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Abstract. For radio interferometers, antenna point-
ing accuracy is critical, as deviations in the direction of
the beam from the source not only reduce the signal
level, but also lead to incorrect measurements of visibil-
ity phases. These distortions cannot be corrected during
data processing and reduce the dynamic range of imag-
es. The measurement method involves determining the
deviation of the beam from the center of the Sun for
different azimuth and elevation angles and fitting the
resulting dependence using a model developed for altaz-
imuth mounts. The model allows us to determine the
deviation of the mount axis from the zenith direction,
the non-orthogonality of the azimuth and elevation axes,

the azimuth offset of the feed, and the azimuth and ele-
vation constants. Mechanical adjustment of these pa-
rameters with the specified accuracy is impossible, so
the correction was performed by introducing corrections
to each moment in time for each antenna. Using the
described technique, we managed to achieve an antenna
pointing accuracy of approximately 2 arcmin.

Keywords: solar radio telescope, pointing of altazi-
muth mounts.

INTRODUCTION

Measuring and correcting the antenna pointing accu-
racy is one of the key steps in adjusting radio telescope
equipment. The antenna pointing accuracy directly af-
fects the quality and fidelity of images obtained by aper-
ture synthesis. If an accuracy of 1/10 of the antenna
beamwidth is considered acceptable for a single anten-
na, the requirements for synthesizing telescopes are
even higher, since inaccurate pointing leads to incorrect
measurement of visibility and hence to image distor-
tions. For example, with a pointing error of 10 arcmin,
the error in determining the visibility phase correspond-
ing to the shortest antenna baselines will be 10°. This is
by an order of magnitude beyond the accuracy of phase
measurement required to achieve the 40 dB dynamic
range of images, which is needed for observing solar
flares. In other words, pointing errors of individual an-
tennas lead to the fact that the measured visibility and
the true brightness angle distribution are no longer relat-
ed by the Fourier transform [Thompson et al., 2003],
hence the image fidelity decreases.

SRH ANTENNAS

The Siberian Radioheliograph (SRH) consists of three
T-shaped antenna arrays operating in frequency ranges 3—
6, 6-12, and 12-24 GHz and receiving both circular polar-
izations (right/left circular polarization, RCP/LCP)
[Altyntsev et al., 2020]. SRH antennas are straight-focus
parabolic reflectors mounted on altazimuth mounts (Figure
1). Parameters of the SRH antennas are listed in Table 1.
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At SRH, the correction technique based on response
analysis has been tested for the first time, since the pre-
vious instruments (SRH-48, SRH-10, and SSRT) used
mounts of another type and the control system did not
allow individual corrections to be made for each anten-
na. The SRH antennas are controlled by uploading a
table of coordinates, calculated at an interval of 1 s, into
the control unit of each antenna, after which the antenna
moves autonomously according to this table. The tables
are calculated taking into account atmospheric refrac-
tion [Holleman, Huuskonen, 2003].

MEASUREMENT TECHNIQUE

For altazimuthal antenna mounts employed in radio
astronomy, a technique has been developed to identify
mount parameters, which have an effect on antenna
pointing, by analyzing measured deviations of the beam
from the direction to a known radio astronomy object
for different azimuth and elevation angles [de Vicente,
Barcia, 2007; Mangum, 2001; Sun et al., 2019]. The
model is presented as follows:

AA=P +P,sech+Ptanh+
+P, tanhcos A+ P, tan hsin A,
Ah=P, —P,sin A-P,cos A+ @
+PB, sinh+ PR, cosh,

where A, h are azimuth and elevation respectively; AA, Ah
are azimuth and elevation errors; mount parameters P; are
presented in Table 2.
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The parameter P;— the elevation offset of the feed —
is omitted from the model, since it has a constant elevation
error and is indistinguishable from P;. Gravitational effects
are ignored due to the low mass of mirrors. When estimat-
ing pointing errors, several sources are generally selected
in different parts of the celestial sphere and are tracked by
periodically measuring the deviation of the beam. The
measured mount parameters may then be used either to
calculate corrections to source coordinates or for physical
adjustment if mount and feed designs allow. For SRH, the
only object of observation is the Sun due to the small col-
lecting area of individual antennas. This places restrictions
on the range of angles for which pointing errors can be

estimated, so the parameters measured by the model may
not fully match the physical parameters of the mount. Nev-
ertheless, the calculated corrections to the coordinates will
be valid, since they are measured for the part of the celes-
tial sphere in which the observation is conducted.

