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Abstract In radio astronomy, holography is a commonly used technique to create an image of the
electric field distribution in the aperture of a dish antenna. The image is used to detect imperfections in
the reflector surface. Similarly, holography can be applied to phased array telescopes, in order to measure
the complex gains of the receive paths of individual antennas. In this paper, a holographic technique

is suggested to calibrate the digital beamformer of a phased array telescope. The effectiveness of the
technique was demonstrated by applying it on data from the Engineering Development Array 2, one of the
prototype stations of the low frequency component of the Square Kilometre Array. The calibration method
is very quick and requires few resources. In contrast to holography for dish antennas, it works without
areference antenna. We demonstrate the utility of this technique for initial station commissioning and
verification as well as for routine station calibration.

1. Introduction

Over the last decade, several new low frequency radio telescope arrays have been built where the primary
receptor in the array is a dipole-like element. These arrays include the Long Wavelength Array (LWA, Elling-
son et al., 2013), The Precision Array for Probing the Epoch of Re-ionization (PAPER, Parsons et al., 2010),
the Murchison Widefield Array (MWA, Tingay et al., 2013), and the Low Frequency Array (LOFAR, van
Haarlem et al., 2013). These telescopes operate based on phased-array concepts, and use a combination of
analog and/or digital techniques to form the primary beam of the telescope array.

A common challenge of phased-array radio telescope systems is the characterization and calibration of the
phased-array antenna pattern, which can change significantly depending on the pointing direction on the
sky. Substantial effort has been made to form predictive models of the phased-array response (e.g., Bui-Van
et al., 2017, 2018; Sokolowski et al., 2017; Sutinjo, O'Sullivan, et al., 2015; Warnick et al., 2018), which in
turn requires an accurate electromagnetic model of the elements in the phased-array, including mutual
coupling effects. Work to characterize the element or primary beam pattern of the telescope includes the
use of Unmanned Aerial Vehicles (UAVs) with radio transmitters, low earth orbit satellites and astronom-
ical sources (Bolli et al., 2016; Jacobs et al., 2017; Line et al., 2018; Neben et al., 2015; Sutinjo, Colegate,
et al., 2015).

Having an accurate model of the primary beam, and hence primary beam aperture, is driven in large part
by the demanding calibration requirements for studying the faint radio signals from the early universe (e.g.,
Mesinger, 2019, chap 5). The lessons and techniques learned from the existing radio telescope arrays are also
directly applicable to the future Square Kilometre Array Low-frequency array radio telescope (SKA-Low).
In this paper, we present the results of using a holographic technique to directly measure the complex aper-
ture illumination pattern for a prototype SKA-Low “station”, which is comprised of 256 antennas working
as a phased array, where signals from each antenna are individually digitized and combined digitally. The
prototype system used in this paper is described in Section 3, and the specifications of the SKA-Low stations
can be found in Dewdney (2016).

2. Holographic Aperture Imaging

Holographic aperture imaging is based on the Fourier relationship between the distribution of the elec-
tric field in the receiver's aperture and its far field electric field (voltage) reception pattern (Thompson
et al., 2017, p. 819):
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Figure 1. Sketch of the holographic measurement procedure for dish
antennas. A separate reference antenna stays focused on the calibration
source, while the AUT is adjusted to various Im-coordinates. The
coordinate axes are drawn such that we are looking “down” on both the
antennas and the sky.

En(x,y) = 12,02, Ve(lom) - €27 didm, ©)

where x and y are the east and north coordinates, respectively, in the ap-
erture and measured in wavelength. [ and m are the standard radio inter-
ferometric direction cosines with their origin at the phase center and are
aligned with the celestial Right Ascention and Declination coordinates.
E, is the complex aperture electric field distribution and V5 the far field
voltage reception pattern (beam pattern). By taking the two dimension-
al Fourier Transformation of the beam pattern, the aperture distribution
can be obtained, including magnitude and phase information. The re-
quired complex beam pattern can be measured by scanning the beam of
the antenna under test and making use of a second receiver, which acts
as a reference.

