
LOFAR	
An all sky transient instrument

Ben Stappers (co-PI transients KSP)

JBCA

University of Manchester



Not your usual radio telescope.

Lovell WSRT



LOFAR: LOw Frequency ARray

Distributed in NL & EU

30 - 240 MHz

LBA & HBA

> 30000 dipoles

36Core/18NL/>10EU

2.5km/100km/1000km



Basic Facts

1 GJy solar burst: Importance of 12 bits
van Haarlem et al. : LOFAR: The Low Frequency Array

Table 2. Overview of LOFAR System Parameters

System Characteristic Options Values Comments
Frequency Range Low Band Antenna 10-80 MHz

30-80 MHz With digital filter
High Band Antenna 110-190 MHz 200 MHz sampling (2nd Nyquist zone)

170-230 MHz 160 MHz sampling (3rd Nyquist zone)
210-250 MHz 200 MHz sampling (3rd Nyquist zone)

Number of Polarizations 2
Bandwidth Default 32 MHz

Maximum 48 MHz
Number of Simultaneous Beams Minimum 8

Maximum 20 Limited by LCU performance
Sample bit depth 12
Sample Rate Mode 1 160 MHz

Mode 2 200 MHz
Beamformer Spectral Resolution Mode 1 156 kHz

Mode 2 195 kHz
Channel Width Mode 1 610 Hz
(raw correlator resolution) Mode 2 763 Hz
Baseline length Superterp 320 m

NL Core 2 km
Full NL 100 km
Full array 1000 km

To correlator 
in Groningen

Receiver : A/D conversion

Analogue  signal

Digital Filter

Beamformer

Low Band Antenna

High Band Antenna

Station Cabinet

Transient Buffer

Fig. 8. Schematic illustrating the signal connections at station level as well as the digital processing chain. After the beam-forming step, the signals
are transferred to the correlator at the central processing facility (CEP) in Groningen.

in the signal paths. The array correlation matrix can also be used
for RFI detection and mitigation (Boonstra & van der Tol, 2005).

Additional computational tasks can also be run on the LCU
subject to the constraint that they do not impact the perfor-
mance of the core calibration and beam-forming capabilities.
Current examples of these station-level applications include the
TBB trigger algorithms discussed previously in §3.6. We note
that adding additional compute capacity to the LCU is a fairly
straightforward way to expand the capabilities of the LOFAR
array (see §11.2 for some currently planned enhancements).

4. Wide Area Network

The function of the LOFAR Wide Area Network (WAN) is
to transport data between the LOFAR stations and the central

processor in Groningen. The main component is the streaming
of observational data from the stations. A smaller part of the
LOFAR data stream consists of Monitoring And Control (MAC)
related data and management information of the active network
equipment. Connections of the LOFAR stations to Groningen
run over light-paths (also referred to as managed dark fibers)
that are either owned by LOFAR or leased. This ensures the re-
quired performance and security of the entire network and the
equipment connected to it. Signals from all stations in the core
and an area around it are first sent to a concentrator node and
subsequently patched through to Groningen.

The LOFAR stations outside the Netherlands are connected
via international links that often involve the local NRENs
(National Research and Education Networks). In some cases,
commercial providers also play a role for part of the way.
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Low Band Antenna
48/96 per station

(10)30-80 MHz

Simple Dipole

Electronics in top

Full Stokes



High Band Antenna
48/96 per station

Tile of 4X4 
dipoles

1.25m/25m2

110-240 MHz

Analog 
beamformer

Full Stokes



High Band Antenna
48/96 per station

Tile of 4X4 
dipoles

1.25m/25m2

110-240 MHz
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Full Stokes



COMPENSATE
CABLE LENGTH
DIFFERENCES

DETECT 
TRANSIENTS

FREEZE ON
TRIGGER

(from RCU)
antenna

data
SEPARATE
SUBBANDS

select

Detection 
control

(to CEP )
Transient 

buffer data

Store /Read -out
control

Subband
data

Receiver band
data

LCU

External triggerG. trigger

Transient Buffer Boards
96 Gbytes/station

Excellent for transients 
and essential for CRs

Allows look back time

1.3 s at 100 MHz BW

10’s s of PPF data

Transported and 
correlated “offline”

