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Composite Antennas 
Considerable progress has been made on the mechanical design of the 15m offset Gregorian 
telescope.  A close collaboration between the DRAO-CART group and the mechanical team at 
the TDP in California has lead to the rapid development of the primary dish composite structure, 
the primary dish steel backing structure and the feed-leg arrangement.  In the left hand image of 
Figure 1 the telescope structure is shown as it would appear looking at the zenith, while the right 
hand illustration is of  deflections under gravity when the telescope is looking 15 degrees above 
the horizon.  The peak deflection occurs at the lowest point on the dish and is less than 4mm.  It 
should also be noted that the secondary moves less than 2mm even at this elevation.  A large 
number of optimization runs were done to reach this degree of stiffness.  The primary and 
secondary reflectors, the feed-legs and the secondary support shell are composite materials.  
All of the backing structure and the weldment between the secondary support shell and feedlegs 
are steel. 

 

 
 
Receiver Systems 
Drs. Belostotski and Haslett at the University of Calgary Institute for Space Imaging Science 
(ISIS) continue their work on room-temperature low-noise signal chain, including ultra-low noise 
GHz low noise amplifiers (LNAs), automatic gain control circuits (AGCs), high-speed low-power 
Analog-to-Digital Converters (ADCs) and Serializer-Deserializer circuits (SerDes) for data 
transmission. This work is in collaboration with the NRC Herzberg Institute of Astrophysics (HIA) 
Dominion Radio Astrophysical Observatory (DRAO) as well as with international SKA 
colleagues.   

A self-calibrating high-speed low-power 10-mW, 6-Bit, 2-GS/s A/D converter has been designed 
and tested. A faster version of a similar circuit will be submitted for fabrication in February 2011. 
Also, in the past few months, LNA noise sources have been calibrated against a new in-house 
precision cryogenic noise source and the results compared against with those obtained by 
Sandy Weinreb’s LN2 Source at CalTech, achieving excellent agreement, leading to accurate 

Figure 1.  15m x 18.5m Gregorian Offset with tubular steel back structure and composite surface.  Right 
hand image shows total deflection under gravity at 15 degrees elevation. 



noise measurements as follows: 

 
Measured results on CMOS signal chain components are as follows: (RL=Return Loss, 
NF=Noise Figure, G=S21 Gain, and OP1dB, OIP2 OIP3=Linearity, PWR= dc Power 
consumption) 
 
Gain Stage (i.e. following the front-end LNA stage) measured results: (all CMOS over 0.7 
to 1.4 GHZ operation). Note that LP=Low-Power Process, GP= General Purpose Process) 

• 65nm LP power-matched design, RL>9dB, G flat over the band at 27dB, NF<1.7dB, 
OP1dB=-15dBm, OIP3=-10dBm, OIP2=+5dBm, PWR=73mW 

• 65nm LP noise-matched design, RL>2.2dB, 32dB<G<40dB, 0.6dB<NF<1.1dB, OP1dB=-
14dBm, OIP3=-6dBm, OIP2=+5dBm, PWR=83mW 

• 90nm GP noise-matched design, RL>4dB, 25dB<G<26dB, NF<1.7dB, OP1dB=-8dBm, 
OIP3=-2dBm, OIP2=-2.5dBm (low because of common mode issues), PWR=37mW 

• 90nm GP noise-matched design with 2 ground-shielding techniques (not yet measured 
but chips are in hand) 
 

Cascaded 90nm GP LNA plus 90nm Gain stage measured results: 
• Noise temperature <30Kelvins, G=50dB (and is stable), RL>5dB, PWR=127mW 

 
New LNAs:  

• Two 65nm CMOS cascode amplifiers (one GP and one LP) have been returned from 
the foundry and will be tested soon 

• A 3rd 65nm TSMC LP CMOS design to arrive shortly, configured to allow several 
different topologies to be explored. Simulated NF is approximately 0.1dB. 

• 65nm CMOS third-stage Automatic-Gain-Control (AGC) chip has been received and 
tested. The Variable-Gain Amplifier (VGA) is operational, measured gain range is 
continuously variable over the range 10dB<G<10dB with 0.7-to-2GHz bandwidth. There 
is an issue with the on-chip power detector, which is being re-designed. 
 

ADC Progress: 
• Flash ADC: a 65nm CMOS LP design employing self calibration has been taped-out and 

submitted for fabrication in September 2010. Simulated performance shows 10mW, 6-
Bit, 2-GS/s  performance with 1GHz input bandwidth. A faster version of a similar circuit 
will be submitted for fabrication in February 2011 and subsequently evaluated. 

• Flash ADC: Work has started on a faster version of the converter in a GP CMOS 65nm 
process. 

• Time-Based ADC’s: We have combined a 90nm CMOS Voltage-to-Time Converter 
(VTC) with a 90nm CMOS Time-to-Digital Converter (TDC) to achieve a 3-bit ADC with 
measured ENOB >2.1 (2.9ENOB at 20MHz, 2.1ENOB at 1GHz) over 1 GHz bandwidth, 
sampling at 2.5Gb/s, and dissipating 9mW in the two core circuits, 13mW overall 
including buffers. INL and DNL are less than +/-0.03LSB after tuning. A new 65nm 
CMOS VTC with self-calibration is currently being designed. 

 
 
Space-time Digital Filtering 
Drs. Len Bruton at ISIS and Pan Agathoklis, University of Victoria, are continue work on RFI 
Mitigation and LNA Noise Attenuation using 3D real-time space-time filters.  In particular, they 
are evaluating their filters for broadband beam forming applications on FPAs and dense-AA 



signals.   In order to pursue SKA applications, they will obtain LNA and RFI data from 
colleagues at DRAO, Penticton, and plan to obtain RFI field data from the ASKAP installation.  
The emphasis in this work is to improve the SNR of the received broadband signals, prior to 
channelization and down-conversion, and to evaluate the potential reductions in the complexity 
and power dissipation in the SKA environment.   Current results show the LNA noise reduction 
and pulsar detection may be more efficiently achieved using these 3D filtering methods. 
 
 
Advanced Focal Array Demonstrator 
Work is continuing on the Advanced Focal Array Demonstrator (AFAD).  This will be an 
astronomy- capable phased-array feed with an input band of0.7 to 1.5 GHz and a processing 
bandwidth of ~0.5 GHz.  A number of measures are being taken to minimize receiver noise: 
mounting the low-noise amplifier as close to the antenna feed point as possible, eliminating 
dielectrics and other lossy materials as much as possible, and increasing the surface area of the 
slotline that conducts signals from the Vivaldi flare to the feed point.  These ideas are 
implemented using a "thick Vivaldi element," also called a "3D Tapered Slot Antenna", which 
increases the slot area and provides a well-shielded internal mounting point for the low-noise 
amplifier.  Development of this novel array element is in collaboration with l'Université catholique 
de Louvain (Craeye and Sarkis) and the University of Calgary Institute for Space Imaging 
Science (Belostotski and Haslett). 
 
Correlator  
At the University of Victoria co-op student, Andrew Lund, worked for the summer on 
investigating and understanding MD-DSP techniques for beamforming, and possible applicablity 
to SKA beamforming.  Andrew received valuable help from Len Bruton at ISIS, ran simulations 
on PHAD data, and wrote a report that has helped other engineers at DRAO understand the 
technique at a fundamental level.   

An SKA memo regarding a straw-man concept for a correlator for the SKA is pending.  We are 
pursuing investigating in more detail key technologies required to make this architecture 
feasible, with cost and power being of foremost concern. 

Pulsar Processing 
Two Canadian universities are contributing to pulsar science planning and processing.  Much of 
this work is aimed in the short term at ASKAP observations, but the work will be relevant to the 
SKA itself.  Pulsars will be studied under the ``COAST'' Science Survey Project (PI: Ingrid 
Stairs, UBC) with ASKAP, an experiment that will include both searching and timing 
observations. 
 
At McGill University, postdoc Antoine Bouchard is carrying out pulsar population simulations to 
assess the number of pulsars observable with ASKAP in both wide-field surveys and searches 
directed at pulsar-like point sources identified by wide-field imaging surveys.  The simulations 
performed so far project that ASKAP could discover several hundred pulsars.  A second set of 
simulations performed by a COAST colloborator at the University of Manchester/ASTRON 
produces consistent results.   
 
At UBC, postdoc Aaron Berndsen is undertaking algorithm development for pulsar surveys 
conducted over wide fields (possibly searching directly in the UV domain) with interferometers. 
A single pulsating point source UV data generator has been constructed to plan a UV search 
mode. These data will be combined with the SKADS Simulated Sky continuum field and thermal 
noise will be injected. To generate a fully realistic field, it will be possible to use either real 



pulsar parameters from the ATNF pulsar database or output from Bouchard's simulations as a 
source for pulsar period and spatial distributions.  This will provide a test bench for the full UV 
pulsar search algorithms and allow the development of a source selection strategy for the point 
source followup survey.  Berndsen is also involved in planning the external hardware required 
for pulsar timing and search observations with ASKAP, and in developing the strategy for testing 
tied-array beam formation on the BETA precursor to ASKAP. 
 

CyberSKA  
CyberSKA is a project aimed at developing scalable cyberinfrastructure that will be required to 
address the evolving e-science needs for major projects with current and future radio telescopes 
en route to the Square Kilometre Array. Towards this end the project is currently addressing the 
requirements of SKA Pathfinder projects such as GALFACTS and PALFA.  Particularly we are 
aiming to address cyberinfrastructure requirements pertaining to data management, data 
processing, data visualization and collaboration. The project was made possible by CANARIE, 
Canada’s Advanced Research and Innovation Network, which awarded over $2 million to the 
project as part of their Network Enabled Platforms (NEP) program. Several North American 
institutions are partners on the project including the University of Calgary, University of British 
Columbia, University of British Columbia Okanagan, McGill University, Cornell University, 
National Research Council Canada, IBM Canada and Cybera.  
Central to the project is the CyberSKA portal (http://www.cyberska.org), an on-line collaborative 
environment to enable radio astronomers, engineers, technical and administrative staff, 
educators and students and even the general public to access and share data and computing 
resources/services and collaborate more effectively with each other. Currently the CyberSKA 
portal has around 100 members from the GALFACTS, PALFA and other radio astronomy 
communities. 

A focus going forward will be in establishing a distributed system with multiple participating 
sites. Each site will offer different data, high performance computing, cloud computing and other 
services that users will be able to access transparently via the portal, without having to know the 
technical details and locations of such data/services. As part of this effort we have already 
developed a prototype distributed data management system for managing and accessing data 
at multiple sites.   

 

 

http://www.cyberska.org/


Anne Green, Duncan Campbell-Wilson, the University of Sydney and Brian 

Boyle, CSIRO. SKAMP Digital System Handover.   Courtesy CSIRO.

SKAMP - SKA Pathfinder. Courtesy Molonglo Observatory

The School of Physics and CSIRO celebrated the official 
handover of the SKAMP Digital System on the 10th 
September 2010.

The University of Sydney contracted CSIRO to assist in 
developing a signal-processing system to dramatically 
boost the performance of the existing Molonglo 
Observatory Synthesis Telescope (MOST) as part of its 
transformation to SKAMP.

The heart of the new system is based on programmable 
logic chip technology which has taken SKAMP to an 
international level of functionality by making the 
telescope more flexible.

MOST has only 3MHz of bandwidth, centred on 
843MHz. The new digital correlator and filterbank 
system has increased the bandwidth to 30MHz (around 
the same central frequency). As a result, the telescope’s 
sensitivity has improved by a factor of three, producing 
deeper images with spectral information, which is 
something new for this telescope. The data-flow rate 
has increased by an astonishing factor of 10,000. 

To transform MOST into SKAMP, the University has also 
upgraded the telescope’s mechanical drive, changed 
the signal receivers, and replaced copper cables with 
fibre optics. The University plans to further enhance 
the telescope with a new dual polarization feed system, 
which will boost the bandwidth by another factor of 
three, up to 100 MHz, and allow measurements of 
cosmic magnetic fields. The frequency range will be 
broadened to cover from 650 MHz to 1200 MHz.

