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Abstract This paper describes two small aperture array demonstrators called Medicina and Sardinia Array
Demonstrators (MAD and SAD, respectively). The objectives of these instruments are to acquire experience
and test new technologies for a possible application to the low-frequency aperture array of the low-frequency
telescope of the Square Kilometer Array phase 1 (SKA1-LOW). The MAD experience was concluded in 2014, and
it turned out to be an important test bench for implementing calibration techniques based on an artificial
source mounted in an aerial vehicle. SAD is based on 128 dual-polarized Vivaldi antennas and is 1 order of
magnitude larger than MAD. The architecture and the station size of SAD, which is along the construction
phase, are more similar to those under evaluation for SKA1-LOW, and therefore, SAD is expected to provide
useful hints for SKA1-LOW.

1. Introduction

In the last years, the Italian Institute for Astrophysics (INAF) has put significant human and financial resources
in the Square Kilometer Array (SKA) project. INAF represents Italy as a Full Member of the SKA Organization
and is officially involved in four Consortia responsible for different elements of the SKA telescopes. One of
them is the Aperture Array Design and Construction (AADC) Consortium, which works for setting the low-
frequency aperture array (LFAA) element of Square Kilometer Array phase 1 (SKA1-LOW) to be built in the
Australian desert starting year 2018. Within this Consortium, INAF contributes in the following work packages:
the analog receiving system including the RF transportation from the antennas to the central processing
station, the antennas/arrays characterization and calibration, and finally the acquisition and digital proces-
sing modules both on the hardware and on the firmware sides.

The original idea behind Medicina Array Demonstrator (MAD) and Sardinia Array Demonstrator (SAD) was to
have national test benches available to test some innovative components/technologies in a more realistic
environment than that provided in the laboratory. In fact, even if MAD and SAD represent small-scale arrays,
they assure a complete receiving chain of the whole system from the antennas to the signal processing.
Therefore, each new component/algorithm is integrated and tested in a real LFAA system.

MAD is a small project entirely funded by INAF with 75 k€. It was designed and constructed in 2013 and tested in
2014. With the conclusion of MAD, the INAF team started the conceptual design of SAD, which was granted by
the Sardinian Regional Government with 300 k€ and by INAF with 120 k€. SAD is currently along the construction
phase and is expected to be commissioned in 2016. The size of SAD is such that it will have enough sensitivity
and resolution to allow for some basic astronomical tests and demonstrative observations [Murgia et al., 2014].

One critical step toward the final design of the LFAA element of SKA1-LOW is the construction of the verifica-
tion systems, whose objective is to verify the end-to-end signal path from antenna to the output of the beam-
former. In the year 2016, the AADC Consortium will be involved in the construction of the Aperture Array
Verification System (AAVS1), which will be the final demonstrator before the construction of SKA1-LOW.
The architectures of AAVS1 and SAD are similar, if not identical, in many subelements, for example, the analog
receiving chains and the station beam forming. This similarity adds value to the SAD project.
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Besides several technological aspects, one of the main issues in the LFAA systems is the instrumental calibra-
tion. Due to the physical dimensions of these arrays, the anechoic chamber measurements are not feasible.
Therefore, alternative open-air approaches based either on astronomical calibrators or on artificial sources
have been considered in the last years [Chang et al., 2015]. Among the latter systems, we developed a radio
frequency system mounted on an unmanned aerial vehicle (UAV) consisting of a hexacopter [Virone et al.,
2014]. Such a system allows also for the antenna/array experimental characterization. This artificial source
was intensively used within MAD for calibrating each antenna to form the array beam in the zenith direction
[Pupillo et al., 2015]. As far as SAD is concerned, a numerical analysis has been initiated to evaluate the effects
to the calibration due to the mutual coupling among the antennas. A deep understanding of the pros and
cons of the application of the artificial source to SAD is particularly relevant and gives useful information
on the feasibility of a possible use within SKA1-LOW.

This paper is organized as follows: section 2 describes the technical characteristics of the two demonstrators,
whereas section 3 shows the radio frequency environment at the two sites. The aerial system we developed
for the instrumental calibration of MAD and SAD is presented in section 4. Several results on the application
of this system for calibrating MAD are discussed in section 5, for example, different calibration strategies and
the accuracy of the phase patterns measurement. Section 6 shows some preliminary numerical results obtained
with a full-wave electromagnetic simulator for SAD, whereas section 7 discusses the lessons learned from MAD
and their guidance for SAD and future development. Finally, section 8 reports the conclusions of the work.