About to be expanded



Central Processing
BG/P

> 300 Gbits/s input (>70 
stations at about 3 Gbits/s)

International capacity > 40 
Gbits/s link AMS - GN

> 50 Gbits/s output

Multiple TeraFlop “offline” cluster

Initially 1.5 PetaBytes storage, 
which will grow
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The view from bing!
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Stations perhaps coming in Hamburg/Poland / Latvia and beyond...



LOFAR Beams 

element beam station beam tied-array beam

B. W. Stappers et al.: Observing Pulsars and Fast Transients with LOFAR

Table 3. This table presents many, but still not all the possible/envisioned LOFAR beam-formed modes and their associated
sensitivity, FoV, resolution, data-rate, and survey FoM (see text). High-band (HBA) and low-band (LBA) sensitivities and FoMs
have been normalized to that of a single 24-tile HBA “ear” or a 48-dipole Dutch LBA field respectively 7. Two Quantities are
quoted for sensitivity and FoV which correspond to one beam per station (48MHz bandwidth) and 8 beams per station (6MHz
bandwidth per beam) respectively. FoV (∝ λ2

obs) and resolution (i.e. FWHM of the beam, ∝ λobs) are quoted for a central observing
frequency of 150MHz (HBA, λobs = 2m) and 60MHz (LBA, λobs = 5m). Note that FWHM is taken to be α × λobs/D, where
α = 1.3 and D is the size of a station or the maximum baseline between combined stations where applicable. Further empirical
beam modeling will likely refine the value of α, and will somewhat affect the rough values quoted here. Where applicable, we
assume that 24 core stations of 2 × 24 HBA tiles / 48 LBA dipoes, 18 Dutch remote stations of 48 HBA tiles / 48 LBA dipoles,
and 8 international stations of 96 HBA tiles / 96 LBA dipoles are available and can be recorded separately if desired. Fly’s Eye
mode assumes 48 HBA “ears” or 42 48-dipole LBA fields are used. For the “Superterp” and “Coherent Sum Core” modes, we
assume that 100 pencil beams (per station beam) can be synthesized, and that the maximum baseline between stations is 300m
and 2000m respectively. The “Coherent Sum Core” mode assumes that all 24 Core stations are combined coherently. The “Dutch
Incoherent Sum” mode assumes that all 42 Dutch stations (24 core / 18 remote) are combined incoherently. The “Intl. Incoherent
Sum” mode assumes that all 8 international stations are combined incoherently. The integration time used in each mode is assumed
to be the same, though this would likely differ in practice, especially in the case of wide-field surveys. The data rates assume 16-bit
samples (this could be reduced if desired), summed to form Stokes I, at the maximum possible spectral/time resolution, which for
certain applications can be downgraded by a factor of a few in order to save on disk space and processing load.

Mode Sensitivity FoV Resolution Data Rate FoM
(Norm.) (sq. deg.) (deg) (TB/hr) (Norm.)

High-Band Antennas (HBAs)
Single HBA “ear” 1.0 / 0.4 18.4 / 147 4.8 0.23 1.0 / 1.3
Single Core Station 2.0 / 0.8 2.5 / 20.0 0.5 0.23 5.2 / 6.8
Single Rem. Station 2.0 / 0.8 10.3 / 82.4 3.6 0.23 / 3.0 / 3.8
Single Intl. Station 4.0 / 1.6 7.5 / 60.3 2.6 0.23 12.0 / 15.5
Fly’s Eye 1.0 / 0.4 883 / 7066 4.8 11.0 48.0 / 61.4
Dutch Inc. Sum 15.4 / 5.4 10.3 / 82.4 3.6 0.23 177 / 230
Intl. Inc. Sum 11.3 / 4.0 7.5 / 60.3 2.6 0.23 96 / 125
Coherent Superterp 12.0 / 4.2 110 / 880 0.3 23 13800 / 17900
Coherent Sum Core 84.0 / 29.7 16.1 / 129 0.04 23 741000 / 963000

