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CAG I-LOFAR Science Proposal May-2016 
 
On 9-Jun-2016 CAG will transfer a substantial portion of the CAG infrastructure to the SCSS School 
Cloud (see the associated documents). It will then restructure the remaining bones of the CAG 
infrastructure to support I-LOFAR [1]. Here we consider the latter. 
 
I-LOFAR data reflection and processing 
There will be continuous data traffic at 3Gbps on paths from Birr Castle to Athlone (Eircom 10Gbps), 
to Dublin (HEAnet 10Gbps), over the Dublin ROADM ring (HEAnet 2 x 40Gbps), to the Netherlands 
(GEANNT 10Gbps). The plan is to continuously stream relatively raw data to the CAG storage via 
the TCD ROADM (2 x 40Gbps), TCD front-end switch (2 x 10Gbps), and dual-redundant 10Gbps 
links through the CAG firewall. This data may then be processed on the CAG blades to maximise the 
Irish science benefit from the Birr Castle I-LOFAR station and its associated SFI, university and 
private funding. 
 
I-LOFAR science processing 
LOFAR [1] is an interferometer, essentially a phased-array, that collects data from multiple (about 50) 
geographically distributed stations to its central COBALT CPU/GPU HPC cluster, which adjusts the 
phases of each data stream to construct synthetic antenna apertures (beams) with a resolving power 
that is dependent on the number of stations and the distance between the stations, and extracts radio 
astronomy images within those apertures. However, each station is also a phased array of multiple 
small antennae. Here we propose to employ these to synthesise Birr Castle site-specific antenna 
apertures and to maximise the consequent Irish science benefit. At first sight this appears infeasible. 
 
Each international station has 96 high-band (120-240MHz) and 96 low-band (10-80MHz) antennae, 
both dual-polarised, i.e. effectively there are 192 x HB and 192 x LB antennae. To keep data traffic to 
3Gbps the raw data from each station is preprocessed onsite to synthesise site-specific per-polarisation 
antenna apertures, which are broad with relatively low resolving power. Central (core) sites synthesise 
24 x 32MHz apertures, but again to keep data traffic to 3Gbps other sites synthesise just one 32MHz 
aperture. So the problem is, how can any unprocessed (or minimally-processed) data be extracted? 
 

 
Figure 1: LOFAR station receiver chains (from [3]) 

 

Each LB antenna is a single large fixed-aperture dipole (in fact there can be one or both of two types, 
LBL for 10-80MHz, and LBH for 30-80MHz), while each HB antenna is a set of 16 small dipoles 
combined by analog phase-shifters to synthesise a fixed aperture. The antenna output signals are fed 
to analog receiver chains (on separate LB and HB receiver modules), see Fig.1 above. Depending on 
the science targets, a receiver chain is selected and configured to prefilter and amplify a specific 
antenna output signal, effectively selecting a 100MHz slice of the spectrum, either 0-100MHz, 100-
200MHz or 200-300MHz (the Birr Castle LBL input is spare so could serve an unrelated, even exotic, 
slice, e.g. LWA, or 2GHz). The result is then sampled at 160MHz or 200MHz to 12-bit resolution. 
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This data is first digitally filtered into small subsets of about 195kHz, then the site-specific aperture is 
digitally synthesised by adding phase-shifted data from selected 195kHz subsets, see Fig.2, where the 
science user can freely select a 32MHz aggregate of 195kHz subsets out of the 100MHz bandwidth. 
 

 
Figure 2: LOFAR station architecture (from [2]) 

 
This is done by four FPGA-based Remote Station Processing (RSP) modules in a 10Ge ringlet, where 
partial results are accumulated as they circulate the ringlet, like for an n-body problem, see Fig.3. 
 

 
Figure 3: LOFAR station synthetic aperture hardware architecture (from [2]) 

 
This figure implies each module includes a buffer that is intended to be used for storing transient and 
cosmic ray events. These buffers store either the raw 100MHz data for 1.3sec (can upgrade to 5.2s) or 
the selected 195kHz subsets for a longer period, triggered either externally, or by an internal detection 
algorithm in each signal path. In fact the buffers are implemented on two other FPGA-based modules, 
the Transient Buffer Boards (TBB), with memory banks for each RSP, again connected in a ringlet. It 
is this buffering that potentially enables unprocessed or minimally-processed data to be extracted from 
the Birr Castle station and streamed to CAG storage. See the more detailed block diagram in Fig.4.  
 