2. Technical Description of MAD and SAD

The sites chosen for MAD and SAD are, respectively, the Medicina station, close to Bologna, (latitude 44°31’
15"N, longitude 11°38'49"E, altitude 10 m) and the Sardinia Radio Telescope (SRT) site (latitude 39°29'34"N,
longitude 09°14'42"E, altitude 600 m) both operated by INAF (see Figure 1).

One of the advantages of the integration of SAD into the SRT observatory is the possibility to exploit existing com-
puting resources. In fact, the SRT site hosts one of the nodes of the high-performance computing infrastructure
named Cybersar. Additionally, as the P band receiver (305-410 MHz) installed in SRT partially overlaps the fre-
quency band of SAD (270-420 MHz), possible interesting applications between the two systems can be considered.

MAD was designed to be easily deployed during the measurement tests and to stay in operation for the dura-
tion of the experiment in course (usually of the order of 1 week). Therefore, there were no needs to define
stringent requirements, especially on the antenna mechanics, for the environmental conditions. Vice versa,
SAD is expected to be a permanent demonstrator, lasting for several years, and consequently, it must assure
resistance to the environmental parameters present at the SRT site.

The architectures of MAD and SAD are graphically shown in Figure 2. Both are based on a hardware config-
uration consisting of Vivaldi antennas, radio frequency over fiber (RFoF) links for RF signal transportation, and
finally digital data acquisition modules. Table 1 illustrates and compares the main parts of the two demon-
strators. As a reference, in the same table, the requirements for the LFAA element of SKA1-LOW and of the
verification system AAVST have been included.

Although MAD was designed to operate over 16 MHz bandwidth, it was used only for measuring continuous
radio frequency waves emitted by artificial sources. Therefore, a 19 kHz channel was stored and processed.
The 408 MHz central frequency was chosen to exploit the infrastructures already existing at the Medicina site.
On the other hand, SAD is aimed at performing basic astronomical tests, and therefore, a relatively wide
bandwidth was chosen. In SAD, the central frequency and the frequency band have been identified taking
into account the radio frequency environment measured at the site [Bolli et al., 2015].

The dual-polarized Vivaldi antennas [Monari et al., 2013] for MAD (version 2.0) and for SAD (version 3.1) have been
designed to accomplish the SKA requirements (see the baseline design document [Dewdney, 2015]). The Vivaldi
version 3.1 is composed of a cubic cavity under the four wings (two for each linear polarization), and it adopts a
mesh steel structure (whereas the version 2.0 was a solid structure) to reduce its wind resistance. Figure 3 shows
some pictures with the general layout of the antennas and a detail of the wings for the electronics integration.
Weight and dimensions are 25kg, 775x775x1125mm?>, and 16 kg, 962 x 962 x 1370 mm?>, for versions 2.0
and 3.1, respectively.
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Differently from SKA1-LOW, the ltalian
demonstrators do not use a ground
plane under the antennas in order to
reduce the overall system cost. In this
scenario, the noise coming from the
ground can intercept the element back-
lobe producing a nonnegligible contribu-
tion to the antenna temperature. This
contribution has been evaluated with a
full-wave approach. Both the Vivaldi 2.0
and 3.1 have been simulated over a large
box of dielectric (7 x 7 x7m) having the
complex permittivity of an average soil
sample. The computed radiation effi-
ciency 7 has then been used to estimate
the ground noise contribution to the
antenna temperature with the formula

Tant _ TPhys (‘l — ;7) [Kraus, 1984],

ground — ' ground
Phys

where Tgmun

4 is the physical temperature

of the ground (290K). Figure 4a shows
the computed curves for both antennas.
As expected, the Vivaldi 3.1 design exhi-
Figure 1. Geographical positions of MAD and SAD in Italy. The small pictures  pits 5 lower T2 owing to its reduced
illustrate the MAD array as built and an artistic view of the SAD array with the ground

Sardinia Radio Telescope in the background.

backlobe and enanched directivity.

Since a quite large number of antennas

were needed for SAD (150 including
contingency and possible further tests at the Medicina site), the antenna construction process was optimized
to keep the production cost around 300 € per antenna. This constraint also oriented the manufacturing solu-
tion toward the wire mesh structure of the Vivaldi 3.1. As a drawback, the thinner mesh structure slightly
increases the overall antenna impedance with a consequent increase of the reflection coefficient (see
Figure 4b). Nevertheless, the computed values are acceptably below —9 dB in SAD frequency band.