2.1. Aperture Imaging for Dish Antennas

The commonly used methodology for dish antennas, which was first de-
scribed by Napier and Bates (1973), is illustrated in Figure 1. The beam
pattern of the antenna under test (AUT) is sampled on a grid of Im-co-
ordinates which is centered around an unresolved calibration source.
The dish is scanned under the source, so the beam points consecutively
toward all grid coordinates during the measurement. At the same time,
a second reference antenna stays focused on the calibration source. By
cross-correlating the received signals of AUT and reference antenna for

every sampling coordinate, a complex quantity is obtained. Because it is proportional to the beam pattern
of the AUT, it can be treated as a voltage-like quantity and we can use it in Equation 1 for Vi(l, m). The
measurements with dish antennas are usually very sophisticated, because the antennas have to be adjusted
mechanically, and the calibration source changes its celestial position during the lengthy process.

Ty T

Figure 2. Sketch of holographic measurements for phased arrays. All
beams can be formed at once in post-processing.

2.2. Suggested Method for Phased Arrays

Our suggested technique for phased arrays follows the same principle.
Similar approaches have been used to characterize time delays between
the stations of LOFAR (Salas et al., 2020) and also to calibrate it on sta-
tion level (Brentjens & Bordenave, 2017). However, the method presented
here is a more direct transfer of holography from dish antennas to phased

sty teloscopes, 1t is assumed that the telescope under test (TUT) digi
B8BB8I Then, all required information can be gathered from these data, as
Fusthermore. even without initial phase calibration, the TUT can form
reference beam. Hence, a separate reference antenna is not required (sce

Figure 2). This aspect of the technique was already proposed in Wijn-
holds (2017). While we form cross-correlations between beamformed
outputs and the reference beam signal, Wijnholds correlates individual
antenna signals with the reference beam signal.

For aperture arrays where mutual coupling is minimal, the station beam
can be computed using classical phased array theory: the beam is the
product of the array factor and the element pattern (identical for all ele-
ments). By steering the beam (pointing to different Im-coordinates) and
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Beam-Correlation, Magnitude in dB : de-embedding the array factor, the element pattern could potentially be

L

2 established from one calibrator by taking many snapshots separated in
15 & time as the source moves through the sky or by using multiple calibrators.
1 v for arrays where mutual coupling cannot be neglected, the sta-
r e e e S
0.5 . e e e e e SR e
© NSRS PAUSSBERS) (2 ick ct al. 2015). An
£ 0 -+ 10 EEP is the radiation pattern from an individual element in the array, with
all the other elements suitably terminated. It is defined to include the
-05 - phase term resulting from its position in the array, although this may be
14 more conveniently inserted subsequently (although similar to an array
-1 . factor, these phase terms each multiply a different EEP, rather than the
o array factor which multiplies the element pattern). ISjiiCaSUTCIIICISERS]
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Figure 3. The magnitude of the Beam-Correlation from data at 149 MHz,
in dB. The coordinates are shown looking “down” on the sky.
The aperture image, which is the Fourier Transformation of the obtained

array factor, contains information about the receive path gains and phas-
es of all antennas and can be used for calibration of the array.

Assume the TUT comprises N antennas, which are positioned at the coordinates (x,, y,) around the origin
of the array. The coordinates are normalized to the observed wavelength. Antenna n receives the signal
falk], where k € {1, ---, K} is the sample index. The calibration source is located at the celestial coordinates
(Ler, myer). By applying the appropriate phase factors a, to the antenna signals (This process requires prior
knowledge of the locations of antennas and mappings between antenna and digital signals, however the
technique also has utility in verifying these mappings as discussed in Section 3), a beam is formed toward
the calibration source and the reference signal g,.f[k] can be computed:

N .
Zres K] = % Xa, filK] - a, = PTCmermen @
i Aperture Image, Magnitude in dB Y The grid coordinates, for which the beam is scanned, are chosen as:
2 l, =p-Al pe{-M/2,--M/2} 3
m, =q-Am qe{-M/2,--- M /2}

q

-6 The spacings in the grid, Al and Am, and number of points per dimen-
sion, M + 1, determine the size and resolution of the aperture image.

E We discuss the choice of these values below. The scan signals, spq[k],
g -10 are calculated for all scanning directions centered around the reference
z . direction:
-14 j I 27 (xplp+ypmg)
Spelkl=—2 a,e - Julk] €))
-16 N n=i
-18 Then, a quantity proportional to the sampled array factor of the TUT is
- computed by cross correlating the reference signal with the scan signal
20 -10 0 10 20 for each grid point. The “Beam-Correlation” is defined as
East/m
l K *
Figure 4. . Antenna positions Al mq 1 = K ,El Brer (K1 5, K] ®)
are marked with a circle, a previously flagged antenna with a cross.
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Figure 5. . Patches with a

corresponding magnitude of less than —10 dB are faded. Antenna positions

are marked with a circle, the previously flagged antenna with a cross.

