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Abstract An FPGA-based digital-receiver has been
developed for a low-frequency imaging radio interfer-
ometer, the Murchison Widefield Array (MWA). The
MWA, located at the Murchison Radio-astronomy Ob-
servatory (MRO) in Western Australia, consists of 128
dual-polarized aperture-array elements (tiles) operat-
ing between 80 and 300 MHz, with a total processed
bandwidth of 30.72 MHz for each polarization. Radio-
frequency signals from the tiles are amplified and band
limited using analog signal conditioning units; sampled
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and channelized by digital-receivers. The signals from
eight tiles are processed by a single digital-receiver, thus
requiring 16 digital-receivers for the MWA. The main
function of the digital-receivers is to digitize the broad-
band signals from each tile, channelize them to form the
sky-band, and transport it through optical fibers to a
centrally located correlator for further processing. The
digital-receiver firmware also implements functions to
measure the signal power, perform power equalization
across the band, detect interference-like events, and in-
voke diagnostic modes. The digital-receiver is controlled

by high-level programs running on a single-board-computer.

This paper presents the digital-receiver design, imple-
mentation, current status, and plans for future enhance-
ments.

Keywords ADC - channelizer - digital-receiver -
FPGA - MWA - MRO - PFB - radio astronomy
instrumentation - radio telescope - SKA

1 Introduction

An FPGA-based digital processing module that we re-
fer to as the digital-receiver in this paper is especially
developed for a new generation, wide field-of-view, low-
frequency radio telescope: the Murchison Widefield Ar-
ray (MWA) [1][2])[3]. The MWA is an international col-
laboration between Australian, New Zealand, US, and
Indian institutions and the telescope is located within
the radio-quiet Murchison Radio-astronomy Observa-
tory (MRO) in Western Australia, one of the two Square
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Kilometre Array (SKA) designated sites. After having
demonstrated a prototype telescope consisting of 32
aperture array elements (tiles), a larger telescope made
of 128 tiles, each operating between 80 and 300 MHz
with a total usable processed bandwidth (sky-band) of
30.72 MHz has now been realized. Specialized subsys-
tems, such as the digital-receiver described in this paper
have been developed for this telescope.

The primary role of the digital-receiver is to sam-
ple 80-300 MHz analog streams from the dual-polarized
tiles of the MWA, channelize to select the sky-band,
and send it downstream for further processing.

The design, integration and operation of digital-
receivers into the MWA has addressed many engineer-
ing challenges associated with a remote and high tem-
perature telescope site, many of which are applicable
to the design and construction of future instruments to
be deployed on the MRO and possibly for the SKA.

The non-availability of any ready-to-use solutions
for the digital processing led us to the development of
a dedicated digital-receiver for the MWA. Crucial con-
siderations such as the need to simultaneously sample
and channelize a large band from many inputs, per-
form fine-grain parallel operations in processing, porta-
bility of the hardware at the field, required mains power
for processing, programmability, flexibility to incorpo-
rate multiple operating modes, provisions for future up-
grades in the design, and finally the availability of criti-
cal resources within the collaboration led us to develop
an FPGA-based digital-receiver for the MWA. We had
first implemented an early version of the digital-receiver
for the prototype telescope, and now have implemented
the full MWA digital-receiver as explained in this pa-
per.

Listed below are aspects from the digital-receiver
design that appear of interest to future systems. The
digital-receiver design that we describe in this paper is
evolved around the architecture of MWA, where:

— a cluster of tiles being dealt-with in one processing
unit,

— the processing units are optimally located in the
field,

— the sampling clocks for the digitizers are locally gen-
erated at each processing unit using a distributed
reference,

— a synchronized operation with all other processing
units is achieved using a distributed reference,

— the data produced at the processing unit is trans-
mitted to a remote central processing station using
optical fibers, and

— the processing units are sufficiently shielded in the
field to prevent interference.

In this paper, as an introduction we present the sig-
nal flow in the MWA, followed by an outline of ma-
jor considerations in the design. Here, we discuss the
crucial choices that shaped the digital-receiver archi-
tecture. Then we explain the signal processing sections
of the digital-receiver, operating modes and diagnos-
tic features. Then we present the details of the imple-
mented hardware. In the last section, we review the
importance of this work from the context of the upcom-
ing SKA, and conclude highlighting the results obtained
from using the digital-receiver with the MWA.

2 Design Philosophy

Since the MWA is realized as a precursor to a ma-
jor telescope of the future, the design of the subsys-
tems acquired a specific scrutiny. The design philoso-
phy adapted in the digital-receiver design is centered
around an early work by Briggs [4].

