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A Report on New VGOS Frequency Sequences Test Observa!ons

S. Bernhart, E. Azcue Infanzón, R. Bolaño González, L. Chin Chuan, Y. K. Choi, P. de Vicente, A. Garcı́a Castellano,
S. Garcia Espada, J. González Garcı́a, R. Haas, H. Hase, F. Jaron, J. A. López Pérez, J. McCallum, L. McCallum, M.
C. S. Moreira, W. Petrachenko, C. Plötz, J. Quick, M. Schartner

Abstract The IVS VGOS Technical Commi!ee (IVS VTC)
discussed several ”mes on how to maximize the ben-
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e,ts of VGOS for geodesy and astrometry. Unused po-
ten”al for improvementwas iden”,ed in (a) increasing
the synthesized bandwidth per VGOS observing band
from )*+ to #+$) MHz, and (b) distribu”ng the four
VGOS frequency bands between ’ and #) GHz instead
of only up to #+.% GHz as is currently the case. In or-
der to demonstrate the feasibility and possible bene-
,ts by using that poten”al, a series of fringe tests and
test sessions were carried out in late $+$), and fur-
ther tests were performed in early $+$&. The results of
these tests are expected to provide important input to
the e.orts of the IVS to anchor the observed frequency
channels in the ITU Radio Regula”ons, so that in the fu-
ture more considera”on could be given to VGOS radio
telescopes with regard to unwanted radio radia”on. To
this end, the op”mum VGOS frequency con,gura”ons
are sought as they are to be used in the long term.
We report on the performance of these sessions and
present preliminary results and recommenda”ons for
suitable frequency setups, where possible.

Keywords VLBI, VGOS

” Introduc!on
In recent years, VGOS opera”ons have become rou-
”ne. Consequently, previous ac”vi”es of the European
VGOS (EU-VGOS) collabora”on (#) had been reduced
to a minimum. However, a/er a VTC splinter mee”ng
during the #’th Interna”onal VLBI Service for Geodesy
and Astrometry (IVS#) General Mee”ng in Tsukuba
in March $+$), it was decided to resume work and
start a series of test observa”ons for new frequency
sequences to expedite the search for an op”mum
broadband frequency con,gura”on. These tests were
carried out in April $+$) with the par”cipa”on of

# h!ps://ivscc.gsfc.nasa.gov/about/index.html
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Fig. ” The ,ve frequency sequences, that were observed during the test sessions, are displayed star”ng with the standard VGOS
mode on the bo!om in black. The new modes (+ to ’, shown in red, blue, green, and turquoise) cover a frequency range between
’ and #) GHz.

six European VGOS sta”ons (NYALE#’N, ONSA#’NE,
ONSA#’SW, RAEGSMAR, WETTZ#’S, RAEGYEB - here-
a/er referred to as Nn, Oe, Ow, Sa, Ws, Yj). A total
of ,ve di.erent frequency setups were observed on
,ve consecu”ve days, the ,rst being the standard
VGOS setup and four new versions covering frequency
ranges from ’ to #) GHz. A graphical display of the
di.erent frequency sequences is shown in Figure #.
Frequency tables of all test modes can be found in
the presenta”on to this report ($). The sessions were
correlated in Bonn.
Nn was only available on the ,rst day due to an
azimuth motor failure that occurred on the second
day (and a planned maser maintenance on days )
and &). Since several addi”onal problems arose during
the observa”ons, it was decided to repeat the tests
in late November $+$), this ”me under the auspices
of the IVS VGOS Technical Commi!ee (VTC) and with
par”cipa”on of addi”onal non-European sta”ons
(HARTVGS, HOBART#$, KATH#$M - herea/er referred
to as Hv, Hb, Ke) including two sets of fringe test
observa”ons in order to ,x possible issues preferably
before the proper observa”on.
Due to a technical issue atWs, the data for the full sec-
ond test sessions were unusable. Thus, it was agreed

to repeat the frequency tests while the second batch
was analysed, to have a third set of measurements
with possibly even more sta”ons and data including
some of the NASA sta”ons (GGAO#$M, KOKEE#$M,
MACGO#$M - in short Gs, K$, Mg) and all AUSCOPE
antennas (including YARRA#$M - Yg) as well as ISHIOKA
(Is) sta”on. Table # gives an overview of all frequency
sequence test sessions observed so far.

