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Abstract

In this paper we present results from a broadband version
of phased array self-holography and demonstrate it using
actual data from an SKA-Low prototype station EDA2. We
find that the broadband self-holography using raw voltages
yields results consistent with mf cal which is a conventional
visibility based technique. We also find that the effects of
RFI are minimal in holographic calibration, owing to the
formation of a reference beam towards the calibrator source
which isolates it from rest of the interfering sources. We
show that broadband self-holography is an attractive alter-
native to mfcal for station calibration.

1 Introduction

Due to its inherent simplicity and scalability, holographic
calibration of large-N phased array radio telescopes has
gathered considerable attention as an alternative to visibil-
ity based techniques[1, 2, 3, 4, 5]. However, most of this
has been spot frequency measurements, while the modern
large-N phased array systems, such as the SKA-Low, are
designed to be broadband. In this paper, we extend the
mathematics for spot frequency self-holography presented
in [5] by including a frequency axis. We test this broadband
version using data from EDA?2, an SKA-Low prototype sta-
tion [6].

2 Mathematical background

We start with set of channelised voltages denoted by vzyy,
where 7 is the antenna index, V is the frequency index and
T is the time index. Here, the term "antenna" includes the
physical antenna, as well as the associated electronics (ca-
bles, amplifiers, filters etc.) between it and the digitiser. A
reference beam towards the calibrator for self-holography,
nv, can then be formed with these voltages by Eq.1.

Ftnv = ZtpvVinv- (D

The tensor of complex weights required to phase the tele-
scope beam towards the calibrator source at each time step
T iS Zenv. Once the reference beam is formed, the measured
correlations A,y can be computed by Eq.2.

hnv = r;nvvmvzmw (2

It may be noted that in Eq.2, the lack of time index 7 in
the LHS denotes a summation over that index. In writing
Egs.1 and 2 we have departed from the convention followed
in [5] and adopted a simpler convention that can be easily
implemented using functions such as einsum available in
the numpy package [7].

The measured correlations hyy are a product of the fre-
quency dependent antenna gains (i.e. bandpasses) and the
spectrum of the calibrator source. Therefore, by dividing
these measured correlations with the calibrator flux den-
sity, the complex antenna bandpasses can be obtained. This
makes broadband self-holography a simple way to cali-
brate large-N all-digital phased arrays such as the SKA-
Low stations, without performing antenna-antenna cross-
correlations to obtain visibilities. If visibilities are avail-
able, for example as UVFITS files, self-holography can be
performed with them as well [5], using Eq.3.

hvn = erncrvnxzivl- 3

where cryny is the complex visibility between antennas
numbered 7 and yx, for each frequency channel v and time
step 7. It may be noted that Eq.3 is provided only for refer-
ence. Although in later sections of this paper we compute
visibilities for data diagnostics they are not used for self-
holography.

3 Broadband self-holography applied to the
EDA2

We tested broadband holography using data from the EDA2
with the Sun as the calibrator. The data were collected on
Feb 06, 2024 around 13:15 AWST when the Sun was near
the zenith. For about 3 minutes, 4096 raw voltage samples
from all the 256 antennas and two polarisations sampled
by the tile processing modules’ (TPMs, [8]) ADCs were
dumped into hdf5 files each second. These samples are
at the highest time cadence corresponding to 800 MSPS of
sampling rate and have not undergone any signal processing
within the TPMs. Also, this specific mode of data collection
with the TPMs is intended primarily for diagnostics and not
for regular operations.

For each time step, frequency dependent complex weights
Zeyn for steering the beam towards the Sun are computed
using the known antenna locations and the position of the



Sun computed with astropy [10, 11, 12] using the times-
tamps in the data. These raw voltage data are then Fourier
transformed to obtain 512 channels across 400 MHz. Refer-
ence beams are formed per Eq.1, the measured correlations
are computed using Eq.2 and the resulting correlations are
divided with a model of the Sun flux density [13]. The FFT,
beamforming and computation of % are carried out with a
NVIDIA GeForce GTX 750 GPU using the cupy package
[9] and copied back to the host as numpy arrays, since the
use of a GPU improves the speed of these steps.