The formal handover of the complex digital system 
recently took place at the University of Sydney between 
CSIRO SKA Director, Professor Brian Boyle, SKAMP 
Project Leader, Professor Anne Green, and Mr Wayne 
Arcus of the Murchison Widefield Array (MWA) project.

SKAMP Progress 
Report

FACULTY OF 
SCIENCE

MAKING THE 
MOST OF SKAMP
Delivery of the SKAMP digital system
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Downconverter & FPGA receiver board for SKAMP. Courtesy Molonglo 

Observatory.

SKAMP Screened Room.  Courtesy Molonglo Observatory.

Polyphase Filter Bank (PFB)
Ludi de Souza reports that the SKAMP PFB firmware 
design is now complete with testing in silicon 
confirming the desired channel response. Data 
buffering and re-ordering, using the external DDR2 
Memory (deep memory buffer) are also operating as 
expected, and without error. Debugging has been 
facilitated through the time-stamped and just-in-time 
packet processing architecture used throughout the 
design. The link infrastructure between the FPGAs & 
PFB boards is in place to accommodate the Full MESH 
interconnected multi-board system required for the 
complete SKAMP-2 system.  

Correlator
Darshan Thakkar and Ludi de Souza have successfully 
instantiated the required number of correlation cells 
for the complete SKAMP-2 system (138 per CMAC 
FPGA), while exceeding the desired frequency of 
operation (256 MHz) and maintaining an optimum 
device utilisation (around 60%). This ensures that the 
24 SKAMP correlator boards can process the whole 
bandwidth for all antennas. 

Initial testing of the data flow control system along 
with the cells in silicon is showing promising results 
and a functional test is in progress. 

Future correlator development includes:

a. Implementation of the required glue logic to 
complete the forward path, i.e. passing the PFB data 
through the R/S and LTA chips to the cells in the 
required format

b. Output path development incorporating the long 
term accumulation (32 sec) using the external DDR 
memory

c. Implementation of the Gigabit Ethernet Controller 
and its peripheral logic to facilitate dumping of 
correlated data to the Data Pipeline computer.

SKAMP Correlator block diagram on the next page. 

FRONT END

RF shielding 
The shielded room which will house the digital 
system is now complete, with 4 ATCA chassis, 
cooling fans, power supplies and cabling. The 
network within the room is also in place with fibre 
optic connectivity to the outside world and 3 sub-
networks set up to quarantine control, correlator 
and outside traffic with the help of two 48-port and 
two 16-port switches.   

To better isolate the control building as a whole 
from the telescope, metal sheeting is currently being 
installed around the building. The construction is 
being undertaken by John Wills.

Receiver 
The final prototype of the Downconvertor board 
is now complete and the FPGA Digitiser board is 
almost to production readiness. Duncan Campbell-
Wilson and Lindsay Harkness are resolving the 
penultimate issues in the design of both boards 
before production in November 2010.

DIGITAL SYSTEM UPDATE

Correlator Board  designed by CSIRO for the SKAMP 
Digital System. Courtesy Molonglo Radio Observatory
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SKAMP Correlator Blocks. Courtesy Darshan Thakkar, USYD.

SKAMP Correlator Board FPGA Functions

• Route/Sum (R/S) FPGAs

1. collect PFB data forward it to the correlation cells in the CMAC FPGA via the LTA FPGA 

2. sent the long-term accumulated data to the Data Pipeline Computer via the on-board ethernet PHY 
using a Gigabit Ethernet Media Access Controller core

• Long Term Accumulator (LTA) FPGAs

1. decode/format/re-frame the PFB data for processing by the CMAC correlation cells

2. read cell output data from CMAC and accumulate it over the desired duration by using the DDR 
memory

3. forward the long-term accumulated data from DDR to the Route/Sum FPGA

• Complex Multiply Accumulator (CMAC) FPGAs

1. process the PFB data using 138 correlation cells 

2. generate appropriate control signals for the cells to ensure desired read/write operation 

3. read data from cells and send them to the LTA FPGA.



Status of the Long Wavelength Array (LWA) Project 
A SKA Pathfinder 
October 15, 2010 

 
Lee Rickard (LWA Executive Project Director, lrickard@unm.edu, 505/272-7100) 

Greg Taylor (LWA Scientific Director, gbtaylor@unm.edu, 505/277-5238) 
 

 
An aerial view of LWA-1. The fenced region is 120 meters by 120 meters. 

 
The Long Wavelength Array (LWA) Project is building a next generation radio telescope in New 
Mexico (Ellingson et al. 2009, Proc. IEEE, 97, 1421).  By taking advantage of New Mexico’s 
unique environment for radio astronomy, and distributing telescope stations around much of the 
state, we plan to produce an instrument with imaging power 2-3 orders of magnitude better than 
current or past capabilities below the broadcast FM bands (i.e., 10 – 88 MHz).  Ultimately, the LWA 
will be an array of 53 “stations”, each a 100-m diameter field of 256 antenna stands that acts as an 
individual telescope.  Linked by data fibers, the stations will be combined to synthesize an 
instrument ~400 km across.  The LWA will have a collecting area approaching a square kilometer at 
low frequencies, and has been established as a pathfinder instrument for SKA.  The LWA will 
provide high-precision, synoptic views of the ionosphere and solar weather events, and of a panoply 
of astrophysical phenomena. By opening the last frontier of the electromagnetic spectrum, it will be 
a premier international facility for conducting fundamental research in space physics and 
astrophysics, for educating a next generation of US students, and for creating an expert academic 
user community that can achieve future advances in these fields.   
 
We are just finishing the construction of LWA-1, which is located near the VLA center.  Physical 
construction of the station is complete, including the installation of 256 antenna stands and the 
electronics shelter.  Installation of station electronics is nearly complete. The transient buffer digital 
backends are being tested now, and we anticipate arrival of the remaining digital signal processing 
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subsystem components.  We are currently taking data with a 20 dipole subarray, testing the full 
system all the way through generation of sky images.  Completion of all installation is scheduled for 
the end of 2010.  This marks the effective completion of technical research and development for the 
station.   
 
We are now moving into two concurrent phases.  The first is commissioning, validation, and 
scientific operation of LWA-1.  The second – which is linked to the developing funding situation – is 
construction of new stations based on the LWA-1 design, incorporating design changes driven by 
LWA-1 commissioning results, and operation of the growing array.  The first operational phase will 
include validation of performance; determination of methods for calibration, correlation, and 
imaging; and application to a suite of scientific problems including the detection of solar and Jupiter 
bursts, pulsars, and supernova remnants. After completing the first three stations, we will test closure 
phase methods; after completing the first ~ 13 stations, we will be able to execute a full-scale proof 
of principle of complex imaging through the ionosphere and with simultaneous extraction of useful 
ionospheric data.   
 
The LWA’s scientific frontiers range from the earliest history of the universe to the detailed 
structure of local space, and include: (1) The radio-transient universe such as extra-solar planets, 
Gamma-Ray Bursts, ultra-high energy cosmic rays, and new sources of unknown origin; (2) The 
high-redshift (i.e., distant and early) universe, including distant black-hole-powered radio galaxies 
and clusters – tools for understanding proto-galaxy collapse in the early Universe and the 
cosmological evolution of Dark Matter and Dark Energy, respectively – and path-finding studies of 
the Dark Ages at redshifts > 20 (i.e., seen below 70 MHz), before and during the period of formation 
of the first stars; and (3) Acceleration, propagation, and turbulence in the ISM, including the space 
distribution of Galactic cosmic rays and supernova remnants together with scattering- and 
absorption-based probes of the magnetized interstellar plasma. The LWA will have a strong synergy 
with exciting new X-ray and γ-ray measurements and, because the spectral region below 100 MHz 
has been so poorly explored, the potential for new discoveries is great. The LWA will also explore 
small-scale ionospheric structure, as part of its astrophysical calibration and imaging.     
 
Given the growing significance to SKA-LO of the study of the Epoch of Reionization, it is 
particularly important to note the potential of the LWA to contribute to the search for the global 
redshifted 21cm signature arising from the Dark Ages, with particular emphasis on the absorption 
feature predicted between redshifts of 20 – 30 (Pritchard and Loeb 2010, Phys.Rev.D82:023006, 
submitted; arXiv:1005.4057), when resonant scattering of Lya photons strongly couples the spin 
temperature to the kinetic temperature of the rapidly cooling gas.  Thus, the LWA can, in principle, 
contribute to studying the neutral structure of the universe in the period leading to the EOR, working 
in the spectral region below that envisioned for SKA-LO. 
 
On the practical side, the LWA will support DoD and National programs by providing unparalleled 
sources of data about variations in the ionosphere on small scales.  These data are important to a 
variety of national, civil, and commercial activities. Navigation (GPS, WAAS) and communications 
systems suffer deterioration and even outages because of small-scale ionospheric structures; thus, the 
ability to predict their occurrence and extent is needed.  DoD global assimilating ionospheric models 
(comparable to modern numerical weather prediction models) require estimates of sub-grid structure 



 

 

that few instruments other than the LWA could provide.  Space-based attempts to geolocate tactical 
radio emitters (many in the HF band) require corrections for refractive offsets due to these small-
scale structures.  Space-based radars operating in the VHF (for foliage penetration) and in the HF 
(for ground penetration) require similar refractive corrections, and must also be able to make 
coherent two-dimensional images.  Over-the-horizon radars for very precise long-range target 
detection and tracking, as well as for large-scale ocean surface current measurements, need to 
calibrate the ionospheric mirror at fine levels.  Operationally responsive space assets that require 
good ionospheric propagation conditions (for tactical geolocation, communications, and other 
aspects discussed above) will need to predict ionospheric ‘weather’ sufficiently well to support 
mission planning; this requires an understanding of how ionospheric dynamics leads to small-scale 
structure, as will be studied by LWA.  
 
The LWA plan is to do science at every stage of development.  We have already made a number of 
significant observations, including: the lowest frequency detection of radio echoes from the moon; 
the simultaneous ground and space measurement of traveling ionospheric disturbances passing over 
the VLA site; and a study of the secular flux density decrease of Cassiopeia A and low frequency 
detections of solar bursts and meteor echoes, using the Low Frequency Demonstrator Array at the 
VLA site.  We now have twelve science proposals accepted for use of LWA-1 for (1) extension of 
pulsar spectra to low frequencies, and giant pulse studies; (2) monitoring of all-sky 
data for transient events possibly associated with transients seen at other wavelengths, including a 
triggered search for GRB prompt emission; (3) studies of the Galactic interstellar medium, via 
carbon radio recombination lines from the cold interstellar medium, the flux ratio of CasA to CygA, 
and multi-frequency large scale surveys; (4) studies of ionospheric scintillation, and of the frequency 
structure of ionospheric transparency events, using LWA-1 in ‘riometer’ mode; and (5) studies of the 
fine-scale frequency structure of solar and Jovian radio bursts, especially solar bursts with 
concurrent higher frequency and high energy measurements.    The LWA will thus provide new 
educational opportunities for New Mexico students, enabling them to develop scientific and 
engineering skills by working directly in the building of new stations and in the analysis of 
astronomical observations. 
 
UNM is the executive agent for the project, under a contract with the Office of Naval Research 
(ONR).  UNM has partnered with several major research organizations in its work on the LWA.  The 
Naval Research Laboratory, Virginia Tech, the Jet Propulsion Laboratory, Los Alamos National 
Laboratory, and The University of Iowa have contributed internal research funds to support the 
development of the LWA.  Within UNM the project is run out of the Department of Physics and 
Astronomy.  In addition, the Air Force Research Laboratory and the National Radio Astronomy 
Observatory are represented on the LWA Executive Committee. 
 



LOFAR 
 

The Low Frequency Array (LOFAR) is the largest telescope in the world operating at a frequency range from 30 
to 240 MHz with capabilities in the 10-30 MHz range. LOFAR is the first radio telescope of its size which uses 
phased array principles to detect radio signals. More than 10,000 antennas are installed in the field. The 
antennas are grouped in 48 stations.  
 