At the MWA telescope site, instead of locating the
receiver electronics in a central facility they are dis-
tributed across the array so that digital processing can
be performed early in the signal path to minimize the
delays and degradation of signal. To minimize the total
number of stations at the telescope site, signals from
a groups of tiles are processed in common stations. A
group size of 8 tiles per processing station was chosen
based on an optimal configuration of the digitizers and
the tile distribution pattern expected for the array.

A spectral measurement study at the telescope site
reported in Bowman et al. [5] supported designing the
system to use 8-bit digitization preceded by analog band
pre-selection filtering and signal conditioning. Another
development work [Section §4] by Bunton et al. at CSIRO
helped us to use a baseband channelizer configuration
for the digital-receiver where the full RF band from
each tile is handled by a dual analog-to-digital converter
(ADC) followed by a Virtex-4 FPGA-based polyphase
filter bank for channelization.

A choice of about 30 MHz for the instantaneous pro-
cessed band was considered adequate based on data
distribution cost, complexity, real-time processing ca-
pability, and the needed continuum sensitivity. During
the implementation of the digital-receiver, the following
choices were made: a) to sample the 80-300 MHz bands
using a sampling clock at a higher rate of 655.36 MHz,
so that the sampled band is free from aliasing as well
as being divisible in binary steps, and b) to channel-
ize the sampled band using a 512-point FFT based
polyphase filter bank. The filter bank output consists of
256 equally-sized coarse channels covering the full RF
band from DC to 327.68 MHz. These choices fixed the
amount of instantaneous sky-band that is transmitted
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to the central processing station for real-time process-
ing at 30.7 MHz wide, formed out of 24 coarse channels
of each 1.28 MHz width. Considering the expected dy- Yy
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mote receivers. Each of the stations includes a single- Data ]l Optical fiberlink ___ |
board computer running an embedded Linux operat- ( about 800 km )
ing system to bridge the digital-receivers with the re- <
Perth

mote M&C facility and to control and configure the
programmable hardware. This platform allows collec-
tion of comprehensive internal sensor data as well as
calculating and supplying a variety of meta-data infor-
mation to the central processing station.

The telescope site at the MRO experiences a very
wide temperature variation between the days and nights,
and between the summer and winter months. For this
purpose a weather-proof, RF shielded enclosure was de-
signed to house the analog processing electronics, digital-
receivers and the single-board-computer [Section §2.2].
The amount of power dissipated by the electronics and
the need to provide a stable temperature environment
resulted in a requirement for active cooling of the en-
closure, and the most cost-effective solution for this was
found to be a mains-powered commercial refrigeration
unit. This subsystem is controlled by the single-board
computer using internal temperature sensors located at
several places in the electronics package. Locating any
digital hardware within a sensitive array such as the
MWA requires provisions to arrest any radio-frequency-
interference (RFI) that they may tend to emit. The
MWA receiver unit that houses the digital-receiver also
houses the sensitive analog signal conditioner, and there-
fore the receiver unit is specifically designed to contain
the digital-receiver and the analog signal conditioner in

E————
e

Fig. 1 An overview of the subsystems and their connectivity
at the MWA.

suitably shielded modules to control RFI emission and
susceptibility.

2.1 System Overview

A signal flow diagram of the main subsystems in the
MWA is shown in Figurel. The MWA tiles are ar-
rays of 16 dual-polarized, crossed dipole antennas ar-
ranged in a regular 4x4 pattern and distributed over a
1.5 km radius area with a distribution optimized for the
main observing modes of the telescope [6]. Each of the
MWA tiles is equipped with a digitally controlled, ana-
log time-delay beamformer providing a primary point-
ing capability to each tile. After beamforming, a pair
of analog signals corresponding to the two polarizations
is transmitted through coaxial cables (with an optional
whitening-filter) up to a maximum length of 500 m to
a nearby station where the MWA receiver units are lo-
cated.
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The receiver unit contains the electronics needed for
the analog and digital processing of signals for eight
dual-polarized tiles. Because each unit handles only eight
tiles, a total of 16 such MWA receiver units are deployed
in the telescope site for 128 tiles. Inside the MWA re-
ceiver unit, the analog processing is provided by the
analog signal conditioner (ASC), and the digital pro-
cessing by the digital-receivers.

The tile signals that arrive at the receiver unit are
first amplified and band-limited (80 to 300 MHz) in the
ASC. This subsystem provides impedance conversion,
amplification (see AMPLIFIER in Fig. 2) and band-
limiting filters (see FILTER in Fig.2). Total amplifi-
cation for each signal chain is adjustable via step at-
tenuators over a 60 dB range with a resolution of 1dB,
giving a maximum amplification of +33 dB at 130 MHz.
A band-limited signal-band with a 3dB band-pass be-
tween 80-300 MHz and a stop-band attenuation better
than 30dB at 327MHz is passed on to the digital-
receiver. Inside each digital-receiver, the signals from
eight tiles are continuously sampled, channelized to form
the 30.72 MHz wide sky-band, and the data is trans-
mitted out on optical fibers.