The antenna patterns for both antennas in the frequency range 250-450 MHz are compared in Figure 5. As
mentioned above, Vivaldi 3.1 (gray curves on the right) exhibits a higher gain at zenith owing to both the
backlobe reduction and the narrower H plane (solid lines). Moreover, H plane and E plane (dashed lines)
are closer to each other with respect to the Vivaldi 2.0, providing a better symmetry of the element pattern
and a lower Intrinsic Cross-Polarization Ratio (IXR) [Fiorelli et al., 2013] [Carozzi, 2015]. The higher gain of the
Vivaldi 3.1 leads to a narrower beamwidth, especially at higher frequencies, which in turn provides a reduc-
tion of the system sensitivity of about 3 dB for scanning angles larger than 30° from zenith. Although the SKA
requirements aim for a larger sky coverage, the obtained performance will not affect the calibration studies
that can be performed with SAD. The receiving chains will be calibrated using a flying artificial source having
a power level which can be selected according to the available sensitivity levels.

The flexibility in the antenna distribution is one of the more remarkable characteristics of SAD. In fact, the
antennas can be moved between different deployment scenarios. This imposed very severe requirements
to the antenna version 3.1 mechanics, without fixing the antennas to the ground but supporting them
through a heavy movable base (four concrete tiles of 20 kg each).

The two different layouts currently planned for SAD are as follows: 128 antennas distributed over a core of max-
imum 64 m in diameter or 16 antennas grouped in eight stations of maximum 15m in diameter each. In this
latter configuration, four stations will be inside the core, whereas the other four in satellite stations. The antennas
will be randomly spaced in each SAD station. Additionally, they could be oriented either in the same direction or
randomly in order to reduce the overall IXR depending on the observation requirement still to be defined.
During the excavation and flattening of the areas, it was decided to duplicate the cables infrastructure so either
to allow operations for both schemes from the beginning or to double the number of the array elements.
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Figure 2. lllustrative schemes of the receiving chain of (top) MAD and (bottom) SAD. Both schemes show the antenna model (with the front end) and the array dis-
tribution on the left side, the path of the optical link from the optical transmitter (OTX) to the receiver (ORX) and on the right side the conditioning system between
the optical receiver and the analog-to-digital converter. The letters “B” and “F” refer to the two antenna ports: Back and front, respectively.

For both MAD and SAD, each dual-polarized Vivaldi antenna mounts two low-noise amplifiers (LNAs) embedded
in the enclosures located in the wings close to the coaxial connectors (Figure 3 (right column)). For both demon-
strators, the front ends terminate with an analog RF-to-optical converter for optically transmitting the signal to
the data processing center. Additionally, both RFoF links are based on a distributed feedback laser and standard
single mode (G652D) optical medium. Differently from MAD, where a conventional solution with independent
links has been used [Perini et al., 2009], in SAD, as in AAVS1, an approach based on wavelength division multiplex
technique will be exploited. Thanks to this approach, only one fiber is needed to transport both the polarizations
of one antenna since the two lasers work at different optical wavelengths. As a consequence, the optical infra-
structure (mainly optical fiber cabling and connections) will be halved respect to the standard approach, allow-
ing both cost reduction and better mechanical integration at the receiver level.

The front end of SAD includes an additional radio frequency stage installed below the antenna basement and consist-
ing of a band-pass filter and a second RF gain block. The presence of the second RF gain stage and the use of a pre-
amplified optical transmitter significantly reduce the noise figure of the receiver from 18 dB in MAD to 0.5 dB in SAD.

The MAD antennas were also equipped with batteries for powering the active components of the front end. In SAD,
the optical fibers for transmitting the radio frequency are embedded in a hybrid cable containing also the copper
pairs for powering the active elements in the antenna. However, SAD will also allow experimentation in the power
of fiber (PoF) technology to bring the electrical power to the antennas by means of optical fiber [Perini et al., 2015].

MAD used the analog receiver designed and realized for the Basic Element for SKA Training (BEST-2) European
Commission — SKA Design Study (EC-SKADS) demonstrator [Perini et al., 2009]. It provides RF band filtering of
16 MHz around 408 MHz, the conversion to an intermediate frequency at 30 MHz, and the necessary analog ampli-
fication in order to feed the ADC board. Moreover, it allows to control the amplitude level with 0.5 dB accuracy
using digital step attenuator in the RF receiver chain. The digital back end for the MAD experiment has been devel-
oped using the Reconfigurable Open Architecture Computing Hardware (ROACH-1) Collaboration for Astronomy
Signal Processing and Electronics Research (CASPER) (https://casper.berkeley.edu/) board, which is a XILINX
VIRTEX-5 Field Programmable Gate Array (FPGA) integrated on a mainboard populated with many peripherals.
The aim of the digital back end is to digitize the IF analog signals and to produce the array beam in both polariza-
tions; furthermore, the correlation products are calculated for the array calibration [Pupillo et al., 2015].