For LOFAR, the sensors are distributed over a large area to achieve an angular resolution of arcsec accuracy 
with an acceptable UV coverage. All data coming from the sensors come together in the correlator. To balance 
the hardware and operational costs between (1) the equipment in the field, (2) the transport network and (3) the 
volume of the central systems, multiple antennas are grouped in so called stations. Within such a station the 
information of all individual antennas is weighted and summed. By using this technique a spatial selection on 
the sky is made, which reduces the instantaneous Field Of View (FOV) of each station. Beams formed at the 
stations will reduce the total bandwidth requirement on long distance connections to the central processor. For 
receptors near the central concentrator node (where all the data comes together), this constraint is relaxed. 
Within a diameter of ~2 km, signals from each station have a bandwidth which is twice the bandwidth of the 
remote stations. This inner region is referred to as the core of LOFAR. 
 
A total of 48 stations are to be built. The sensor fields are centrally condensed, following a logarithmic 
distribution. The configuration is two dimensional in order to yield a good instantaneous UV coverage. 
Furthermore, the configuration is a balance between imaging capabilities under a variety of observing 
conditions, infrastructural cost and availability of land. Interest from other countries in Europe was shown and 
has led to the construction of eight stations in Germany (five), United Kingdom, France and Sweden (one each). 
This has resulted in an instrument with a much longer baseline than originally anticipated. In Figure 1 the 
LOFAR configuration including the European stations is shown. 
 

 
Figure 1 LOFAR stations layout (picture by Blue Media) 
 
Stations in the core of LOFAR are installed close together on the so called the superterp, as is shown in Figure 
2. 
 



 
Figure 2 – Photograph of six stations in the core of LOFAR (picture by Top-foto, Assen) 
 
Each Dutch station will comprise of 2x48 Low Band Antennas (LBA) for the frequency range from 30 to 80 
MHz and 48 High Band Antennas (HBA) for the frequency range from 120 to 240 MHz. Both types of antennas 
are dual polarized. The restriction in the Dutch station is that only 96 signal paths can be used simultaneously. 
For the LBA’s this means one can select only 48 LBA antennas for both polarizations at the same time or for 
example 96 antennas for one single polarization. This gives extra flexibility in the configuration for modest 
costs. Two basic LBA configurations are installed in the field: a closed pack array (the inner array) and an outer 
array in which the LBA’s have a larger separation. Since the outer array is sparser, the effective area will be 
larger at the expense of a smaller field of view (beam size). Using all the 96 antennas increases evidently the 
sensitivity and is of use for observations in which the polarization properties of the sources is not relevant. The 
LBA field diameter is about 85m. For the antenna configuration of the LBA an irregular array is chosen to 
scramble the grating lobes. The LOFAR fields are rotated compared to each other to scramble the grating lobes 
even more. All individual dipoles are back rotated in order to guarantee the same North-South orientation of all 
dipoles. 
 
In each core station two small HBA fields of each 24 tiles are present as indicated in Figure 3. A HBA field in a 
core station can be used as an independent LOFAR station (albeit with lower sensitivity) resulting in many more 
baselines. Furthermore the field of view of each core station for the individual HBA field is larger. 
 

 
Figure 3 – Photograph of core station layout (picture by Top-foto, Assen) 



 
The International stations in LOFAR have twice as many signal paths as the Dutch stations (192 per station). 
This means all 96 LBA’s are used at once and also 96 HBA’s are installed at the International stations. 
 
Currently in total 33 Dutch and 6 International stations have been built including LBA and HBA antennas. The 
station data streams are online processed in a BG/P supercomputer in Groningen. The corrrelator software and 
tied array beamformer software have already been in operation for a long time. Also the Monitoring and Control 
software is in place. The software development is now focusing in finishing three main pipelines: (1) imaging 
pipeline, (2) beamformer pipeline for the pulsar and transients applications and (3) Very High Energy Cosmic 
ray pipeline for the cosmic ray community. In parallel with this development the commissioning work for the 
LOFAR telescope is now in full swing. 
 
 
 



e-MERLIN Update 
Simon Garrington   October 2010 
 
1. Introduction and Summary 
 
e-MERLIN is an array of seven radio telescopes in the UK, funded and operated by the 
UK STFC and the University of Manchester. With a maximum baseline of 217 km e-
MERLIN provides centimetre wavelength imaging and spectroscopy with an angular 
resolution of 10 – 150 milliarcseconds and continuum sensitivity of a few microJy in 
typical observations. 
 
The e-MERLIN upgrade involved new receivers and optics, IF equipment and samplers 
at each telescope and a private dark fibre network to connect each telescope at 30 Gb/s 
to a new correlator (designed and constructed by DRAO, Penticton) at Jodrell Bank 
Obervatory. 
 
As an SKA Pathfinder, e-MERLIN has provided valuable lessons in the procurement and 
installation of a national-scale dark-fibre network; it has demonstrated the extension of a 
custom-protocol (EVLA/ALMAe-MERLIN) data transmission system to links longer than 
400km with multiple remotely controlled amplifier sites; it has been used as a test-bed 
for picosecond-level phase transfer over multiple-hop optical fibre links; and some of the 
key science programmes which will be carried out with e-MERLIN (already allocated 
time through the e-MERLIN Legacy Programme) will provide high-resolution information 
on the   microJansky source populations which will be observed with SKA  over greater 
areas. 
 
The upgrade is now almost complete: new receivers are in operation, all the optical 
network, including repeater sites is working and the correlator has been delivered and 
commissioned. The first demonstration images with the full network, (although at 
reduced bandwidth) have been made and the first ‘commissioning science’ observations 
are starting. 
 
2. The e-MERLIN Infrastructure 
 
The MERLIN array, based at Jodrell Bank (JBO),  has been in operation since 1980 and 
was extended to include a new 32m telescope at Cambridge in 1991. The telescope 
signals were fed to the correlator at JBO  using a network of analogue point-to-point 
microwave links with a bandwidth of 30 MHz. The e-MERLIN upgrade increase this 
bandwidth to 4 GHz and hence increases the C-band sensitivity by more than an order 
of magnitude.  
 
New C-band receivers, including a new quad-ridge OMT, covering the 4-8 GHz band 
and with Tsys=28K in the central part of the band have been installed and 
commissioned. At L-band (1.3-1.8 GHz) new telescope optics for three of the telescopes 
(Pickmere, Darnhall & Knockin) uses a large (350 kg) deployable lens and a new 
compact feed on the rotating Cassegrain turret. A new  IF system provides two 
independently tuneable outputs with either 2 GHz bandwidth or 0.5 GHz bandwidth. LOs 
are provided a by combination of commercial and in-house synthesizers with phase-
locked multipliers. 
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The IF outputs are sampled at (or near) the telescope focus using either dual channel 8-
bit samplers at 1 GHz (0.5 GHz RF bandwidth) or 3-bit samplers at 4 GHz  ( 2 GHz 
bandwidth). The 1 GHz boards were designed at JBO and are in use now; the 4 GHz 
samplers (Teledyne devices) will be incorporated in a sampler board designed by 
NRAO. The samplers are housed in a RF-tight unit incorporating the EVLA/ALMA/e-
MERLIN formatter/transmitters which  transmit the data as three 10 Gb/s optical 
wavelengths, subsequently multiplexed on to a single fibre. 
 
The optical fibre network connecting the five remote 
telescopes to JBO involved installing just over 90km of 
fibre cable alongside mostly minor roads to connect with 
over 600km of ‘dark fibre’ leased from different UK 
telecoms providers. Much of the leased fibre runs 
alongside the UK rail network. Low cost installation 
techniques were used to install a single 40-mm subduct 
for the fibre cable on the roadside. Horizontal directional 
drilling was used to minimize disturbance; to tunnel under 
obstacles including major roads, rivers and canals; and 
for deep installation under agricultural land.  Telecoms 
companies provide maintenance contracts for the whole  
network, including the specially installed sections. Fibre 
breakages, often as a result of work by other utilities, on 
these sections occur approximately once per year over 
the (distributed) 90km. 
 
Optical amplifiers (EDFAs) are used approximately every 
80km in the network. The simplex EVLA/ALMA protocol 
includes no management channel and since only a single 
fibre is available, a separate control link over the 
telephone network provides the monitoring and control for 
the amplifiers housed at various ‘co-location’ sites on the 
telecom providers networks. The EDFAs include a safety 
shutdown system operating at 1310nm in the reverse 
direction to the data transmission. Data from the three 
most distant telescopes converges at Birmingham and is 
multiplexed onto a single fibre towards JBO.  Although the original design involved 

4-8 GHz Receiver, L-band lens; 4-8 GHz Tsys plot 
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electrical regeneration at Birmingham, it has been possible to achieve error-free (<1 
frame error/sec)  transmission with an all-optical system with sufficient signal:noise and 
dispersion compensation. The longest link is over 400km. 
 
The correlator at JBO has been designed and constructed by DRAO, Penticton and is a 
scaled down version of the EVLA WIDAR correlator, with 8 station boards and 16 
baseline boards. Each station board processes a 2 x 2 GHz input, producing up to 16 x 
128 MHz sub-bands using digital filters implemented on an array of FPGAs.. The sub-
bands  are correlated on the baseline boards each of which has 64 custom correlator 
chips, capable of 2048 complex lags at 256 MHz.  Data acquisition and monitor/control 
software has been written at JBO. 
 
 The first parts of the correlator were delivered at the end of 2009 and first fringes 
between the Mk2 telescope and the Pickmere telescope at a distance of 10km were 
achieved in April 2009. Further telescopes were connected in 2009/10 and the first 
images with all six telescopes were made in September 2010. 
 
3. e-MERLIN Science 
 
 e-MERLIN provides the necessary angular resolution and sensitivity at centimetre 
wavelengths to resolve  kpc-scale starbursts in distant galaxies, to separate the 
contributions from star-formation and AGN; to resolve the (transverse) structures of jets 
in radio galaxies and quasars; to test models of infall and outflow around newly forming 
stars; and to detect the presence of cm-sized grains (pebbles) in planet-forming disks 
around nearby stars.  
 
The e-MERLIN Legacy Programme has been allocated 5000 hours for a set of 11 
projects being carried out by international consortia to address these key topics. Several 
of these projects are directly relevant to the science planning for SKA.  The deep field 
surveys at 1.5 and 6 GHz will reach sensitivities (1-sigma) of below 1 uJy and will detect 
and image thousands of galaxies with an angular resolution of 50-150 mas. 
Commissioning tests for these programmes are starting now.  Early results from these 
surveys will provide information to guide the long-baseline requirements for key SKA 
experiments on galaxy evolution; they will also provide the first high resolution 
information on the polarization properties of uJy sources which will be important to guide 
the planning for SKA Rotation Measure grid surveys. 

7 GHz e-MERLIN image of the Double 
Quasar 0957+56, made with 6 telescopes at 
512  MHz bandwidth. The resolution is 50 
mas. 
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EMBRACE - Current Status, Early Results and Next Steps

Stefan J. Wijnholds, Gideon W. Kant

Abstract

The Electronic Multi-Beam Radio Astronomy Concept (EMBRACE) is an aperture array SKA pathfinder for
SKA-mid frequencies. This document provides a brief overview of the current status of the EMBRACE system,
the results achieved sofar, their implications for furtheraperture array developments towards SKA and plans for
further testing.

I. I NTRODUCTION

The Electronic Multi-Beam Radio Astronomy Concept (EMBRACE) is anaperture array SKA pathfinder
for SKA-mid frequencies. It was designed as an antenna system covering the 500 – 1500 MHz frequency
range with a system temperature of 100 K and the ability to form two analog beams on the sky. The goal of
EMBRACE is to demonstrate the applicability of phased array technology for future large radio telescope
in this frequency range. It should thus achieve the given performance requirements at a reasonable cost
and be designed to be sufficiently large to assess the impact of large array effects on the astronomical
performance. EMBRACE system consist of two international stations, one in Nançay in France and one
in Westerbork in the Netherlands. The antenna system (Fig. 1), covering the 500 – 1500 MHz frequency
range, is designed as a dual polarized system, however only the signals for one polarization are processed.
The next section provides an overview of the setup at the WSRT site used to obtain the results presented
in this memo. A detailed description of the entire system hasbeen presented by ASTRON and our
international partners at the SKADS conference held in November 2009 [1]–[7] and in a full paper [8].