Pointing errors were estimated near the summer sol-
stice to cover the largest range of azimuth and elevation
changes. During the observation day, the antennas were
pointed away from the Sun's center in azimuth and eleva-
tion every 10 min and deviations of the beam from the
direction to the Sun's center AA, Ah were measured for
each antenna. The daily deviation behavior for antenna
E3040 is indicated in the left panel of Figure 2 by colored
lines, and black lines show the result of fitting by the mod-
el described above. Based on the obtained model parame-
ters, individual antenna pointing tables have been compiled
for each antenna — at each moment in time, an appropriate
correction is added to the coordinates of the Sun's center.
To evaluate the result, control measurements were carried
out in the same way (with antennas pointing away from the
Sun's center every 10 min throughout the observation day).
The result for antenna E3040 is presented on the right in
Figure 2. The error spread for all antennas of the 3-6 GHz
array before and after correction is shown in Figure 3. We
managed to reduce the spread from 6 to 2 arcmin.

RESULTS AND DISCUSSION

Unlike the routine mode when monitoring is conducted
at 16 frequencies with ~3.5 s resolution, when checking
the antenna pointing, SRH operated in the three-
frequency mode to increase the time resolution and im-
prove the accuracy of determining beam deviations.
Thus, we obtained data on antenna pointing for each ar-
ray at lower, central, and upper frequencies of the corre-
sponding range in two circular polarizations. Figure 4
illustrates the spread of beam directions in different polar-
izations. In the 3—-6 and 6-12 GHz arrays, there is an off-
set of beam at the upper frequency (5.6 and 11.8 GHz
respectively) mainly

Table 1
Parameters of SRH antennas
Parameter SRH 3-6 GHz | SRH 6-12 GHz | SRH 12-24 GHz
Number of antennas 127 192 207
Antenna diameter, m 3 2 1
f/ID 0.4 0.4 0.8
Beamwidth, deg. 2-1 1.6-0.8 1.6-0.8
Table 2
Mount parameters determined by the pointing model
P, Azimuth encoder error. Positive value corresponds to larger azimuths
P, Azimuth offset of the feed. Positive value corresponds to larger azimuths
Py Nonorthogonality between azimuth and elevation axes
P, Deviation of the mount azimuth axis in the east—west direction. Positive value corresponds to an east-

ward deviation

Deviation of the mount azimuth axis in the north—south direction. Positive value corresponds to a

Ps southward deviation
P, Elevation encoder error. Positive value corresponds to high elevations
Pg, Py | Gravitational effect
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Antenna E3040 pointing errors
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Figure 2. Pointing errors of antenna E3040 before (on the left) and after (on the right) correction of mount parameters. Along the
Y-axis are azimuth and elevation in degrees. Black lines in the left panel indicate the result of fitting. The correction was performed

by calculating individual antenna pointing tables for each antenna

Pointing errors of 3-6 GHz array
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Figure 3. Pointing errors of all antennas of the 3-6 GHz array for the entire measurement day in both circular polariza-
tions at a frequency of 3 GHz: on the left — before correction, on the right — after correction; statistical parameters of each
distribution are shown at the top. In the right panel, black dashes depict a circle of 2 arcmin radius within which 80 % of all

deviations fall

mainly in azimuth by ~3 arcmin. There is no such an
offset in the 12-24 GHz array, since the highest meas-
urement frequency is 20 GHz, whereas in the routine
mode observations are made at frequencies out to 23.4
GHz. This choice of frequencies is due to the fact that
the signal at frequencies above 20 GHz is affected by
noise. Figure 5 illustrates the spread of beam directions
at different frequencies. It is apparent that at low and
medium frequencies of each range the differences do
not exceed 2 arcmin for most antennas either. More
significant deviations are observed only at the upper

frequency of the 3-6 and 6-12 GHz ranges. We can
conclude that the difference in the direction of the beam
in different polarizations for the vast majority of SRH
antennas does not exceed 2 arcmin in most of the range.

