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Correlator

examples

GMRT, ALMA have an FX correlator.

VLA, IRAM have an XF correlator

IRAM: Institut de Radio Astronomie

Millimetrique




A(l,m)I(1,m) = / / V (u, v)emi@Hom) gy, gy

2-D relationship holds while:

|%b-(s—sn)| <1

w(l? +m?)| < 1

Correlator

}

Observations are confined to a small region of the sky.




A(l,m)I(1,m) = / / V (u, v)emi@Hom) gy, gy

/

Primary beam

|%b.(s—sn)|<<1 |w(l2_|_m2)|<<1
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Discrete measurements:

(ug,vg), b =1,...

w(l* +m?)| < 1

M depends on the number of
antennas in an array

For an array of 30 antennas
like the GMRT, M ?
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Image Visibilities
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Direct Fourier Transform and Fast Fourier Transform : two methods of imaging




Direct Vs Discrete Fourier Transform

Due to computational advantages fast algorithms to find the Discrete
Fourier Transform (DFT) are most commonly used in radio astronomy
(algorith for DFT: Fast Fourier Transform).

Application of FFTs requires bringing data to regular grid and then
performs the transform.

Only in special cases where number of antenna elements are few, the
“direct Fourier Transform” is used.
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Direct Fourier Transform and Fast Fourier Transform : two methods of imaging




I — / / S u, ’U Vf ’UL ’U) 2mi(ul+vm) du dv

Direct Fourier Transform and FFT : two methods of imaging

Direct Fourier Transform:

1 M
M Z V!(’U,k, Uk)ezﬂi('u;aﬂ—l—ﬂkﬂb)

To be evaluated at every point of a NxN grid.
Number of multiplications needed to evaluate are ~2MN?

M and N are of the same order and thus the number of multiplications
needed are ~N*



I — / / S u, ’U Vf ’UL ’U) 2mi(ul+vm) du dv

Direct Fourier Transform and FFT : two methods of imaging

. . M
Direct Fourier Transform: i Z e " 62?ri(ﬂkﬂ+mam)
?

Fast Fourier Transform: interpolation of the data onto a regular grid and
then apply FFT algorithm.

The interpolation of data onto a grid is referred to as “gridding”.



Fast Fourier Transform

Sampling
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Fast Fourier Transform

Requires the data to be on a reqgular grid.

Gridding

10000 —

To bring the data to a reqular grid
required ~ N operations.

D
i
™

| 1 1 1 1
_——

Further the FFT algorithms only
require ~ N° log,N operations. ]
(E. g. Cooley-Tukey algorithm) 10000

Compare this with N* for the DFT
case

-20000 —

-20000 -10000 0 10000 20000

In most common situations, FFTs are U (m)
used.




Sampling and the point source response

or the beam

I”(,m) = f S(u, v) V' (u, v)e?™wr0m) gy, dy

o0
........ w m

20000 H

Sampling function:

10000

M
S(u,v) =Y 6(u— ug, v — vg)
k=1

E o
-
Sampled visibilities: S
M 20000 4
VLCJ (uj ru) = Z 6(“ - ukj IU - Uk)vl(ukj ’U‘k) -20000 -10000 U?m} 10000 50000
k=1

Ve =5V




Sampling and the point source response

or the beam

I”(,m) = f S(u, v) V' (u, v)e?™wr0m) gy, dy

o0
........ w m

20000 H

Sampling function:

10000

M
S(u,v) =Y 6(u— ug, v — vg)
k=1

E o
-
Sampled visibilities: S
M 20000 4
VLCJ (uj ru) = Z 6(“ - ukj IU - Uk)vl(ukj ’U‘k) -20000 -10000 U?m} 10000 50000
k=1

VS =SV’ 5 7 =FvS = F(SV)




Sampling and the point source response

or the beam

20 o0
ID(Z, m) — f S(u, ’U)V!(’uej ,U)eilm'(uﬂ—l—ﬂm) du dv

________ 50— 00

ﬂ/{ ZDCIDCI—:

S — ! ]

V2(u,v) = Z 0(u — g, v — V)V (Uk, V) | s

k=1 ]

E ]