The experimental results are presented in Sec. III. These results include fringes measured on the sun at
1179 MHz indicating a system temperature between 104 and 118K and a successful fringe measurement
on Cas A at 1278 MHz. In the last half year, emphasis was put on testing and improving the performance
of the analog system, improving the control software and extending the backend with a capture computer
to collect the beam former output data stream. The goal of these efforts, described in Sec. IV, is to
facilitate the use of EMBRACE by astronomers, which will be the key to further astronomical testing and
new results.

Fig. 1. A picture of the phased array, with aluminum Vivaldi elements in a dual polarization configuration, of one of the EMBRACE
stations



2

−10 −5 0 5 10

−8

−6

−4

−2

0

2

4

6

8

West ← x (m) → East

S
ou

th
 ←

 y
 (

m
) 

→
 N

or
th

−10 −5 0 5 10

−8

−6

−4

−2

0

2

4

6

8

West ← x (m) → East

S
ou

th
 ←

 y
 (

m
) 

→
 N

or
th

Fig. 2. The EMBRACE configuration at the WSRT site in November 2009 (left) and August 2010 (right).

II. OVERVIEW OF THE SETUP AT THEWSRT SITE

Originally, the EMBRACE array at the WSRT site was envisaged as a12 × 12 uniform rectangular
array of connected tiles. After half of the array was installed, 10 tiles arranged on one 4-tile and one 6-tile
uniform linear array with approximately East-West orientation were connected to the backend for the first
experiments. These tiles are shown in orange in the left panel of Fig. 2. The solar fringes described in
the next section, were produced using those 10 tiles. From these experiments, we also learned that the
DVB-T signals from the broadcast tower in Smilde caused many unwanted intermodulation products,
as described in Sec. IV. It was soon realized that this would soon hamper further progress, so the tile
design was modified to include 950-MHz high-pass filters before the beam former chips and 16 tiles were
modified to allow for intermodulation-free measurements assoon as possible. These tiles were arranged
on a4 × 4-grid and have been indicated in blue in the left panel of Fig.2. These tiles were used to do
the first imaging observations on Afristar presented in [7].

Since the modification with the high-pass filter requires a considerable amount of work, it was decided
to modify 25 tiles first and build a3×3 and a4×4 array to allow further experiments including emulation
of two stations. These arrays are currently set up as shown inthe right panel of Fig. 2. More tiles will be
installed as they become available, gradually enlarging the array. One element in the4×4 array is causing
oscillations and is currently switched of. This issue is still under investigation. A3 × 3-tile subarray of
the 4× 4 array was used for the Afristar observations presented in the next section.

The signals from the tiles are fed into Control and Down Conversion (CDC) boards that mix the
selected frequency range down to the 100 – 200 MHz range such that the signals can be fed into a
LOFAR backend. The LOFAR backend can be used to provide autocorrelation statistics of each input
channel, autocorrelation statistics for each beam and the covariance matrix of the incoming signals, all at
195-kHz spectral resolution. Recently, a capture machine has been added to the system, that can be used
to capture the raw output data stream from the digital beam former for further processing. This allows
us to study the beam formed data at considerably higher spectral resolution, search for transients and
perform pulsar searches on the incoming signals.

III. E XPERIMENTAL RESULTS

A. Beam former testing on Afristar

The geostationary satellite Afristar, which is located at(az, el) = (162.16◦, 28.07◦) as seen from the
WSRT site is the single dominant source over the 1469 – 1481 MHzfrequency range. We have measured
on Afristar at 1475.25 MHz with a3 × 3-tile uniform rectangular array. Since Afristar is the single
dominant source in the sky, the array covariance matrix willbe a rank one matrix and the eigenvalue
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Fig. 3. The left panel shows a plot of the SNR of the signal from the geostationary satellite Afristar at 1475.25 MHz showing the average
array factor towards Afristar of 9 tiles arranged in a3 × 3 uniform rectangular array while scanning over the entire sky. The rightpanel
shows the simulated array factor towards Afristar when the tile beam is scanned over the sky taking into account the round-off errors of
the 3-bit analog beam former. This closely matches the measured arrayfactor shown in the left panel, indicating that the tile beam formers
work as expected [8].

decomposition can be used to obtain the SNR of the Afristar signal [1]. Since the SNR is directly related
to the array factor, this experiment allows us to probe the array factor towards Afristar while the analog
tile beam former is scanned over the sky assuming that all tiles behave identically. In this experiment, the
tiles were scanned over a regular grid the(l,m)-plane (directional cosines) with 0.01 resolution defined
in such a way that Afristar was exactly on a grid point.

For each point in the scan, the digital processing backend was used to produce a snapshot covariance
matrix at 1475.25 MHz for a single 195-kHz subband with 1 s integration time. The result is shown in
the left panel of Fig. 3. This image shows Afristar close to the Southern horizon and its grating lobe
near the Northern horizon. The array factor is distorted by aregular array of sharp peaks at about 17 dB
on a regular grid with about 0.2 spacing that is aligned with the orientation of the tiles. This pattern is
produced by round-off errors in the 3-bit phase rotations inthe analog beam former. The complete pattern
can be reproduced exactly in simulation as demonstrated by the image in the right panel of Fig. 3. From
these experiments, we conclude that the tile beam formers are working properly and that we have an
accurate model to predict its behavior. These results will be published in [8].

B. EMBRACE’s first mosaic image

The image shown in Fig. 4 was obtained by making5× 5-pixel sub-images around each pointing from
the measurement described in the previous section increasing the image resolution to 0.002. The phase
calibration was done on a single 1-s snapshot on Afristar. Since Afristar is the single dominant source on
the sky, we can follow the approach used in [9] to calibrate LOFAR’s initial test station on RFI sources.
This calibration method is a specialization of the more general and robust approach discussed in [10] that
generally works well for calibration on a single strong source.

Although the calibration can be improved further by regularly repeating the calibration on Afristar
during the observation, we have already achieved a dynamic range of 40 dB compared to the sky noise.
The round-off errors of the analog beam former are still visible. In future experiments, this effect can be
mitigated by dithering, which will become more effective once more tiles are added. This result will be
published in [8].
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Fig. 4. All sky scan at 1475.25 MHz with a3× 3 uniform rectangular array of tiles. The scan resolution was improved from 0.01 to 0.002
by deriving5× 5 sub-images from the measured visibilities at each grid point [8].
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Fig. 5. Fringes on the sun on a number of baselines with the indicated length from a 6-tile uniform linear array. The observation was done
in a single 195-kHz subband at 1179 MHz with 10 s integration per sample [8].

C. Solar fringe measurement

The first solar fringes were measured on October 28, 2009 with10 tiles on two linear arrays as indicated
in the left panel of Fig. 2. The results were presented shortly thereafter at the SKADS conference in
Limelette [7]. Solid engineering tests have made it possible that a solar fringe was already measured in
the first test observation. This is very reassuring in view ofthe system integration of even larger prototype
systems and ultimately SKA. The tiles were pointed one hour ahead of the sun for a drift scan through
the tile beams. Some of the measured fringes are shown in Fig.5. The observation was done in a single
195-kHz channel at 1179 MHz with 10 s integration.

The curves show the correlations of the tile at the indicateddistance from the first tile of the 6-
element uniform linear array. The width of the envelope of these fringes has a size corresponding to
the beam width of a single tile, as expected. The amplitude ofthis envelope allows us to determine the
sensitivity, expressed as the ratio of effective areaAeff over the system temperatureTsys towards the sun
at (az, el) = (178.0◦, 23.9◦) using

Aeff

Tsys

=
2kb
Ssun

Psun

Pn + Psun

, (1)

whereSsun is the flux of the sun,Psun/ (Pn + Psun) is the ratio of the power received from the sun over
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the system noise power including the self-noise from the sunand kb = 1.38 · 10−23 WK−1Hz−1 is the
Boltzmann constant. At the time of observation, the solar fluxat 2.8 GHz was about80·10−22 Wm−2Hz−1

[11], which corresponds to14.2 · 10−22 Wm−2Hz−1 at 1179 MHz assuming that the Rayleigh-Jeans
approximation holds for the solar radio spectrum at these frequencies.

The correlation coefficients shown in Fig. 5 are computed by dividing the power in the cross-correlation
between two tiles by the square root of the product of the auto-correlations of the corresponding tiles.
From this definition, it follows that the cross-correlationcoefficient is directly related to the instantaneous
SNR of the sun:

Psun
√

(Pn + Psun)
2
=

Psun

Pn + Psun

= 0.25. (2)

Using (1), we thus find that the sensitivity in the direction(az, el) = (178.0◦, 23.9◦) is Aeff/Tsys =
4.86 · 10−3 m2/K.

In an infinite dense phased array, the effective area of an element can not be larger than its physical
area within the array. We can use this fact to find an upper limit for the system temperature by assuming
that this also holds for the tiles that are fully enclosed by other tiles in the array. The physical size of the
tile is Aphy = (1.066 m)2 = 1.136 m2, which we have to multiply by the cosine of the zenith angle of
the sun in the measurement (66.1◦) to account for projection effects. We can thus estimateTsys as

Tsys =
Aphy cos (66.1

◦)

Aeff/Tsys

= 94.7 K. (3)

This result is better than we expected. Since the tiles surrounding the tiles used for this experiment are not
powered, the edge elements of the active tiles may pick up currents from neighboring tiles thus effectively
enlarging their effective area. This implies thatAphy may be somewhat larger than the physical area of
a single tile. This effect could easily increaseAphy, and thereforeTsys calculated above, by 10 to 25%.
This implies that the actual system temperature probably lies between 104 K and 118 K. In the future,
this measurement should definitely be repeated with the fullarray powered on to determine the impact of
this edge effect more accurately. The low elevation of the sun (23.9◦) might be another source of error,
since the EMBRACE system was only designed for scan angles up to45◦ from zenith.

D. First fringes on Cas A

Given the fact that the sun was outside the scan range specification for EMBRACE, it would be nice
to confirm the system temperature found in the solar fringe measurement on different sources. Several
attempts were therefore made to observe Cas A having a flux of about 2 kJy at 1179 MHz. This should,
extrapolating from the solar results, give a correlation coefficient of about 1% at the moment of transit,
which happens at only7◦ from the local zenith. Unfortunately, the artefacts produced by intermodulation
already appeared at 2% to 3% level, so these attempts failed until the tiles were modified.

On January 15, 2010 at 17:29:11 UTC a new observation was doneat 1278 MHz with a3 × 3 array
of modified tiles. The tiles were pointed at a point 23.257◦ from the zenith such that Cas A would drift
through the main beam of the tiles. The integration time per snapshot was 30 seconds to ensure sufficient
SNR. Since the array is quite small, the fringe will only have afew periods, which hampers accurate
reading of the amplitudes from a standard plot like Fig. 5. Wetherefore plotted the real and imaginary
part of the time series centered on the transition of Cas A in Fig. 6.

This plot shows that the correlation coefficient on Cas A in thecenter of the main beam is about 0.6%.
Based on recent flux measurements on Cas A at 1405 MHz [12], the spectrum of Cas A in the 1980.0
epoch [13] and the known frequency dependent decay of Cas A at 927 and 1405 MHz [12], we can
assume that the flux of Cas A at 1278 MHz is1955± 60 Jy. This results inAeff/Tsys = 8.47 · 10−3 m2/K
in the direction of Cas A, which indicates a system temperature towards zenith of 123 K [8].

There are several effects that could explain the differencebetween this result and the system temperature
derived from the solar measurements. Figure 6 clearly showsthat all correlations have a complex valued
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Fig. 6. Plot showing fringes of Cas A on a number of baselines in the3× 3-tile sub-array. The observation was done in a single 195-kHz
frequency channel at 1278 MHz with 30 s integration per sample [1].
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Fig. 7. The measured spectrum at the output of the beam former chip (top) is well explained by intermodulation products from five DVB-T
transmissions as demonstrated by the simulated spectrum (bottom). The clean spectrum used as input for the simulations is shown in the
middle panel.

offset, which suggests a contribution of correlated noise in the system. Since the configuration of both the
frontend and the backend in the3× 3-tile setup differs from the setup with the two uniform linear arrays,
choices like connection schemes, LO-tuning and observing frequencies can have significant impact. This
is clearly a topic for further system evaluation. However, the simple fact that we were able to detect Cas
A so clearly with such a limited system is reassuring for continued aperture array developments.

