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Pulsars and transients
...though similar, require subtly different detection 
strategies

– You cannot
– trade integration time for instantaneous sensitivity on a transient
– [usefully] perform a Fourier periodicity search on a transient
– deduce its position to sufficient precision to be useful unless 

multiple stations observe it
– verify it after the fact unless you have buffers holding station 

voltages

– The single greatest specifications driven by 
transients are

• access to pre-correlation datastream
– to enable high time resolution 

• a sizeable voltage-stream buffer
– for after-the-fact verification and localization
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What is there to find? 
E.g. Lorimer Transients

• First detection of local ionized 
IGM?

– DM suggests extragalactic
• Position poorly localised

• Verification difficult with single 
antenna

• Large FoV needed to detect 
even relatively common events 
(e.g. GRBs  ~1 sky-1day-1)

Figure 2: Frequency evolution and integrated pulse shape of the radio burst. The survey data,

collected on 2001 August 24, are shown here as a two-dimensional ‘waterfall plot’ of intensity

as a function of radio frequency versus time. The dispersion is clearly seen as a quadratic sweep

across the frequency band, with broadening towards lower frequencies. From a measurement of

the pulse delay across the receiver band using standard pulsar timing techniques, we determine

the DM to be 375±1 cm−3 pc. The two white lines separated by 15ms that bound the pulse show

the expected behavior for the cold-plasma dispersion law assuming a DM of 375 cm−3 pc. The

horizontal line at ∼ 1.34 GHz is an artifact in the data caused by a malfunctioning frequency
channel. This plot is for one of the offset beams in which the digitizers were not saturated.

By splitting the data into four frequency sub-bands we have measured both the half-power

pulse width and flux density spectrum over the observing bandwidth. Accounting for pulse

broadening due to known instrumental effects, we determine a frequency scaling relationship

for the observed width W = 4.6 ms (f/1.4 GHz)−4.8±0.4, where f is the observing frequency.
A power-law fit to the mean flux densities obtained in each sub-band yields a spectral index of

−4 ± 1. Inset: the total-power signal after a dispersive delay correction assuming a DM of 375

cm−3 pc and a reference frequency of 1.5165 GHz. The time axis on the inner figure also spans

the range 0–500 ms.
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Lorimer Burst Mk II

To detect one extragalactic burst 
may be regarded as a mistake; to 
detect two looks like carelessness.

Keane, Kramer, Lyne, 
Stappers, McLaughlin 2011
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Lorimer 
Burst Mk I



This station is now the ultimate power in the 
Universe.  I suggest we use it.

• Prominent Operational & Upcoming Projects

• 1. V-FASTR - a fully operational and automated transients detection pipeline
– showcasing a suite of new detection algorithms

• 2. LOFAR Transients Key Science Project & Variants 

• 3. CRAFT (ASKAP)

•
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V-FASTR - incoherent 
power search with 
coherent followup

• ICRAR-Curtin/JPL/NRAO
– [incoherent] DiFX software 

correlator pipes 1ms 
telescope powers to a 
dedispersion/search engine

– [coherent] Candidates 
identified and 1s sections of 
baseband data on 
candidates dumped

– Telescope separation - excellent 
signal localisation & false +ve 
rejection

– Proving ground for new 
approaches: JPL machine 
learning algorithms, FPGA-
based dedispersion hardware



ASKAP and CRAFT
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Dedispersion & Detection on an FPGA
A detection solution for CRAFT
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A CPU/GPU machine for

real-time searches of fast 

transients

dynamic noise 

modelling

for effective RFI 

removal and 

transient detection

DM

time (s)

GPU dedispersion: 4000 dispersion measures searched,

only pulses from B0329+54 detected, no spurious signals

filterbank noise

pre-filtering

Aris Karastergiou

 aris@astro.ox.ac.uk
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Fly’s Eye, Incoherent widefield, or coherent 
survey?
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• For an array of N stations, each with limiting sensitivity S0

– Fly’s eye covers N x primary field of view down to S0
– Collimated Incoherent covers 1 x primary FoV down to 

sensitivity S0/N1/2

– Coherent covers ξ Ωsynth=ξ π(λ/d)2 [Ωsynth ≪ Ωprimary] down to S0/N

• Which is best depends on the slope of the Rate vs S0

– 21 –

in the same direction and the total powers of the telescope are combined. The survey FoV

is that of the primary beam of an array element, Ωt, and the minimum detectable source
flux density scales proportional to S0 = N−1/2S, where S is the flux density that would be
detectable with a single array element. In the opposite extreme, in the fly’s eye mode all

array elements are pointed in different directions, so it sacrifices survey depth in favor of
breadth: the minimum detectable flux density is only S0 = S, but the FoV is now NΩt.

The tradeoff between survey depth and breadth depends on the functional dependence
of the survey rate on survey FoV and sensitivity. This dependence is R ∝ ΩS−3/2

0 for a

sensitivity limited survey, which applies to homogeneously distributed extragalactic sources
or a shallow survey in our Galaxy in which the effects of temporal smearing are negligible.

