
Page  of 1 18

Ravi Subrahmanyan 

CSIRO-S&A, Curtin-CIRA 


Nov 2021 


Modelling, Calibration & Imaging of intra-station visibility correlations in 
AAVS2 at 110 MHz


Executive Summary: 

This note reports on 

(a) Modelling of intra-station correlations using global sky models, Sun and complex voltage 

beam patterns for the embedded antenna elements, 

(b) Calibrating intra-station visibilities using antenna-based complex gain solutions that are 

solved for using this model and measurement data, 

(c) Stokes I imaging using the calibrated XX and YY intra-station correlations along with antenna-

based direction-dependent corrections using the embedded element patterns. 


The work involved writing a custom Python script that predicted visibilities on the AAVS2 
baselines using a healpix sky model and taking into account the direction-dependent complex 
beams of all embedded antennas, a custom Python script that images calibrated AAVS2 
visibilities to a healpix sky, taking into account once again the direction-dependent complex 
beams of all embedded antennas, and a custom script that combines the healpix images at 
multiple timestamps into an all-sky mosaic image.  MIRIAD task SELFCAL was used to derive the 
antenna-based complex calibration solutions.


The analysis presented here uses a single 24-hour dataset from AAVS2 in a single coarse channel 
at 110 MHz.


The conclusion is that 

(a) Using embedded beam patterns provides improved calibration solutions for the station. At 

best, excess RMS amplitude error of 12% and RMS phase error of 8 degrees results from 
using average patterns in the forward modelling at 110 MHz, which may be avoided by using 
embedded patterns in the forward modelling.


(b) Worst-case station calibration errors are when calibration solutions are derived at Solar 
meridian crossing and using visibility models that are derived using average beam patterns.


(c) Station calibration using forward modelling of global sky model + Sun appears to work at all 
LSTs in this dataset.  Further work is needed to quantify the accuracy of the calibration 
solution.


In so far as I know, this is the first time Fourier synthesis imaging to a single healpix sky has been 
performed using interferometer visibilities, using visibility data accumulated over time as sky 
drifts, while also correcting for dissimilar voltage beam patterns in all array elements.


Python 3 scripts written for this work for prediction of intra-station correlations on AAVS2 station 
and imaging the calibrated visibilities to an all-sky healpix grid, using complex models for 
embedded antenna X and Y polarisation beams, are shared via Bitbucket.
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Measurement dataset 

The data are from an acquisition made during 21/22 April 2020 with the AAVS2 station, which 
consists of a 2D pseudo-random configuration of 256 SKALA4.1 antennas over a 38-m diameter 
ground area.  Intra-station visibilities were recorded in a pair of adjacent 0.14-sec integrations and 
these pairs of snapshot observations were repeated every 5 mins over about 24 hours.  The 
observations commenced in the evening of 21st April at about 1830 hrs local AWST time and 
ended 24 hrs later in the evening of 22nd April.  The antenna signals were sampled at 800~MHz 
and channelised to give 512 coarse channels over 400 MHz.   Digital data in a single coarse 
channel number 141, which has a noise equivalent width of 0.926 MHz centred at 110 MHz, was 
finely channelised over 32 frequency channels.  Intra-station correlations were computed and 
recorded in these 32 fine frequency channels with 0.14-sec integration time.


Visibility pairs, with 0.14-sec integration and in adjacent times, were averaged together.  All 32 
channel data were averaged together in frequency.  Thus the visibility data used in the analysis 
reported here consists of snapshot continuum visibility measurements, in XX and YY 
polarisations, in each of  baselines, spaced 5 minutes apart.  The 
measurement data used here are initially “uncalibrated” in the sense that no prior bandpass or 
complex gain calibrations have been applied to the intra-station correlations that were computed 
from the antenna signals.


It may be noted here that X-polarisation in the SKALA4.1 antennas of the station are oriented EW 
and Y-polarisation is oriented NS.


Sky Model 

The model sky is adopted to be a healpix format GDSM all-sky model [Zheng et al. 2016] 
implemented in PyGSM.  Sky model at the observing frequency was degraded to a healpix 
representation with ‘NSIDE’ of 32, corresponding to a sky with 12,288 pixels and angular 
resolution of 110 arcmin.  This was deemed sufficient given that the 38-m diameter station might 
be expected to have a synthetic beam of FWHM about 4 degrees at 110 MHz, assuming natural 
weighting.   The sky model was in units of kelvin brightness temperature.


