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ABSTRACT

Fast radio bursts (FRBs) remain one of the most enigmatic astrophysical sources. Observations
have significantly progressed over the last few years, due to the capabilities of new radio
telescopes and the refurbishment of existing ones. Here, we describe the upgrade of the
Northern Cross radio telescope, operating in the 400-416 MHz frequency band, with the
ultimate goal of turning the array into a dedicated instrument to survey the sky for FRBs.
We present test observations of the pulsar B0329+54 to characterize the system performance
and forecast detectability. Observations with the system currently in place are still limited by
modest sky coverage (9.4 deg?) and biased by smearing of high dispersion measure events
within each frequency channels. In its final, upgraded configuration, however, the telescope
will be able to carry out unbiased FRB surveys over a 350 deg? instantaneous field of view
uptoz 5, witha (nearly constant) 760 (t/ms)~%% mJy rms sensitivity.
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1 INTRODUCTION

Fast radio bursts (FRBs) are extremely bright (1-100 Jy), impulsive
(0.1-10 ms) transient events dispersed by their propagation through
an ionized plasma. Their excess of dispersion measure (DM) with
respect to the Galactic contribution is nowadays accepted as a
convincing evidence of their extragalactic origin, but, beyond this,
little is still known about their nature and physics (for a review on the
topic, see Cordes & Chatterjee 2019; Petroff, Hessels & Lorimer
2019). Almost 100 FRBs have been observed to date and only a
handful of them appear to repeat (Spitler et al. 2016; CHIME/FRB
Collaboration 2019b; Kumar et al. 2019; The CHIME/FRB Collab-
oration 2019). A few FRBs have been localized, confirming their
extragalactic origin, and their host environments have been found
fairly different (Chatterjee et al. 2017; Michilli et al. 2018; Ravi
etal. 2019). This scenario seems to indicate that FRBs may not be a
single class of events, and significant effort is nowadays undertaken
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to localize more bursts (Bailes et al. 2017; Bannister et al. 2019;
Kocz et al. 2019).

Beyond localization, the detection of a larger number of FRBs is
crucial to discriminate among possible different populations (Caleb
et al. 2016; Keane 2018; Macquart & Ekers 2018; Niino 2018;
James et al. 2019; Locatelli et al. 2019), their emission mechanism
(Ghisellini 2017; Lyutikov 2017; Ghisellini & Locatelli 2018) and
their astrophysical environment (see Platts et al. 2018 for an updated
review). Moreover, a larger statistical sample is necessary in order
to use FRBs as effective cosmological probes (McQuinn 2014;
Akahori, Ryu & Gaensler 2016; Macquart 2018; Vazza et al. 2018;
Hackstein et al. 2019; Ravi 2019).

Initially, FRBs were detected at GHz frequencies (Lorimer et al.
2007; Thornton et al. 2013; Burke-Spolaor & Bannister 2014;
Spitler et al. 2014; Petroff et al. 2015; Bhandari et al. 2018; Patel
et al. 2018; Shannon et al. 2018), but recent observations in the
400-800 MHz range have enormously increased the FRB statistics
(e.g. Caleb et al. 2016; CHIME/FRB Collaboration 2018, 2019a)
and placed increasingly better upper limits on their event rate
(Sokolowski et al. 2018; Sanidas et al. 2019; ter Veen et al. 2019),
showing the advantage of large field-of-view (FoV) observations.
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In this paper, we describe the ongoing effort to turn the Northern
Cross (NC) radio telescope into a dedicated FRB survey machine
observing at 408 MHz. We describe the current status of the
instrumentation and related observations, and the forecast for
upcoming surveys. Due to the large FoV of the NC, we expect
a detection rate orders of magnitude higher than surveys carried out
at GHz frequencies, in particular for distant (z > 2) events. From
our initial estimates we expect to achieve performances comparable
to the CHIME/FRB experiment.