In theory, see [3], each station must be able to detect events and buffer one second of all raw antenna 
data around an event, must allow triggered readout of the buffer, and the filling and emptying of the 
buffer must be possible in parallel with other services. All this suggests the buffer contents can be 
conveyed to and tapped at TCD from within the standard LOFAR data stream using standard LOFAR 
mechanisms. If a different antenna chain is in use, reconfiguration for a snapshot and vice-versa only 
takes seconds so in theory should hardly be noticed, but may be counter to LOFAR policy. The 
snapshot intervals and buffer data transfer rates (max.6:1 duty cycle) could be adjusted for realtime 
processing on the CAG blades. Ideally these would be exclusively I-LOFAR-specific snapshots to an 
independent data stream, but there is no rack space for extra TBBs, and dedicating existing TBBs to  
I-LOFAR would need a policy decision. It is suggested that all these options be further explored. 
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Figure 4: Detailed block diagram of LOFAR station digital signal processing (from [3]) 
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Science that exploits a continuous stream of unprocessed or minimally-processed LOFAR data 
If unprocessed or minimally-processed data can be streamed from the Birr Castle station to CAG 
storage, this will enable novel forms of streaming-data-oriented science. Here is one suggestion: 
 
Assume that the data is continuously processed on the CAG blades to synthesise a 2-d (not necessarily 
rectangular) array of apertures (beams) that map the sky, essentially a solar system radar. There are 
passive and active signal processing analogies in sonar and radar that may be applied, the passive case 
involving a search for known signatures within data (e.g. solar coronal mass ejections, well 
represented in the 10-240MHz LOFAR spectrum), while in the active case the signatures also include 
those of known transmitted data (known transmissions from Earth, e.g. KAIRA/EISCAT). Both cases 
may involve motion tracking of moving signatures, long-term dithering of apertures to improve 
resolution, CFAR loops for detection, and compensation of the large atmospheric losses and delays to 
the 10-240MHz spectrum (adaptive LOFAR calibration uses specific stars to measure these in fine 
scales). The result could be an I-LOFAR SolarSystem Radar able to simultaneously sense objects or 
fluxes viewed across regular snapshots of solar space and Sun, daily collect this over the entire solar 
system and over all the available spectral slices, and efficiently transfer results locally to Trinity 
Centre for High Performance Computing (TCHPC) for further investigation and visualisation. 
 
Quantifying the processing burden 
Phased arrays use the principle of superposition to combine waves to reinforce in one or more (time-
multiplexed or simultaneous) directions. They are widely used in sonar, radar, astrophysics, 
geophysics, meteorology, and even medicine. For example, processing phased array data by a 1-d 
spatial Discrete Fourier Transform (DFT) algorithm will insert phase shifts that synthesise a fan of 
multiple simultaneous evenly spaced beams, while a 2-d DFT synthesises a cross-spiral (Fibonacci or 
pineapple) beam pattern. In reality the central LOFAR processing employs multiple customised 
pipelines that are optimised for its constituency, but for evaluation here let us assume a 2-d DFT. This 
algorithm essentially scales in complexity as O(N 

2), or in FFT form as O(N log2N). It is suspected this 
will be intractable for frequent realtime execution on the 16 existing CAG blades, which would then 
need replacement, but this needs investigation. LOFAR digitizes 96 dual-polarized antennas at 
200MHz x 12-bits (in all ~4.8 x 1011 bps) and creates a synthetic aperture beam at ~3Gbps, i.e. x160 
reduction, so on this basis one might estimate that continuous realtime reduction x160 of a ~3Gbps 
stream might generate ~200GB/day per beam (~73TB/year per beam). 
 
Quantifying the funding needs 
The usual LOFAR processing for one or more simultaneous synthetic apertures is done on its custom 
HPC cluster, since the processing scales in complexity depending on the number of stations and the 
number of apertures per station. Even for just the Birr Castle station the computing demand will be 
very significant, probably too great for the existing blades. It is proposed to request funding for extra 
TBB memory, to replace existing blades with new Intel Haswell/Broadwell and/or nVidia Pascal 
and/or Intel Phi blades and extra 10Ge switches, and to replace CAG storage disks with higher 
capacity disks. As the new Intel and nVidia products have not yet been incorporated into Dell blades, 
the costs for these cannot be estimated, but a potential ceiling of €500,000 does not seem unrealistic. 
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