While the MAD back end works with a small number of inputs and processes a narrow bandwidth (20 MHz),
SAD needs a scalable high-performance and wideband back end. These objectives are accomplished by the
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Figure 3. (left column) Antenna mechanics and (right column) zoom for the electronics integration. (top row) Vivaldi 2.0 for
MAD; (bottom row) Vivaldi 3.1 for SAD.

(broadcast FM radio and services radio links) to accurately design the receiver chain especially in terms of
RF filters.

For the two sites, the monitoring has been performed using similar receiving RF chains basically composed
by log-periodic antenna, coaxial cable, and portable spectrum analyzer. Data were collected for both the
horizontal and the vertical polarizations. For each of the two polarizations, we produced max hold spectra
over 360 deg by pointing the antenna in six different angular positions evenly spaced by 60°. For these

Ground Noise Contribution (K)
Reflection Coefficient (dB)
§ & .

0 i ; i j j i E i ; i i i i
200 250 300 350 400 450 500 200 250 300 350 400 450 500
Frequency (MHz) Frequency (MHz)

Figure 4. (a) Ground noise contribution for Vivaldi 2.0 (black) and Vivaldi 3.1 (gray). (b) Reflection coefficient for Vivaldi 2.0
(black) and Vivaldi 3.1 (gray). The vertical lines highlight the final SAD frequency band: 270-420 MHz.
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Figure 5. Radiation patterns of the (left column) Vivaldi 2.0 and (right column) Vivaldi 3.1: H plane (solid line) and E plane
(dashed line). (top, middle, and bottom rows) Frequencies: 250, 350, and 450 MHz.
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Figure 6. Spectra in the frequency band 50-500 MHz collected at the Medicina station (black continuous lines) and at the SRT site (gray dashed lines): (left) horizontal
and (right) vertical polarization. Each data set has been normalized for the different antenna gains and the different losses of the coaxial cables of the two systems.

measurements, the spectrum analyzer resolution bandwidth and video bandwidth were both set to 10 kHz,
the attenuation factor was set to 0 dB, and finally the sweep time was around 10s.

Figure 6 shows the spectra for both linear polarizations on the frequency band 50-500 MHz collected at the
Medicina station and at the SRT site. For what concerns the strongly contaminated spectral regions around
100 MHz (FM radio broadcast) and in between 450 and 500 MHz, the RF situation at the SRT site is quite simi-
lar to that measured at the Medicina station. Nevertheless, it is worth to mention that in general the intensity
of the artificial signals at the SRT site is significantly lower than that at the Medicina station, mainly in the FM
frequency range. In between 50-80 MHz the power level seems to be slightly higher at the SRT site. The
Medicina spectra show higher signals around 125MHz, 240 MHz, 330 MHz, and in between 400 and
450 MHz. Finally, at the SRT site we observe a few strong narrow band signals above 425MHz for the
vertical polarization.

In conclusion, as already said, for MAD the natural choice was to use the protected frequency band around
408 MHz where several infrastructures were already available. Whereas, in SAD, the RFl scenario is such that
no radio frequency filter is required in front of the LNA and the 270-420 MHz spectral window was selected as
the cleaner band for astronomical observations.

4, UAV Source for the Array Calibration

The hexacopter developed in the framework of MAD and SAD is a custom product based on a GPS-board
Mikrokopter, which automatically follows waypoints (see Figure 7). The UAV is equipped with a continuous
wave synthesizer connected to a trans-
mitting antenna. The frequency range
of the system is from 5 to 4400 MHz.
The UAV position is measured every
second with differential GNSS (Global
Navigation Satellite System), allowing
a spatial accuracy of few centimeters.
An inertial measurement unit, installed
on board of the hexacopter, measures
the three orientation angles. All the
position and orientation data are used
during the postprocessing analysis for
determining the actual electric field illu-
minating the antenna under test (AUT).

£ % B

The UAV system allows to calibrate and
Figure 7. The UAV taking off at the Medicina Array Demonstrator. measure in real operative conditions
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the far-field antenna/array patterns

as well as to check the element integ-
rity and measure both orientation and
position of the antenna under test.
The usage of the UAV for the instru-
mental calibration of an aperture array
can play a significant role to obtain a
correctly shaped and oriented array
beam.

Figure 8. Scheme of the baseline subsets selected for the array calibration

in (left) ¥ and (right) X polarization. The instrumental calibration is neces-

sary to remove the systematic effects
due to the differences in each receiving chain (due, for instance, to the signal path lengths, to the drifts in
the electronic gains, and to the coupling among the antennas). This process is done by appropriately weighting
in amplitude and phase the signal received by each element. In order to evaluate such a complex coefficients,
the UAV systems proved to be a very promising solution for injecting a known signal. As a matter of fact, for the
artificial sources the reference signal is stable and tunable. For example, by increasing the transmitted power
level of the reference antenna, it is possible to reach the required signal-to-noise ratio (SNR). On the other hand,
the UAVs are limited in the maximum height of the flight, which in turn sets the maximum size and/or the max-
imum frequency of the array under test in far-field conditions.