The collimated survey mode probes transients to a volume that is N3/4 deeper than a single
array element. However, although in the fly’s eye mode the survey probes a shallower volume,

out to only the depth seen by a single element, it probes a volume of space N times broader
than a single element. Thus we conclude that it is preferable to use array elements to cover
as large a FoV as possible to maximize detection rate in a sensitivity-limited survey.

In a Galactic survey, the detection rate can exhibit a complicated dependence on survey

sensitivity that alters the tradeoff between survey depth and breadth. If the detection rate
can be considered roughly uniform across the survey area (e.g. if the total FoV does not
encompass too large a fraction of the sky), the detection rate takes the form R ∝ ΩS−3/2+δ

0 ,

where δ, in general, deviates from the value of zero that applies to a sensitivity-limited survey
by virtue of interstellar scattering and the geometry of the Galaxy. If δ < 1/2 the collimated

configuration becomes the optimal survey mode, while a value of δ > 0 favors the fly’s-eye
mode even more strongly than for the sensitivity-limited survey considered above, with a

relative advantage of N1/4+δ/2.

The dependence of event rate on the limiting survey flux density is highly sensitive to

the line of sight chosen. In general, one must plot R against S0 in the range of interest to
determine this for the given observing frequency and sight line, and the specific properties

of the transient population. Figure 7 shows the detection rate for four different lines of sight
through the Galaxy for the same population parameters plotted in Fig. 5. It is apparent that
δ exceeds zero for all lines of sight over the entire range of S0, and it is as large as δ = 3/2

at low values of S0.

Both scattering and the geometry of the Galaxy force δ to be positive always. Scattering
influences this dependence because, while greater sensitivity increases the proportion of
events visible at large distance, these very objects are more susceptible to greater temporal

smearing, which in turn decreases their detectability. Thus a survey detects fewer objects
at lower flux density than it otherwise would in the absence of scattering. We conclude that
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Figure 2: Signal combination modes, resultant beam patterns, and beam terminology for dishes and
aperture array (AA) stations (beam sizes not to scale).

Commensal and targeted surveys: A com-
mensal survey greatly increases observation time by
conducting the survey in parallel with normal telescope
operations. It is passive; it uses dish or station beam
signals from the primary user observation, placing lit-
tle extra demand on the telescope. Such a survey is
suitable for extragalactic searches, given the informa-
tion about the population of such fast transients is
not known a priori; hence one direction on the sky
is as good as another. To observe specific areas of
the sky, such as the Galactic plane and nearby galax-
ies, a targeted transients survey (which is the primary
user observation) may be required (e.g. van Leeuwen
& Stappers 2010).

Data spigot A data spigot to the dish and sta-
tion beam signals is useful for transients surveys, es-
pecially those which are commensal. If the signal chain
is considered to be the signal path from the antennas
of a radio telescope array to the correlator, a spigot
defines a point in the signal chain where users can
tap off data via a well defined interface. The spigot
for fast transient searches may output either coher-
ent (phase-preserved) data at high rates or, alterna-
tively, incoherent data where the dish or station beam
voltages are squared and integrated to a time resolu-
tion of order milliseconds to reduce the data rate and
subsequent dedispersion processing load. The latter
approach is being taken by CRAFT to access beams
from the ASKAP beamformer (Macquart et al. 2010a).
Similarly, searching the integrated signals from the
dish or station beams which have been incoherently
combined is a low cost option for commensal surveys
with SKA1.

The solid vertical line in Figure 1 shows the point
in the flow diagram where the spigot for fast tran-
sients would need to exist to enable the signal com-
bination modes in this paper. The pipeline after the
spigot point is not part of the normal imaging mode
of the telescope; the post-spigot pipeline may be im-

plemented internally or with user-provided processing.
An example of processing being implemented inter-
nally is the ‘non-imaging processing’ for pulsar ob-
servations with SKA1 (Dewdney et al. 2010); the ap-
proach being taken by CRAFT is an example of user-
provided processing. Note that it is conceivable that a
spigot to the AA-low elemental antenna signals could
also exist, but the data rates make this option pro-
hibitively expensive for SKA1.

3 Survey strategy: Maximis-
ing survey speed and min-
imising cost

Figures of merit quantify the effect of altering the vari-
able parameters of a problem. A simple FoM to mea-
sure the cost effectiveness of a fast transients search
strategy is the detected event rate per beam searched
(Rbeam−1), a proxy for cost in the absence of suffi-
ciently accurate design and cost information. We want
to optimise for a high value of Rbeam−1 , although the
total event rate for all beams (Rν) must also be high
enough to be of scientific benefit and open new vol-
umes of parameter space. The qualitative advantages
of a strategy, which cannot be captured in a FoM, must
also be considered.

The detected event rate is effectively a survey speed.
Smits et al. (2009) present a frequency-dependent FoM
for survey speed (SSFoM) for dishes. It is based on sur-
veying an area of sky, thus SSFoM is linearly propor-
tional to FoV and sensitivity squared. In this paper,
the equivalent SSFoM is the rate of transient events de-
tectable in a volume of sky and is linearly proportional
to FoV and sensitivity to the power of 3/2. It draws
on event rate calculations from Macquart (2011); the
derivation is shown in Appendix B.



