
https://doi.org/10.1029/2023RS007892
https://doi.org/10.1029/2023RS007892


Cross‐Polarization Gain Calibration of Linearly Polarized
VLBI Antennas by Observations of 4C 39.25
F. Jaron1,2 , I. Martí‐Vidal3,4, M. Schartner5 , J. González‐García6 , E. Albentosa‐Ruiz4 ,
S. Bernhart2,7,8 , J. Böhm1 , J. Gruber1, S. Modiri8 , A. Nothnagel1 , V. Pérez‐Díez6,9 ,
T. Savolainen2,10,11 , B. Soja5 , E. Varenius12, and M. H. Xu10,13

1Technische Universität Wien, Wien, Austria, 2Max‐Planck‐Institut für Radioastronomie, Bonn, Germany, 3Departament
d’Astronomia i Astrofìsica, Universitat de València, València, Spain, 4Observatori Astronòmic, Universitat de València,
Parc Científic, València, Spain, 5Institute of Geodesy and Photogrammetry, ETH Zürich, Zürich, Switzerland, 6Centro
Astronómico de Yebes (IGN), Yebes, Spain, 7Reichert GmbH, Bonn, Germany, 8Department Geodesy, Federal Agency for
Cartography and Geodesy (BKG), Frankfurt am Main, Germany, 9Observatorio Astronómico Nacional (OAN‐IGN),
Madrid, Spain, 10Aalto University Metsähovi Radio Observatory, Kylmälä, Finland, 11Aalto University Department of
Electronics and Nanoengineering, Aalto, Finland, 12Chalmers University of Technology, Gothenburg, Sweden, 13GFZ
German Research Centre for Geosciences, Potsdam, Germany

Abstract Radio telescopes with dual linearly polarized feeds regularly participate in Very Long Baseline
Interferometry. One example is the VLBI Global Observing System (VGOS), which is employed for high‐
precision geodesy and astrometry. In order to achieve the maximum signal‐to‐noise ratio, the visibilities of all
four polarization products are combined to Stokes I before fringe‐fitting. Our aim is to improve cross‐
polarization bandpass calibration, which is an essential processing step in this context. Here we investigate the
shapes of these station‐specific quantities as a function of frequency and time. We observed the extra‐galactic
source 4C 39.25 for 6 hours with a VGOS network. We correlated the data with the DiFX software and analyzed
the visibilities with PolConvert to determine the complex cross‐bandpasses with high accuracy. Their
frequency‐dependent shape is to first order characterized by a group delay between the two orthogonal
polarizations, in the order of several hundred picoseconds. We find that this group delay shows systematic
variability in the range of a few picoseconds, but can remain stable within this range for several years, as evident
from earlier sessions. On top of the linear phase‐frequency relationship there are systematic deviations of
several tens of degrees, which in addition are subject to smooth temporal evolution. The antenna cross‐
bandpasses are variable on time scales of ∼1 hr, which defines the frequency of necessary calibrator scans. The
source 4C 39.25 is confirmed as an excellent cross‐bandpass calibrator. Dedicated surveys are highly
encouraged to search for more calibrators of similar quality.

1. Introduction
Antennas participating in Very Long Baseline Interferometry (VLBI) have traditionally been observing with
circularly polarized feeds (Thompson et al., 2017). New developments make it necessary that antennas also
observe in linear polarization. One such example, and the subject of this paper, is the VLBI Global Observing
System (VGOS, Petrachenko et al., 2009, still under the name of “VLBI2010”). Aimed at improving the precision
of geodetic and astrometric VLBI (Sovers et al., 1998) down to mm and sub‐mm/year scales, it was recognized
that this requires an extension of the observed bandwidth to the range of 2–15 GHz. Such a bandwidth is best
realized with the use of linear feeds, because λ/4‐plates, necessary for the realization of circular polarization, do
not work over such a large frequency range. See, however, Abdalmalak et al. (2020) for the possibility of using
circularly polarized log‐spiral antennas for reception and Jaradat et al. (2021) for emission of broadband radio
signals.

