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Figure 1. Simplified illustration of the MWA digital signal path. For the VCS mode, the baseband data between the fine channel polyphase filter bank
(PFB) and the X-engine of the correlator are written to local RAIDs on the 16 media converter servers (highlighted with a dashed box). This gives us
100 µs resolution and frequency channels 10 kHz wide.

amplified, and processed through two PFBs before being
recorded).

2.2 Capabilities

VCS Observations consist of 30.72 MHz of bandwidth, in
1.28 MHz wide subbands, spread as desired between 80 and
300 MHz. These data have 10 kHz channels and 100 µs
time resolution (corresponding to critically sampled 10 kHz
channels at the Nyquist Shannon rate). These data are the
same as the standard correlator input. At most, the system
can record a single uninterrupted time span of ∼100 min.
Dedicated hardware, in the form of a server with 16 × 3.5′′

SAS-drive bays, is installed in Perth where the recorded data
can be transferred onto a software RAID utilising a 10 GB
s−1 link to the MRO. Significant time, however, is required
between subsequent VCS observations to transport the data
from the site since archiving correlated observations takes
precedence.

Recording the data in this mode gives the user maximum
flexibility in processing the data, in particular how the 256
data streams (polarisations × tiles) are combined. The sim-
plest merger of these data is the incoherent sum, where the
voltages from each tile are multiplied by their complex con-
jugate, to form the power, and subsequently summed. This
preserves the field of view (FoV) while increasing the sen-
sitivity over a single tile by a factor of

√
N, where N is the

number of tiles summed. All the data presented in this paper
were combined in this fashion unless noted otherwise.

Alternately, more than an order of magnitude increase in
sensitivity can be gained if a phase rotation is applied to
each voltage stream before summing the voltages to form a

coherent beam at the cost of a drastic reduction in the FoV
for an individual phase centred beam. To attain the same sky
coverage as the incoherent sum, thousands of coherent beams
need to be processed. Since these data are recorded from the
‘standard’ data path, it is also possible to cross-correlate
these data offline in a manner similar to normal but with
control over the temporal and spectral integration (within
the constraints of the raw data and the available compute
resources).

3 VCS COMMISSIONING RESULTS

As the VCS mode was added to the MWA, a wide range
of engineering tests and on-sky commissioning data were
taken to verify the elements as they were added as well
as for data pipeline development. These data, taken with
a variety of bandwidths and number of tiles, are presented
here to demonstrate the capabilities of the instrument. VCS
observations in this paper are labeled YYYYMMDDX where
YYYY is the year, MM is the month, DD is the day of each
observation, and X is an incremental letter denoting the order
of observations for the day (i.e. A, B, C, . . . ).

3.1 Pulsar science

Arguably the primary science application of the voltage
capture mode is for pulsar observations. Following their
serendipitous discovery at 81.5 MHz by Hewish et al. (1968),
much of the early research on pulsars was at low frequencies
(Taylor & Manchester 1977), however the eventual quest
to find more pulsars in the galactic plane, which is highly
sky-noise dominated at low frequencies, and also to achieve

PASA, 32, e005 (2015)
doi:10.1017/pasa.2015.6
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Data Capture
RAIDs (2x6x300 GB)

Data Product
Drives (2x1 TB)

2x1.63 TB (~90 minutes)

~28 TB of data per hour

MWA Voltage Capture



Science at Low Frequencies II Albuquerque, December 2-4 2015

Publications from the VCS commissioning:
Millisecond pulsar PSR J0437-4715 (Bhat et al. 2014, ApJ, 791, L32)
VCS system description + pulsar detections (Tremblay et al. 2015, PASA, 32, 5)
Crab giants from MWA+Parkes observations (Oronsaye et al. 2015, ApJ, 809, 51)

Currently active programs (2015):
MSP observations 
Targeted searches (pulsars and RRATs of interest)
FRB searches

Longer-term programs (2016+)
Routine observations of PTA MSPs
Continued searches for FRBs
 A low-frequency census southern pulsars 
Polarimetric studies of pulsars
Pulsar emission mechanism studies
…
Profit

MWA VCS Science

VCS Recording + reprocessing =
multiple science projects using 

the same data
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MWA Single Pulses
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MWA-VCS and FRBs

Trott, Tingay & 
Wayth 2013
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MWA-VCS and FRBs
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MWA-VCS and FRBs
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MWA Single Pulses
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PSR J1921+2153
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PSR J1731-4744
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PSR J0534+2200
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µs is integration time, and ∆ν = 340 MHz is the
observing bandwidth. Given that the size of the
radio telescope beam (See Table 1) is only about
three times larger than the characteristic size of
the Crab Nebula (∼5.5′), the Ssys is dominated by
the flux contribution from the Nebula. Following
Bietenholz et al. (1997), the flux contribution is
SCN = 955ν−0.27 Jy. The total system equivalent
flux density is therefore

Ssys = Ssyso + SCN , (3)

where Ssyso = Tsyso/G is the system equivalent
flux density in the absence of the Crab Nebula,
Tsyso is the system temperature in the absence of
the Nebula, and G is the gain of the telescope.
This translates to a Ssys of 906 Jy.

Although pulsars are in general stable rotators,
the Crab pulsar is not. It is a young pulsar and
subject to abrupt changes in rotation rate (Lyne
et al. 1993). Therefore a precise ephemeris, valid
for the day of observation, had to be obtained in
order to measure the rotation rate of the pulsar. In
this case we used the time of arrival of the giant
pulses at Parkes, all of which are unresolved, as
markers of the pulsar rotation rate. The pulsar
timing package TEMPO2 (Hobbs et al. 2006) was
used to obtain a pulsar folding ephemeris for the
observations.

