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why calibrate?

• Radio telescopes are not perfect (e.g., surface accuracy, receiver noise, 
polarization purity, stability, etc.) 

• Need to accommodate engineering (e.g., frequency conversion, digital 
electronics, etc.) 

• Hardware or control software occasionally fails or behaves unpredictably 

• Scheduling/observation errors sometimes occur (e.g., wrong source positions) 

• Atmospheric conditions not ideal (not limited to “bad” weather, especially 
important at low and very high frequencies) 

• Radio Frequency Interference (RFI) 

• Determining instrumental properties (calibration) ⇒ Prerequisite to determining 

source properties 



Types of Calibration

A priori “calibrations”
– Information provided by the observatory 
– Antenna positions, earth orientation and rate, clocks 
– Antenna pointing, voltage pattern, gain curve  
– Calibrator coordinates, flux densities, polarization properties 

Cross-calibration 
–  Observe strong nearby sources against which calibration can be solved, and  
transfer solutions to target observations 
–  Choose appropriate calibrators, usually point sources because we can easily 
predict their visibilities (Amplitude ~ constant, Phase ~ 0) 
–  Choose appropriate timescales for calibration 

Self-calibration 
– Correct for antenna based phase and amplitude errors together with imaging – 
Iterative, non-linear relaxation process 
– Requires sufficient signal-to-noise at each solution interval  
– Dangerous with small N arrays, complex sources, low signal-to-noise  



Astronomical Calibrations

Flux Density Calibration
– Radio astronomy flux density scale set according to several “constant” radio 
sources, and planets/moons 

– Use resolved models where appropriate 

Astrometry  
– Most calibrators come from astrometric catalogs; sky coordinate 
     accuracy of target images tied to that of the calibrators 
– Beware of resolved and evolving structures, and phase transfer biases due to 
troposphere (especially for VLBI) 

Linear Polarization Position Angle  
– Usual flux density calibrators also have significant stable linear polarization 
position angle for registration 



What Data is Delivered?

An enormous list of complex visibilities!
– At each timestamp (~1-10s intervals): N(N-1)/2 baselines 

• EVLA: 351 baselines 
• VLBA: 45 baselines 
• ALMA: 1225-2016 baselines 
• LOFAR: 1128 (LBA), 2016 (HBA), 41328 (AARTFAAC) 

– For each baseline: 64-256 Spectral Windows (“spws”, “subbands” or 
“IFs”) 
– For each spectral window: tens to thousands of channels  
– For each channel: 1, 2, or 4 complex correlations (polarizations) 

EVLA or VLBA: RR or LL or (RR,LL), or (RR,RL,LR,LL) 
ALMA or LOFAR: XX or YY or (XX,YY) or (XX,XY,YX,YY) 

– With each correlation, a weight value and a flag (T/F) 
– Meta-info: Coordinates, antenna, field, frequency label info 

Ntotal = Nt x Nbl x Nspw x Nchan x Ncorr visibilities 

⇒ 10s of GB to 10s of TBs of visibility data 



Inspecting Visibility Data

Useful visualizations  
– Sampling of the (u,v) plane  
– Amplitude and phase vs. radius in the (u,v) plane  
– Amplitude and phase vs. time on each baseline  
– Amplitude variation across the (u,v) plane  
– Projection onto a particular orientation in the (u,v) plane 

Advantages to inspecting uv data  
– Insufficient (u,v)-plane coverage to make an image  
– Inadequate calibration  
– Quantitative analysis 
– Direct comparison of two data sets 
– Noise is uncorrelated in the (u,v) plane but correlated in the image 
– Systematic errors are usually localized in the (u,v) plane 



Typical Dataset (VLA)



Observed uv Coverages



Visibilities (amplitude, color=different pointings)



Visibilities (amplitude, color=different baselines)



Visibilities (phases, color=different baselines)
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Visibilities (phases, baselines to just one antenna)
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Visibilities (amplitude, singe baseline)



Visibilities (phase, singe baseline)



Visibilities (amplitude + phase, singe baseline)

vs. frequency



Data Editing

• Initial data examination and editing very important 
• What to edit (much of this is automated): 
– Some real-time flagging occurred during observation  
– Any such bad data left over?  
– Any persistently “dead” antennas?  
– Periods of especially poor weather?  
– Amplitude and phase should be continuously varying ⟹ remove outliers – Any Radio 
Frequency Interference (RFI)? 

• Caution: 
–  Be careful editing noise-dominated data. 
–  Be conservative ⟹ antennas or time-ranges which are bad on calibrators are probably 

bad on weak target sources ⟹ remove them 

–  Distinguish between bad (hopeless) data and poorly-calibrated data. E.g., some 
antennas may have significantly different amplitude response which may not be fatal—it may 
only need to be calibrated 

–  Choose (phase) reference antenna wisely (ever-present, stable response)
 
Increasing data volumes increasingly demand automated editing algorithms... 