A fundamental principle of the discrete Fourier Transformation is that
the sampling interval in one domain is reciprocal to the range of covered
values in the other domain. In this case, the choice Al and Am determines
the area that is covered by the aperture image. The critical angular sam-
pling interval that is necessary to get an image of the whole aperture is set
by the size of the aperture and the observation wavelength by the follow-
ing relationship, where D, and Dy, depict the diameter of the array:

4 Am ., = 4 (6)
D East " D North

Al

max=

According to Equation 3, the number of sampling points in each angular
dimension is M + 1. With Al and Am being fixed by the size of the aper-
ture, the choice of M determines for what range of angles the array factor
is scanned. Also, the number of points in each dimension of the aperture
image is M + 1. Thus, computing A[l,, my] for a wide range of angles
increases the resolution of the aperture image. We note that A[l,, my] can
be computed for all (I,, m,), including for values >1, not just for combi-

nations that map to the celestial sphere. By sampling the (I, m) grid for values >1, the (x, y) grid resolution

can be resolved as required.

3. Measurements on the Engineering Development Array 2

The Engineering Development Array 2 (EDA-2) is located at the Murchison Radio-astronomy Obser-
vatory (MRO) in Western Australia. It consists of 256 dual polarization dipole antennas, pseudo-ran-
domly spread on a circular field with a diameter of 35 m. The array operates in the frequency range
between 50 and 350 MHz. Groups of 16 antennas are connected to an in-field “SMART-Box” in which
the signals are converted to be transmitted via optical fiber to the control building, where they are

Difference to Reference Phase Calibration, in Degrees
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Figure 6.

Flagged and low gain antennas are

marked in black.

converted back to electrical signals, amplified, filtered, and digitized
(Naldi et al., 2017). Signals from each antenna are passed through an
oversampled polyphase filterbank that produces “coarse” channels of
~0.93 MHz bandwidth (Comoretto et al., 2017). Short dumps of raw
voltage data from all antennas for a single coarse channel can be cap-
tured and written to disk for offline processing. The EDA-2 has iden-
tical station configuration and type of antenna to the EDA-1 (Wayth
et al., 2017), with the difference that all antennas are individually dig-
itized in EDA-2.

SR GEEERARR captured around noon of 2020-05-20. The
data were centered on 149 MH. | S UGS ORECDEON

OGS because its angular width is sufficiently small compared to the sta-
tion beam. The Beam-Correlation is computed for Al and Am chosen ac-
cording to Equation 6 and M = 80. [iSiESEEpiCEicBeanConelaion
[GESIEaE. To reduce ringing artifacts in the aperture image, we multi-
ply the 81 x 81-point Beam-Correlation with a two-dimensional Gauss-
ian window (with o = 1 in both [ and m dimension). Afterward, in order
to oversample the aperture image, the Beam Correlation is zero-padded
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. ~ isshownin Figures 4and 5.
08 In the aperture images shown in Figures 4 and 5, the previously meas-
1o - ured antenna positions are marked with a circle. Any antennas that were
5 o:e previously identified as having poor or no signal are tagged with a cross,
% = however, for the sake of illustration, their data have still been included in
T Or & ol 08 the process. Malfunctioning antennas would normally be “flagged” and
= 5t PO . - ': 2 ...c S e 04 excluded from data processing. In the phase plot, patches with a corre-
. : S :.0 . s .:." " 03 sponding magnitude of less than —10 dB are faded. The magnitude of
oy . '.'.. e*’se .: :“. %’ oo the aperture image corresponds very well with the antenna positions. As
15} ® e, :": ".' o* :, ™ expected, antennas with poor or no signal appear strongly attenuated or
*%e %t o not at all in the magnitude plot.
-20 : : : : : 0
e S0 Ea:ﬂm L & From the phase distribution (Figure 5), it is possible to assign ex-

Figure 7. Ratio of the measured gain amplitude between holographic and
conventional calibration methods.

citation phases to all antennas, using their known positions in the
aperture. If the array is already calibrated, the phase excitation should
be equal for all antennas. Without initial phase calibration, the ex-
citation phases from the image provide the receive path phases of all
antennas.

To evaluate their validity, they are compared with a reference calibration solution, which was measured by
a more conventional method. Visibilities were computed between all antenna pairs then phased toward the
Sun. A standard radio astronomy calibration procedure that assumes a compact source at the phase center
was used to solve for antenna-based complex gains. Baselines shorter than 51 were not used. For each ele-
ment, the difference between both calibration phases is depicted in Figure 6.