IV. SYSTEM DEVELOPMENT AND TESTING

A. Intermodulation

During the roll-out of the 72 tiles at the WSRT site, the power spectrum at the output of different
components of the analog signal path was checked using a spectrum analyzer. It was noticed that the
spectrum at the output of the beam form chip as shown in the toppanel of Fig. 7 showed several broad
band artefacts above 1500 MHz and below 800 MHz. The signal around 900 MHz is caused by GSM
transmissions.
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It was soon realized that these features may be produced by intermodulation. To demonstrate this,
an artificial spectrum was generated that only included the DVB-T signals at 502, 542, 566, 734 and
782MHz and the noise floor. This spectrum is shown in the middle panel of Fig. 7. Using the inverse
Fourier transform, a time series was derived that was modulated using

xout (t) = arctan (αxin (t)) /α, (4)

whereα = 2 is a free parameter used to tune the strength of the intermodulation. Since thearctan-function
is odd, it describes the linear component of the transfer function as well as the higher odd components
with a fixed mutual amplitude ratio.

The resulting time seriesxout(t) was Fourier transformed to the spectral domain. This resulted in the
simulated spectrum shown in the bottom panel of Fig. 7, whichshows impressive agreement with the
measured spectrum shown in the top panel of the same figure. Wetherefore conclude that the IP3 of the
beam former chip is too high given the RFI situation at the WSRT site.

Two solutions have been proposed to mitigate this problem. The first solution is to build fences
around the EMBRACE arrays to block the DVB-T transmissions, thatcome in at very low elevation.
The effectiveness of this solution at the WSRT site is doubtful since many signals are reflected from the
WSRT dishes. We therefore decided for the second option, which is to include an 950MHz high pass
filter in the analog signal path before the beam former chip. The rationale here is that the band below
950MHz is completely dominated by RFI at the EMBRACE sites and thus not useful for astronomical
testing.

In view of further aperture array developments towards SKA,we can even learn a few important lessons
from these experiences. If the goal is to demonstrate that aperture arrays form an astronomically viable
cost and power effective solution at these frequencies, thenext prototype needs to be build at a location
that has an RFI environment similar to that of the candidate SKA sites. This will ensure that the high
dynamic range design of the analog system can be tailored to the radio astronomical application instead
of to the RFI environment, which will save a lot of man power andreduce the power consumption of the
analog system considerably. Operation of future prototypes on such a site also helps to focus on issues
that are important to astronomers like image fidelity, stability and polarization instead of putting the focus
on technical issues like RFI mitigation and multi-path effects that will play a much reduced role in the
final SKA stations.

B. Software developments

The EMBRACE computer network currently consists of three computers: a master, a capture machine
and an backend controller. The master is used for overall control of the system and also takes care of the
analog beam former control. The capture machine has an Ethernet interface to the beam former output
ports of the LOFAR backend and can be used to capture the beam former output data stream and to
perform further processing on that data. The backend controller controls the digital processing in the
LOFAR backend and can collect the signal statistics provided by the digital backend.

In the last months, several steps have been taken to facilitate astronomical testing:
• Based on experience of the EMBRACE team, the control software hasbeen restructured several times

to make the instrument easier to operate. One example of sucha change is that tile based coordinate
systems required to control the beam former are now handled internally by the software, while the
user works with coordinates on the sky or the local horizon system.

• A careful analysis of the options provided by the LOFAR software has shown that it is possible to
leave a number of low level components and the firmware intact, i.e. that we don’t have to make
EMBRACE specific modifications. This allows us to follow regularLOFAR software updates easily,
which should save debugging effort.

• The operation of the capture machine is currently being tested, but this machine will allow us to store
beam formed time series data or increase the spectral resolution of the beam formed data, which are
preliminaries for pulsar and HI observations.
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V. CONCLUSIONS AND NEXT STEPS

By the end of 2009, EMBRACE has produced its first fringes on the sun, which indicate a system
temperature between 104 and 118 K. The performance of the EMBRACE system has gradually improved
since then by further fine tuning of the system and solving a number of practical problem. Currently, the
system consists of a3× 3 and a4× 4 array and has successfully observed the first fringes on Cas A.In
the last half year, much progress has been made on the software for control and data capture, making the
overall system ready for astronomical testing.

In the coming months, we hope to achieve the following goals:
• Observations on Cas A, Cyg A and the sun near the HI frequency to assess the sensitivity of the

system in the high part of its operating frequency range.
• Detect Galactic neutral hydrogen. Since Galactic HI has already been detected by ThEA [14], which

had a system temperature about twice as high, imaging of the galactic dynamics should be feasible
as well.

• Make the first EMBRACE pulsar detection. The setup of such an experiment has been discussed
with Jason Hessels. It should be feasible to detect the brightest pulsar on the Northern hemisphere,
PSR0329+54, around transit in a 1-MHz 1-hour observation with a single tile. It should also be
feasible to detect giant pulses from the Crab pulsar in a 10 – 20minute tracking observation.
Obviously, detection will be easier with larger collectingarea (more tiles).

• Demonstrate multi-beaming by performing two astronomicalobservations simultaneously.
• Continue with engineering tests, including stability tests, crosstalk measurements, characterization of

the tiles using holographic measurements, improve the system noise estimate taking edge effects into
account and calibration measurements.

• Gradually increase the number of online tiles in the system.
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STATUS OF THE e-EVN AS AN SKA PATHFINDER 
15/10/2010, Huib Jan van Langevelde, Director JIVE 
 
Background 
The EVN and specifically the real-time, e-VLBI facility it is developing, has been recognised as 
an SKA pathfinder. The connectivity issues that are being addressed in the context of real-time 
global VLBI are relevant to the long-haul data transport for the SKA. Moreover, the e-EVN is 
pioneering operational models for doing real-time science with a distributed telescope. 
Through these innovations astronomers have an opportunity to explore the new capabilities of 
rapid response, high spatial resolution observations. The new astrophysical results feed into 
the science portfolio of the SKA. In addition to this, the VLBI community is developing new 
correlator software and hardware.  
e-VLBI developments 
In the last few years e-VLBI has evolved from an experimental technique, connecting a small 
number of telescopes at modest bandwidth, into an operational astronomical service with 
competitive sensitivity and imaging capabilities. The initial argument for developing e-VLBI 
has been the desire to use VLBI on transient phenomena, being able to access the data on 
variable sources on the timescale on which they vary. However, the project has done more than 
enabling new science. Because of its real-time nature it is also much more robust against 
failure, which can be noticed immediately and addressed instantaneously. With dedicated 
connections this has proven to be true, even though the high-speed links potentially add an 
extra layer of complexity. The various demonstrations have also taken away the scepticism 
whether e-VLBI could ever work for intercontinental baselines, showing fringes between 
telescopes on different continents simultaneously and routinely. 

	  

 

Telescope and correlator configuration in the EXPReS network. Real-time connectivity to these 
telescopes was established during the course of the project. 

 
Many of the e-VLBI features have been developed in the context of the EXPReS project, which 
was successfully concluded in late 2009. During the project, the VLBI community has 
demonstrated the power of dedicated connectivity for this application, reaching 1024Mbps to 
most EVN telescopes. In fact, the connectivity promises to be able to deliver larger and larger 
bandwidth with the 10Gbps standard already operational in many places. Besides reducing the 
delivery time to the astronomer, e-VLBI can also help in enhancing the flexibility of the 



observations by avoiding the complex logistics that are involved in shipping scarce recording 
media.  
One way in which e-VLBI is less flexible than recorded 
VLBI is that its current operations do not allow re-
correlations, which are for example needed to 
accommodate large numbers of telescopes or spectral 
line experiments that need mixed bandwidths. The 
next step envisioned in the development of the VLBI of 
the future is to take the best of both worlds. By 
implementing transparent buffering mechanisms at the 
telescope and correlator end, one can address all the 
current and future bottlenecks in e-VLBI. We envision 
an operational model in which all data that can be transported in real-time are correlated on 
the fly. Ideally such an e-VLBI experiment is completed directly after the observation, but there 
can be various logistic, technical and even scientific reasons, to access the data that was 
buffered and process the experiment a second time, possibly based on the evaluation of the 
real-time output.  
Such a scheme would also end almost all transportation of physical recordings, as buffering 
capacity on both ends could accommodate all scenarios. It would also be more efficient in total 
disk capacity than the current model in which the recoding pool is fragmented to accommodate 
complex logistics. Implementation requires high-speed parallel recording hardware (many 
GB/s), as well as software systems that hide the bookkeeping from the VLBI components and 
their operators. A new project under the name NEXPReS1 has been funded to by the EC to 
develop and commission these aspects. 
Technology development 
Now that the full 1024Mbps data-rate has been reached for e-VLBI observations, the EVN has 
the ambition to push the sensitivity to 4 Gbps in 2011. Besides the e-VLBI effort described 
above and the correlator aspects discussed below, the most critical item seems to be the 
introduction of the new filters and digitizers, the DBBC system in the case of the EVN. This 
system is needed for any new telescope that joins the array and eventually for all stations to go 
beyond 1024Mbps. This system is currently being deployed across the EVN. 

The current EVN Mk4 correlator at JIVE that is at 
the heart of the EVN operations is capable of 
processing 16 stations at 1024 Mbps. In principle 
larger numbers of stations and higher than 1024 
Mbps data rates can be supported by multiple 
pass correlation, however, it is obviously not 
possible to accommodate high data-rates for e-
VLBI in this way, as long as the data is not 
buffered at the correlator. Various VLBI arrays 
around the world are adopting software 
correlators that can perform VLBI processing on 
commodity computer clusters. This approach is 
superior in flexibility and accuracy over hardware 
implementations and on moderately sized clusters 
these implementations perform similarly to the 
current hardware-based machines. Many places 
have adopted the DiFX software and at JIVE an 
independent software correlator (SFXC) has been 
developed in and is now operational for specific 
EVN projects. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 NEXPReS is an Integrated Infrastructure Initiative (I3), funded under the European Union Seventh Framework 

Programme (FP7/2007-2013) under grant agreement n° RI-261525. 

 

The UniBoard prototype 



 
For the longer-term future a large new EVN data processor is required. Looking at the above 
specifications and the EVN (and global) ambitions to have more stations, one can anticipate the 
need to process 32 stations (a factor 4 in baselines compared to the current), 16 Gbps per second 
(a factor 16) and maybe a 4 to 8 times better spectral resolution than the current EVN data 
processor. The aim is to develop a correlator that is at least a hundred times more powerful 
than the current data processor. This calls for a machine that needs to perform in a similar 
regime as the correlators for SKA precursors and some of the other pathfinders. Motivated by 
future energy consumption considerations, JIVE is actively pursuing correlation on FPGA 
based architectures. For a large part this work is supported through the RadioNet Uniboard 
programme. The prototype board has been developed and testing is close to completion. A 
follow-up programme, aiming amongst other things at reducing the power consumption 
further, is being considered for the RadioNet3 proposal.  

Science highlights 
The EVN is addressing a breadth of astronomical topics, ranging from the classical area of jets 
in Active Galactic Nuclei (AGN) and the AGN/starburst connection in cosmological fields. 
Unique capabilities exist at 6.7 GHz for the research of methanol masers, where VLBI offers a 
view on the dynamics on the small scales that are relevant for star and planet formation. In 
Galactic astronomy, the study of transient radio sources has already taken advantage of the 
development of real-time VLBI. Also transients at cosmological distances, like Gamma Ray 
Bursts, have been studied with e-VLBI, as well as Supernovae in starburst galaxies. 
 