Inaccuracies in pointing SRH antennas give rise to
non-factorable phase errors in measuring visibility, which
are not eliminated through calibration of antenna gains.
The cause of such errors is that antenna pointing inaccu-
racies introduce an asymmetry into the response of a two-
element interferometer. To evaluate the effect of pointing
errors on a resulting image, we examine the formation of
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Figure 4. Difference in the direction of antenna beam in two polarizations for three SRH arrays. Each symbol represents a
specific antenna and indicates how the beam will deviate in the left polarization if it is directed to the origin in the right one. Fre-
quencies are highlighted in color; the percentage is given of points located inside the circle of 2 arcmin radius (black dashes)
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Figure 5. Difference in the direction of the antenna beam at different frequencies for the right (left) and left (right) polariza-
tions: in upper panels is the array 3-6 GHz; in middle panels, 6-12 GHz; and in lower ones, 12-24 GHz. Each symbol denotes
one antenna and indicates how the beam will deviate at medium (blue) or upper (orange) frequency if it is directed to the origin at
the lower frequency of the range. In the top right corner of each panel is the percentage of points located inside the circle of 2
arcmin radius (black dashes)
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the response of the two-element interferometer in terms
of deviations in pointing. Designate analytical signals at
outputs of the antennas k, | as Z, Z,. Then, the real part
of the measured visibility is

Re(Z,Z') =(], A (0)E (0. t)d0x
an A (0)E, (6, t)d6cos(2ru 6)>

where 0 is the angle in radians; E is the angle distribution
of radio brightness; A is the antenna pattern; u=b,, /A is

the spatial frequency corresponding to the antenna base-
line and operating wavelength. Taking into account the
ergodicity E(0, t) (physically this means that the angle
distribution of radio brightness is spatially incoherent,
and the sampling frequency exceeds twice the operating
frequency range), Expression (3) can be represented as

Re<zk z,*)t =jAk (6)A (0)1(6)cos(2ru6)do, (4)

where | =<Ek E,">t is the intensity angle distribution.

®)

’
t

A similar expression can be derived for the imaginary
part of the measured visibility:

Im(z,2;) = 5
= [A(6) A (6)1(0)sin(2xu6)do. (5)

Suppose that 1(0) is a symmetric function. Then, the
phase of the measured visibility should be equal to 0. If
the antenna pointing errors A6y, A8, do not compensate
each other, the expression A(6+30 )A,(6+50 |) will be
asymmetric and a phase error will arise in the measured
visibility. Since antenna patterns are included in the
expression under integral sign, this error is not factora-
ble — it cannot be represented by a pair of multipliers
depending on antenna number. Such errors affect the
results of calibration of antenna gains and the resulting
image. Quantitatively, the effect of these errors can be
described in terms of the dynamic range of the image
[Perley, 1999] D~N/Ag, where N is the number of radio
interferometer antennas; A¢ is the phase noise of meas-
ured visibility. Modeling (4) and (5) has revealed that the
phase error Ag in the visibility of five shortest antenna
baselines, used for calibration, with — pointing error of
2 arcmin will vary from 2° to 10°. Such phase errors will
limit the dynamic range of images to ~30-35 dB.

CONCLUSION

The paper has described a method of measuring
pointing errors of SRH antennas and rectifying them by
correcting coordinates for each antenna. Due to the cor-
rection, we managed to significantly improve the anten-
na pointing accuracy and hence the quality and fidelity

of the data obtained. Taking into account the spread of
beam directions at different frequencies and in different
polarizations, we can conclude that 2 arcmin is the max-
imum achievable antenna pointing accuracy for SRH.
With this antenna pointing accuracy, it can be expected
that phase errors in the visibility of short baselines used
for calibration will amount to several degrees.
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