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Wide-‐field	  problems

The	  antenna’s	  primary	  beam	  
	   mosaicking	  
!
Non-‐coplanar	  baselines	  
	   faceting	  
	   warped	  snapshots	  
	   w-‐projection	  
	   w-‐stacking	  
	   w-‐snapshots	  
	   3-‐d	  DFT

solutions!



Non-‐coplanar	  baselines

(Cornwell+2008)

undesired	  result desired	  result



Non-‐coplanar	  baselines

The direction cosines (l,m,n) are 
projections of the unit direction 
vector s onto the (u,v,w) axes

And baseline vector
b = (λu,λv,λw)

(sky)

(array)
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Non-‐coplanar	  baselines
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We would prefer the form

:
This requires one of:

or

(small	  FOV) (approx.	  coplanar)



Polyhedron	  imaging	  (faceting)
Approximate the celestial 
sphere as a collection of 
‘tangent planes’

Restrict the FOV of each 
plane such that 

Phase shift and recompute 
(u,v,w) for each plane

Project and combine the 
images onto a 2-d plane

Note:	  	  uv-‐faceting	  algorithms	  are	  also	  viable



W-‐projection

dldm
ml

mlIwvuV mlwvmulie )]11([2

22

22

1
),(),,( −−−++−

∫∫
−−

=
πν

ν

factor out

such that



We can use G tp project each 
visibility onto the w=0 plane

W-‐projection
The w-term introduces a 
Fresnel phase screen 

and Fourier transform to 
produce a single dirty image 
to deconvolve



Other	  non-‐coplanar	  solutions

w-‐stacking:	  	  partition	  data	  in	  w,	  apply	  G	  in	  the	  image	  
plane	  (multiplication)	  

warped	  snapshots:	  	  modify	  (l,m)	  using	  functions	  of	  
the	  zenith	  and	  parallactic	  angles	  for	  each	  snapshot,	  
then	  coordinate	  transform	  the	  distorted	  image	  

w-‐snapshot:	  express	  w	  as	  a	  best	  fit	  plane	  with	  
residuals	  Δw	  projected	  with	  G.	  	  	  

3-‐d	  DFT:	  	  invert	  the	  3-‐d	  coherence	  function;	  	  	  treat	  
the	  physical	  emission	  as	  a	  spherical	  surface	  inside	  a	  
3-‐d	  image



The	  effect	  of	  the	  antenna	  primary	  beam

(Image credit:  T.J. Cornwell)

true	  source primary	  beam apparent	  image

Imaging	  sources	  larger	  
than	  the	  primary	  beam	  
requires	  mosaicking



Different	  approaches	  to	  mosaic	  observing

Alternate	  between	  a	  set	  of	  pointings	  with	  a	  
traditional	  (single	  pixel)	  receiver	  
!
Observe	  multiple	  directions	  simultaneously	  with	  a	  
multi-‐beam	  receiver	  
!
Continuously	  scan	  your	  telescope	  (OTF)	  
!
Keep	  your	  telescope	  fixed	  and	  let	  the	  sky	  drift



Different	  approaches	  to	  mosaic	  observing

Observe	  a	  grid	  of	  pointings	  with	  a	  traditional	  
(single	  pixel)	  receiver

++	  	  most	  commonly	  supported	  
!
++	  	  relatively	  easy	  to	  process	  
!
—	  	  overhead	  can	  be	  large	  due	  	  
	  	  	  	  	  	  to	  slewing	  and	  settling



Different	  approaches	  to	  mosaic	  observing

Observe	  a	  grid	  of	  pointings	  with	  a	  traditional	  
(single	  pixel)	  receiver

D2
λ

Nyquist	  sampledunder-‐sampled over-‐sampled



++	  survey	  speed	  increases	  Nbeam	  
!
++	  overhead	  decreases	  
!
++	  UV	  coverage	  increases	  
!
—	  beams	  can	  not	  be	  too	  closely	  
packed	  
!

Different	  approaches	  to	  mosaic	  observing

Observe	  using	  a	  multi-‐beam	  receiver

(Image	  credit:	  I.	  Heywood)



The array is a complementary screen sitting above a 
groundplane with differential feed points at the 
groundplane between where the diamonds corners 
almost meet.  The sensitivity of this array has been 
calculated for ASKAP [5] which has prime focus 
12m dishes with an F/D of 0.5.  This is shown in 
Figure 2.  Each polarisation is a 9x10 array of feeds 
spaced on a 9cm grid.  Figure 2 is the envelop of 
maximum sensitivity of a dense grid of beams.  Thus 
for a beam centred at any location the figure gives the 
maximum sensitivity of that beam.   Considering 
Figure 2 as the sensitivity in equation (2) gives a 
maximum possible effective field of view which in 
this case is 32 deg2. 
 