Using linear feeds requires that the telescopes simultaneously observe two perpendicular polarization directions.
Throughout this paper, we are going to refer to these polarization directions as “H” for horizontal and “V” for
vertical. In the context of VGOS, these polarization directions are also referred to as “X” and “Y.” However, this
terminology is invalid because the linear feeds of VGOS antennas are not aligned with celestial coordinate axes.
Two polarization directions are necessary because non‐zero parallactic angle differences between the telescopes
of long baselines generally cause a loss of signal‐to‐noise ratio (SNR) of the parallel hand polarization products.
In order to obtain the full SNR for all parallactic angles it is necessary to combine all four polarization products
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Another possibility of realizing dual circular polarization for broadband receivers, such as VGOS, is the use of so‐
called 3 dB/90° microwave hybrid couplers. These devices offer a hardware solution to convert dual linear into
dual circular polarization, and can be installed at the telescopes before the low‐noise amplifiers. Their potential
suitability for VGOS has been described in a technical report (García‐Pérez, Terceroc, Malo, & López‐
Pérez, 2018). In another technical report García‐Pérez, Terceroc, Malo, Gallego, and López‐Pérez (2018) discuss
these devices as a possibility for the BRAND receiver (Alef, Anderson, et al., 2019). In the time of writing, the
only VGOS observing mode that has so far been carried out is to record the data in linear polarization and account
for this during the digital data processing after correlation, and we are going to assume this mode in the remainder
of this article. It is important to note that also in the case that the data are recorded in dual circular polarization, if
ones wants to combine the data to Stokes I, it is still necessary to determine the cross‐polarization bandpass
(between R and L) and to properly calibrate the data. Also, an additional device, such as a hybrid coupler, comes
at the risk of introducing additional systematic errors (as discussed in the two technical reports mentioned) and
degrading the signal‐to‐noise ratio. For these reasons, we tentatively conclude that for broadband observations the
use of dual linear polarization along with a software solution is the better option. However, we strongly encourage
experiments to test observing with hybrid couplers. More information about hybrid couplers can be found in a
number of publications (Khudchenko et al., 2019; Kooi et al., 2023; López‐Pérez et al., 2021; Malo‐Gomez
et al., 2009).

The paper is organized as follows. We give a brief introduction to the astrophysical object 4C 39.25 in Section 2.
In Section 3 we describe the properties of our VGOS R&D session. We describe our methods in Section 4 and
present our results in Section 5. We give our conclusions in Section 6.

2. The Source 4C 39.25
During the inspection of the results of cross‐bandpass calibration from different scans that were initially
scheduled for this purpose in previous sessions, it turned out that the quality of the results was variable and that
there was an apparent dependency on the radio source under observation. Among the many sources that were each
observed multiple times with 2–3 min scans, one source always stood out in terms of cleanliness of the cross‐
bandpass solution, and that was 4C 39.25. For this reason, we have chosen this source as the target for our
dedicated experiment with the aim of measuring and investigating the cross‐bandpasses of VGOS antennas.

Discovered during a survey of radio sources (Pilkington & Scott, 1965), 4C 39.25 (B1950 name 0923+ 392) soon
became a target of astrophysical interest. Linear polarization of its radio emission was detected (Aller, 1970;
Berge & Seielstad, 1969), and Bignell and Seaquist (1973) even published a time‐series of polarization. Nartallo
et al. (1998) classify the source as a “low polarization quasar” (see their Table 2), referring to the research by
Impey and Tapia (1990). Indeed, Impey and Tapia (1990) report a polarization of p = 0.5 ± 0.5, which indicates
that p is equal to zero, that is, that the source is not polarized. However, this value has been derived for the optical
emission from this source (see their Table 1). In the same article, the authors also come to the conclusion that
optical and radio polarization are not correlated, which in turn means that it cannot be ruled out that the radio
emission from 4C 39.25 could still be polarized to some degree. Alberdi et al. (2000) present VLBI observations
at 15, 22, and 43 GHz, showing that features in the jet are polarized while the component that they interpret as the
core is not polarized at radio wavelengths. In addition to that, Alberdi et al. (2000) report some features in the jet

Table 1
List of Stations Included in the Schedule for the Session er2201

Code Name Description Comment

Mg MACGO12 M McDonald Geodetic Observatory (MGO), TX, USA a

Oe ONSA13NE Onsala 13‐m antenna north‐east, Sweden

Ow ONSA13SW Onsala 13‐m antenna south‐west, Sweden

Wf WESTFORD Westford, MA, USA

Ws WETTZ13S Wettzell 13‐m antenna south, Germany

Yj RAEGYEB 13‐m at Yebes, Spain b

aFor Mg, data only partly available after 2 hr. bYj did not observe VGOS band D.
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to move at apparently superluminal speeds, implying that Doppler boosting of the intrinsic emission plays an
important role for this source. The source is also in the MOJAVE Survey (see https://www.cv.nrao.edu/
MOJAVE/sourcepages/0923+392.shtml).

3. The VLBI Session er2201
For the purpose of measuring the cross‐bandpasses of VGOS antennas, we carried out a dedicated R&D session.
The principal idea was to observe 4C 39.25, which we had identified as an excellent cross‐bandpass calibrator, for
6 hours. Here we describe the details of this session, which was carried out under the name er2201.