The Sun was added to this model separately at each instant.  First, the flux density of the Sun at 
the observing frequency was computed using the model for the quiet Sun in Benz [2009 
Astronomy & Astrophysics, Vol. 4B, p.103], which was scaled to give the average brightness 
temperature in a pixel of the healpix sky.  Next, the sky position of the Sun was computed at the 
Julian timestamp of each snapshot, and the pixel-averaged brightness of the Sun was added to 
the corresponding healpix pixel.  At 110 MHz and for sky pixels of 110 arcmin, the brightness 
temperature of the Sun averaged over the pixel was 59,466 K.  


The global sky model and the Sun are assumed to be unpolarised.


Beam model 

Beam patterns used are the embedded element voltage patterns (referred to as EEP) from FEKO 
modelling by the EM simulation groups at Curtin-CIRA and INAF.  The patterns provide complex 
response of each antenna, in X and Y polarisations, to vertical and horizontal polarised sky 
components.   The EM models are available with sampling spaced half a degree in azimuth and 


256 × (256 − 1)/2 = 32640
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elevation, which is sufficient since mutual coupling within the station diameter would not be 
expected to perturb the antenna beam patterns at angular scales finer than the station synthetic 
beam.


Since the sampling of the beam patterns is finer than the sky pixel size and synthesised beam of 
the station, the complex antenna response towards any healpix sky pixel was assumed to be the 
beam value closest to the sky pixel centre.  Avoiding interpolation saved on computing time, 
which was important because the horizontal coordinates (azimuth & zenith angle) of the pixels of 
the healpix sky model were different at each instant, and the antenna responses towards the 
pixels of the sky model had to be recomputed at each instant.


Visibility modelling 

The model visibilities were computed as a 3D transformation from the instantaneous celestial 
sphere to each baseline, as a Fourier transformation from  coordinates of each healpix sky 
pixel to  coordinates of the baseline, without gridding.  The visibility prediction for each 
baseline, polarisation and Julian timestamp was computed for each healpix sky pixel that was 
above horizon.  The computation from any sky pixel to a baseline corrected for the complex 
voltage response towards that sky pixel for the pair of antennas forming the baseline.  For each 
baseline and polarisation, the beam solid angles for the response of the pair of antennas to 
vertical and horizontal sky polarisation components were computed, and used to provide a 
normalisation to cast the model visibilities in kelvin-scale antenna temperature.


In Fig 1 A, B and C,  I show samples of (uncalibrated) measured and model visibilities.


Fig. 1 (A) Global-sky-model sky image, X-polarisation measured (uncalibrated) visibilities and 
predicted visibilities at 20 UT, corresponding to 4 am local time, when the brightest parts of the 
Milky Way was overhead.


l, m , n
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Fig. 1 (B) When the Sun was at meridian crossing.  This was at 04 UT, corresponding to 12 noon 
local time. The red dot in the upper segment of the sky image below shows the location of the 
Sun.


Fig. 1 (C) Relatively cold sky, after sunset and when the brightest parts of the Galaxy were also 
below horizon.  This was at 10 UT, corresponding to 6 pm local time.
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Interferometer response to mean sky brightness 

There is a periodic structure in the model visibilities, with period one wavelength in u,v distance, 
that is more recognisable at times when the Galaxy is below horizon.  This periodic structure is a 
response of the intra-station interferometers to mean sky.  


To display this aspect of intra-station visibilities, I show below in Fig 2 the predicted X-polarisation 
visibilities for a sky that has constant brightness of value equal to the mean brightness, which is 
860 K at 110 MHz.  It may be noted here that the response to uniform sky brightness is expected 
to appear elliptical in the 2D uv-plane because the baseline formed between a pair of linearly 
polarised dipole-like antennas, both oriented EW, responds differently to the mean sky depending 
on whether they are spaced apart in-line or parallel.  