3.2. MWA data analysis

3.2.1. Incoherent beamforming and de-dispersion

Post-observation, the voltage samples for the
two polarizations across the 128 tiles were squared
to form powers and then summed in each 10 kHz
channel for each 100 µs time step to form an
incoherent beam. The sum was inverse-variance
weighted to maximise the signal to noise. This in-
coherent summing of the MWA tiles yields a large
field-of-view, 24◦(each tile beam ∝ λ/d, where λ is
the observing wavelength, and d is the size of the
tile), but a sensitivity that is

√
N times smaller

than that achievable by coherent combination of
the full array, where N is the number of tiles.

The incoherent beam was then converted into
the PSRFITS data format (Hotan et al. 2004).
The files were then processed using the pulsar ex-
ploration and search toolkit (PRESTO; Ransom
2001). We averaged in time to 400 µs, de-dispersed

the data, and generated a time series at the nom-
inal DM of the Crab pulsar (56.70 pc cm−3).

Fig. 1.— Dedispersed time series for the strongest
giant pulse in the MWA data. The yellow (lighter)
portions were used to estimate the off-pulse base-
line shown by the red line. The gray (darker) area
is the region that was integrated over to measure
the total pulse energy. The plot spans 180 ms and
has a time resolution of 400µs.

Figure 1 shows the brightest giant pulse from
our observations, where the scattering tail extends
to ∼50 ms, which is longer than the pulsar rota-
tion period of 33 ms. Further analysis of scatter-
ing and comparison with the previously published
observations are discussed in § 3.4.

3.2.2. Measuring the properties of giant pulses

The Crab Nebula is an extended radio source,
measuring about 5.5′ in diameter, with a flux
density of ∼955ν−0.27Jy (Bietenholz et al. 1997),
where ν is the frequency in GHz. In our case,
the Nebula occupies only a tiny fraction (∼0.2%)
of the telescope beam. The nominal sky temper-
ature at our observing frequency was evaluated
from the global sky model (de Oliveira-Costa et
al. 2008) to be 243 k

!!!
K;

!!!!!
this

!!!!!!
value

!!!!!!!!!
include

!!!!
the

!!!!!!!!!!!!!!
contribution

!!!!!!
from

!!!!
the

!!!!!!
Crab

!!!!!!!!!
Nebula. At 200

MHz, our receiver temperature is 25 K (Tingay
et al. 2013). The incoherent gain (Ginco) of the
instrument is given by the expression

Ginco =
λ2

2π (16
√
N)

2k
sin2θ, (4)

4

Oronsaye et al. 2015

MWA and Crab Giant Pulses
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MWA and Crab Giant Pulses

• ~45 minutes of MWA & Parkes observations of Crab

• 2075 Pulses detected at Parkes

• 55 Pulses detected at the MWA

• 23 Coincident Pulses (~51% from MWA P.o.V.)

• Spectral index range

• Measure of variable scattering
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giant pulses detected with the MWA and Parkes.
The error bars indicate the uncertainty in the sky
temperature measurement for the MWA (which
translate to ±0.08 Jy s in this case), which is neg-
ligible at the Parkes frequency. The vertical and
the horizontal dash lines are the detection thresh-
olds for the MWA and the Parkes observations.
The solid lines are spectral indices α = -3.6 and α
= -4.9. This figure is similar to Figure 7 of Sallmen
et al. (1999), in which they constrained the spec-
tral indices within the range of −2.2 > α > −4.9.

Fig. 5.— The results of the Monte Carlo analy-
sis to determine the best fit intrinsic mean spec-
tral index of the giant pulses. The three con-
straints, number of coincident detections (23), ob-
served correlation factor (50%) and distribution
of observed spectral indices cannot be satisfied by
the same input distribution.

Fig. 6.— Fine tuning the Monte Carlo analysis by
incorporating an overestimate of the MWA sensi-
tivity by 10% and a mild (5%) evolution in the
spectral index as a function of frequency produces
an internally consistent estimate for the mean
of the spectral index distribution(−3.00 at 1382
MHz, to greater than −2.85 at 192 MHz).

15

MWA and Crab Giant Pulses

Oronsaye et al. 2015
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MWA and Periodic Emission

Pulsars and Fast Transients 
with the MWA
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Profile evolution Scintillation

Bhat et al. 2014

PSR J0437-4715

Dscreen ~ 120 pc
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Scintillation

Bhat et al. 2014

PSR J0437-4715

Bhat et al. submitted

Parabolic Arc

Dscreen = 121±3 pc
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MWA Pulsars
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mJy

Integrated rms of archived VCS data (Oct. 9 2015)

Archived MWA Voltages
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What’s next?

Longer-term programs (2016+)

Routine observations of PTA MSPs†

Continued searches for FRBs†

 A low-frequency census southern pulsars 

Polarimetric studies of pulsars

Pulsar emission mechanism studies†

VLBI with GMRT

Non-standard correlator ‘modes’

† MWA TAC dependant
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Thank you
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•  Relation of fν to ft: 

 

•  η is curvature of parabola 

•  Measurement of η yields 
distance s 

Why parabolic arcs? 
•  Consider two coherent patches on thin screen 

fν = “delay”
ft = “fringe frequency” 
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	  295	  MHz	  (Incoherent	  Search)	  295	  MHz	  (Incoherent	  Search)	  295	  MHz	  (Incoherent	  Search)

α No Scatter High Scatter
-2 8 1
-1 3 0
0 1 0

+0.4 0 0

	  185	  MHz	  (Incoherent	  Search)	  185	  MHz	  (Incoherent	  Search)	  185	  MHz	  (Incoherent	  Search)

α No Scatter High Scatter
-2 8 0
-1 2 0
0 0 0

+0.4 0 0

MWA-VCS and FRBs