>

P =3vS =F SV

FT of a product of functions, is the convolution ]

of their F1s, Ref. FT text book '

e. g. Bracewe” -20000 -10000 u;)m} 10000 20000




Sampling and the point source response
or the beam

20000 H

M

VS(u,0) = 3 6(u — wpy v — 0p) V' (g, 04) |
k=1 ]

V (m)

P =3V =§(SV

-10000

FT of a product of functions, is the convolution ]
of their FTs, 20000 -

Ref. FT text book
I = %S« FV'

e. g. Bracewell U (m)

ﬂ * symbol denotes convolution



Sampling and the point source response

or the beam

7 =3vo =§(sv

20000 —

ID —_ 38 sk SVI moou—:
For a point source of unit flux g
density, located at /, m, >
|V"(uj v)| =1 Assuming there is no _
other noise 20000
-20000 -10000 U (om]. 10000 20000
FT of this ?




Sampling and the point source response

or the beam

7 =3vo =§(sv

20000 —

IDZSS*SVI moou—f

For a point source of unit flux
density, located at /, m,

V (m)
o

-10000 +

|V"(uj v) =1 Assuming there is no ]
other noise i d
FT of this will be a delta function. 20000 10000 0 10000 20000




Sampling and the point source response

or the beam

7 =3vo =§(sv

20000 —

IDZSS*SVI moou—f

For a point source of unit flux
density, located at /, m,

V (m)
o

-10000 +

|V"(uj v) =1 Assuming there is no ]
other noise i d
FT of this will be a delta function. 20000 10000 0 10000 20000

SV'(1,m) = 6( — lo,m — my)

m * symbol denotes convolution



Sampling and the point source response

or the beam

7 =3vo =§(sv

20000 —

ID —_ 38 sk SVI moou—:
For a point source of unit flux i,
density, located at /, m, >
|V"(uj v)| =1 Assuming there is no ]
other noise 20000 -
FT of this will be a delta function. 20000 10000 0 10000 20000

SV'(1,m) = 6( — lo,m — my)

IDESS*(E(Z“Z[]jm“m[])={§S

E * symbol denotes convolution



Sampling and the point source response

or the beam

7 =3vo =§(sv

20000 —

ID —_ 38 sk SVI moou—:
For a point source of unit flux i,
density, located at /, m, >
|V"(uj v)| =1 Assuming there is no ]
other noise 20000 -
FT of this will be a delta function. 20000 10000 0 10000 20000

SV'(1,m) = 6( — lo,m — my)

Synthesized beam:

I” =FS*6(1 — lo,m — mg) = TS B=§S

E * symbol denotes convolution



Sampling and the point source response

or the beam

7 =3vo =§(sv

20000 —

ID —_ 38 sk SVI moou—f

For a point source of unit flux
density, located at /, m,

V (m)
o

-10000 +

|V"(uj v) =1 Assuming there is no ]
other noise i d
FT of this will be a delta function. 20000 10000 0 10000 20000

PN L e -
SV (Z, m) o 6(3 lo, ™m0 m(]) Point source response of the
array:

IP =FS«6(1 — lg,m — mg) = 35S Synthesized beam: B = &

* symbol denotes convolution



Synthesized beam

20000 —

10000 —

FT

-10000 +

-20000 +

-20000 -10000 0 10000 20000




Synthesized beam

10000 —

FT

-10000 +

-20000 +

-20000 -10000 0 10000 20000

Desirable characteristics: Low and uniform sidelobes; high resolution

No unique approach to get all of this. Choice according to the science

requirement.




Weighting: control the shape of the

M
S(U,U):Zﬁ(u—ukav_vk) B =358

Introduce a weighted sampling distribution:




Weighting: control the shape of the

M
S(U,U):Zﬁ(u—ukav_vk) B =358

Introduce a weighted sampling distribution:
apering function

t
density weighting
reliability weight

M T

D

Wu,v) = ZRkaDkfj(u—uk;U — Ug) Rkk
k=1




Weighting: control the shape of the

M
S(u,v) =Y 6(u— ug, v — vg) B=3s
k=1
Introduce a weighted sampling distribution:
T, = tapering function
D, = density weighting
R, = reliability weight