Unlike the instrumental calibration, that is occasionally performed, for example, at the initial stage and in case
of major hardware modifications, a radio astronomical aperture array needs to be regularly and frequently
(around every tens of second or minutes) calibrated during the observations by means of classical astronom-
ical calibration techniques. The latter procedures aim to measure and to remove the undesired contributions
from the sky (e.g., bright sources in the sidelobes, galactic foreground, and unresolved sources) and from the
atmosphere (especially the ionosphere at low frequency). Such an astronomical calibration is not addressed
in this paper.

5. Insights in the MAD Calibration

5.1. Instrumental Calibration

MAD allowed us to test a number of calibration strategies using the UAV as a reference source transmitting a
408 MHz radio frequency signal. Different calibration methods were exploited in the second and third test
MAD campaigns, hereafter referred to MAD-2 (October 2013) and MAD-3 (May 2014), respectively. In particu-
lar, the MAD-2 amplitude calibration coefficients were calculated in order to minimize the differences
between the observed and the expected (by electromagnetic simulations) power received from each
antenna when the source was at the zenith. On the other hand, for MAD-3 we chose to digitally equalize
the signal power for all antennas, again with the UAV at the zenith. From the phase point of view, MAD-2
exploited a fringe-fitting method, while for MAD-3 a phase-snapshot technique was used [Pupillo et al.,
2015]. Each calibration technique requires a proper flight strategy: linear scans for fringe-fitting and still
flights for phase snapshot and amplitude calibration.

The calibration methods exploited in MAD-3 had some advantages with respect to those utilized in the MAD-
2 campaign. In particular, the amplitudes calibration in MAD-3 is model-independent and the phases are cali-
brated for the specific direction in which the array beam forms.

The MAD digital back end included not only a beam former but also a correlator for the array calibration. The
digital correlator calculated the correlation products of the signals V(t) received from any couple of array ele-

ments (ith and jth) forming an interferometer baseline, as:R; = <V,—(t)Vj*(t)> with i+j. In principle, an array of

N antennas forms N(N — 1)/2 independent baselines. Even if MAD yields 36 independent baselines, in MAD-2
and, to some extent, also in MAD-3 we preferred to use a digital back-end firmware programmed to produce
cross correlations for a proper subset of eight baselines for each polarization (Figure 8), in order to reduce the
data rate and minimize the risk of data loss between the digital back end and the storage server. The MAD
principal antenna polarizations X and Y were oriented along the directions E-W and N-S, respectively.
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Figure 9. Mean value of the differences between the phases calculated by standard method and LSM for UAV flights at the
angles (left) 9=0°and (right) 0 = 45° for each element of the array with respect to the V007 reference antenna.

The baseline subset selection criterion aimed to maximize the fringe frequency in the direction of the UAV
trajectory, so as to increase the calibration accuracy when using the fringe-fitting method. Each relative phase
obtained from the complex crosscorrelations is the sum of two main terms: the intrinsic instrumental phase
and the phase associated to the delay due to the different geometric paths from the source to the various
array elements. The actual UAV position along the trajectory is obtained via differential GNSS measurements;
thus, it is possible to extract the instrumental phase term from the measured phase of the cross-correlation
terms with high accuracy. Then, the phase calibration coefficients, calculated from the instrumental phases,
are loaded in the digital back end together with the calibration amplitude coefficients estimated through
the autocorrelations.

Fringe patterns were produced by means of UAV rectilinear flights across the field of view (FoV). After the cali-
bration the alignment of the main fringe maxima at zenith for all the acquired baselines demonstrates an
accurate array phase calibration in that direction [Pupillo et al., 2015].

In the last part of the MAD-3 campaign, a new firmware was installed and tested on the digital back end oper-
ating in parallel with the old one. The upgraded back end was able to calculate also the full-array correlation
matrix (ACM) that allowed us to produce 36 independent cross correlations instead of the eight correlation
products generated by the previous firmware version.

The use of the ACM in the phase calibration therefore led to an overdetermined system of equations (36
equations for eight unknowns) that could be exploited to improve the accuracy in the phase solutions by
a statistical approach. In particular, we optimized the phase solutions by means of the least squares method
(LSM). The advantage of such an overconstrained estimator is to increase the accuracy and robustness of the
phase determination when the SNR is low.

