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van-Cittert Zernike theorem
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Extended, quasi-monochromatic, incoherent source

Field at P1 and P2 due to an element at (l,m):

(Thompson, Moran & Swenson)
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van-Cittert Zernike theorem

The complex correlation at P1 and P2 for zero time offset:

small wrt receiver BW-1

I(l,m)

u=(x2-x1)!/c
v=(y2-y1)!/c

(R2-R1)=(ul+vm)c/!
R2 ≃ R1 = R

V(u,v)                 I(l,m)
(Thompson, Moran & Swenson)

*
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I(l,m) is real; V(u,v) is Hermitian. 

Durban-2013

Hermitian function

Re f(x)

Im f(x)
f(x) = f*(-x)!

f(x) = E(x) + i O(x)

Since V(u,v) is hermitian we measure only half of the (u,v)-
plane and fill the other half with the complex conjugates.

V(u,v) = V*(-u,-v)

Real part is even; !
Imag part is odd.
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I(l,m) is real; V(u,v) is Hermitian. 
V(u,v)                 I(l,m)

FT
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(u,v) -plane

(Thompson, Moran & Swenson)

(u,v) tracks as ellipses
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(u,v) -plane

Holes correspond to missing information.

(u,v) tracks as ellipses

(Thompson, Moran & Swenson)
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Image reconstruction: phase vs amplitude
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Digital images: Quantization

6 4

2 1

Lim (1990)
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Digital images: Pixelization

256 128

64 32

Lim (1990)
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Phase/amplitude-only synthesis

Lim (1990)

?
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Phase/amplitude-only synthesis

Lim (1990)
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Phase/amplitude-only synthesis

http://www.ysbl.york.ac.uk/~cowtan/fourier/magic.html

(Taylor, C. A. & Lipson, H., Optical Transforms, Bell, London 1964)
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Phase/amplitude-only synthesis

http://www.ysbl.york.ac.uk/~cowtan/fourier/magic.html

(Taylor, C. A. & Lipson, H., Optical Transforms, Bell, London 1964)

Duck (Amplitude) + Cat (Phase) Cat (Amplitude) + Duck (Phase)
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Amplitude: magnitude of the spatial frequency.!
Phase: it’s location.
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Image analysis

Lim (1990)
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Image reconstruction: a few components required

Lim (1990)

12%

5%
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Sampling V(u,v)
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Nyquist rate

Any continuous band-limited signal can be 
reconstructed if sampled at the Nyquist rate.

Sampling rate = 1/2f

Higher frequency components will be aliased 
to the lower frequencies in the sampled band. 

39-14 Computer Science Handbook

FIGURE 39.16 Overlapping spectral components give rise to aliasing.

FIGURE 39.17 Aliasing artifacts due to undersampling.

displayed: one cycle every two pixels. Therefore, any attempt to display higher frequencies will produce
similar artifacts.

There is sometimes a misconception in the computer graphics literature that jagged (staircased) edges
are always a symptom of aliasing. This is only partially true. Technically, jagged edges arise from high
frequencies introduced by inadequate reconstruction. Since these high frequencies are not corrupting the
low-frequency components, no aliasing is actually taking place. The confusion lies in that the suggested
remedy of increasing the sampling rate is also used to eliminate aliasing. Of course, the benefit of increasing
the sampling rate is that the replicated spectra are now spaced farther apart from each other. This relaxes
the accuracy constraints for reconstruction filters to perform ideally in the stopband, where they must
suppress all components beyond some specified cutoff frequency. In this manner, the same nonideal filters
will produce less objectionable output.

It is important to note that a signal may be densely sampled (far above the Nyquist rate) and continue
to appear jagged if a zero-order reconstruction filter is used. Box filters used for pixel replication in real-
time hardware zooms are a common example of poor reconstruction filters. In this case, the signal is
clearly not aliased but rather poorly reconstructed. The distinction between reconstruction and aliasing
artifacts becomes clear when we notice that the appearance of jagged edges is improved by blurring. For
example, it is not uncommon to step back from an image exhibiting excessive blockiness in order to see it
more clearly. This is a defocusing operation that attenuates the high frequencies admitted through nonideal
reconstruction. On the other hand, once a signal is truly undersampled, there is no postprocessing possible
to improve its condition. After all, applying an ideal low-pass (reconstruction) filter to a spectrum whose
components are already overlapping will only blur the result, not rectify it.

39.6 Antialiasing

The filtering necessary to combat aliasing is known as antialiasing. In order to determine corrective action,
we must directly address the two conditions necessary for exact signal reconstruction. The first solution calls
for low-pass filtering before sampling. This method, known as prefiltering, bandlimits the signal to levels
below fmax, thereby eliminating the offending high frequencies. Notice that the frequency at which the
signal is to be sampled imposes limits on the allowable bandwidth. This is often necessary when the output
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Sampling V(u,v)

V(u) III(u/∆u)= ∑(u-i∆u)

o

o

o
o

o
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—!u—   

———1/!u——

(Thompson, Moran & Swenson)
If adequately sampled convolution with sinc provides exact interpolation of the original function from the samples.
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Under-Sampling: Aliasing
V(u) III(u/∆u)= ∑(u-i∆u)

u

l

(Thompson, Moran & Swenson)

If aliasing is avoided convolution with sinc provides exact 
interpolation of the original function from the samples.
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• Faster.!
• Requires data on uniform grid.!
• Gridding to resample V(u,v).

Fast Fourier Transform: V(u, v) - I(l,m)
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Fast Fourier Transform: Image domain

• Pixel size: 1/(2umax), 1/(2vmax) i.e. satisfy sampling theorem.

• Holes correspond to missing 
information.!

• Longest baseline: limit on resolution!
• Inner hole: no information on large 

scales

(Thompson, Moran & Swenson)
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Fast Fourier Transform: Image domain

• Image size: whole primary beam; sources in the side lobe will be 
aliased back. Solution: make larger image !

(Thompson, Moran & Swenson)
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Errors in V(u,v)
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Effect of Amplitude error

(Thomson, Moran & Swenson)
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Taylor et al. lecture (NRAO Synthesis Imaging School 2012)
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Taylor et al. lecture (NRAO Synthesis Imaging School 2012)
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.!

V’(obs) = Gij V(true)

-Observing set-up!
-bad data

poor calibration/!
baseline-based errors
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Diffuse extended emission

.!

1) Weighting: surface brightness sensitivity!
2) Masking: deconvolution & flux density  !

(Flux calculated correctly for cleaned map.)

(Briggs et al. 1999)
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Emission at various scales

.!

(Konar et al. 2006)

Wednesday, December 10, 2014



Durban-2013

Emission at various scales

.!

Momjian et al. 2003

Heavier Gaussian taper
36x33 mas80x63 mas
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Summary

.!

    

• V(u,v)                       I(l,m)!
• Radio interferometer samples V(u, v): fourier transform 

to get image.!
• Fourier transforms also useful in identifying problems.!
• Use Flagging, Gridding and  Weighting of the visibility to 

get appropriate image.

• Bracewell: The Fourier Transform and its applications. !
• Thompson, Moran & Swenson: Interferometry and 

Synthesis in Radio Astronomy.!
• Synthesis Imaging in Radio Astronomy II: the NRAO 

lecture series.

References and further reading
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