3.1. Scheduling

The scheduling for the session er2201 was performed with the software VieSched++ (Schartner & Böhm, 2019).
The session was observed on 8 September 2022, from 11:30 to 17:30 UTC. The network consisted of the VGOS
stations Mg, Oe, Ow, Wf, Ws, and Yj. Details about the stations are given in Table 1.

The frequency setup of our observation is identical to the one currently used for global VGOS sessions (Niell
et al., 2018) and is listed in Table 2. We follow the convention of the VGOS community and label the four bands
with letters A, B, C, D. Each of these bands has a frequency range of 480 MHz and is further divided into eight
sub‐bands of 32 MHz bandwidth each. All of these sub‐bands are realized as lower side‐bands, which is why the
upper bounds of these bands are given in Table 2. A visualization of the frequency setup can be seen in Figure 1.
The frequency spans of the four VGOS bands are presented by the gray‐shaded areas, and the distributions of the
sub‐bands within these bands are shown as black areas.

The session started with two 5‐min scans of the two radio‐loud AGNs NRAO150 and OJ287. These scans were
included in the schedule with the aim of investigating the potential suitability of other sources as cross‐bandpass
calibrators. These two sources were chosen because they were also giving good results in the past, albeit not as
good as 4C 39.25. The remainder of the session consists of a series of repeated 10‐min scans on 4C 39.25. In order
to give the electronics at the stations the time to reset, gaps of duration 5 s were scheduled in between scans.

Cross‐polarization bandpass calibration requires a large enough parallactic angle coverage. In principle, it is
possible to determine the amplitudes and phases of the cross‐gains within a few minutes of observation if the
parallactic angle of one antenna changes fast enough. In practice this means that it is sufficient that one antenna of
the network of a scan observes the source with a large elevation angle; ideally, the source would be observed in

Figure 1. Frequency setup of our observations. The letters A, B, C, and D refer to the VLBI Global Observing System band
labels. See Table 2 for details.

Table 2
Frequency Setup

Band Min. freq. IF upper bounds [MHz]

A 3,000.4 3,032.4 3,064.4 3,096.4 3,224.4 3,320.4 3,384.4 3,448.4 3,480.4

B 5,240.4 5,272.4 5,304.4 5,336.4 5,464.4 5,560.4 5,624.4 5,688.4 5,720.4

C 6,360.4 6,392.4 6,424.4 6,456.4 6,584.4 6,680.4 6,744.4 6,808.4 6,840.4

D 10,200.4 10,232.4 10264.4 10,296.4 10,424.4 10,520.4 10,584.4 10,648.4 10,680.4

Note. The four VGOS bands are labeled A–D, each has a bandwidth of 480 MHz with a frequency range as given in the table.
Each band is further divided into eight IF sub‐bands with a bandwidth of 32MHz each, the upper bounds of which are given in
the table.

Radio Science 10.1029/2023RS007892

JARON ET AL. 4 of 21

 1944799x, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023R

S
007892 by A

alto U
niversity, W

iley O
nline Library on [07/04/2024]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



transit. Our scheduling approach was thus to search for a 6‐hr time window, within the 24 hr of a day, during
which a network of VGOS telescopes could observe our target source 4C 39.25 such that one antenna in each scan
always has a large elevation angle. In Figure 2, panels (a) to (c) show the elevation angle of each antenna as a
function of time. The plot in panel (a) refers to observations of the main target 4C 39.25. The elevation angle of
the two other candidate sources, observed in the beginning of the session, are plotted in the two panels of the right‐
hand side, observations of NRAO 150 in panel (b) and OJ 287 in panel (c).

The fact that a high elevation angle of one participating antenna is crucial for the quality of the cross‐bandpass
solution means that an important quantity is the upper envelope of the elevation plot shown in Figure 2a. This
upper envelope is plotted as the black dashed line. It is made up of the curves for station Yj from the beginning
until ∼12:45. After that Wf takes over and has the highest elevation of the network until about 16:15, when this
role is given to station Mg until the end of the session. The importance of these stations during these observational
time spans should be kept in mind in the context of data issues, as explained further down in the text.