Fig 2.  Predicted X-polarisation visibilities assuming a uniform sky of 860 K.  Separate panels 
show predictions made adopting the embedded element patterns for all antennas in the station 
(marked EEP in the panels), and adopting an average pattern for all antennas (marked APEE in the 
panels).  The average pattern used here is computed as the average of the products of voltage 
beam patterns of all pairs of antennas in the station.
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The scatter in EEP patterns does smooth over the periodic structure in the uv-plane, and 
diminishes their contrast.  It appears that this smoothing is greater in the data compared to the 
model, resulting in that the periodic structure is not as striking in the data compared to the model 
visibilities.   It may be that the true EEP patterns perhaps have greater distribution in their profiles 
compared to what is expected from the EM modelling.


Interestingly, at 110 MHz, the magnitude of response to the mean sky is predicted to be in the 
same ballpark as the response towards relatively cold sky.


Calibration solutions for the antenna gains 

The model visibility predictions correspond to intra-station visibilities that are correlation 
coefficients between pairs of antenna signals, normalised to the antenna temperatures.  The 
predictions account for the dissimilar antenna beam patterns arising from mutual coupling. 


The model and measured visibilities have been used to derive antenna-based complex gains 
using MIRIAD task SELFCAL.  XX and YY polarisation products were processed separately, one at 
a time, since the task assumes inputs to be Stokes I correlations.  Complex gain solutions were 
solved for using the measurements and model at each instant, for all antennas in the station.  
Solutions at each instant were computed independent of that at other times.  The amplitude gain 
solutions versus time is shown below in Fig. 3.


Fig. 3.  Amplitude gain solutions versus AWST time (local time).  The traces are solutions for 
different antennas; the panels display solutions for the two polarisations separately.


The variation in the median gain over day/night is dominated by the temperature dependence of 
the gain of the RFoF system in the analog receiver chain.  The dominant gain variation is that of 
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the station as a whole and does not affect the station beam since it is not relative gain change 
between the station elements.  Hence the gain solutions may be normalised by the median gain of 
the station elements. 


Additionally, the gain versus time of each antenna element may also be normalised using the 
average gain of that antenna.  This yields residual gain changes that represent the change in gain 
that would be left uncorrected if the gain calibrations were not updated over the day/night.  These 
residual gain variations are shown below in Fig. 4 for the two polarisations.


Fig. 4. Residual gain solutions following normalisation by the median gain of the station and by 
the mean gain of each antenna.  The traces represent best-case residual intra-station gain 
fluctuations that would be left uncorrected if the station calibration were not updated over the day.


The RMS value of the residual amplitude gain fluctuations over the day is 6%.


For comparison, model visibilities were computed assuming an average beam pattern for all 
elements in the station (the APEE pattern described above).  Antenna based calibration solutions 
were derived using the data and these model visibilities;  the amplitude gain residuals after 
normalising the gain solutions are shown below in Fig. 5.


First, the RMS values of these amplitude gain residuals are 12.5 to 14.1%, significantly greater 
than that for residuals in the case where EEP patterns were used in the forward modelling.  It may 
be noted here that the large peak-to-peak residuals are due to systematic errors arising from the 
use of average patterns.  The excess RMS amplitude that results from use of average patterns, at 
the frequency of 110 MHz, is about 12%. 
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Fig. 5.  Normalised amplitude gain solutions for the case where model visibilities were computed 
using an average beam pattern for all elements in the station.  


The gain solutions show significantly greater variations in time, particularly in the day when the 
Sun transits.  The variations are presumably because the Sun and sky structure drifts through 
structure in the embedded beam patterns and this is not captured in the model visibilities that are 
derived using the average beam patterns.  An important inference here is that if a single 
calibration for the day is made at the time the Sun transits, using models derived using average 
patterns, calibration errors would be worst. 

It may also be noted here that the antenna-based complex gain solutions are derived by 
minimising residual differences between real and imaginary components of the model and 
calibrated measurements.  There is a coupling between amplitude and phase solutions.  
Therefore, amplitude errors may also be a consequence of phase errors in the model, which might 
arise from the use of an average beam since the average beam does not encode the direction-
dependent phase in the complex voltage beams of the embedded elements.


The phase of the complex gain solutions versus local AWST time is shown below in Fig. 6 for the 
case where EEP patterns are used in forward modelling.  The calibration solutions in MIRIAD task 
SELFCAL were derived adopting one antenna — Antenna #1 — as reference.  For this phase plot 

shown below the reference has been changed so that at each timestamp the mean phase of all 
antennas in the station is set to zero.
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Fig. 6.  The phase of the complex antenna-based gain solutions versus local AWST time.  The 
reference phase has been set to be the mean phase of all antennas in the station.