The phase solutions calculated using the minimal set of eight cross correlations (old firmware) and those esti-
mated by the LSM method (new firmware) were compared. Figure 9 shows the differences between the
phases computed with these two approaches with the UAV positioned at zenith (left) and at an angle
6 =45° (right). By comparing the two plots of Figure 9, it turns out that the relative lower power level (and
consequently a lower SNR) received by the AUT when the UAV is at § =45° with respect to that received from
the zenith direction, increases the differences between the solutions obtained by the two methods. However,
the difference values remains negligible in both cases.

The results of these measurements demonstrated that using an extremely strong calibration source, as the
UAV in our tests, the advantages of the LSM for the phase calibration are negligible. However, the benefits
of overconstrained estimator in terms of accuracy could be significant in case of low-power transmission.

There are many errors that affect, both in phase and amplitude, the cross correlations acquired by an interfe-
rometer. These errors can be divided into two main groups: antenna-based errors that are related to individual
antennas and are factorable to each array element in the measurement equation and baseline-based errors that
are related to single baselines. It is known that proper combinations of phases or amplitudes produce quantities
in which all the antenna-based errors (due to atmosphere, cable lengths, electronics, etc.) cancel out. These
quantities, called closures, are widely used in the self-calibration procedures [Pearson and Readhead, 1984]
and they can also be useful to check for the correlator errors and other baseline-based errors. Each phase
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Figure 10. (left) The quantity 1 — Agmn for each closure quadrangle and (right) phase closure for every independent
closure triangle both calculated from MAD-3 data at the angles 6 =0° (dots) and 0 =45° (crosses). The y axis scale is
10~ > for the left plotand 10 % for the right plot.

closure @ is calculated from a proper set of three baselines forming a triangle (closure triangle) as @ = p;;

+ @+ @i in which gj; is the phase of the cross-correlation R;. Similarly, every closure amplitude Ay, is derived

from an appropriate set of four baselines forming a close quadrangle (closure quadrangle) as Aymn = }%’H‘ﬁ’;’”}
mlRin

that is independent of the antenna-based errors [Wilson et al., 2009].

It is important to verify whether the UAV is a suitable source to evaluate the baseline-based errors via the clo-
sures analysis. For this purpose, phase and amplitude closures were derived from the ACM acquired in the
MAD-3 campaign. Figure 10 displays the values (1 — Agmn) (left) and the phase closures (right), both calcu-
lated for the UAV flights at zenith angle 0° (dots) and 45° (crosses).

For both angles, the measured phase and amplitude closures were very close to values 0 and 1, respectively.
Since the closure quantities are independent of antenna-based errors, these are the values expected for a
symmetric or a point-like (unresolved) source when the baseline-based errors are negligible.

This result demonstrates that the UAV can be an effective tool not only for the array calibration and
characterization over the entire FoV but also to check the system integrity from the baseline-based errors
point of view.

5.2. Analysis of the Calibration Residuals

As reported in section 5.1, the phase calibration during MAD-3 was performed at 408 MHz with the UAV close
to zenith. In particular, the zenith position is set as a goal for the navigation system. Actually, the real UAV
position can generally be 2 or 3m far from such a goal. Nevertheless, such a discrepancy is compensated
for by using the more accurate position information measured by the differential GNSS system.

A result example of this procedure is shown in Figure 11. Figure 11 (top) represents the real position of the
UAV measured with the GNSS system in the horizontal plane (the flying height is about 100 m). On the other
hand, Figure 11 (bottom) reports the measured differential phase shift (phase of the cross-correlation coeffi-
cient) for the baseline V003-V007 (black line) defined in Figure 8. According to the procedure in [Pupillo et al.,
2015], the position data were used to compute the difference of geometric delay between the two UAV
antenna paths. The corresponding phase contribution was then subtracted from the measured differential
phase shift. The residual phase error is reported in Figure 11 (bottom) with gray line, showing that the effect
of the UAV displacement has been compensated.

The residual phase error in Figure 11 (bottom) has been averaged (256 samples) to remove the phase noise
and sampled at 1Hz in order to avoid any interpolation error from the GNSS data. The resulting curve is
shown in Figure 12 with the solid line and circles. The peak-to-peak error is about 2.5° whereas the computed
standard deviation ¢, is 0.55°. The black dots represent the boundary + ¢, from the average value.

The explanation of this residual phase error can be found considering the standard deviation of the GNSS
position data. As matter of fact, since the baseline V003-V007 is oriented along the y axis, its differential phase
is only proportional to the y component of the UAV displacement (black curve in Figure 11 (top)). In this case,
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the phase contribution due to small
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Figure 11. (top) Position of the UAV measured with the differential GNSS Ud’ETLb 7

system: x coordinate (dashed) and y coordinate (continuous). (bottom)
Measured differential phase shift for baseline V003-V007 (black) and resi-  The value of oy is obtained as output of

dual phase after correction (gray). the GNSS data elaboration procedure.