An underground cable network is used on the tele-
scope site to distribute electric power to the receivers
and optical fibers for carrying the data, timing signals,
and information for control and monitoring of the re-
ceivers. The sky-band data travels over a 6 km distance
to reach the central electronics facility, where the FX-
correlators [7] are located. At this stage, the sky-band
from all tiles are further channelized into 10 KHz wide
sub-bands and passed on for real-time correlation. The
visibilities [8] thus obtained are moved to a first-level
temporary storage for access by any real-time systems,
and then are transported on optical fibers over 600 km
to the archival facility [9] at Perth, meant for long-term
storage and access by the users.

2.2 MWA Receiver hardware

At the MWA telescope site, the digital-receiver along
with other crucial subsystems are housed inside the
MWA receiver unit. A schematic view of the MWA re-
ceiver unit and its external connectivity is shown in
Figure 2. Each of the MWA receiver unit consists of
several sub-components:

— Analog signal conditioner (ASC):
— to equalize the signal power received from the
tiles
— to filter a bandpass between 80 to 300 MHz
— Antenna interface module (ATIM) to control the tile
pointing

— Digital-receiver for sampling (ADC) and channel-
ization
— Clock-module to generate:
— sampling clock at 655.36 MHz
— processing clock at 163.84 MHz
— synchronization pulse at intervals of one second
— Single-board-computer (SBC) for M&C interface

— Regulated power supply for the internal sub-components

and the tile beamformers

— Air-conditioning system to maintain a stable oper-
ating temperature

— Metal enclosure providing an EMI shield.

The MWA receiver unit’s external interfaces include:

— Eight pairs of coaxial cables:
— to bring the two polarization signals from each
tile
— to send phasing commands to the beamformers
— to convey DC power to the beamformer and tile
low-noise amplifiers
— to monitor the tile and beamformer status.
— Three optical fibers to transmit the channelized data
to the correlator
— One optical fiber to deliver:
— Reference for the sampling clock
— Synchronization information based on a 1s mod-
ulation
— One optical fiber pair to provide the M&C interface
through Ethernet
— One optical fiber pair to provide the Gigabit Ether-
net output
— Mains (line-voltage) power:
— to feed all internal power-supplies and the air-
conditioning unit.

3 Design of the Digital-Receiver
3.1 Overview of the Architecture

An outline of the architecture developed for the digital-
receiver in its primary operating mode is presented in
this section. The digital-receiver contains the process-
ing modules essential for sampling and channelizing the
analog signal streams from eight dual-polarized tiles.
An overview of this design is shown in Figure 3.
Inside each digital-receiver, there are 16 identical
processing pipelines (to process signals from eight dual-
polarized tiles) and a common aggregation logic. Each

of these pipelines consists of ADC, Walsh module, polyphase

filter bank (PFB), gain module, channel selection mod-
ule, and a requantizer module.

The ADCs operate on a 655.36 MHz sampling clock
and digitize the input band into an eight-bit wide data
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Fig. 2 A schematic view of the MWA receiver unit along with its subsystems. The MWA receiver contains the electronics
needed for the analog and digital processing of signals for eight dual-polarized tiles. The analog processing is provided by
the analog signal conditioner (ASC), and the digital processing is provided by the digital-receiver. The MWA receiver unit
is housed in an air conditioned chamber which also provides the electro-magnetic shielding needed for operating sensitive
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instruments in the field. A total of 16 such MWA receiver units are deployed in the MWA site.

streams. The ADC outputs are passed on through a
Walsh demodulator section [I0] into the PFB module.
The PFB section operates on 4096 data samples and
channelizes the 327.68 MHz wide input band into 256
coarse channels including a DC component. The coarse
channels are read out of the PFB as 16-bit real, 16-bit
imaginary pairs (164+16) while the redundant conju-
gate part of spectrum is discarded because of the input
being a real sequence. The coarse channels from the
PFB enter the channel selection module, where each
coarse channel is multiplied by a gain of between -36 dB
to +18dB to equalize power across the band and to
achieve a preferred bit-occupancy at the requantizer
output. A selection of 24 arbitrarily arranged or con-
tiguous coarse channels are then chosen to form the
instantaneous sky-band. This data is further quantized
to 5-bit real, 5-bit imaginary pairs (5+5).

The selected channels are sent out continuously at
a rate of 1.28 MHz from each of the 16-pipelines to the
aggregator. The aggregator gathers the data, performs
reordering, formatting and transmission of the channels

on optical fibers to the real-time systems located at the
central electronics facility.

For special purpose applications and diagnostics, it
is also possible to configure the channel-selection mod-
ule to select all 256 channels, but pass them in a burst
form [Section §3.3.2] to the aggregator module. The
burst form outputs are tapped through a Gigabit Eth-
ernet port available in the aggregator module.