Fly’s Eye, Incoherent widefield, or coherent 
survey?
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• Fly’s eye or coherent?

• ξ must be large for the coherent approach to win
• If 0.5<δ<1.5 we eventually lose for large N with a 

coherent survey
• Coherent or collimated incoherent?

– 25 –

The ratios of the event rates in the coherent mode to other survey modes are,

Rcoher

Rfly′s−eye
= ξ

Ωsynth

Ωt
N1/2−δ , (39)

and,

Rcoher

Rcol
= ξ

Ωsynth

Ωt
N3/4−δ/2, (40)

where again we assume that the value of δ is a constant over the range of sensitivities in
question, S0 n−1 < S < S0; if not, the average value of δ over this range should be adopted.

The coherent detection mode constitutes the optimal survey strategy if N is sufficiently
large to overcome the disadvantage of a relatively small survey FoV. This is particularly ap-

plicable to large N arrays, such as the SKA, when δ ≈ 0 (i.e. when scattering is unimportant
and the survey is sensitivity limited). As such, this advantage always applies to surveys of

extragalactic objects.

However, an important caveat applies if the survey sensitivity is such that interstellar

scattering effects are important or the survey probes events to the edge of the Galaxy,
causing δ > 1/2. In this eventuality eq. (39) shows that coherent detection mode becomes

progressively less effective than the fly’s-eye mode as N increases. The increase in sensitivity
afforded by the coherent search mode is negated by the fact that event rate rises less steeply
than N , and it is more effective to instead distribute the array elements into a fly’s-eye

configuration that increases the event rate ∝ N .

6. Conclusions

A summary of the main results of this paper is as follows:

• There is a critical difference between the Survey Figure of Merit for a telescope, which

effectively measures survey speed, and the expected detection rate of fast transients.
This is fundamentally because one cannot trade integration time for sensitivity in a

transients survey, so the weighting between sensitivity and FoV is different for the two
metrics.

• Surveys for extragalactic transients are “sensitivity-limited”, and the distribution of

distances of detected events depends only on survey sensitivity and the luminosity
function of the events. A luminosity function with a slope steeper than −2 preferen-

tially detects events at low distances, whereas a distribution with a slope shallower
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number of tied-array beams



Maximising bang for buck
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• We consider the AA-lo layout of Memo 130 
(Dewdney et al. 2010)

• Diameter 180 m, 50 stations, 11200 elems/station
– 25 stations at (r <0.5 km)

– 10 stations (0.5 < r < 2.5 km)
– 15 stations (2.5 < r < 100 km)

• 70 - 450 MHz
• Dense-sparse transition at 115 MHz
• Tsys = 150K + Tsky  --- Tsky=60 λ2.55 K

see Colegate & Clarke, PASA 2011

!



Relative Detection Rate
assuming R ∝ Ω S0-3/2 

• Using only the 25 inner (r<0.5km) core 
stations to form tied-array beams
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Relative Detection Rate per beam
assuming R ∝ Ω S0-3/2 

• Collimated Incoherent the most cost-effective
• cf Cordes Memo 97 which uses “Survey 

Speed” ∝ Ω S0-2 as the metric.  He finds 

coherent ~ incoherent
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Relative Detection rate per Operation
(beamforming dominates ops count)

• Cost per beam is a good proxy for total cost 
per detection
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Relative Detection rate per Operation
(if beamforming paid for us, so dedispersion dominates)
assuming R ∝ Ω S0-3/2

• Sweet spot is at the 
sparse-dense array 
transition
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Transients detection is compute and I/O 
limited

– Cannot possibly tile the entire array FoV using a 
coherent approach involving all stations

• Follow LOFAR approach and just use the inner stations
– Npix~(max baseline/station diameter)2~309000

• could be as low as 192 if we use inner 2.5km stations
• but localisation only to 3’ at 150 MHz
• arguments that longer baselines better for ionospheric 

correction for observations over a wide FoV 

– Find a better solution to the detection and 
disdispersion problem than the brute force 
approach
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What do we what?

– A modular/spigot-based philosophy to system 
design that enables us to

• access total powers of stations
• access station voltages
• place buffers at a variety of levels in the hierarchy 

(lowest access point TBD, but likely close to the station-
level, certainly not antenna level)

When do we want it? 
• we are not so foolish as to believe that the SKA itself will 

furnish purpose-built transients detection hardware gratis
• Spigots allow us to attach hardware as its capabilities 

improve
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Good systems design is 99% of our 
requirement

• Transients are a no-/low-cost addition that ensures good 
systems design is built into the telescope from the 
beginning

• Must be built into AA precursors AAVS1/2
• Transients science is one of the few useful scientific 

things such low sensitivity instruments could do
• They ensure a modular design that future proofs the 

hardware for correlator upgrades 15++ years down the 
track

• Needs to be included in the SKA DRM for Phase I
– ensure that engineers at the end of the production line do not 

design out functionality even though it may not be immediately 
required
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