# Method
One of the unused poten”als for improving the VGOS
frequency setup and the corresponding analy”cal
bene,ts was to increase the synthesized bandwidth
per observing band from )*+ to #+$) MHz. Another
op”on was to distribute the four VGOS frequency
bands between ’ and #) GHz instead of only up to
#+.% GHz as is currently the case. It was decided to
include both in the frequency sequence test, knowing
that not all sta”ons were capable of handling either
or both of the two op”ons (e.g., Nn could not observe
above ## GHz, while Yj could not record a bandwidth
of #+$)MHz).
The observa”on strategy for the ,rst test setup
(efseq+ - efseq)) was such that the observa”ons
were performed on ,ve consecu”ve days, each day
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Table ” Session overview
Session Observing Observing Par”cipa”ng Dura”on
name date mode sta”ons [hrs]
efseq+ $+$)-+)-+* VO mode Nn, Oe, Ow, Sa, Ws, Yj ’
efseq# $+$)-+)-+( mode + Oe, Ow, Sa, Ws, Yj ’
efseq$ $+$)-+)-#+ mode # Oe, Ow, Sa, Ws, Yj ’
efseq’ $+$)-+)-## mode $ Oe, Ow, Sa, Ws, Yj ’
efseq) $+$)-+)-#$ mode ’ Oe, Ow, Sa, Ws, Yj ’
/#-/& $+$)-##-#$ all (Hv,) Nn, Oe, Ow, Sa(, Ws) -
/#v$-/&v$ $+$)-##-#* all Hv, Nn, Oe, Ow, Sa, Ws -
vt)’’+ $+$)-##-$& VO mode Hb, Hv, Ke, Nn, Oe, Ow, Sa %
vt)’’# $+$)-##-$% mode + Hv, Nn, Oe, Ow, Sa %
vt)’’$ $+$)-##-$- mode ’ Hv, Hb, Ke, Nn, Oe, Ow, Sa %
vt)’’’ $+$)-##-$* mode $ Hv, Hb, Ke, Nn, Oe, Ow, Sa %
vt)’’) $+$)-##-$( mode # Hv, Nn, Oe, Ow, Sa %
/#v’-/&v’ $+$&-+#-$’ all Gs, Hb, Hv, Is, K$, Ke, Mg, Nn, Oe, Ow, Sa, Ws, Yg -
vt&+’) $+$&-+$-+’ VO mode Gs, Hb, Hv, Is, Ke, K$, Mg, Nn, Oe, Ow, Sa, Ws, Yg %
vt&+’& $+$&-+$-+) mode + Gs, Hv, Is, K$, Mg, Nn, Oe, Ow, Sa, Ws %
vt&+’% $+$&-+$-+& mode ’ Gs, Hb, Hv, Is, K$, Mg, Nn, Oe, Ow, Sa, Ws %
vt&+’- $+$&-+$-+% mode $ Gs, Hv, Is, K$, Ke, Mg, Nn, Oe, Ow, Sa, Ws %
vt&+’* $+$&-+$-+- mode # Gs, Hv, Is, K$, Ke, Mg, Nn, Oe, Ow, Sa, Ws %

using a di.erent frequency setup, and the schedules
corresponded to that of the ,rst day. Thus, the analysis
results could be directly compared to the standard
VO setup. The scan dura”on was scheduled to be
%+ seconds for the ,rst hour and ’+ seconds for
the remaining hours. Sources were selected among
two groups (cf. Table $): group A contained o/en
observed VGOS sources with good performance and
each of them was scheduled four ”mes if possible,
group B consisted of addi”onal o/en observed VGOS
sources that were scheduled three ”mes. )) sources
in total were scheduled for each session with ten
sources taken from group A and ’) from group B. The
schedules were prepared using VieSched++ (’).

Table # Source groups

Source group A
++&(+&*# +#’’+)-% +$+$+’#( +$’&+#%)
+’$$+$$$ +%#’+&-+ #-&#+$** #*+’+-*)

#*)%+’$$ $##’+$(’

Source group B

++#%+-’# ++#(++&* ++$&+#(- +#+(+$$)
+##(+##& +’+-+’*+ +’)&+)%+ +)#&+’(*
+)&)+*)) +&$(+)*’ +&&$+’(* +%+$+%-’
+-#%+-#) +*+++%#* #+’(+*## #+&’+-+)
#)#*+&)% #%’%+)-’ #-$%+)&& #-)%+)-+
#*+%+)&% #*)(+%-+ #($’+$#+ $++++)-$
$+#’+#%’ $#))++($ $$+#+#-# $$#)+$)#
$$#)+’&+ $$#&+#&+ $$$(+%(& $’+(+)&)

$’#(+’#- $’$&++(’