 
Decelerating jet in a newly discovered Galactic black hole transient, XTE J1752-223, Yang et 
al MNRAS in press 

 
A boost of sensitivity, together with large-scale survey instruments, like LOFAR, will bring 
many more targets into reach. Pulsar capabilities must feature prominently as well in the 
coming years, as VLBI pulsar astrometry will be in demand for population studies that harvest 
the results from various SKA pathfinders. Finally, it has been demonstrated that VLBI offers 
very interesting scientific applications for planetary Space missions, by providing accurate 
positions of spacecraft. Here too, real time processing is an important asset for the VLBI system 
of the future. 
In all the science areas the VLBI sensitivity must be improved to maintain its complementary 
role with the EVLA and e-MERLIN facilities by providing high-resolution diagnostics at a 
similar sensitivity. Besides increases in bandwidth, sensitivity improvements are also expected 
from expanding the number of antennas that participate in VLBI. Indeed various new antennas 
are planned in Europe and beyond. These sensitivity enhancements will prepare the astronomy 
community for SKA science. 



APERTIF 
APERTIF (“APERture Tile In Focus”) aims to substantially increase the survey speed of the Westerbork 
Synthesis Radio Telescope (WSRT) using Phased Array Feed technology to enable new kinds of radio 
astronomy. APERTIF will provide a realistic reference point for the SKA and its results will be in time 
for  the  SKA1  AIP  technology  decision,  scheduled  in  2016.  A  general  introduction  into  APERTIF, 
including a summary of the science case is available at http://www.astron.nl/general/apertif/apertif 
In 2010, funding for the development and hardware of the APERTIF correlator, pipelines and archive 
was secured by means of the APROPOS NWO‐Groot grant (2.475 M€). In combination with the earlier 
acquired  funds,  the  development  and  roll‐out  of  APERTIF  is  now  fully  funded.  APERTIF  is  in  its 
detailed design phase.  The Critical Design Review  is planned  in  the  second half of 2011. Ongoing 
activities  include  antenna  and  LNA  design,  reliability  testing  of  coaxial  RF  cables,  receiver  design, 
digital processing (beam‐former and correlator) design and firmware development, development of 
post‐processing pipelines, integration studies and calibration and beam‐forming studies.  

                   

Figure 1. APERTIF prototype front‐end installed in a WSRT dish (left) and a single element with LNA (right) 

The  APERTIF  front‐end  will  have  121  Vivaldi  elements,  manufactured  from  laser‐cut  aluminum 
sheets. The balun and low‐noise amplifier (LNA) are integrated on a low‐loss substrate. The radiation 
efficiency  of  the  antenna  and  feed  is  98.5%.  The  sensitivity  of  the  current  prototype  has  been 
determined  from an  interferometric measurement on 3C147. The  resulting Tsys/η  is 91 K. With an 
antenna efficiency of 75% (see below) this results in a 68 K system temperature. 

       

Figure 2. System temperature  over scan angle (sky noise not included) of the APERTIF prototype used as 
aperture array (left) and the measured PAF sensitivity over field of view (right). 

http://www.astron.nl/~devoscm/rd-wiki/lib/exe/detail.php?id=report_projects_2010&cache=cache&media=at_fov.png�
http://www.astron.nl/general/apertif/apertif


The front‐end has also tested as an aperture array. The system temperature was determined with a 
hot/cold measurement over  the  full  scan‐range. A  system  temperature of ~50 K was measured at 
broadside. The temperature increases slightly when scanning, until the beam picks up large amounts 
of ground‐noise from the trees. The peak in the South‐East is the sun. The increase in the North‐East 
is caused by a nearby WSRT dishes. 

APERTIF will have per‐element digitization. The 8‐bit ADC’s operate at 800 MHz. Four dual‐channel 
ADC’s are integrated on one board. The first board is currently being manufactured and tested. The 
digital processing (polyphase filterbank and beam‐forming) is performed on UniBoard hardware. AD 
boards and UniBoards are connected  through a backplane. Each UniBoard has 8 Stratix  IV FPGA’s, 
16x 10 GbE Ethernet ports, LVDS ports, backplane interface with 4x16 serial high‐speed lines and can 
be  equipped  with  DDR3  memory.  The  first  board  (7320  components,  34,702  pins  and  25,678 
connections)  has  been  produced  and  functionally  tested.  The  FPGA  –  FPGA  links  are  successfully 
tested  at  6.2  Gbps,  the  memory  interfaces  have  been  tested  at  1066  MHz  and  the  backplane 
interface was  tested by connecting LOFAR  receivers. Currently a minor  redesign  is performed. The 
first series (~8 boards) will be available in January 2011. The first subrack (UniBoards, backplane & AD 
boards) will be tested in July 2011. 

                  

Figure 3. 8‐Channel AD Unit board layout (left), subrack architecture (center) and UniBoard (right). 

The APERTIF prototype system in one of the WSRT dishes has been upgraded with a new array and a 
real‐time beam‐forming backend. This is an essential step to further study the temporal stability and 
calibration of phased array  feeds. Some major results of  last year  include demonstration of a 68 K 
Tsys, holography and a significant reduction of the standing wave effect.  

The  post‐processing  pipelines  for  APERTIF  will  be  implemented  using  the  software  framework 
developed  for  LOFAR.  Currently,  a  baseline  calibration  strategy  is  being  developed  and  tested  on 
available  WSRT  data.  This  includes  solving  for  direction  dependent  effects.  Key  challenges  are 
bandpass calibration and polarimetric calibration. To monitor the available spectrum for the APERTIF 
surveys an RFI survey is being performed. 

A PAF system has been sold and delivered to NCRA for testing on the GMRT. The system consists of a 
prototype  front‐end,  receivers  and  a  LOFAR  based  real‐time  digital  beam‐former  system.  A 
statement of  intent between CSIRO and ASTRON has been signed to cooperate  in the development 
and  testing of PAF  technologies  towards both a successful  implementation of ASKAP and APERTIF. 
Detailed  discussions  to  manufacture  and  install  three  APERTIF  based  front‐ends  for  ASKAP  are 
ongoing. As part of this collaboration the APERTIF system engineer visited CSIRO for 5 weeks.  



 

Figure 4. Measured aperture field magnitude for a horn feed and a PAF with maximum sensitivity weights 
(top left). Calculated illumination efficiency versus frequency (bottom left). Comparison of measured and 

modeled sensitivities (right). 

        

Figure 5. Measured velocity field of M33 by single pointing single dish APERTIF prototype (left) and Arecibo 
image by M. Putman (right). 

The sensitivity, radiation patterns, efficiency and system temperature of the PAF are modeled using 
an  in‐house developed hybrid electromagnetic and RF circuit simulator  in combination with GRASP. 
The  simulations  are  used  to  verify  and  interpret measurement  results  and  are  used  for  on‐going 
(polarimetric) calibration and beam‐forming studies. 

Summarizing,  the APERTIF development  is  in  the detailed design phase. Ongoing activities  include 
antenna  and  LNA design,  reliability  testing of  coaxial RF  cables,  receiver design, digital processing 
(beam‐former and correlator) design,  firmware development, post‐processing pipelines design and 
evaluation, integration studies and beam‐former calibration studies. A prototype system in the WSRT 
demonstrated  Tsys/η  =  91  K,  8  deg2  field  of  view,  76%  illumination  efficiency  and  68  K  system 
temperature. 



Murchison Widefield Array (MWA)  
SKA Precursor Instrument 

Status Report 
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25 October 2010 
 
Overview 

The Murchison Widefield Array (MWA) is a dipole-based low frequency telescope being built on the 
Australian candidate SKA site at the Murchison Radio Observatory (MRO).  Designed to operate in the 
80-300 MHz range, the primary astronomical goal is detecting and characterizing the HI signature from 
the Epoch of Reionization (EoR).  The system comprises 512 antenna “tiles”, each consisting of 16 dual-
polarization broadband dipoles.  The total collecting area at 150 MHz is ~10,000 m2.  The MWA has been 
designated as a SKA precursor instrument by virtue of SKA-relevant science and technology 
development, and the location on a SKA candidate site.  The design is complete, hardware prototyping is 
complete for all but one subsystem, and the project is preparing for rollout leading to physical completion 
targeted for late 2011, with full operations by September 2012. 

Design of the Array, and System Status 

As noted, the MWA design is complete, and we briefly summarize the key hardware components here.  
Figure 1 shows the analog and digital signal paths in schematic form.  Figure 2 shows a MWA antenna 
tile and analog beamformer deployed in Australia.  Figure 3 shows the digital receiver enclosure; each 
receiver handles dual polarization inputs from 8 tiles in the field.  The full complement of 64 receivers 
will deliver 315 Gbits/sec over 192 optical fibers to the central processing location.  Figure 4 shows a 
board from the FPGA-based correlator.  The correlator is capable of handling the formation of 524,800 
simultaneous cross products, each with 30.72 MHz bandwidth, requiring 1.6×1013 complex multiply and 
accumulate (CMAC) operations per second. 

The MWA design will deliver a truly large-N system with unprecedented imaging capabilities 
independent of earth rotation or multifrequency synthesis.  This permits new and powerful approaches to 
extremely challenging widefield position-dependent calibration and image deconvolution problems.  At 
the low frequencies of the MWA, these problems are in many ways even more severe than those to be 
faced by SKA-mid.  Accordingly, the MWA is pioneering essential new techniques and technologies for 
the SKA era. 

A unique feature of the MWA is the manner in which information from the sky is retained as far into the 
data processing pipeline as possible.  Specifically, the wide inherent field of view and the individual 
baseline data are maintained through an online position-dependent calibration and peeling system, with 
data compression via imaging as a final step.  This architecture implies very large real time data flows and 
efficient parallelization and pipelining architectures in the real time computing hardware and software.  
This large-N-driven approach is highly relevant to SKA design, and the MWA developments in this area 
represent a key technology investigation for SKA. 

A preliminary version of the MWA real-time system (RTS) has been built, and shown to function 
efficiently on high-volume, sophisticated simulated datasets.  As the MWA hardware is rolled out, 
increasingly challenging real-world datasets will become available, and the evolution of the RTS into a 
practical and robust next-generation calibration system will progress. 



 
 

Figure 1:  A flow-chart showing the path of the signal from antenna front end to delivery of data to the science groups.  
The four major subsystems are identified. 

 
 

Figure 2:  Photo of a MWA tile deployed in Australia, consisting of 16 dual-polarization dipole antennas over a steel mesh 
ground plane.  The analog beamformer that forms and steers the phased-array tile beam is visible to the upper left.  The 
inset shows the contents of the beamformer box.  The front panel has 16 SMA inputs for each polarization, and one 
output coaxial connector for each polarization on the left side.  Each dipole signal is routed through switched delay lines 
on the PCB.  The output power-combined RF signals, as well as power, pointing control commands, acknowledgement 
signals and Walsh function waveforms are all simultaneously transmitted on the two coaxial lines connected to the digital 
receiver enclosure. 



 
 
Figure 3: Photo of the MWA receiver. On the left is the RFI-tight and environmentally controlled field enclosure.  On the 
right is the electronics package, designed for easy maintenance, that fits inside the enclosure. 
 

 
 

Figure 4:  The MWA correlator board. This photo shows the board with a monolithic heat sink attached, to keep the 15 
FPGA chips cool.  The full correlator system will consist of 72 boards of the type shown, 16 similarly sized boards 
responsible for spectral filtering, and a number of smaller interface boards.  The system occupies 8 ATCA card cages in 4 
standard size racks, with a total power dissipation of ~15 kW. 

 
Early results 

A prototype 32-tile system has been in operation at the MRO site for an extended period.  In this section 
we present a few representative results from a series of observing sessions with this prototype array.  The 
system has ~6% of the final MWA collecting area, less than 0.5% of the baselines and data redundancy 
upon which the performance of the full array is predicated, and ~10% of the angular resolution of the full 
array, with attendant source confusion limitations.  Nevertheless, the data are of exceptional quality and 
hold great promise for the future of the MWA. 

Antenna tile performance and repeatability.  Several experiments have been performed to characterize the 
behavior of the MWA tiles, focusing on power patterns, proximity effects, feedback and reflections, 
repeatability between different tiles, and for a different tile over time, and other aspects.  Figure 5 
illustrates results from a couple of the simpler tests. 