The paper is organized as follows: in Section 2 we describe
the current instrument status and recent upgrade, in Section 3 we
present test observations that characterize the system, in Section 4
we forecast the FRB detection with the NC, and we conclude in
Section 5.

2 INSTRUMENT DESCRIPTION

The NC is a T-shaped radio interferometer operating at 408 MHz,
located at the Medicina Radio Astronomical Station (Bologna,
Italy). Its orthogonal arms are aligned along the North—-South (NS)
and East-west directions, respectively (Fig. 1). Historically, the
NC was used to survey the sky, producing several catalogues of
extragalactic radio sources (e.g. Collaetal. 1970; Ficarra, Grueff &
Tomassetti 1997; Pedani & Grueff 1999).

The NS arm has 64 reflective cylinders, 7.5 x 23.5 m each, for
a total collecting area Ays = 11280 m?. However, as the antenna
efficiency is  0.71 (Bolli et al. 2008), the effective area is reduced
to Ans et 8000 m?. Each cylinder focuses the incoming radiation
on 64 dipoles placed on the focal line; cylinders are spaced 10 m
apart, leading to a total arm length of 640 m. The East-west arm
was not used in this work.

2.1 Antenna and analogue receiver upgrade

The NS arm is undergoing an upgrade of the antenna and receiving
system (see Montebugnoli et al. 2009, for details). The focal line
of 16 cylinders has been modified in order to group the signals of
16 dipoles together, providing four analogue signals per cylinder,
i.e. 64 receiving inputs for the refurbished sector (Fig. 2). Each
receiving input (hereafter only receiver) is connected to a front-end
box, mounted on top of the focal line, hosting a low noise amplifier

16 dipoles

Figure 2. Scheme showing the refurbished section of the NS arm. The red
circles indicate the position of the four receivers located on the focal line of
each cylinder.

and an optical fibre transmitter (Perini 2009a). The amplified radio
frequency (RF) signals are sent to the station building through ana-
logue optical fibre links (Perini 2009b). The RF receiver includes the
optical—electrical conversion, filtering, amplification, conditioning,
and single down-conversion to the intermediate frequency (IF) of
30 MHz (Perini et al. 2009). The output power can be digitally
attenuated up to 31.5 dB in steps of 0.5 dB. A splitter chain
architecture is used to distribute the local oscillator (378 MHz),
clock, and synchronization signals to the IF circuitry.

2.2 Digital backend

The digital acquisition and signal processing hardware is based on
the Analog Digital Unit board (ADU; Naldi et al. 2017; Fig. 3), a
digital platform developed for the Low Frequency Aperture Array
(LFAA) component of the Square Kilometre Array. The ADU
consists of 16 dual-input Analog to Digital Converters (ADCs)
and two Field Programmable Gate Array (FPGA) devices, capable
of digitizing and processing the broad-band (up to 400 MHz
bandwidth) RF streams from 32 single polarization (or 16 dual
polarization) antennas at an 800 MHz sampling rate. The 32 RF ana-
logue inputs are digitized by 16 14-bits dual-input ADCs AD9680
that send the eight most significant bits to the XCKU040 FPGAs.

Figure 1. Aerial view of the Medicina Radio Astronomical Station. In the foreground, the NC with its two orthogonal arms.
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Figure 3. Block diagram showing the main functional parts of the ADU
board.

These samples are time stamped using a pulse-per-second signal
with a reference high precision clock, and the ADU is synchronized
to Coordinated Universal Time via the control interface.

The firmware design is highly modular, with a board specific 1/0
ring containing the interfaces to the physical peripherals and the
control structure, and a core containing the signal processing chain
(Comoretto et al. 2017). The board is controlled using an AXI4lite
bridge to the 1 Gb Ethernet port, with each element seen asa memory
mapped portion of the board address space. A map of this space is
generated automatically at compile time and used by the control
software to address each element by name (Magro et al. 2017).