For the stationary flight shown in Figure 11, a value of about 2 cm has been obtained. This value leads to a
o4 of about 0.4 (L, is 4.24 m). The corresponding gray error bar in Figure 12 demonstrates that the estimated
04 is consistent with the measured results, confirming that the GNSS precision is the most important contri-
bution to the residual phase error.

Another capability of the UAV-based calibration system consists in the measurement of the difference
between the phase patterns of the two antennas of each baseline. Even if the antennas are identical, each
of them has a specific position inside the array. Therefore, they show different phase patterns due to the
mutual coupling among the antennas and different angles toward the UAV transmitter. These parameters
can be directly obtained from the measured cross-correlation coefficients [see Pupillo et al., 2015] during a
rectilinear flight of the UAV over the array. In particular, the same compensation procedure discussed above
is adopted here, which consists in subtracting the geometric phase delay from the phase of the measured
cross-correlation coefficients. In this case, since the UAV moves in the overall FoV of the antennas, the main
contribution to the residual phase corresponds to the differential phase pattern. Figure 13 shows both the
measured (solid line) and simulated (dashed line) E plane differential phase patterns of the eight MAD
baselines normalized at zenith. The overall agreement is good. The observable discrepancies are mainly

related to the position and orientation

129 ............. ............. ............. ............ ............ ........... a Ccuracy Of the UAV, tO the Slmulatlon
1285 Fceeveeenens ............. ............ ............ ........... accuracy, and to the real placement of
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158 , a more significant case for verifying the
0 10 20 30 40 50 UAV potentialities for the instrumental

Time (sec) calibration of an aperture array. In

Figure 12. Residual phase error after compensation of the UAV displace- particular, in this section we evaluates

ment (solid line with circle), measured and estimated by GNSS standard ~ how much the mutual coupling impacts
deviation (black dots and gray area, respectively). on the antenna embedded patterns.
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Figure 13. E plane measured (solid) and simulated (dashed) differential phase patterns for the eight baselines of MAD.

Figure 14. Geometry of a station of SAD. The array is composed by 16 antennas, with antenna 1 centered in the origin and
antenna 9 at the maximum distance from the origin (7.45 m, coordinates: x=4.6 m and y = —5.9 m). The circular line indi-
cates the H plane where the far-field patterns are computed.
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Figure 15. Average, maximum, minimum, and maximum differences for the embedded patterns of the 16 antennas in the H plane for (left) amplitude and (right)

phase.

In order to keep the computation time at a reasonable level, we have considered a station of SAD composed by
16 antennas (configuration 8SMALL) with a random spatial distribution (see Figure 14). As a first case, we simu-
lated a diameter station of 15 m, which represents the initial size of the 8SMALL configuration. In this case, the
antenna spatial density is quite low with respect to that planned for the LFAA element of SKA1-LOW. Therefore,
this geometry gives an underestimation of the mutual coupling effects with respect to that in a denser antenna
distribution. The maximum and minimum distances among the antennas of our model are 14.5 and 2.1m,
respectively, with an average of 7.9 m. However, thanks to the array reconfigurability, it will be possible to com-
pact the antennas in a denser configuration.

All the antennas are aligned in the same direction and lay on an infinite ground plane (placed at z=0) with
relative electrical permittivity equal to 8 and 0.35 of dielectric loss tangent. The cavity of the antenna lies
exactly on the ground plane without any gap of air, whereas the antenna probes are 39 cm above the ground.

The analysis was performed by using the full-wave electromagnetic simulator FEKO version 7.0 based on the
method of moment (https://www.feko.info/). The frequency chosen for the analysis is 350 MHz.

The embedded pattern of each antenna is computed by taking into account the mutual coupling with the
other antennas of the array. Such an effect perturbs both amplitude and phase patterns with respect to

Titted beam —=—=Beam atzenith ‘
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=
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Figure 16. Array patterns for a station of SAD in the H plane with two different sets of phase coefficients for zenith and
tilted pointing.
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the stand-alone case. The average of the embedded patterns together with their maximum and minimum
values is shown, for the H plane, in Figure 15. All the embedded patterns are therefore included between
the two gray curves. In the FoV of the element, the amplitude and phase maximum differences among the
patterns are quite significant: up to 2 dB for the amplitude and 15° for the phase, as shown in the dashed
curves. Further analysis will give more accurate indications on how much these deviations affect the array
pattern and the possible benefits to take them into account during the array calibration.