We also cross-correlated and averaged the Fourier trans-
formed data with the GPU using cupy, resulting in a
256 x 256 x 512 x 4 multi-frequency visibility cube which
can be used for various diagnostics such as imaging. In
Fig.1, the autocorrelations of the two orthogonal polarisa-
tions XX and YY averaged across antennas and time are
shown. The averaged autocorrelations show some RFI in
the ~136 MHz Orbcomm, ~250 MHz FLTSATCOM/UFO
and ~370 MHz MUOS satellite downlink bands.
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Figure 1. Time and antenna averaged autocorrelations.

In Fig.2, the average of bandpasses of the first 10 anten-
nas for both the polarisations are shown. It may be noted
that these bandpasses from holography include the effects
of the antenna beam. In the same figure, the bandpasses de-
rived using the standard EDA?2 calibration loop performed
around 13:50 AWST on the same day are also shown.
This calibration loop - which is independent of the self-
holography algorithm - involves sweeping across all the 512
coarse channels of the TPMs to collect visibilities and cal-
ibration with mfcal task in miriad, and takes about 20
to 30 minutes to complete [14]. Fig.2 shows good agree-
ment between bandpasses obtained with self-holography
and mfcal in the 50-350 MHz range where the EDA2 an-
tennas are most sensitive. It is also interesting to note the
minimal effect RFI has on the holography derived band-
passes.

In Fig.3, a comparison of the phases obtained with self-
holography and mfcal for a selected few antennas is
shown. The phases derived from the two different tech-
niques are similar, and in both the cases the phases within
the passband show linear trends with frequency denoting

EDA2 bandpass, antenna 0-10 averaged

—— X pol holography
————— X pol mfcal

—— Y pol holography
————— Y pol mfcal

60

Bandpass (arbitrary dB)

0 50 100 150 200 250 300 350 400
Frequency (MHz)

Figure 2. Average bandpasses of antennas 0 to 10. The
bandpasses derived from mfcal have a different overall
scaling to holography and are therefore offset in this fig-
ure.

differential delays between the antennas, for example due
to cable length differences. These phases can be fitted
with a linear model to derive the individual antenna de-
lays. Since the phases are consistent between mfcal and
self-holography, the delays derived are also expected to be
similar.
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Figure 3. A comparison of self-holography derived phases
(red) with mf cal phases (black) for a selected few antennas.
The phases show linear trends and are remarkably similar
between the two different techniques.

4 Conclusions and future work

As we have shown in this paper, broadband self-holography
is a simpler alternative to the swept frequency station cali-
bration loop. While the frequency sweep calibration loop
requires cross-correlation between all the antennas and
takes considerable amount of time, self-holography can be
performed with raw voltage dumps and a few linear algebra
operations. This makes it easy to implement as a real-time



calibration method, and can be implemented in the FPGAs
used for channelisation. The position of the Sun can be tab-
ulated and stored as a look up table (LUT). However, due
to the use of a diagnostic mode of TPMs which bypasses
the signal processing firmware, the bandpasses shown in
this paper do not include the effects of channelisation and
therefore cannot be directly used to calibrate the data. Be-
sides, due to data rate limitations, only 4096 samples out of
800 million sampled each second go into self-holography
leading to lower SNRs. These two limitations can be par-
tially mitigated with dumps of channelised voltages from
the TPMs, although at present the TPM firmware does not
provide all the channels synchronously in that mode. Also,
the self-holography presented in this paper does not account
for the EEPs of the individual antennas. While this is ex-
pected to be minimal for EDA2 due to its lower levels of
mutual coupling, it cannot be ignored for SKA-Low sta-
tions [15].
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