The digital-receiver also continuously measures the
signal power at the ADC outputs, computes average
spectra for monitoring purposes, and can detect interference-
like events. These features and a set of diagnostic modes
to facilitate testing of the digital-receivers in the field,
are governed by the M&C system through the M&C
interface [Section §3.5.3] and dedicated high-level pro-
grams running on the single-board computer.

The digital-receiver uses optical fibers, Gigabit Eth-
ernet, and USB ports for transmitting different forms of
data. Section §3.3.1 presents the use of optical fibers in
the channel mode. The burst and raw modes, described
in Section §3.3.2, transmit data through the Gigabit
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Fig. 3 An overview of the signal processing architecture in the digital-receiver.

Ethernet port. The meta-data products described in
Section §3.3.3 are accessed by the M&C system through
the USB port. The signal processing logic in the digital-
receiver is implemented using the FPGAs, and the de-
tails about their implementation is described in Section
84.

3.2 Signal Processing
3.2.1 Input Quantization

The signal power at the ADC inputs needs to be set to
an optimal level for efficient use of the digitizer dynamic
range. The typical signal power at different inputs can
vary due to beam position in the sky, the cable atten-
uation, and due to any RFI in the band. Any clipping
or saturation of the signal due to strong RFI, such as
caused by the satellite emissions, must be avoided be-
fore it is fed to the ADCs. For this purpose, a remote
station can assess the signal power being fed to the
ADCs by reading:

the ADC output voltage, using the Gigabit Ethernet
port

— the ADC output power, using the M&C interface
the RFT event detection flag, using the M&C inter-
face

— the power spectra, using the M&C interface.

The first option requires switching the digital-receiver
to a special mode, to route the ADC output voltage to
the Gigabit Ethernet port. The later three options are
part of the meta-data functionality [Section §3.4] and
hence can be used while the digital-receiver is operating
in the normal modes [Section §3.3]. After assessing the
signal power, the amount of amplification at the ASC
can be adjusted by the M&C so that an optimal signal
power is seen by the ADCs.

3.2.2 Walsh Demodulation

The Walsh module removes any phase-switching per-
formed in the tile beamformer, and passes the data to
PFB module for further processing. For this purpose,
a sixteen state demodulation sequence unique for each
of the polarizations and tiles will switch at intervals of
625 us (a period corresponding to 100 sets of 4096 ADC
samples) per state, with the full sequence of 16 steps
repeating once every 10ms. The demodulation is car-
ried out by flipping the polarity of the digitized voltage
data streams being fed from the ADCs to the PFBs.
The switching signal used for demodulation is made
available to synchronize the external phase modulators.

3.2.3 Polyphase Filter Bank

The MWA digital-receiver uses a critically sampled polyphase

filter bank network to implement channelization [12][13].

The PFB splits the 327.68 MHz wide sampled band
into 256 coarse channels, with each channel being cen-
tered 1.28 MHz away from the adjacent channel and
1.28 MHz wide. The component filters of the PFB are
8-taps wide and feed 512-point FFTs, thus forming a
4096-tap FIR response for each sub-band defined by a
coarse channel.

A measurement made on the PFB-response is shown
in Figure4. The plot shown is an overlay of 16 inde-
pendent measurements made while a CW RF signal at
the ADC input was swept across the frequencies cor-
responding to coarse channel 30 (37 to 40 MHz). The
digital-receiver was configured in burst mode [Section
§3.3.2] to make these measurements. The measurements
show the leakage from the prominent side-lobes into
the adjacent bands are below -50dB, and the adjacent
bands overlap at the -6 dB level.
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Fig. 4 A laboratory measurement made of the PFB response for coarse channel 30. This measurement is made by sweeping
a CW RF signal at the digital-receiver (ADC) input. The leakages from the adjacent channel side-lobes are seen below -50 dB

level, and the adjacent channels overlap at -6 dB level.

3.2.4 Requantizer

The number of bits representing the complex output is
quantized to 5-bit real, 5-bit imaginary pairs for the
channel mode [Section §3.3.1] of the digital-receiver.
The requantizer uses symmetric round-off [T1] and sat-
uration logic while resampling numbers to represent
them in a lower-bit representation. In this bit reduction
implementation, the voltage gain section available at
the output of the PFB is used to equalize the pass-band
gain variations and maintain the bit-occupancy needed
to optimally represent the radio astronomy noise signal
in the quantized outputs with a headroom reserved for
interference. A gain correction function can be obtained
from the power spectrum by taking its square root and
normalizing to a peak value.

3.3 Modes of Operation

The digital-receiver can be configured to operate in:
a) Channel mode, b) Burst mode, ¢) Raw mode and
d) Diagnostic Mode. The channel mode is specifically
developed for the science operations with the telescope.
The burst, raw and diagnostic modes are developed for
the monitoring and commissioning operations.