M
Wu,v) = Z Ry Ty Dpo(u — ug,v — v)

k=1
Weighted visibilities

M
VS (u,v) = Zﬁ(u—uka’v—“k)vf(u’“vk) VW =wV’

k=1
M

VWiu,v) = Z Ry Ty Dyo(u — up, v — vg) V' (g, vg)
k—1



Weighting: control the shape of the

beam

M
T, = tapering function
W(u,v) = § :RkaDké(u — U,V — V) D, = density weighting
k=1 R, = reliability weight

M
VW (u,v) =Y ReTiDid(u — ug, v — o) V' (g, vg)

k=1

If the sampling were a smooth function like a Gaussian ,

we would have no sidelobes. Briggs 1995_

However it is like a bunch of delta functions - often with (PhD thesis:

large gaps in between. detailed
treatment of

In an array: typically data points are in the inner region of weighting of

o 4 y J visibilities)

the uv-plane and are sparse outside - gives rise to more
weight to shorter spacings.




Weighting: control the shape of the

beam

M
T, = tapering function
W(u,v) = § :RkaDké(u — U,V — V) D, = density weighting
k=1 R, = reliability weight

M
VW (u,v) =Y ReTiDid(u — ug, v — o) V' (g, vg)

k=1
Tapering weights are used to downweight the data at the Briggs 1995
outer. edge._ (PhD thesis:
Density weights are used to lessen the effect of non- detailed
uniform density of sampling in the uv-plane. treatment of
| _ o weighting of
The weights are factored into components arbitrarily - visibilities)

only for convenience.



Weighting: control the shape of the

beam

M
T, = tapering function
Wiu,v) = Z BTy Do (u — up, v — vp) D, = density weighting
R, = reliability weight

k=1

M
W !
VW (u,0) = > RiTeDid(u — ug, v — 0p) V' (g, vp)
k=1
T, = tapering function, separable into u and v dependent parts.

T(’u,, U) =1 (H)Tg(v) A Gaussian taper, for
example:

Ty, = T(rg) re = \/uﬁ —I—’U:é. T(r) =

exp(—r?/20?)



Tapering
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(AIPS++ /miriad/SDE)
Bgplasec) = 77.3/T go,(kA)
fyplasec) = 91.0/T ;(kA)
Byplasec) = 120/r (kA)
Byplasec) = 166/r (kA)

T(r) = 0.607 (mapper)
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1.18
< 3. T(r) = 0.30 (AIPS)
1.55
< »_ T(r) = 0.10
2.15
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The synthesized beam width will change depending on the choice of

the taper.




Tapering example
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Density weighting

Natural weights
D,{f — ]. 1IJEII.‘IEI—:

Uniform weights

l -10000 —-

bON(k)

-20000 —

N_(k) is the number of points within a
-20000 -10000 ] 10000 20000

symmetric region in (u,v) of width s U (m)
centered on k'™ point.

N_ is the number of points within a grid cell.




Density weighting

Natural weights
D,{f — ]. 1IJEII.‘IEI—:

Uniform weights

l -10000 —-

N, (k)

Dy -

-20000 —

N_(k) is the number of points within a

-20000 -10000 0 10000 20000

symmetric region in (u,v) of width s U (m)
centered on k'™ point.

Robust weighting: hybrid form of weighting: uses minimisation of

summed sidelobe power and thermal noise.




Density weights example
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Gridding the visibilities

T
Motivated by the fact that we want to 20000 - /557?5;2
take full advantage of the FFT s /;f
algorithms. | S e
IDEIDEI—_ ///f
We want the data on a “grid” that is 1f ;f(t‘r '
uniformly spaced with a power of two E Ll lll oy
points on each side. > CoY U‘ll
_ 1}
i
Interpolation procedure needed to 10000 - \ ///
bring the data onto a grid. ] AN = NN
] ,5’ 7/
-20000 - T—rj%/é
20000 10000 0 10000 20000
U (m)




Gridding the visibilities

Gridding by convolution: convolve the 1"_5:'"
weighted sampled visibility with some 20000 - A e
suitable function and then sample this I
function on the desired grid. /7 P
Value assigned at each grid point will be Lt /// .
an average of the local values. If ;"(;" '
Cavh e ol
> | I
M ; ] f;/ff,}
> Ol =g, ve = v VY (g, ) 'y
k=1 ' /
: ==
-20000 - T—rj%/’é
Resampling
-20000 -10000 V] 10000 20000
U (m)