The sessions were processed in the usual fashion,
which is applied to the regular VGOS observa”ons,
with correla”on in DiFX$ version $.&.& and post-
processing performed with HOPS’ v’.$).
A/er the experience made with the execu”on of the
,rst set of frequency sequence tests, it was decided to
perform fringe tests for each observing mode (/# - /&)
well in advance to a second test series. For each
mode, at least two scans were scheduled per sta”on,
all of them two minutes long with a one-minute gap
in between. Moreover, since observing modes + and
’ seemed to be most promising, the order of the
modes was changed from numerical order +, #, $, ’
to modes +, ’, $, #. Due to technical issues at two
sta”ons, the fringe tests were repeated one week
later (/#v$ - /&v$).
The second set of frequency sequence tests (vt)’’+ -
vt)’’)) included three southern hemisphere sta”ons
(Hv, Hb, Ke). The ,rst hour can be seen as an extended
fringe test since some sta”ons missed the previous
test or experienced technical problems. It included
all sta”ons with (+-second long scans. We especially
tried to observe bright sources. Addi”onally, we tried
to balance scans of Sa and Hb and in general tried to
include the Australian sta”ons as much as possible.

$ DiFX - Distributed FX so/ware correlator, ())
’ HOPS - Haystack Observatory Postprocessing System,
h!ps://www.haystack.mit.edu/haystack-observatory-
postprocessing-system-hops/
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Hours two to six were scheduled without the Aus-
tralian sta”ons. We used ’+-second long scans, again
trying to focus on bright sources but also balance the
inclusion of Hv.
The third test series (vt&+’) - vt&+’*) included three
NASA sta”ons (Gs, K$, Mg) and was preceded by an-
other fringe test session (/#v’ - /&v’). The observing
strategy was following that of the previous frequency
sequence test session. The US sta”ons were added
only during the ,rst two hours of the experiment
except for K$. This way, we tried to reduce the risk
of failure while also reducing the impact of sta”on
drop-out due to problems in the frequency setup.

$ Results
A more detailed descrip”on on the performance of
each sta”on can be found in ($). Here, we will merely
focus on the overall results of correla”on and analysis.

!.” Summary efseq” - efseq#
Among various problems, which arose during the
,rst set of test sessions, the most notable issue
turned out to be the original frequency selec”on
of mode + viola”ng the four,t grid constraints. The
uniform grid, that four,t chooses, is a func”on of
the frequency setup and should (a) not consist of
more than *#($ points and (b) the total number of
points should be a power of two. According to John
Barre! (priv. comm.), the simplest ,x would be to
adjust the band LOs so that the channels all lie on
frequency points such that the frequency of channel
n, ( fn) is given by: fn = f0 +N → (32 MHz) where f0 is
the ,rst channel’s frequency, and N is some integer.
Hence, it was decided to shi/ band B up by #$ MHz
(start @)$#%.) MHz) and band C by * MHz (start
@-%+*.)MHz) for any follow-up observa”ons.
Interes”ngly, even though Yj was only capable of
recording half of the bandwidth of #+$) MHz, the
post-processing chain seemed to work for all test
modes. However, since it did not work for all sta”ons,
the ,nal step of fringe-,0ng was not performed and
no further analysis was carried out except for efseq+
(VGOS standard mode).
Disregarding the frequency limita”ons at some sta-
”ons, one major argument against observing up to
#) GHz was that the phase calibra”on tones were
expected to be too weak. Hence, Frédéric Jaron
tested the behaviour of the phase cal signal in the

efseq sessions with par”cular emphasis on band D
(#’ to #) GHz). His conclusions were that the power
of the phase-cal signal is greatly reduced towards
high frequencies as was expected. Nevertheless, the
extracted phase-cal signals appear stable, also at high
frequencies. Moreover, applying the phase-cal signal
increases the signal-to-noise ra”o of the observa”ons.
Consequently, similar studies should be performed
with all interna”onal VGOS sta”ons.

!.$ Summary Fringe Tests and vt#!!% -
vt#!!#

To help the sta”ons get acquainted with the di.erent
frequency setups and switching between themodes, in
par”cular if done bymeans of recabling, we decided to
do a fringe test two weeks before the second observ-
ing session took place. The importance of such tests
became quite obvious: due to numerous mishaps, it
was decided to run another test one week later. One
achievement was that a frequency setup error at Nn
could be corrected.
The Australian sta”ons did not par”cipate in the fringe
tests but succeeded in doing some local tes”ng in-
stead. In contrast, Ws only managed to join the fringe
tests but missed the actual observa”ons due to a He-
lium compressor failure.