3.3.1 Channel mode

In channel mode, the digital-receiver is programmed to
continuously output a specific set of 24 channels needed
for an observation. In this mode, the aggregator gathers
the selected 24 coarse channels for both polarizations of
the eight tiles and reorders them to make it convenient

for further processing and distribution at the correla-
tor multipliers. The reordered channels are formatted
into packets [Section §3.5.1] and transmitted out using
three optical fibers, with each fiber carrying eight coarse
channels from all eight dual-polarized tiles. The packets
consist of a header portion to identify the packet, re-
ceiver, fiber, a time-stamp, a checksum and a data por-
tion containing eight coarse channels from eight dual-
polarized tiles. The time-stamp field is used to align
data from different-receivers before correlation, and is
created from a count based on the GPS one-second tick
at each digital-receiver. Any one of the 24 coarse chan-
nel voltages, for all eight tiles, being transmitted from
the digital-receiver can also be continuously monitored
using the Gigabit Ethernet port available in the aggre-
gator [Section §3.5.2].

3.8.2 Burst Mode

The digital-receiver can also be programmed to oper-
ate in a burst mode, in which all 256 coarse channels
of each PFB for all eight tiles are collected once ev-
ery 1024 PFB frames and sent out in bursts. The burst
mode outputs are available through the Gigabit Ether-
net port. In this mode, the native 16+16 bit represen-
tation of the PFB outputs are preserved, but the full
band is only available once every 799.7 us. Burst mode
allows to simultaneously examine the entire band (DC
to 327.68 MHz) in full precision, by trading off contin-
uous time-series output for bandwidth.
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3.3.8 Raw Mode

The raw mode is operationally similar to the burst
mode, however in this mode 256 time samples from each
ADC, capturing both polarizations of all eight tiles,
are collected once every 799.7 us. The outputs retain
the native number representation of the ADCs and are
available through the Gigabit Ethernet port.

8.8.4 Diagnostic Modes

The diagnostic modes are incorporated in the digital-
receivers to aid testing them in the field during main-
tenance. By switching a digital-receiver into the diag-
nostic mode, test patterns can be injected at strategic
locations in the signal path including: the output of
ADC, the output of the PFB, the input of the aggrega-
tor, and at the input of the optical fibers, thus helping
to systematically test and isolate faulted sections in the
field. Several special-purpose registers are also incorpo-
rated in the digital-receiver to monitor critical signals
such as the synchronizing pulse and clock. In addition,
laboratory based test modes were also developed to test
and qualify a new hardware before it is commissioned
in the field.

3.4 Meta-Data

During a normal operation, the digital-receiver gener-
ates a set of supplementary information:

— ADC output power, measured and integrated over
a second

— RFI event detection flag at each ADC output (ob-
tained by counting the number of times the inte-

grated power from each ADC exceeds a programmable-

threshold)

— Power spectra for each of the eight tiles (obtained
by squaring and averaging the 16+16 bit complex
outputs of the PFB and integrating over one second)

— RFI event detection flag for all 256 coarse chan-
nels (estimated by counting the number of times

each coarse channel power exceeds a programmable-
threshold).

This supplementary information set forms the pri-
mary signal meta-data from the digital-receiver. The
meta-data are refreshed at one second intervals and
can be periodically monitored through the USB port.
The meta-data products are available when the digital-
receiver is configured to operate in channel, burst or
raw mode.

3.5 Data Interfaces
3.5.1 Optical Fiber data links

The fiber ports in the aggregator transmit a minimally-
formated data from the receiver to the central process-
ing station. The data is assembled into packets (con-
forming to a gt_custom protocol from Xilinx) by the
aggregator and tagged with a sequence number to pro-
vide limited error detection and facilitate re-assembly
of the data sequence. Section §3.3.1 presents the use of
optical fibers in the channel mode.

3.5.2 Gigabit Ethernet Port

The aggregator also implements a standard Gigabit Eth-
ernet port to provide a simplified means of monitoring
the digital-receiver during commissioning and for tests
during maintenance, as well as to transmit the high-
throughput data stream for the burst-mode [Section
§3.3.2 & §3.3.3]. This port allows direct access to: a)
the digital-receiver outputs that are normally accessi-
ble only after processing by the correlator, and b) the
data streams that are internal to the digital-receiver
and before they are reduced in the channelizer. A ded-
icated fiber port is incorporated in the digital-receiver
for routing the Gigabit Ethernet outputs to the cen-
tral electronics facility. For this purpose, the data from
the digital-receiver are formatted to comply with the
user datagram protocol (UDP) and sent out as Inter-
net packets (UDP/IP) on a conventional computer net-
work.