Flagged antennas and antennas with a magnitude of less than —10 dB (according to Figure 4) are marked
in black. The RMS phase difference between the conventional calibration solutions and the aperture phases
was measured to be 9.2°, excluding the flagged antennas.

Figure 7 shows the ratio of amplitude of the calibration gain between the holographic and conventional
calibration methods. The overall scaling is artibrary since the holographic method does not depend on the

1.6 T T T T

Gain amplitude

0 50 100 150 200 250 300
Antenna index

Figure 8. The measured gain amplitude of the holographic and
conventional calibration methods, as a function of antenna index. The
blue line shows the gain amplitude from conventional calibration, the red
line from holographic calibration. There is substantial scatter of the gain
amplitudes between antennas.

absolute flux scale. While some systematic variation is present (a small
gradient in the gain amplitude across the array), it is clear that the meth-
ods produce similar gain amplitude estimates up to a scaling constant.

Figure 8 shows the gain amplitude as a function of antenna index for
the two methods. Here the mapping from antenna index to antenna lo-
cation is not relevant; the point of the figure is that it shows substantial
variation in amplitude between antennas. However, the overall pattern
is the same for both methods and results in the largely uniform gain
ratio shown in Figure 7. We discuss the small gradient in amplitude
below.

We do not expect the conventional calibration and holographic methods
to produce exactly the same result. With conventional calibration, base-
lines shorter than 51 were discarded so that the solution was not biased
by large-scale emission in the sky, whereas the holographic method forms
station beams where all antennas are included. A detailed treatment of
the errors (especially systematic) is beyond the scope of this paper, how-
ever we would expect that since the station beam cannot “discard short
baselines” this holographic technique will be more susceptible to system-
atic errors due to all the other sources (and large-scale emission) in the
sky besides the reference source.
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100 300 500 700 900

Figure 9. The image of the sky made from the dataset used in this work.
The greyscale is in Jy/beam, and has been “burned out” to highlight weak/
faint emission. For reference, the Sun (top center) was calibrated as a

51,000 Jy source.

To illustrate this point,

[EENSIEER The color scale has been deliberately adjusted to highlight
weak/faint emission compared to the very bright Sun. Emission from the
Galactic plane, Galactic supernova remnants, and some brighter compact
sources is apparent.

A related potential bias of the method is due to the autocorrelation of
system noise (not signals from the sky) of the reference beam with the
steered beam. Because phases are applied to each antenna's signal to steer
the beam, the system noise is effectively re-randomized for each unique
pointing direction, and decorrelates on the angular size scale of the sta-
tion beam. In this situation, the signal in the reference beam is dominated
by signals from the sky: the Sun is a ~50 kJy source and the array SEFD
is approximately 1,800 Jy, however, the method may be biased in the case
of a lower signal-to-noise ratio from the reference source.

The bias caused by self-noise and large-scale structure discussed here
can of course be eliminated by using a reference beam from a different
antenna or station, as is done in conventional dish-based holography.
In the context of SKA-Low, this should be possible for stations in close
proximity by using an existing calibrated station to generate a reference

beam. For this work, the focus is to demonstrate the ability and utility of phased arrays to self-generate a
reference beam for the holographic process.

Figure 10.

The aperture image is partially

transparent, and antenna dipoles can be seen in the locations of the peaks in the aperture as expected.
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4. Conclusion

Holographic aperture imaging is mainly associated with dish antennas although the measurement pro-
cedure for phased array telescopes with multi-beam capabilities is much simpler. The holographic cali-
bration technique suggested here was successfully tested on a phased array telescope, which is similar in
its layout to the envisaged SKA-Low stations.

Hence, the aperture image provided by this method is a simple tool that can be useful for calibration and
maintenance of a phased array telescope.

Vinally. the calibration solution from holography takes both the receive path gains and the EEPs for the
PO dirECHone Al ACHIIGEeeoIAl Thereby the receive path gain factor is direction independ-

ent, while the contribution of the EEPs depends on the celestial position of the calibration source. Similarly
to conventional calibration, the calibration solution from holography incorporates contributions from both

EEPs and direction independent receive path gains. |5 R EISNSS GRS ONISONEES
S S eTNONETSIMIAIREUBRES) | o' cvr, such cxact measurements might require a more

complex measurement, such as using a separate antenna to form an independent reference beam.
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