Signal processing is performed on the FPGAs, with the resulting
output data transferred to a processing server through a 40 Gb
Ethernet connection.The signal processing chain includes:

(i) Correction for cable mismatch: Relative delays due to cable
mismatch can be compensated for by applying a time-domain shift
to each of the 24 IF inputs.

(if) Channelization: Each of the 24 IF inputs are channelized
into 512, 781 kHz-wide channels by an oversampled polyphase
filterbank.

(iii) Correction of instrumental and geometric delays: Combined
calibration and pointing coefficients are provided to the FPGAs.
A calibration coefficient per antenna and per channel is required
to correct for the receiver amplitude and phase response. Separate
pointing coefficients are required for each generated beam, such
that each beam can be pointed independently.

(iv) Frequency domain beamforming: The signal processing
firmware can generate four simultaneous beams with a minimum
integration time of 70 psand one beam at 1.08 pis time integration.
During this stage, the coefficients provided in the previous step
are applied to each channelized data stream, thus simultaneously
calibrating and pointing each beam.

The main features of the acquisition system are summarized in
Table 1.

The ADU is managed using the monitoring and control software
prototyped for the LFAA and uses the UniBoard Control Protocol
for communication between the board and a compute server (Magro
et al. 2017). The management software runs on the server and can
read from and write to the FPGA memory address and other devices
on the board. Management operations include: programming of
the FPGAs; onboard device control; FPGA and ADC synchro-
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Table 1. Characteristics of the current acquisition system.

N. of frequency channels 1024

Channel width 781.25 kHz

Time resolution 1.08 pus
Multibeam beamformer

N. bits 16 complex

N. channels 384

N. beams 4

Max. time resolution 69.12 ps

Max. throughput 355.56 Mbs™t
Single beam beamformer

N. bits 16 complex

N. channels 21

Throughput 311.11 Mbs™!

nization; network set-up; configuration of the signal processing
chain; download of calibration and pointing coefficients for each
beam; and instructions to broadcast control and data products. All
processing on the ADU (i.e. from digitization to the transmission
of beamformed data) is performed in real time.

The generated beams are transmitted from the ADU to the server
over a 40 Gb link using a custom SPEAD protocol. A subset of
the raw channelized data (the output of the firmware channelizer)
can also be directly broadcast and used to generate calibration
coefficients. Additional control data streams include transmission
of raw antenna voltages and integrated spectra per antenna, both
used to monitor the system performance.

Data streams are received at the compute server using the data
acquisition system developed for the LFAA (Magro et al. 2019).
The data acquisition system can process different simultaneous data
streams concurrently. A ‘packet consumer’ is associated with each
stream type, such that two specialized consumers are required: one
to receive the fully sampled beam; and another to receive the raw
channelized data. The channelized data streams are stored to disc
using a simple binary format and are then correlated to generate
calibration coefficients (see Section 3). The frequency channels of
interest from the fully sampled beam are saved to disc using a
modified version of the SigProc Filterbank file format (Lorimer
2011), where the complex voltages, rather than the power, are
stored. This modification reduces the processing requirements (i.e.
eliminates per-sample processing), resulting in the system being
capable of writing data to disc in real time, and allows for custom
offline software to convert the file to different file types such that
no signal information is lost. For the tests described in this paper,
custom filterbank files are converted to filterbank compatible files.

The system (front end and back end) described above is already
a major upgrade over the pulsar back end used in the late 90s for
pulsar searches and timing (D’ Amico et al. 1996), however, we have
already started to further optimize the system for FRB observations.
In particularly, upcoming upgrades will include digitization at 700
MSs™1, thus sampling the RF analogue band in the second Nyquist
zone. The new design will implement a Digital Down Converter
(DDC) that down converts the signal of interest to base band and
filters out the image band that originates from the mixing operation.
The sampling rate will be reduced by approximately two orders
of magnitude and the channelizer modified accordingly, while
maintaining the same oversampled polyphase filterbank structure.
The beamformer will be redesigned in order to produce up to 20
independent beams, placed anywhere inside the single element FoV.
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