3.5.83 USB Port

Since the digital-receiver is a programmable instrument,
a flexible interface is required to send commands to the
individual digital-receiver boards and monitor their op-
eration. For this purpose, the FPGAs in the digital-
receiver [Section §4] interface to the single-board com-
puter through USB ports. Using the USB interface, tile
specific control, configuration and monitoring informa-
tion can be routed to/from specific channelizers in the
digital-receiver from/to the M&C. The meta-data prod-
ucts [Section §3.4] are also accessed by the M&C system
through the same USB port.

3.6 Overview of the Operation

A typical initialization sequence required to bring up
the digital-receivers after each power cycle is shown in
Figure 5. This process is automatically executed by the
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Fig. 5 Typical operation of the digital-receiver involve boot-
ing the FPGAs, programming the internal registers and
switching to a desired mode.

receiver SBC under the control of the central M&C pro-
cesses, so that the initialization of the digital-receiver
firmware can be coordinated across the entire telescope.
There are three stages involved in this process: 1) Load-
ing the FPGA firmware (Booting), 2) Configuring the
programmable registers inside the FPGAs, and 3) Se-
lecting a specific mode for the operation. During the
first stage, the FPGAs (a total of nine) [Section §4]
in the digital receiver are loaded with the serial images
containing their firmware programs. A slave serial mode
FPGA configuration interface is used for this purpose.
The firmware programs are stored on solid-state disk
in the receiver SBC and can be replaced with updated
images in the field by downloading the new code to
the SBC. In the second stage, the registers inside the
FPGAs are configured with identifiers unique to each
digital-receiver, and empirically-determined offsets and
initial gain coefficients for each signal chain. During the
third stage of initialization, the FPGAs are configured
to function for a specific observing mode and to select
the instantaneous band required for the observation.

4 Implementation
4.1 Hardware Implementation

The hardware required for 16-pipelines (to process sig-
nals from eight dual-polarized tiles) of signal process-
ing and a common aggregator at each digital-receiver
is implemented using two kinds of FPGA boards. A
schematic view of this implementation is shown in Fig-
ure 6.

The main signal processing at each pipeline consists
of analog-to-digital conversion and channelization. The
analog-to-digital converters (ADC) used in the digital-
receiver are e2v® AT84AD001C giga-sample digitiz-
ers developed by ATMEL®. Each of these chips house
two ADCs, and there are eight such e2v® chips used

skew correction, logic state, ID numbers etc.

in each digital-receiver. The signal processing required
for the channelizer is carried out using eight Xilinx®
Virtex-4 SX35! FPGAs with each FPGA housing two
polyphase filter banks. This section of the hardware
is implemented in two identical analog-to-digital cum
filter-bank (ADFB?) circuit boards, with each board
having four ADCs and four FPGAs.

The common aggregator-formatter (AgFo) circuit
board consists of logic for gathering data from 16-inputs,
reordering, packaging, high-speed serializing and the
modules for electrical-to-optical fiber conversion. The
logic portion of aggregator is implemented in a Xilinx®
Virtex-5 SX50T2 FPGA.

The electrical-to-optical conversion modules are im-
plemented using FINISAR® FTLF-1421 SFP modules.
The entire aggregator hardware is implemented in a
single circuit board (AgFo), which contains the FPGA
and four SFP modules. Out of these SFP modules, the
transmit sections of three of the SFP transceiver units
are used to route the channel mode data to three opti-
cal fibers in an 8b/10b encoded format, and the entire
fourth SFP module is used to route the Gigabit Eth-
ernet. The receive section of one of the SFP is used to
implement a fiber loop-back mode for diagnostics, while
the remaining two SFPs receive sections are not used.

The ADFBs and the AgFo boards are integrated
using a custom designed back-plane board. This back-
plane carries the PFB outputs to the aggregator, dis-
tributes: clock, synchronization signals and power, and
provides a test-port for diagnostic data capture.

The Gigabit Ethernet over fiber-optic is implemented
baesd on a Xilinx IP library. The USB interface is im-
plemented based on an FTDI® FIFO chip and a CPLD.
The FIFO chip interfaces to the USB bus, and a firmware
logic in the CPLD interfaces to the FPGA using a paral-
lel input/output (PIO) protocol. A set of dedicated con-
trol interface programs were developed in C-language to
provide a high-level interface to the digital-receiver for
the M&C operation.

The Walsh switching system is implemented by means
of a switchable 180 degree phase shifter in the beam-
former and a digital inversion step in the digital-receiver
firmware. The pattern of beamformer switching across
the receiver tile set is controlled by a fixed state ta-
ble embedded in the antenna-tile control (ATIM) and
synchronized with a matching demodulation table in
the digital-receiver firmware. In the present operating

1 XCV4SX35-10FFG668I or C

3 XCO5VSX50T-1FFG665C

2 The ADFB board, PFB library, FTDI card and the asso-
ciated low-level programs were developed by the ICT division

of CSIRO.
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A. Details of the implemented hardware

Sampling Clock
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B. Details of the data path
Sampled RF bandwidth = 327.68 MHz.