Normalising the phase versus time of each antenna to have zero mean gives the plot in Fig. 7, 
which shows the best-case phase errors if the station calibrations were not updated during the 
day/night.


Fig. 7. The antenna phase drifts are shown below, normalised to have zero mean phase for each 
antenna.




Page  of 10 18

The RMS value of the antenna-based phase fluctuations over the day is 6 degrees.


As was done for amplitudes of the complex gain solutions, the phase solutions depicted above 
may also be compared with corresponding solutions derived using models that are predicted 
assuming average APEE beam for all antennas.  This is shown below in Fig. 8.  


Fig. 8.  The phase of the complex antenna-based gain solutions versus local AWST time, where 
the solutions are derived from model visibilities predicted using average element patterns.  The 
reference phase has been set to be the mean phase of all antennas in the station.


Comparing the traces in Fig. 8 with Fig. 6 clearly shows that using embedded beam patterns 
results in solutions that are significantly smoother over time.  The apparent temporal fluctuations 
in phase arising from the use of average patterns are not representing complex gain fluctuation in 
the receiver chain, but an artefact of error in the representation of the beam.  Using smooth 
average beam patterns results in non-smooth gain versus time! 

To quantify the magnitude of the phase errors, the mean phase was subtracted from the trace of 
each antenna to obtain residual phase; these residuals are shown in Fig. 9 below.
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Fig. 9. The antenna phase drifts over the day are shown below, normalised to have zero mean 
phase for each antenna.  The phases in this plot are for antenna-based gain solutions computed 
assuming identical beam patterns for all antennas, which is the average APEE pattern.




The RMS value of phase variations is about 10 degrees, indicating that at this frequency the 
excess RMS phase error that results from use of average beam patterns instead of embedded 
beam patterns is 8 degrees.  


The excess RMS variation in phase solutions is also captured by differencing the solutions derived 
using EEP beams from that derived using average beams.  Traces of this difference phase versus 
time has RMS value of 8 degrees, with a behaviour similar to that shown above in Fig. 9 in which 
the variations are dominated by the excess.


Calibrated visibilities 

Errors in the complex gain solutions may arise from errors in the sky model, in its intensity 
distribution and polarisation, errors in the EEP patterns and baseline based errors in the receiver 
chain.  


The gain solutions are computed at each instant for the 256 antennas in the station, and represent 
the optimum solution that provides minimum least-squares match between  
{256 × (256 − 1)/2}
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data and calibrated model visibilities.  Since the number of baselines is substantially larger than 
the number of antennas, the solution is overdetermined.  A measure of the quality of the solution, 
the goodness of the sky model, the goodness of the beam patterns and quality of the receiver 
system is a comparison between the model and calibrated data.


The complex antenna-based calibrations were applied to the data.  Shown below are 
comparisons of model and calibrated visibility amplitudes as distributions on the 2D -plane. 
The distributions are shown below in Fig 10 at selected times: 04 UT at solar transit, 10 UT when 
the brightest parts of the Galaxy and Sun were below horizon and 20 UT when the Galactic centre 
was overhead.


Fig. 10 (A)  -plane distribution of visibility amplitudes at 04 UT, at noon when the Sun was at 
maximum elevation.  Model and calibrated measurements are shown.
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Fig. 10 (B) -plane distribution of visibility amplitudes at 10 UT when the brightest parts of the 
Galaxy and Sun were below horizon.  Model and calibrated measurements are shown.
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Fig. 10 (C)  -plane distribution of visibility amplitudes at 20 UT when the Galactic centre 
transited overhead.  Model and calibrated measurements are shown.
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Shown below are sample comparisons of model and calibrated visibilities, in X polarisation.  In 
Fig. 11 is shown model and data where forward modelling and calibration solutions are derived 
using embedded patterns.  This represents the best method that may be adopted; however, it’s 

the most expensive computation.


Fig. 11. Model (in white symbols) and calibrated visibilities (coloured symbols) made using EEP 
beam patterns, XX polarisation product.  Visibilities are displayed on very short baselines between 
antennas 24-29, 69-72 & 149-156, which are all of length 0.5-0.7 wavelengths or 1.4-1.9 metres.