How large should the elevation angle of an antenna be to guarantee a large enough parallactic angle coverage?
The left‐hand panel of Figure 3 shows the parallactic angle of each antenna as a function of observation time.
Color coding, time range, and source are the same as in Figure 2, allowing a direct comparison of the two figures.
Indeed, there is a correspondence of steep slopes of the parallactic angles in left‐hand panel of Figure 3 during
times of high elevations in Figure 2a. This is particularly evident for station Wf, which has an elevation of almost
90° at around 15:00 UTC, resulting in a very high slope of parallactic angle during the same time. A similar

Figure 2. Antenna elevations as a function of time for day 2022‐09‐08. (a) Observations of 4C 39.25. The position of scan
143 (reference scan) is marked by the dashed vertical line at 16:24 UTC. The dashed curves highlight the upper envelope of
elevations. (b) Elevations for the observation of NRAO150. Station Yj missed this scan as indicated by the dash line.
(c) Elevations for the observation of OJ287.

Figure 3. Left: Parallactic angle against observation time. Right: Absolute value of the time derivative of the parallactic
angle, plotted against elevation angle.
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correspondence can be seen for station Mg around 17:00 UTC. To investigate the dependency between elevation
and parallactic angle coverage in more detail, the right‐hand panel of Figure 3 presents the absolute value of the
time derivative of the parallactic angle, plotted against the elevation angle for each antenna. The y‐axis has a
logarithmic scale and is given in units of degrees per minute. And indeed, parallactic angle rates of several degrees
per minute are reached for elevation angles above ∼80° for station Mg and for elevation angles above ∼85° for
station Wf. However, the elevation dependency is not so simple in the sense that a larger elevation angle auto-
matically means a larger parallactic angle coverage. Based on this plot, an elevation angle larger than approxi-
mately 80°–85° should guarantee a parallactic angle coverage of several degrees in a single scan with a duration of
a few minutes, which is enough to break the degeneracy in the system of equations to compute the complex cross‐
polarization bandpass.

3.2. The Data

Figure 4 presents a plot showing the observing times of each station that participated in er2201. As indicated by
the line colors, two candidate sources were observed at the beginning of the session: NRAO150 (purple) and OJ
287 (green). For the remainder of the session, the source 4C 39.25 (black) was observed exclusively.

Two stations had issues during the session. Yj missed the first scan to the source NRAO150, and throughout the
entire session, this station did not record the VGOS band D. This fact is indicated by the line width, which is
thinner for this station than for the other stations. Station Yj is responsible for the highest elevation angles in the
beginning of the session until about 12:45, which should be kept in mind when interpreting results.

The other major issue occurred at stationMg. For the first 2 hours of the session, the data from this station are fully
available. But then starting at 13:43 UTC only fractions of the scheduled scan lengths are available. This fact
corresponds to the sparsity of the line in Figure 4 for that station from that moment on. The reason for this data loss
has been identified to be a software issue used in combining the data that has been fixed (Chet Ruszczyk, MIT
Haystack Observatory, priv. comm.). There is, however, unfortunately no way to recover these data anymore for
the original data was deleted. The missing data for Mg, especially during the later times of this session, is a matter
of concern because Mg marks the upper envelope of the elevation plot from about 16:15 on (see the dashed line in
Figure 2a).

Besides these two major issues, only two gaps appear in the data for Yj (∼14:40, where only data for VGOS band
A are missing) and Wf (∼14:00, all bands missing). Otherwise we have a solid database to analyze from this
session.

Figure 4. Observation times and data availability of the participating stations. The session er2201 lasted from 11:30 until
17:30 UTC on 8 September 2022. For station Mg data from 13:43 on are only partly available. The line for station Yj appears
thinner than the lines for the other stations to indicate that Yj did not record the full bandwidth, missing VLBI Global
Observing System band D. The vertical dashed line marks the position of scan 143, which serves as the reference scan.
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Ow). Another remarkable characteristic of these features is that they seem to correspond to a sudden phase offset
that remains rather stable in each of these three stripes, and seems to be the same for all three stripes in each band
(meaning that the three stripes within each panel have the same color, but the colors in between panels differ). We
tried to investigate the origin of these three stripes, but did not come to any definite conclusion. The first stripe
coincides with missing data from station Wf at that time, and the second stripe with missing data from Yj for
VGOS band A (cf. Figure 4). However, a solid causal relationship between the drop‐out of a station and the
occurrence of a stripe cannot be established, because there is not any such drop‐out for the third stripe. During that
time data from Mg are missing, but lack of data from that station does not lead to the appearance of any more
stripes later on. For the remainder of our analysis, we treat the data from these stripes as outliers. The fact that such
systematic corruption occurs is a matter of concern and the reasons should be clarification in a thorough future
investigation.

Besides the three stripes, there is clearly a certain degree of variability of the cross‐bandpasses. Evident examples
of this are band C of both Onsala antennas and band D of the stations Westford and Wettzell. One possible reason

Figure 7. Time‐evolution of the cross‐bandpass phases, as color‐coded, for stations Mg, Oe, and Ow.
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