog

code # | duration
VR2101 7 25,619 3,397 94 24|120s  S/X-based
VR2201 9 36,644 4352 176 12|60s S/X-based
VR2202 9 37,701 3,707 141 12|60s S/X-based
VR2203 8 26,840 4,295 90 24|60s VGOS ABCD

Each R&D session has its own targets and strate-
gies, e.g.:

* VR2101 is the first VGOS R&D session to use
SNR-based scheduling. Additionally, the schedul-
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ing algorithm tried to include only sources that are
observed in at least ten scans. This was done utiliz-
ing iterative source selection as discussed in [3].

* VR2201 set the minimum and target number of
scans per source to ten and 22, respectively, to
put even more emphasis on a better distribution of
scans among sources. Based on the target number
of scans and the network source visibility, a min-
imum time between two scans to the same source
was calculated. This was done for each source.
[Note that fillin-modes and other scheduling algo-
rithms could still cause some sources to be ob-
served more frequently.] As a result, the number of
scheduled sources was increased to 176, with an av-
erage number of scans per source of 24.8 +7.8.
Additionally, for the first time, a southern-
hemisphere station, HOBART12, was included
in tagalong mode. To ensure good inclusion, the
tagalong mode was improved by a second round
of fillin-mode scans, the so-called fillin-mode a
posteriori. As a result, HOBART12 was scheduled
in over 1,000 scans despite its remote location
and tagalong status. Finally, VR2201 included
one pair of radio sources scheduled 27 times in
phase-referencing mode.

* VR2202 put slightly less emphasis on the dis-
tribution of scans among sources in favor of
improving good short-term station sky coverage.
This was done to enable a better estimation of high-
frequency tropospheric disturbances. To achieve
this, the Monte-Carlo simulation approach was
adjusted to include high-frequency troposphere
estimates. Additionally, the station-dependent sky
coverage optimization parameters were utilized to
account for the different antenna slew rates and sky
visibilities.

*  VR2203 used, for the first time, a VGOS frequency
source flux density catalog for the calculation of the
SNR-based integration times. In addition, the min-
imum time between two scans to the same source
was lowered to 20 minutes to obtain more scans per
source.

5 Source Structure and Modeling

For VGOS, the first image processing task is to fit
Gaussian components based on closure phases and clo-

sure amplitudes. This can be divided into three steps.
First, isotropic total variation regularization is applied,
which favors the smoothness of the flux density dis-
tribution to solve the ill-posed problem in imaging, to
obtain a map of flux densities on any predefined pix-
els [4]. The process can be called closure imaging [5].
Secondly, we use these “closure” maps to self-calibrate
visibilities. Finally, the Gaussian components are fitted
from these self-calibrated visibilities.

The second task is to determine the total flux densi-
ties of the maps if there is amplitude calibration infor-
mation available for a fraction of the antennas but not
necessarily for all the antennas. This is necessary be-
cause the amplitudes were not calibrated based on the
SEFD and antenna gain curves, leading to the closure
maps missing a correct scale of the total flux densities.
Even though this scale itself does not affect the derived
corrections for source structure, it is important to deter-
mine the correct total flux density for an image so that
we can predict SNR in scheduling.

Aligning the images over frequency is the third
task. The information of the phase center is lost in
imaging due to difficulties in calibrating the visibility
phases; note that this is a common problem in VLBI
imaging rather than a unique issue for the closure imag-
ing. To derive coherent visibility phases, like that of a
point source, by correcting structure phases based on
the four-band maps, the phase centers of these four
maps must be accurately linked with each other [6].

The imaging results for VGOS R&D session
VR2101 are publicly available', where we report the
statistics of closure imaging, maps, and models of
Gaussian components, and the preliminary results
of the model corrections. Table 3 summarizes the
imaging results. Out of the 28 imaged sources, only
eight sources do not have a second bright component
(> 30% to the peak) at any of the four bands.

For VGOS R&D session VR2201, we have imaged
106 sources. The Gaussian components can be deter-
mined for 103 sources, a demonstration of a significant
improvement in the imaging capability. This session al-
lows for many of the low-declination sources to be im-
aged, as shown in Figure 4 for source 0748+126.

The on-going work includes the second and the
third tasks of the imaging process, and challenges can
be foreseen in particular for the image alignment. A
common issue is that parts of the jet components may

"http://www.metsahovi.fi/~xum2/me/vr2101/
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Table 3 Number of the Gaussian components and the flux den-
sity ratio of the second bright component to the peak component

based on the observations from VGOS R&D session VR2101.

Source 3.3 GHz 5.5 GHz 6.6 GHz 10.5 GHz

Ncmp Rﬂux Ncmp Rﬂux Ncmp Rﬂux Ncmp Rﬂux
0016+731 2 093 3 038 3 038 3 034
0059+581 2 008 2 08 2 098 2 0.73
0133+476 2 014 2 019 2 0.17 2 0.11
0202+319 2 032 2 016 2 0.15 2 0.86
0235+164 1 — 1 — 1 — 2 0.01
0529+483 2 008 3 081 3 094 3 0.03
0552+398 1 — 2 065 2 081 2 087
0613+570 1 — 2 058 2 010 2 0.14
0716+714 2 012 2 013 2 0.17 2 0.15
0748+126 3 045 3 041 3 022 2 0.13
0805+410 2 005 2 0.07 2 013 2 0.09
0955+476 2 020 2 012 2 0.11 2 0.03
11444402 2 059 2 062 2 054 2 0.13
11564295 2 011 2 008 2 008 2 0.04
1606+106 3 082 3 045 3 050 3 035
17494096 2 023 2 058 2 006 2 021
1751+288 2 0.07 2 005 1 — 1 —
1803+784 3 045 2 028 4 035 3 0.30
1849+670 3 0.11 2 012 2 009 2 0.35
2000+472 2 062 2 012 2 066 3 0381
2059+034 2 008 2 0.18 2 0.18 2 0.06
2113+293 2 009 2 029 2 0.11 2 0.39
2215+150 1 — 1 — 1 — 2 046
2229+695 2 052 3 028 3 020 3 0.28
NRAO150 3 050 1 — 1 — 2 064
0J287 3 082 3 063 5 09 3 0.68
3C371 2 040 3 08 3 065 3 040
3C418 3 042 3 053 2 050 3 044

contribute to the modeled core and change its position.
Due to the large difference in the angular resolutions
across the four bands, the “core” position will move
towards the jet by a different offset at each of the four
bands. The differences in the u,v coverage of a given
source from session to session can also affect the sta-

bility of the image alignment over time.
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