The 8-bit samples from ADC travel to the filter bank FPGA on
a dual 8-bit lane. Data is transferred at both edges of a
processing clock (163.84 MHz).

A5+5 bit format spectral data from the filter bank travels to the
aggregation FPGAon a 5 bit lane. Data is transferred at
both edges of the processing clock (163.84 MHz).

A30.7 MHz bandwidth spectral data from the V5 FPGA travels to
the backends on optical fiber links. The fiber links workat 2.5 Gbps.
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C. Typical Power Consumption

[I:III:IIU <1 W | Temperature probes are mounted on each of

7 the ADCs, FPGAs and Fiber interface modules.

V7 15W

m 3.0 W | The ADCs and V4 FPGAs constrain the overall
50W comfortable operating range.

Fig. 6 An overview of the digital-receiver hardware implementaion.

modes of the digital-receiver, this feature has not been
activated in the field so far.

4.1.1 Timing Signals

The digital-receiver operation is governed by: 1) the
sampling clock to the ADCs, 2) the processing clock to
the FPGAs, 3) the synchronizing pulse, and 4) the ref-
erence clock for the data transmission over fibers. The
sampling clock, processing clock and the synchronizing
pulse are supplied to the digital-receiver boards from a

clock-module located in each receiver-unit (see Figure
2).

the digital-receiver for coherent sampling. The samples
from the ADC are processed in the FPGAs using a par-
allel architecture, where 163.84 MHz clock is sufficient
for the processing to keep up with the ADC output
streams. Synchronization of sampling epochs between
the 16 digital-receivers and across the 16 pipelines within
a digital-receiver is achieved by the synchronizing pulse.
The processing clock and the synchronizing pulse are
distributed to all FPGAs through the digital-receiver
backplane. Upon power on, the synchronizing pulse gen-
eration logic in the clock-module is reset with the in-
coming GPS-derived 1s tick; after that initialization,
consecutive synchronizing-pulses are derived solely by

The clock-module receives its input over a uni-directionatlividing the 163.84 MHz clock at the clock-module. The

fiber link from the central electronics facility at MRO.
At the central electronics facility, a reference synthe-
sizer produces a clock at 163.84 MHz frequency which
is modulated by a GPS-derived 1 pulse-per-second tick.
This signal is split and amplified to directly drive the
transmit sections of 16 SFP fiber links to distribute the
clock to all 16 MWA receiver-units located in the field.

A clock-module in each receiver-unit demodulates
this signal and produces a phase-locked analog clock at
655.36 MHz, a digital clock at 163.84 MHz, and a syn-
chronizing pulse having a width of 6.1 ns at 1s period-
icity. The 655.36 MHz clock feeds the ADC modules of

SBC can also monitor and reinitialize the clock-module
by means of an interface port.

The digital-receivers transmit data at 2.5 Gbps through
the optical fibers. For this purpose, a reference clock at
125 MHz is generated by a separate crystal oscillator in
the AgFo board. This clock is free-running and is not
synchronized with the sampling clock.

4.1.2 Power Dissipation

The digital-receiver is operated from a regulated 5V DC
power supply. The power consumption in the digital-
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receiver varies as a function of the operating mode, from
about 25 W in standby condition to 75 W in channel
mode operation. The major power consumption in the
digital receiver comes from the FPGAs (4 to 5W per
FPGA). The ADCs and the fiber interface components
also consume significant power of about 1.5 W per ADC
and 1 W per fiber module. The FPGAs are fitted with
metal heat-sinks and fans to quickly dissipate the heat,
and temperature sensors are mounted on these critical
components to monitor and send feedback to the air-
conditioning system.

4.2 Firmware Implementation

The logic for signal processing pipelines and data aggre-
gation are implemented in the FPGAs as firmware pro-
grams. All modules of ADFB, except for the PFB, were
designed using VHDL for the Virtex-4 FPGAs. The ag-
gregator logic is designed in VHDL for the Virtex-5
FPGA. A combination of Xilinx synthesis software ISE
9.2.04 through ISE 12.04 and Modelsim 5.8b were used
to compile and simulate the designs.

The PFB module is incorporated as an EDIF library
provided by CSIRO. A simplified block diagram of the
PFB as seen by the firmware modules is given in Fig-
ure 7. Major resources used for implementing one PFB
module in Virtex-4 SX35! is listed in Table-1.