In Fig. 12 is shown model and calibrated visibilities in which the model is, as above, derived using 
the embedded pattern, but where the calibration solutions applied to the data were derived using 
a model that was computed using average patterns.  The match is relatively poor compared to the 
case where antenna gain solutions are computed using embedded patterns.
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Fig. 12. Model (in white symbols) and calibrated data (coloured symbols), XX polarisation product.  
The model is made using embedded beam patterns; calibration for data was derived using model 
made using average beam patterns.  Baselines displayed are same as in Fig. 11.


Clearly, using embedded patterns provides superior calibration solutions for antenna-based 
complex gains, which when applied to the data yields calibrated visibilities that best match the 
model.  


Trials showed that the match between model and calibrated data does not improve even if a 
restricted baseline range was used when computing calibration solutions.  


Additionally, it is not a surprise that when calibration solutions derived from model using average 
patterns are applied to the data, the calibrated data does not match the model made using 
average patterns.  Indeed, the discordance with model visibilities made using average pattern is 
more than that with model visibilities made using embedded patterns.
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All-sky image at 110 MHz from the AAVS2 calibrated visibilities 

The algorithm, which predicted the visibilities on the AAVS2 baselines from a healpix-
representation all-sky model, was inverted to compute healpix sky image from calibrated 
visibilities.


The calibrated visibilities at each instant was 3D inverse Fourier transformed from  
coordinates of the baselines to  coordinates of each healpix sky pixel, on the celestial 
sphere, above horizon.  The inverse Fourier transform was performed without gridding.  XX and 
YY visibility products on each baseline were transformed separately to each sky pixel, using the 
embedded element patterns of the pair of antennas as complex weights.   


This weighting by the inverse of the complex beam patterns removed the effects of down 
weighting of sky pixels that are off zenith.  In other words, correction for direction-dependent 
complex response of the antennas in each baseline also corrected for image taper due to the 
primary beam.  Therefore, at each timestamp, after an accumulated healpix sky image was 
formed by adding together the inverse Fourier transformations of all baselines, the image 
corresponding to that timestamp was multiplied by the average antenna pattern to represent a 
primary beam weighted sky image at that timestamp.


A couple of other technical details: 


First, the beam solid angles of the participating antennas were used to normalise all sky 
contributions corresponding to each baseline, so that the sky image was in units of kelvin 
brightness.  


Second, the complex beam patterns, computed from EM simulations of the station that 
included mutual coupling, have inherent errors and uncertainties.  For any baseline, the 
product of the beam patterns is small towards the horizon and the relatively larger 
fractional errors in certain directions at large zenith angles cause the inferred sky pixel 
intensities to be erroneously large.  Therefore, in the sky image corresponding to any 
baseline,  pixels in which the amplitude of the product beam pattern was less than 1% of 
the beam peak were masked.


The final imaging step is to combine images made at each timestamp into an all-sky mosaic 
image.  Since a common healpix sky pixel grid was used in imaging visibilities at all timestamps, it 
was straightforward to simply add the images of all times, separately add the primary beam 
patterns at all times, and normalise the sum image by the sum of the primary beams.  Thus the 
data that spans 24 hr was put together to yield a single healpix sky image corrected for primary 
beam.  The all-sky image made with AAVS2 at 110 MHz is shown in Fig. 13.


It may be noted here that the above selection of weights in the mosaic reconstruction is not 
optimised for maximising the sensitivity in the image.  That requires careful consideration since 
the system temperature is dominated by antenna temperature rather than receiver noise.


In so far as I know, this is the first time Fourier synthesis imaging to a healpix sky has been 
performed using interferometer visibilities, using visibility data accumulated over time as the sky 
drifts, correcting for dissimilar voltage beam patterns in all array elements, to yield a single all-sky 
image. 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Fig. 13.  Stokes I all-sky image made at 110 MHz with AAVS2 intra-station correlations in XX and 
YY polarisation products.  Visibilities were calibrated using Global sky model + Sun with the 
complex embedded antenna patterns used in the forward modelling.  Imaging was done to a 
healpix sky, once again using the complex embedded antenna patterns to correct for direction-
dependent antenna gains.