 
Fig 5: Drift scan data with MWA tiles, illustrating some aspects of the performance.  The left panel shows an 
autocorrelation drift scan at 167 MHz.  The black dots are the data, and the red line is a fit using the assumed tile power 
pattern, a model of the sky brightness distribution, and information on the gain dependence on temperature in 
conjunction with temperature data logged during the observations.  The receiver temperature, the overall tile gain, and 
the solar flux density are among the parameters fitted for.  On the right is a demonstration of day to day response 
repeatability.  Data from successive days is plotted in different colors, with data from the last day obscuring the data from 
all previous days to good accuracy.  No temperature corrections have been applied to these data. 

High-fidelity widefield imaging.  Figure 6 shows a representative pair of images of the sky as seen by the 
32-tile system.  Similar images are routinely produced using data from each site visit. 

 
 

Fig. 6: Images of the Hydra A field at 100-130 MHz (left) and 140-170 MHz (right).  These images have dynamic ranges 
approaching 2000:1, limited by source confusion and artifacts from the relatively limited 32-tile uv coverage.  Close 
examination and comparison of the images shows that the large numbers of faint sources are common between the images 
despite the different frequencies, observing parameters, and reduction methods.  The lower frequency image was made by 
Frank Briggs of the Australian National University, and the higher frequency image was made by Chris Williams of MIT.  
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High dynamic range solar burst imaging.  The instantaneous monochromatic uv coverage provided by the 
32-tile system is outstanding in terms of Nyquist-sampling the visibility variations due to structure in the 
solar radio emission (which is restricted to a ~1 degree region).  This allows us to reconstruct high 
dynamic range and high fidelity images of the sun, with high resolution in both time and frequency, 
across a broad instantaneous frequency range.  This is a new capability, and yields new sensitivity to 
spectrally and temporally narrow features in the solar emission.  Such features have been detected in 
abundance, and Figure 7 shows a sequence of 1-second images during one of the brighter such events.  
This imaging capability is a foretaste of the superb and highly flexible imaging capabilities to be 
delivered by the full MWA. 

 

  
 
Fig 7: Images of a short-lived solar burst event at 192 MHz.  In this 12-image sequence, each image represents 1 second. 
 The quiescent solar emission, primarily coronal in origin, shows as a constant, resolved disk.  Superimposed is bright 
unresolved burst emission associated with two separate active regions on the solar disk.  The emission changes rapidly in 
location, brightness and spectral properties.  The images were taken using the 32-tile array, and have a dynamic range of 
~2500.  The full MWA will have 10 times higher angular resolution. 

 



MeerKAT Project Update 
 

Karoo Radio Astronomy Reserve 
 

A grid power connection has been 
completed to the MeerKAT site, 
replacing reliance on the diesel 
generators that have been running in 
the interim.  These generators are now 
configured as backup supplies.  The 
power pylons from Carnarvon to the 
site also carry the fibre optic 
connection.  At this stage the 
bandwidth of this link is 10 Mb/s, but 
this will increase to 10 Gb/s next year 

with the completion of a dedicated feed into the South African academic 
network. 

 
 

KAT‐7 
 
All 7 antennas of the KAT‐7 “MeerKAT 
Prototype Array” have been erected on 
site and are operational.  Four of the 
antennas have been equipped with 
ambient L‐band receivers for early 
commissioning work.  A 4‐input correlator 
based on ROACH hardware allows either 
four‐antenna/single‐polarization or two‐
antenna/dual‐polarization operation.  The 
first cryogenic receiver will be installed 
shortly, now that there is a continuous 
power supply at the site. 
 
 
 

Early commissioning experiments 
include a single‐dish raster map of 
the extended emission from Cen A, 
and a 4 antenna interferometric 
map of the jets on arcminute scales.  
Tests of phase and amplitude 
closure show that there are no 
spurious additive or baseline‐based 
errors.  The Science Processing 
Team have been using MeqTrees 
and CASA tools for data analysis. 
 
 



Ku‐band holography of one of 
the KAT‐7 dishes has been 
carried out using a ROACH‐
based correlator and Mike 
Kesteven’s processing software.  
The measured RMS accuracy is 
well within the 1.5 mm 
specification for KAT‐7, and 
analysis of the source of surface 
errors is underway to ensure 
that the 1 mm requirement is 
achieved for MeerKAT.   All 7 
dishes will be tested with the 
holography system. 
 
 

KAT‐7 will be fully 
equipped with cryogenic 
receivers during next 
year.  The pre‐production 
prototype has been 
running successfully in the 
laboratory for the past 
few months, and the first 
production model is 
currently being installed 
on KAT‐7.  Y‐factor 
measurements on the 
OMT and receiver cooled 
to ~70 K using a Stirling‐

cycle cooler show receiver temperatures of less than 20 K are being achieved 
(using a commercial LNA). 
 
 
CoDR 
 
The MeerKAT System Concept Design Review was held in July 2010.  The 
international review panel was presented with a comprehensive set of 
documentation describing a baseline system concept and a small number of key 
system options for MeerKAT.   The options included: 
 

• Dish optics (symmetric vs offset, 12‐m < diameter < 15‐m) 
• Receiver design (octave vs 4:1 bandwidth) 
• Location of digitization (digital vs analogue signal links to antennas) 

 
Compatibility with the SKA‐mid concept was a factor that the review panel were 
asked to evaluate to test MeerKAT’s role as an SKA precursor.   Based on the 
recommendations of the CoDR panel, the MeerKAT baseline concept now 
includes: 



 
• 13.5 m Gregorian offset antennas with a secondary focus feed indexer. 
• A suite of high performance octave band receivers. 
• Digitization of the RF signal at the receiver output. 

 
The MeerKAT User Requirement Specification is being completed, and detailed 
design is underway. 
 
 
MeerKAT Survey Proposals 
 
21 large survey proposals involving more than 500 individuals resulted from the 
Call issued last year.  A Time Allocation Committee has recently evaluated these 
proposals, and two of the surveys have been ranked as priority 1 (deep HI fields 
and pulsar timing), and eight as priority 2.  All of the selected surveys make use 
of unique features of the MeerKAT, particularly its sensitivity.  The technical 
requirements of these proposals have been used to guide the final drafting of the 
MeerKAT User Requirement Specifications. 
 
 

 
 
Justin Jonas 
 
18th October 2010 
 



1 
 

Authors         

A Schinckel, C Jackson & the ASKAP team, CSIRO 
For General Distribution 
 

 

The Australian Square Kilometre Array Pathfinder (ASKAP)  
 

PrepSKA WP2 Progress Report   

 

22 October 2010 

 
 

Summary 
The ASKAP project has had a very successful period since the last WP2 meeting in October 2009: As 
well as team members participating in a range of SKA-related meetings and other activities, the 
development and integration of equipment for ASKAP is proceeding to plan and WP2 engagement 
remains strong and on-track.  
 
Technical highlights from ASKAP that are relevant to WP2 activities include: 
 

• the successful installation of 6 ASKAP antennas built at the Murchison Radio-astronomy 
Observatory (MRO); we are completing final site acceptance testing and commissioning at 
the time of this report.   

• Hardware for the BETA (6-dish system) digital systems (beamformers and correlator) is 
now undergoing functionality and EMC tests.   

• Development of the chequerboard Phased Array Feed (PAF) continues to progress at CSIRO; 
a concept PAF (5x4) has been used for additional testing at the Parkes Testbed Facility 
(PTF) and the “full-size” (192 element) PAF is now in limited production.  

• Next major milestone will be the integration of receiver and back-end systems to support 
PAF testing. This integrated system on the first 6 ASKAP antennas is named BETA (the 
Boolardy Engineering Test Array).  

 
The MRO site development is also progressing well and will produce useful information for SKA 
system design and costing; the contract for the infrastructure build is in negotiation and the design 
for the MRO Support Facility (MSF, Geraldton) is in progress.  During the past year, CSIRO has been 
awarded significant new Government funding of $47.3M,  which will combine with industry 
collaborations and investment to design and install efficient renewable energy systems at the MRO 
and geothermal systems for the Pawsey Centre for SKA Science in Perth. The optic-fibre link between 
the MRO and Geraldton has started construction, and the Government funded high bandwidth link 
between Geraldton and Perth is nearing completion. 
 
 

Antennas 
ASKAP’s goal was to procure 12-m dish antennas as close to ‘off the shelf’ as possible with what was 
viewed as an aggressive cost-spec of Aus $300K per antenna. Via open-market procurement and up-
front industry collaboration and consultation, ASKAP achieved this goal, with CETC54 supplying 36 
12-m, 3-axis antennas largely utilising their standard ‘production design’.  
 
Over the 2009-2010 New Year period, CETC54 and the ASKAP team installed the first antenna at the 
MRO. It exceeded design specifications (reflector surface rms measured at 0.5 mm, where the ASKAP 
specification is 1mm rms (suitable for 10 GHz)). During 2010 this first ASKAP antenna was 
incorporated in the VLBI observational program, in which the ASKAP – New Zealand baseline (5500 
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km) yielded important new results in understanding the structure of compact quasars (see paper list 
at end).  
 
During September and October 2010, the CETC54 team and ASKAP staff, along with local contractors 
from Geraldton, assembled another 5 antennas on site. These had been factory accepted in CETC54’s 
facility in Shijiazhuang (see photos) then dismantled, shipped and reassembled at the MRO. A key 
design upgrade was made to the reflector support structure following experience gained with 
antenna #1 so that the reflector accuracy could be set once in the factory; this is a major advance for 
‘traditional’ panel antennas, showing that with good design and careful manufacture, panel antennas 
are highly transportable and can be reliably re-assembled on site with no further adjustments 
required.  
 

     
 

(Left) ASKAP Antennas 2-4 at FAT (July 2010)  (Right) ASKAP Antennas at MRO (October 2010).  
 

 

Phased Array Feeds 
Testing of a new ASKAP 5x4 chequerboard PAF is now underway at Parkes Observatory.  Substantial 
lessons have been learnt from first tests of the prototype 5x4 PAF, especially regarding LNA 
performance, channel isolation, and thermal stability. In addition, the benefit of having detailed EM 
models to predict and measure performance has been demonstrated. Current performance of the 
5x4 PAF is promising, with results that are stable and substantially improved by the development 
work over the past 12 months. The measured noise correlation matrix is much closer to prediction, 
and the measured noise temperature in aperture-array mode is now close to what is required at 
<60K over a large part (0.8-1.3GHz) of the required frequency range.  
 
Two ‘full size’ 192 element chequerboard PAFs have been fully mechanically designed, including 
cooling systems, and are being assembled in the laboratory; one to be tested at Parkes on the 12m 
Patriot antenna (using the 64m dish as a reference), and the second one to be tested at BETA, using 
one ASKAP 12m antennas as the dish, and 2 others to provide reference signals.  
 

    
 
(Left) 192-element ASKAP PAF in progress (Right) LNA noise figure obtained 40–60K   
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We are also investigating the possibility of integrating the APERTIF Vivaldi array into BETA by 
designing a front-end receiver system. In collaboration with ASTRON, this will allow us the option of  
ordering Vivaldi arrays with a view to having a combination of ASKAP chequerboard PAFs and 
ASTRON Vivaldi PAFs as the ultimate test-bed for PAF performance on BETA mid-2011.  
 
In SKA-related receiver developments, CSIRO and Silanna (previously Sapphicon Semiconductor) are 
developing a highly-integrated system on chip utilising Silanna’s silicon-on-sapphire RF CMOS 
process. This is a 2-year programme with the aim of delivering low-cost, SKA-specification receiver 
components which might be applicable to both phased array and aperture array systems.  CSIRO is 
also active with Silanna in the development in low-cost, low-noise LNAs for the SKA.  
 
Now that CSIRO has built two generations of PAF receiver systems from discrete components, we are 
critically reviewing cost and design-for-manufacture issues. A study by Murandi, CA (and potentially 
other industry partners) is an ongoing activity and the results will be shared with SPDO. 
 
 

Digital Systems 
ASKAP has been building hardware for the full 300MHz PAF beamformer systems since late 2008.  
Whilst initial designs (ES1) were based on the Virtex 5 family of FPGAs, we have now adopted Virtex 
6 FPGAs (ES2), with two complete ES2 beamformers to be complete in early December 2010.  
 