Low-Band Antennas (LBAs)
Single Core Station Outer 1.0 / 0.4 16.5 / 132 4.6 0.23 1.0 / 1.3
Single Core Station Inner < 1.0 / < 0.4 105 / 840 11.6 0.23 < 1.0 / < 1.3
Single Rem. Station 1.0 / 0.4 16.5 / 132 4.6 0.23 1.0 / 1.3
Single Intl. Station 2.0 / 0.8 16.5 / 132 4.6 0.23 1.0 / 1.3
Fly’s Eye 6.5 / 2.3 693 / 5544 4.6 9.7 1775 / 2308
Dutch Inc. Sum 6.5 / 2.3 16.5 / 132 4.6 0.23 42.3 / 55.0
Intl. Inc. Sum 5.7 / 2.0 16.5 / 132 4.6 0.23 32.5 / 41.6
Coherent Superterp 6.0 / 2.1 450 / 3560 1.2 23 3764 / 4818
Coherent Sum Core 42.0 / 14.9 66.8 / 534 0.2 23 164255 / 210246

observing bandwidth to form a station beam which points
at a strong calibrator somewhere in the wide FoV of the
element beam. As long as this probes a similar ionospheric
patch, this can be used to monitor the phases.

An important aspect of keeping the signals from the sta-
tions in phase is the time stamp given to each sample. In
the original design, LOFAR used separate rubidium clocks
at each of the stations. These clocks in turn are goverened
by their own GPS receiver, which steers the rubidium clock
drifts to maintain long-term timing stability. However it
was recognised that while the instantaneous accuracy was
sufficient, there were long term drifts which needed to be
corrected for. To alleviate the need for such corrections on
the LOFAR Superterp, a new single clock system has been
implemented: the clock signal from one GPS-governed ru-
bidium clock is distributed to all these 6 stations. The rest
of the core stations will be kept in phase for the coherent
addition using either of the two methods described above.

Once the phase delays have been determined between
the stations, it is possible to use different geometrical de-
lays to form additional tied-array beams. These additional
tied-array beams can be used to tesselate sections of a sin-
gle station beam, in order to greatly increase the total FoV
for survey-like observations. They can also be formed inside

different station beams to point at many different known
point sources simultaneously, thereby greatly improving ob-
serving efficiency (see Figure 1 for examples of beams).
The processing capability of CEP will allow us to form
∼ 100 − 200 tied-array beams simultaneously, depending
on the observing bandwidth used. This allows LOFAR to
achieve excellent survey speed despite the decrease in FoV
caused by the wide distribution of the stations. Though the
resulting data rate is very large, an advantage of surveying
with tens to hundreds of tied-array beams is that the po-
sition of newly found sources is immediately known to an
accuracy of ∼ 5� (when all core stations are used). This
can save significant follow-up observation time that would
otherwise be spent refining the source position.

5.1.2. Incoherent addition

It is also possible to combine the stations without correct-
ing for the phase differences between them. If the signals
are added after detecting them (i.e. computing the power
and thereby losing the phase information) this results in a
so-called incoherent sum. As there is no longer any phase re-
lation between the signals from the stations, the signals no
longer constructively or destructively interfere. This results
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Including
international

stations
gets you to 1” 

or below



A superlative survey instrument

Large collecting area X wide FoV X multiple beams 
= unprecedented survey speed.

very deep and wide surveys/ all sky monitoring



We will monitor
entire visible sky
~daily to mJy
level at 50/150
MHz

Localisation of
transient
sources to
arcsec or better

Instant reporting
of events

Transient buffer boards allow us to
‘look back in time in other
directions

All Sky Monitor Large FoV for
rare events

Large instantaneous
sensitivity for weak
source classes

adapted from cordes

Transients XRBs, AGN, GRBs

Pulsars

Flare Stars

Planets

SETI

GW sources

Unknown!