 

Figure 2 Maximum sensitivity (5% contours) 

4  SENSITIVITY WITH LIMITED BEAMS 

The sensitivity shown in Figure 2 can be achieved if 
the beams are separated by at most λ/(2D) and the 
beam powers summed with optimum weighting 
factors.  For the system described above more than 
100 beams are required to recover all the available 
energy.  For a rectangular array of beams the 
effective field of view varies as shown in Figure 3. 
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Figure 3 Effective field of view as a function of 
number of beams and beam separation at 1.4GHz 

 If the beams are too closely spaced then the full area 
of high sensitivity is not used.  As the beam 
separation increase the beams eventually fill the 6o by 
6o of high sensitivity area in Figure 2.  Then as the 
beam centres leave this area the effective field of 
view decreases.  For ASKAP, 36 beams have been 
implemented and a beam separation of λ/D has been 
chosen.  This allows 68% of the available survey 
speed to be recovered.  To recover the last 32% of 
survey speed about three times as many beams would 
need to be generated and processed.  The resulting 
sensitivity for 36 beams is shown in Figure 4.  This is 
the sensitivity for a single polarisation. For 
astronomy applications the total intensity or Stokes 
parameter I is required.  Adding the orthogonal 
polarisation gives the result on right. 
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Figure 4 Sensitivity with 36 beams spaced at λ/D (left) 
and with the orthogonal polarisation to give Stokes I 

(right). Axis units are degrees. (5% contours) 

5 FLATTENING THE SENSITIVITY 

 It is seen that the sensitivity in Figure 4 is far from 
flat. It has variations on the scale of 6o and also the 
beam separation ~1o.  To remove the 1o variation four 
observations are needed that are on a 0.5o grid. For 
maximum sensitivity this is achieved by repointing 
the dish for each observation.  In astronomy the use 
of multiple overlapping observations to flatten the 

degrees

Sensitivity	  (5%	  contours)

Instantaneous	  30	  deg2	  FOV

36	  beams

Different	  approaches	  to	  mosaic	  observing

Observe	  using	  a	  multi-‐beam	  receiver



degrees

Sensitivity	  (5%	  contours)

sensitivity is called mosaicing [6] and is normally 
done on a hexagonal grid. Here a rectangular grid is 
used because the maximum sensitivity is 
approximately square.  
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Figure 5 Sensitivity after mosaicing on four point 0.5 
degree grid. Axis units are degrees. (5% contours) 

  Figure 5 shows the sensitivity after mosaicing on a 
four point 0.5 degree grid.  If a beam spacing of 
greater than λ/D had been chosen then the resulting 
sensitivity would have been smooth as shown in 
Figure 5.   

The last step in completing the survey is form a 
pointing mosaic with the field shown in Figure 5 at a 
spacing of 3.07o.  For a suitably chosen mosaicing 
grid, the variation in sensitivity is 2% assuming 
identical LNAs at all feed points of the chequerboard 
array.   
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Figure 6 Cut through observation with a 6x 6 grid 
mosaic at 3.07o for the second stage of mosaicing 

6  CONCLUSION  

The sensitivity of a chequerboard phased array on a 
12m dish has been analysed.  The results have been 
used to develop a technique for obtaining surveys 
with uniform sensitivity.  To achieve this multiple 
beams on a rectangular grid are used and the spacing 
of this grid is found by using a measure of effective 
field of view.  The resulting 36 beam observation is 
then mosaiced in two steps, first to remove interbeam 

variations and then to remove variations due to the 
response of the phased array feed.  The resulting 
sensitivity for wide-field surveys is uniform to within 
2%. 
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36	  beams	  +	  4x	  interleaving

Instantaneous	  30	  deg2	  FOV

Different	  approaches	  to	  mosaic	  observing

Observe	  using	  a	  multi-‐beam	  receiver



Different	  approaches	  to	  mosaic	  observing

Continuously	  scan	  your	  telescope	  (OTF)	  

++	  overhead	  greatly	  decreases	  
!
—	  processing	  can	  be	  
challenging	  
!



Imaging	  of	  mosaic	  observations

Separately	  image	  and	  deconvolve	  each	  pointing	  
!
Separately	  image	  and	  jointly	  deconvolve	  the	  
pointings	  
!
Jointly	  image	  and	  deconvolve	  the	  pointings	  
!
Fit	  a	  single	  model	  to	  the	  data	  from	  all	  pointings



Imaging	  of	  mosaic	  observations

Separately	  image	  and	  deconvolve	  each	  pointing	  
individually

the	  linear	  mosaic	  of	  the	  
individual	  images	  
!



(Feain+2011)

(de Blok et al.) 



Imaging	  of	  mosaic	  observations

Separately	  image	  and	  jointly	  deconvolve	  the	  
pointing

• create	  dirty	  images	  for	  each	  pointing	  
• form	  a	  linear	  mosaic	  of	  dirty	  images	  
• calculate	  the	  position-‐dependent	  PSF	  
• deconvolve	  the	  mosaic



Imaging	  of	  mosaic	  observations

Jointly	  image	  and	  deconvolve	  the	  pointings	  

• use	  primary	  beam	  (A-‐projection)	  in	  the	  gridding	  kernel	  
• use	  the	  Fourier	  shift	  theorem	  for	  different	  pointings	  
• combine	  all	  of	  the	  pointings	  onto	  a	  single	  UV	  grid	  
• deconvolve	  the	  mosaic



Imaging	  of	  mosaic	  observations

Fit	  a	  single	  model	  to	  the	  data	  from	  all	  pointings

• Maximum	  Entropy	  
• Compressed	  Sensing



CSIRO	  Astronomy	  &	  Space	  Science	  
Joshua	  Marvil	  	  |	  	  OCE	  Postdoctoral	  Fellow	  
t	  	  	  	  +61	  2	  9372	  4329	  
e	   josh.marvil	  @	  csiro.au	  	  	  	  	  

Thank	  you