VE-R(C+VY) = R(Cx(WV")

o0

R(u,v) = l(u/Au,v/Av) = Z Z o7 —u/Au,k —v/Av)

j=—oc k=—00




Gridding the visibilities

Gridding by convolution: convolve the 1“' d
weighted sampled visibility with some 7 T~
suitable function and then sample this |
function on the desired grid. 1 /7, 7
Value assigned at each grid point will be 10000 - /// .
an average of the local values. If ;"(;"
E IJ_-l‘ l!ll 1oy
Gy > i
* V /; |
] v
-10000 - P //
Visibilities are a linear combination - . ,, /
of M delta functions: 20000 J;f; y
M 20000 10000 U ?m} 10000 20000

Z C(“c — Uk, Ve — ﬂk)vw(“kﬂﬂff)
k=1

u, v_is a grid point




Gridding the visibilities

Gridding by convolution: convolve the
weighted sampled visibility with some 20000 - P
suitable function and then sample this I
function on the desired grid. 1 /7 /
Value assigned at each grid point will be w000 // /
an average of the local values. i ,"{
i
LI |

M
> Clue —ug, ve — o)V (g, vp)
k=1

-10000 —

Resampled visibility: Ry 'lj?/ﬂ

T
-20000 -10000 0 10000 20000

VE=R(C+V") = R(C+(WV))

Normalization of C in connected to the weighting scheme.




Gridding the visibilities

Gridding by convolution: convolve the :vi'u
weighted sampled visibility with some 20000 - A e
suitable function and then sample this I
function on the desired grid. WP =
Value assigned at each grid point will be Lt /// .
an average of the local values. ;f‘ ;"(;" |
E o llil i
VE = R(C+«VY) = R(C+(WV")) > \ fh';
] i’
Normalization of C in connected to the 10000 1 ///
weighting scheme. : s /
] = - ____,p* 7/
R is the “bed-of-nails” function or the sha 0 “ﬁ?”
Function: a train of delta functions otoe | aobom o 1oo00 | o000

R(u,v) = l(u/Au,v/Av) = Z Z 07 —u/Au,k —v/Av)

j=—oc k=—0c¢

SV can be evaluated using FFT




Gridding the visibilities

Gridding by convolution: convolve the
weighted sampled visibility with some
suitable function and then sample this
function on the desired grid.

Value assigned at each grid point will be
an average of the local values.

O * VI*V
M
Z Clue — g, v — *U;C)Vw(uk,ﬂk)
k=1

VE = R(Ce V) = R(C (WV)
The “dirty image” can be given by
I? = FR+[(FC) (V"))
~ FR*[(BC) (BW * V)]

Vvs. U
20000 - ,/;/}i;;:"
V'
: f ; / ,‘; . s
10000 - / i,
:f‘ f (4 / i
E u;llllf/{ AT
> K "\ HIBR
" i
10000 - \ / / /
] ""._-4'5'{
20000 - Efi}; P
20000 10000 0 10000 20000

R(w,v) = I (u/Au, v/ Av)




The “dirty image” can be given by
I = FR+[(§C) (BV™)]
=S8R [(TC) (FW +FV')]

R(u,v) = Il (u/Au, v/ Av)

(SR)(I,m) = AuAvlll(IAuw, mAv) = AulAwv Z Z d(7 — lAu, k —mAv)

j=—oc k=—0C
« Aliasing is introduced due to convolution with the scaled sha function.

 Resampling makes dirty image a periodic function of | and m of period
1/Au and 1/Av.

I



Graphical representation
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FT of the
convolution
function

Effect in the

image domain
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Divide by
the FT of
the
convolution
function

0.02 0.04

—0.02

. . . I
-1000 -500 0 500

1000

This image is far from satisfactory
representation of the actual distribution: can

do better than this by deconvolution.



Choice of the gridding convolution

function

Desired choices to avoid aliasing:

a) image is large enough to include any sources at the edges.
b) avoid under sampling

c) use a gridding convolution function whose Fourier transform
drops off rapidly outside the image.

C is chosen to be real and even. C is separable C(u)C(v).

1. a pillbox function

2. truncated exponential

3. a truncated sinc function

4. an exponential multiplied by a truncated sinc
5. a truncated spheroidal
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