(Fender et al. 2008)

“Fast” Radio Transients
Timescales of ns -
seconds.

Internal source variability
and singular bursts.

Probed only by non-
imaging (timeseries)
techniques.

Propagation effects in
ISM (e.g. scattering and
dispersion) very
important.

RFI contamination.

Imaging surveysPulsar-like surveys



FoV & Observing Modes

Dedicated observing and commensurate

Commissioning

3C 295



FoV & Observing Modes

• First zenith monitoring couple months ago
• Observed for 24 hours to get a full scan
• One field has bright source 3C295 in it
• Single sub band at about 150 MHz
• 25 degrees FoV in single pointing

• Follow up LIGO events
• Multiple (~10) observations of field of PSR B0329+54
• Observations of recent SS433 and Crab outbursts.

Dedicated observing and commensurate

Commissioning

3C 295



Triggers: Detailed LOFAR 
pipeline

MonetDB Database

Imaging 
Pipeline

Image 
Cube

Source 
Finding

Lightcurve 
Storage

Transient & 
Variability 
Analysis

Source 
Association

Archive 
Database

Classification 
& Analysis

Response 
Scheduling

Send 
External 

Alert

Re-run 
Image 

Analysis

Schedule 
New 

Observation

Other Facilities

Receive 
External 

Alert

Real-time Processing

Off-line & External Systems

On-line 
Processing

Visibility 
Data

Scheduler



LOFAR/THUNDERKAT/TRAPUM
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LOFAR Spigot

courtesy: Fender/4pisky
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LOFAR/THUNDERKAT/TRAPUM
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Transients Results
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Field near PSR B0329+54
pre December (typical) – 16 Channels. 
* 11 core and 4 remote stations. 
* Measured Noise ~ 15 mJy. 
* Theoretical = 0.32 mJy. 
* 46 times theoretical.

* 3rd Dec – 64 Channels. 
 STATION CALIBRATION
* 19 core and 6 remote stations. 
* Measured Noise ~ 3.5 mJy. 
* Theoretical = 0.19 mJy. 
* 18 times the theoretical

*12 x 12 hour observations. 
*150 MHz. 
*7 – 25 stations 
*25 deg-2 FOV.
*Cadence ~ weekly.

* S ~ 0.25 Jy * 20σ * No VLSS or NVSS counterpart

Preliminary: Bell et al 2011



GW Trigger tests - Ed Daw

During part of last LIGO/Virgo science run

LOFAR triggered using VOEventNet - although human still 
received and planned the observations.

Observations with duration 4-5 hours carried out within 
about 10 hours or so.

Of course aiming to bring this down to minutes to seconds. 

No detections (:-)). 



Multi-beaming

0.5 degree

Pulsar is 10x brighter 
in the correct beam 

Shifted 1 deg south

HBA LBA



Single Station Use
✤ Although sensitivity is 10% core it is still equivalent to 100 m dish!
✤ Efficient rapid surveys of entire sky (8 beams X 4.5 sq deg X 6 MHz BW!)
✤ Can also use multiple single stations, incoherently or fly’s eye
✤ Useful for fast transients like RRATs, intermittent pulsars, AXPs, scintillating sources, extreme 

nullers, double Pdot sources, new things...
✤ Frequent timing observations, High Energy, GWs, Glitches, ....

Tuesday, 26 April 2011

Karastergiou + ARTEMIS & PWG



LOFAR Timeline
✦ Official opening was in June 2010

✦ Currently 40 NL and 8 Eu (5DE, UK, FR, SE) stations 
complete

✦ 2 More NL stations by year end

✦ Another 4-5 stations to come, mainly remote.

✦ Commissioning is ongoing for all modes until ~ 2012

✦ More  EU stations to be rolled out / New stations/countries 
joining. 

✦ Station roll out in NL mostly complete in mid 2012

✦ Some of the Key Science will begin early in 2012