Table 1 Resources used by the PFB in FPGA Virtex-4
XCV4SX35-10FFG668

Resource Name

Units used  Percentage used

DSP48 68 35%
RAM16 43 22%
SLICE 3413 22%

The input samples to the PFB are 9-bits wide, rep-
resented in a two’s complement format and divided into
four sequences. The samples from ADC, after they pass
through the Walsh-module, are sign-extended to 9-bits
and fed to the PFB. The filter coefficients and twiddle-
factors used in the PFB are 12-bits wide. The PFB
outputs are 16-bit real, 16-bit imaginary pair complex
numbers. The PFB outputs appear simultaneously in
two sequences (shown as outputs 1 and 2, in Figure 7),
with a unique mapping between the output sequence
and the channel-number.

5 Future Upgrades

Many interesting astrophysical phenomena associated
with the broadband fast-transients can be investigated

using a time-domain data. For this purpose, the digital-
receiver described in this paper is being enhanced to
provide a wide-band (80-300 MHz) voltage-beam-forming
mode. In this new mode, the signals from eight tiles
serviced by the digital-receiver to be coherently phased
to produce a higher gain voltage-beam with a narrow
angular response over the entire MWA band. For this
purpose, the required delay and phase corrections are
applied at the sampler and channelizer outputs respec-
tively. This new mode is accomplished through hard-
ware and firmware enhancements to pass the full 80-
300 MHz band from the PFB outputs to the aggregator
FPGA, and by incorporating the beam-forming logic
in the FPGA. The reduction of 16 data pipelines to
only two data-streams allows the wide-band voltage-
beam from each digital-receiver to be transmitted on
the available three data fibers to the central electronics
facility. The enhanced digital-receiver also maintains a
complete downward compatibility with all its existing
capabilities and operational modes [14].

6 Summary and Conclusion

After successfully testing the digital-receiver at the lab-
oratory and field, 16 digital-receiver systems have been
integrated with the 128 tiles of the Murchison Wide-
field Array at the Murchison Radio-astronomy Obser-
vatory in Western Australia. One unique challenge, in
this complex design, was to make hardware system suit-
able for operation in the remote,radio quiet and high-
temperature telescope site at the MRO [2]. The choice
of using a single-board computer for the active-cooling
control, helped to apply needed control algorithms and
successfully operate the receiver electronics over a wide
ambient air temperature range at the MRO.

The architecture used in the design of the front-end
digital processing in MWA alos acquires a significance
for the future systems, because the MWA is a precursor
to the future SKA.

The MWA digital-receiver employs high-speed analog-
to-digital converters for sampling a 327 MHz band, and
an FPGA-based hardware to implement signal process-
ing tasks that are inherently deterministic and exhibit
fine-grain parallelism. Considering the technology ad-
vancements in the performance of FPGA and ADC de-
vices, the philosophy used in the current design presents
a valuable consideration for designing digital processing
to sample and process much larger bandwidths for the
future large telescopes [17].

The front-end digital instrumentation that is to be
designed for the future large telescopes is required to
provide excellent support for the synthesis imaging back-
ends and a phased array mode with multi-beaming ca-
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Fig. 7 An overview of the PFB module as seen by the FPGA firmware. The inputs to the PFB are fed in a sequence formed
by four consecutive time samples, and the outputs from the PFB appear with a specific channel order along the two-sequences
output-1 and 2 that appear simultaneously with a specific mapping between the data-sequence and the channel number as
seen in the figure. The PFB outputs are 16-bit real (chNrt), 16-bit imaginary (chNi) pair complex numbers, where N being

the channel number between 0 to 255.

pabilities. The MWA digital-receivers have been de-
signed to support both these desired aspects and there-
fore appear as an appropriate reference for the design
of the digital front-end for future telescopes.

A filter bank is an important functional part in digi-
tal processing, and in the MWA digital-receiver we have
implemented a critically sampled PFB. This choice has
provided useful feedback in exploring the critically sam-
pled PFB functionality and about the resource utiliza-
tion in the FPGAs.

The instrumentation for the future large telescopes
are also required to provide immense capability for con-
trol and monitoring operations from remote stations,
flexible programmability to change configurations, ca-
pability to detect RFI like events in real-time, ability
to support remote commissioning tests and built-in di-
agnostic capabilities to aid maintenance. The MWA
digital-receiver has been designed to contain these ca-
pabilities and hence it is a good starting reference for
future systems.

And finally, the digital-receiver is also designed as a
drop-in module, with connectivity to the MWA receiver
unit through copper cable connectors and optical fiber
sockets; it allows an easy upgrade of the entire digital
module as the technology advances in future.

The success of the digital-receiver instrument for the
Murchison Widefield Array can be seen by a number of
science results produced during the digital-receiver in-
tegration period utilizing the MWA prototype [16] [17]
18] [19] [20] [21] and further results achieved following

full commissioning of the digital-receiver system with
all 128 tiles [22] [23].
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