• vt)’’+: The post-processing of the session in stan-
dard VGOS mode worked for all sta”ons except
Hb which is certainly owing to the short observing
span of only the ,rst hour. Analysis problems oc-
curred for Hv (sta”on had huge residuals), Hb and
Ke (the observa”ons were noisy). These sta”ons
were deselected from the rou”ne solu”on.

• vt)’’#: Post-processing for frequency sequence
mode + was successful for all sta”ons and all
sta”ons were included in rou”ne solu”on for
analysis (with Hv observa”ons being noisy).

• vt)’’$: Frequency sequence mode ’ had issues in
post-processing only for sta”ons Hb and Ke. Nev-
ertheless all sta”ons were included in the rou”ne
solu”on. One peculiarity for this session was the
recording mode that the Onsala Twin Telescopes
(OTTs) chose in order to avoid recabling during the
di.erent observingmodes: the data were recorded
in * datastreams with *+ channels, #% of which be-
ing idle channels. Since HOPS is currently not able
to handle more than %) channels, the phase cals
had not been treated properly in the conversion
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from SWIN (correlator output) ,les to MkIV format
and, thus, it looked as if there was not pcal present
in band D for the OTTs which is, however, not the
case.

• vt)’’’: For frequency sequence mode $, there
were problems with the proxy cable calibra”on
extrac”on from the correlated data for Hb and Ke.
In the analysis, it turned out that Hv had again
huge residuals and was deselected from rou”ne
solu”on together with Hb and Ke.

• vt)’’): Even though the post-processing worked
for all sta”onswith frequency sequencemode #, Hv
had again very noisy observa”ons and the WRMS
were huge (↑’++ ps). Moreover, Sa showed bi-
and tri-modal pa!erns of the residuals and ↑&% %
of the poten”ally usable observa”ons were dese-
lected.

!.! Preliminary Results for vt&%!# - vt&%!’
For the third batch of frequency sequence test obser-
va”ons, a fringe test was appointed ## days prior to the
observing campaign which was again accompanied by
various issues. For example, the NASA sta”ons were
not yet familiar with the correct frequency setup for
each mode and, thus, observed all fringe tests with
the standard VGOS setup so that no fringes could be
expected. Due to technical issues, Ws was not able to
par”cipate and Nn had again used a wrong frequency
setup which could fortunately be detected and cor-
rected before the proper observa”ons started. How-
ever, due to the late arrival of some of the data, the
vt&+’X sessions had already started before the fringe
test correla”ons could be ,nished.
The NASA sta”ons are currently not capable of observ-
ing up to #) GHz. Moreover, their bandwidth is limited
to &#$ instead of #+$) MHz. Nevertheless, thanks to
the help of Ed Himwich, a setup could be worked out
such that - depending on the mode - at least bands A
and B could partly and band C could fully be covered.
In the mean”me, Nn underwent an upgrade of their
receiver and is now able to observe up to #) GHz.
By the ”meof the EVGAmee”ng, the processing of the
VGOS standardmode sessionwas completed andwork
on modes + and ’ had already started, so that some
preliminary results could be presented.

• vt&+’): In total, -&.&% of the sta”on data was used
for the analysis where Hv showed huge residuals
(the WRMS were )++ps) and Ws had a late start

and then $ hrs of non-detec”ons, so that only ’ hrs
of observa”ons were included in the rou”ne solu-
”on.

• vt&+’&: Fringes could be found for Gs and K$ and
also for Nn in band D. Mg had an auto-stow prob-
lem, as a result, there was a control ”me-out a/er
’+ seconds and the antenna shut down. Hence, the
sta”on cannot be included in the processing.

• vt&+’%: Ws erroneously observed with mode # in-
stead of mode ’. Fringes could be found for K$ and
Mg and also again for Nn in band D.

Some example fringe plots for vt)’’x and vt&+’x are
presented in ($).

% Conclusions and outlook
Analysis results suggest that modes + and ’ are the
most promising ones because all sta”ons could be in-
cluded in the rou”ne solu”on. But in view of the per-
sis”ng issues for some of the sta”ons, follow-up ob-
serva”ons deem necessary. If so, several op”ons could
be considered: one could think of fringe tests only and
later a $) hours VR session for one or two modes. In
case, the tests should be con”nued as before, fringe
tests should either be scheduled earlier or data ship-
ment needs to be performed faster. Concerning the
calibra”on strategy, it might be su1cient to schedule
less calibra”on scans, but for all sta”ons at least three
or preferably the double amount at the session start,
middle, and end. In order to avoid further confusion
with the observing modes, it might be advisable to
change again the observing order, rename the modes
to be!er re2ect the non-numerical order or skip worse
performing modes completely.
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