Finally, the array pattern has been computed by applying the geometrical delays to each antenna to form the
beam in two different directions: at zenith and tilted at around 30° in the H plane. The array patterns at
350 MHz are plotted in Figure 16 where it is evident, for the tilted beam, the reduced power level of the main
beam and the increase of the sidelobe levels. However, due to the random spatial distribution of the anten-
nas, no grating lobes appear. The phase coefficients have been evaluated only from the antenna positions
without taking into account the variations on the embedded patterns of each antenna due to the electro-
magnetic coupling. These secondary effects will be included in a future step of the analysis.

7. Discussion

MAD gave us the opportunity to acquire real experience with a small aperture array. However, it was a
temporary instrument expected to operate in good environment conditions and for short duration experi-
ments. On the other hand, SAD posed harder challenges due to its larger size and especially to its permanent
installation, which required mechanic and electronic solutions to survive to the more hostile environmental
conditions expected in a quite long period. Two examples of the specific designs adopted in SAD are the
mesh wings for the Vivaldi 3.1 antennas and the waterproof protection of the boxes containing the electro-
nics. Moreover, the SAD design was further complicated by the flexibility in the architecture to allow for
different array reconfigurations. Therefore, we selected robust and manageable cables to avoid damages
during the deployment and the operation phases, and hybrid connectors quick to plug.

A peculiar feature of the two demonstrators is related to the decision to avoid metallic cables between the
antennas and the receivers, limiting the impact of the cables on the antenna radiation pattern. Therefore,
we implemented the RFoF technology for the signal transportation. As far as the front ends bias is concerned,
MAD used batteries inside the antennas. However, this solution was adequate for short test durations
(few hours). Consequently, in view of SAD, which aims to perform continuous operation, we are investing
substantial resources in the power over fiber technique.

From the back end and calibration point of view, MAD allowed us to test several operational strategies and to
achieve some important conclusions in perspective to SAD. The capability of the back end firmware to be
highly reconfigurable, as successfully tested in the MAD-3 campaign, shall be necessary for SAD due to its
flexible configuration and hierarchical structure. The MAD experience demonstrated also that a proper
minimal subset of cross correlations is sufficient to calibrate the system when the UAV is used as a very strong
and stable reference source. However in SAD, where also astronomical sources will be used as calibrators, the
full ACM could be essential for the station/array calibration.

The measurement campaign of MAD-3 demonstrated also a significant sensitivity of the antenna pattern with
respect to the antenna-ground distance. Such a distance was not constant owing to a noncontrolled planarity
of the soil ground under the array. This drawback is not particularly serious in SAD since the Vivaldi 3.1 design
is less sensitive to the ground. Moreover, the antenna will be placed at a constant height owing to its support
structure. However, further design work could be performed in order to minimize the soil effect to a greater extent
with a consequent reduction of the corresponding ripple of the antenna parameters versus frequency as well. A
further remark is in the antenna spatial precision during the deployment phase (few millimeters for MAD), which
was significantly difficult to reach. Therefore, in SAD, such a requirement will be relaxed, and we will rely on the
photogrammetry camera on board of the hexacopter for accurately measuring the positions of the antennas.

As described in the paper, the array calibration with artificial source is based on an accurate measurement of the
source relative position with respect to the array. The position data are combined with the RF data recorded
with the back end in order to compute all the array parameters (differential phase shifts, patterns, etc.). The
MAD experience showed that the time synchronization between these two data sets is not trivial: position
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and RF data are time stamped with the GNSS clock and the Medicina station clock, respectively. As a conse-
quence, the synchronization between the two clocks should be properly verified during the measurements.

From the operative point-of-view, the MAD experience also demonstrated that besides the required setup
time and resources, the overall calibration process still requires a certain number of people to control the
UAV, setup the RF source, elaborate the position and orientation data, configure the back end, and combine
all the data. A significant amount of effort is being invested in order to reduce the number of involved people
and the required time for the overall process. Especially for a possible use in the SKA project, a more auto-
matic control of the UAV would be extremely important.

8. Conclusions

In the last years, radio astronomy has been pushing toward the lowest frequencies of the radio spectrum
available at ground level. Fundamental questions in astrophysics can be addressed in this frequency range.
The low-frequency aperture array systems proved to be excellent instruments for this purpose. In order to
increase knowledge in this area, two national technological demonstrators, MAD and SAD, were designed
for implementing LFAA systems. The small MAD was used for testing several components both hardware
and software and especially for verifying the instrumental calibration of the array by using an artificial source
mounted in an aerial vehicle. This turned out to be a reliable and accurate tool for proper evaluating the
phase and amplitude coefficients. More significant results are expected from SAD whose architecture and
size of the stations are quite similar to those of SKAT-LOW.
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