The DSP system designs are based around a cascaded oversampled filterbank.  ASKAP requires 16K 
frequency channels over its 300MHz sampled bandwidth.  We adopt an oversampling filterbank 
(termed the coarse filterbank) to initially decimate the data into overlapping 1MHz bands.  A second 
filterbank (fine filterbank) decimates the data to the final resolution of 18.5kHz and sends it onto the 
correlator.  The correlator processes all 16,416 frequency channels for a single beam at a time.   
 
A fully digitised system at each antenna has 48 DragonFly boards.  Data from this system is 
transported on 192 single mode optical fibres to the central site where the beamformer and 
correlator are housed. 
 
The beamformer and correlator are based on the 
ASKAP developed Redback processing board.  Each 
Redback has four fully connected processing FPGA 
and crosspoint switch.  The 16 boards are housed in 
a commercial ATCA shelf. Each beamformer board has 19MHz of 
data for all inputs.  In the beamformer, 36 dual polarisation 
beams are generated as well as the array covariance matrix.  
 
Each Redback beamformer card sends the fine filterbank data to one of the 16 ATCA correlator 
shelves.  The data is again redistributed and each Redback in the correlator processes 1.35MHz of 
bandwidth.  Tied array beams will also be generated in the correlator. With the announcement of the 
next-generation FPGAs (Virtex 7), we are reviewing our options given the cost and speed of these 
devices; options include moving to RF over Fibre and direct sampling.   
 
 

Data Transport 
The installation of the long haul optical fibre cable between Geraldton and MRO has commenced 
with trenching, directional drilling and ripping works in preparation for the delivery of the fibre 
cable. The fibre cable, 48 cores of G652 ultra-low loss (ULL), arrived on 19 October 2010. The burial 
of the cable is planned to commence on 20 October 2010.  
 
The intermediate optical amplifier huts have been positioned at 100 km intervals and the remote 
area 400W 24/7 solar photovoltaic systems will be installed in the during November 2010. The 
Mullewa hut has been connected to the power grid. We are working towards the commissioning of 
the fibre link by end of March 2011.  
 
The NBN based fibre from Geraldton to Perth is also under construction, with completion due in 
early 2011. 
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Multi-ribbon cable, consisting of 216-core G652 fibres is the media of choice for intra-array signal 
and data transmission. Mass termination techniques for the fibre ribbon have been resolved.  
 
Six production “smart” antenna switchboards, including 3 phase power monitoring, PLC control and 
an RFI tight compartment in addition to the many required distribution circuits have been tested for 
electrical and EMC compliance and shipped and installed in the antennas at the MRO.  
 
   

EMC 
An EMC group has been established to undertake measurements of equipment destined for the MRO 
as we enter BETA production of hardware and also develop new apparatus and techniques for 
performing EMC measurements in the field. All equipment destined for the MRO is being measured 
to better than the MIL-spec 461F radiated standard. Higher sensitivity integrating spectrometer 
techniques and measurements for conducted emissions are also being performed on more critical 
PAF hardware.  
 

 
      (Left) Switchboard door open Emissions (Right) Switchboard door closed Emissions 
 

 

Computing 
The key milestone in the ASKAP Computing activity over the last year was a successful CDR held in 
March 2010. At the CDR, the top-level architecture was presented to the review panel, along with 
designs in the major areas. The architecture is composed of loosely coupled components (using ICE 
middleware), each of which is implemented in an appropriate manner.  
 
The Telescope Operating System is being developed as a sequence of deliverables – the Parkes Test 
Facility, the integration facility MATES, BETA, and eventually ASKAP, using EPICS. This conservative 
approach reflects our analysis that monitor and control is not an area requiring significant 
innovation. The main activity now centres on defining interfaces (via Interface Control Documents) 
in collaboration with the hardware engineers.  
 
The Science Processing Pipeline work is split into a number of parallel activities: 
 

• Definition of the processing steps required – ingest, editing, calibration, imaging, 
deconvolution, and source finding. All these steps have been prototyped and tested. There 
remains some uncertainty as to some of the details, such as the best method for continuum 
subtraction. We expect these types of questions to be resolved via simulations, consultation 
with the Science Survey Teams, and early testing with BETA and ASKAP. 

• Scaling of the processing to run across a large number of cores. The goal is 10,000 cores 
(about 100 TFlop/s) with 80% efficiency.  

• Simulations of telescope performance using model skies. These simulations aid both the 
Survey Science Teams and the Computing IPT. For example, the SSTs have used the 
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simulations for tests of source finding algorithms. The computing team has used the tests to 
push performance and efficient use of memory. Below we show a simulation of a full-track 
continuum observation at 10 arcsec resolution.  

• Participation in the definition of the Pawsey HPC for SKA Science. The Pawsey Centre will 
dedicate 25% of a petascale system to radio astronomy. The first system has already been 
procured and we plan to conduct a full-scale test of ASKAP spectral line processing over the 
next two months.  

 

Simulation of ASKAP continuum observation at 10 arcsec resolution. The contours denote 
10% and 1% sensitivity 

 

 

SEIC – system engineering integration & commissioning 
ASKAP is adopting a series of integration platforms to ensure successful system integration. The 
overall sequence of systems integration and commissioning phases for ASKAP includes a 
commissioning phase preceded by an integration phase. There are five individual integration 
/commissioning sequences shown, as new hardware and software is progressively delivered.  
 
MATES Phase 1 / Antenna Zero 

Hardware and software developers deliver a skeletal (partly populated) one-antenna hardware set 
to commence basic system integration and to provide an initial platform for software integration 
testing. This initial MArsfield Test-bed Engineering System (MATES) is located at CASS Marsfield. 
 
MATES Phase 2 / Parkes Testbed Facility (PTF)  
A complete one-antenna system including the first complete ES2-1 digital signal processing systems 
and the first full PAF receiver, is integrated and tested at RPL to form MATES Phase 2. The hardware 
in MATES Phase 2 is then transported to Parkes and the PAF receiver installed on the 12-metre 
antenna, forming an interferometer with the Parkes 64-metre. The PTF serves not only as a systems 
integration and commissioning platform but also a testbed to characterise the performance of the 
PAF receiver and other signal processing hardware. 
 
ALPHA/PAFSKA Testbed 

The second prototype PAF receiver and set of ES2-1 digital hardware are integrated into the MATES 
"Alpha Rack" at RPL for testing, prior to deployment to the MRO for commissioning as ALPHA. It 
complements the Parkes Testbed Facility as a second platform to characterise system performance. 
 
BETA 

The hardware for a full six-antenna array with PAF receivers is integrated at Marsfield under MATES 
before redeployment to MRO to form the Boolardy Test Engineering Array (BETA).  
 
Full ASKAP 
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Hardware for the complete ASKAP array is integrated in batches of 2 to 3 antennas at a time at RPL 
before deployment to MRO. Commissioning will continue after full hardware deployment as each 
new "software instrument" is verified and validated. 
 
 

Science planning 
The ASKAP Survey Science Teams (SSTs) are now 1 year into the Design Study phase. A significant 
body of work is being carried out in simulations, source finding, survey strategy, hardware 
development, cataloguing and archiving under the auspices of six ASKAP Working Groups. 
 
Interactions between the SSTs and ASKAP are facilitated by monthly working group meetings, bi-
monthly Coordination & Management meetings and quarterly ASKAP SSP newsletters. Throughout 
2010, ASKAP has hosted a number of successful science meetings including a source finding and a 
stacking workshop.  An SSP review is planned for 1 November 2010. 
 
CASS will host a 3-day ASKAP SSP Science Working Group Meeting from 29 November – 1 December  
(http://www.atnf.csiro.au/research/conferences/2010/askap)in lieu of the normal monthly 
meetings.  The aims of this special meeting are to update a wide audience on the status of ASKAP, 
facilitate the cross SSP linkages and plan the next steps in the Design Study phase. 
 

 

ASKAP supporting SKA Site RF measurements  
Work on the WP3 International SKA Site Radio Spectrum measurements commenced with the 
“Agreement on Radio Frequency Interference (RFI) monitoring 2008-2011, 27th March 2008”. 
 
ASKAP engineers have been involved in the in-house firmware development for two specified modes 
- Transient and High Sensitivity – since December 2008. Delays on the ROACH revision and release 
meant the first DSP card was delivered to CSIRO in April 2009.  In addition, a new ADC card based on 
a National Semiconductor 10-bit device was developed in-house at CSIRO on short notice. 
 
Other significant hardware delivered by CSIRO to the SPDO effort included the RF filter pre-selection 
module and packaging of all hardware in EMC compliant enclosures. In addition, the Australian team 
were heavily involved in modifying the calibration strategy and building a proof-of-concept system, 
now called system 3. This has been operational at the MRO since April 2010. We also developed the 
software to process the integrating spectrometer output.  Two further systems (the Australian 
system 1 and South African system 2) were constructed and tested.  
 
The SPDO MRO site high sensitivity RFI data collection officially commenced on the 5 August 2010 
and finished on 26 September 2010.  Approximately 929 hrs of data have been collected in of which 
310 hrs is on the antenna (4 pointings and two polarisations i.e. 8 configurations), the remaining 620 
hrs is calibration data needed in order to achieve the high sensitivity. The Australian team took the 
approach of unmanned operation and all set-up data uploads were done from remotely from Sydney.  
 
 

Murchison Radio-astronomy Observatory 
During 2010, the CSIRO ASKAP team has worked closely with Aurecon, the company selected to 
undertake the detailed design of MRO Site Infrastructure. This package includes ASKAP antenna 
foundations, access roads, power and fibre distribution, buildings, water and waste management, as 
well as supplying power and fibre communications to other telescopes.  In Q3 2010 CSIRO ran an 
open tender for the construction of these facilities – this tender is currently under evaluation and 
construction of the infrastructure will begin in late 2010, with completion in Q4 2011. 
 
CSIRO installed five antenna foundations for the antennas that CETC54 delivered during September 
2010.  Along with the first antenna, these will form BETA, a six-antenna sub-array of ASKAP that will 
provide learning about PAF’s in an interferometric domain. 
 
In addition during this period, MWA has had a number of successful expeditions to site, collecting 
substantial data from 32T.  This has allowed them to confirm the design of their system and progress 
to implementation of the full system.  
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Substantial progress has also been made towards the provision of sustainable energy systems for the 
MRO and the Pawsey HPC for SKA Science, with the announcement of an Australian Government EIF 
(Education Investment Fund) grant of $47.3 million. This will develop renewable energy 
infrastructure for the SKA pathfinder telescopes at the MRO, including the installation of  photo-
voltaic power sources, an “energy efficient” control building, and the use of geoexchange cooling for 
the primary heat loads of the observatory.  A prototype geoexchange system has been installed at 
one antenna site and is undergoing testing. This grant also provides for a direct heat geothermal 
plant at the Pawsey High Performance Computing Centre for SKA Science in Perth. This will allow the 
Pawsey Centre to address its substantial cooling requirements in the most efficient way.  
 
These two projects will make significant progress towards development of an efficient, renewable 
approach to the substantial power issues associated with SKA. 
 
  

Summary progress – ASKAP Key Milestones 
 

Key ASKAP Milestones  Date 

MRO Infrastructure Design Contract commence 29-Oct-2009 

MRO Infrastructure Design Complete 20-May-2010 

MATES 2 Integration  30-Sep-2010 

MRO Infrastructure Construction Commence 1-Nov-2010 

6 BETA Antennas complete (SPF acceptance) – “base infra”  1-Mar-2011 

MRO to Geraldton fibre link complete 30-May-2011 

BETA Antennas with PAF 1-Aug-2011 

MRO Infrastructure Construction Complete 30-Oct-2011 

36 ASKAP Antennas complete (SPF tested) 31-Dec-2011 

First stage Power plant (MRO) on-line 15-Mar-2012 

MSF (Geraldton base building) complete 28-Apr-2012 

2nd stage (renewable) power plant on line 15-Dec-2012 

Digital system hardware installation complete 1-Aug-2012 

36 ASKAP Antennas with PAF  15-Nov-2012 

Early Science ASKAP  30-Nov-2012 

SSP Observing commences 1-Jul-2013 

3rd Stage (increased renewable, storage) on line 30-Dec-2013 
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