Bad data is worse than no data



Data Editing: Example



Data Editing: Example
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Data Editing: Example
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Data Editing: Example
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Radio Frequency Interference



Radio Frequency Interference



Radio Frequency Interference Removal



Radio Frequency Interference Automated Removal



Fundamental calibration equation

Solving this set of coupled, linear equations is the calibration process.



Calibration with a point source



note: point sources are not necessarily 
point sources at all frequencies!

finding point sources



Available calibrators

note: for SMA



Calibration using a complex model



• Initial calibration based on calibrator observed before and/or 
after target  

• Gains were derived at a different time 

• – Troposphere and ionosphere are variable 

• – Electronics may be variable 

• Gains were derived for a different direction  
– Troposphere and ionosphere are not uniform 
– > 1 GHz ⟹ troposphere, < 1 GHz ⟹ ionosphere  

• Observation might have been scheduled poorly for the existing 
conditions 

Why is a priori calibration insufficient?
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Uncalibrated Data - Amplitudes
Am

p

Am
p

Am
p

targetgain calibratorflux density calibrator



Uncalibrated Data - Phases
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Uncalibrated Images

J1822-0938

(calibrator)

3C391

(science target)



Calibrated Data

ph
as

e

Am
p



Calibrated Data - Amplitudes

targetgain calibratorflux density calibrator



Calibrated Data - phases

targetgain calibratorflux density calibrator



Calibrated Images

J1822-0938

(calibrator)

3C391

(science target)



Imaging Products



Imaging Products: the Residual Map



Symmetric Imaging Errors



Anti-Symmetric Imaging Errors



Artefacts from Interferometer



Artefacts from Interferometer



The Impact of Bad Data



The Impact of Bad Data



The Impact of Bad Data



Not cleaning deep enough



Cleaning too deep 



Bright Sources outside Field



Some Questions to ask: 
Noise properties of image: 
Is the rms noise about that expected from integration time? 
Is the rms noise much larger near bright sources? 
Are there non-random noise components (faint waves and ripples)? 
Funny looking Structure: 
Non-physical features; stripes, rings, symmetric or anti-symmetric 
Negative features well-below a few times the rms noise  
Does the image have characteristics that look like the dirty beam? 
Image-making parameters: 
Is the image big enough to cover all significant emission?  
Is cell size too large or too small? ~4 points per beam okay 
Is the resolution too high to detect most of the emission? 

Recognizing Errors



Source structure should be “reasonable”, the rms image noise as 
expected, and the background featureless. If not: 

Examine (u,v) data  
Look for outliers in (u,v) data using several plotting methods. Check 
calibration gains and phases for instabilities.
Look at residual data (u,v data - clean components) 

Examine image plane 
Do defects resemble the dirty beam?  
Are defect properties related to possible data errors? 
Are defects related to possible deconvolution problems? 
Are other corrections/calibrations needed? 
Does the field-of-view encompass all emission? 

Recognizing Errors



• No unique solution. In fact, there are infinite solutions. 
• There will always be un-resolved structure ⇒ Unphysical to believe 

structure < FWHM of beam
• Total integrated power is never measured ⇒ Reconstruction of  

largest spatial scales is always an extrapolation 
• Requires iterative, non-linear fitting process ⇒ Compute intensive 

• No unique prescription for extracting optimal solution 

• ⇒ Constrain the solution using astrophysical plausibility 

Issues to keep in mind



• interferometry samples Fourier components of sky brightness
• make an image by Fourier transforming sampled visibilities
• deconvolution attempts to correct for incomplete sampling
• remember

• there are an infinite number of images compatible with the visibilities
• missing (or corrupted) visibilities affect the entire image
• astronomers must make decisions in imaging and deconvolution

Concluding remarks



The next generation of 

Radio Interferometers - part I 



The Hydrogen Array

• Originally motivated by high 
redshift HI studies  

• Detect 21cm hydrogen 
emission line (HI) from 
normal galaxies anywhere 
in Universe (z~2)  

• Current science case is 
much broader



SKA1: what money can build now

SKA2: square kilometer collecting area

SKA-low: 50 MHz - 350 MHz

SKA-mid: 0.35 GHz - 15(?) GHz

SKA-high: 10 GHz - 50 GHz

SKA nomenclature

warning: many numbers that are in the literature assume SKA2 sensitivities!



True SKA (SKA2) vs. SKA1

• note: sensitivity of current SKA1 much below the line plotted here



World-wide radio quiet zones



Australian Site

• built prototype ‘mid’ array… but didn’t get the bid • low-frequency only



ASKAP: Australian SKA Pathfinder



ASKAP: Australian SKA Pathfinder

• built prototype ‘mid’ array… but didn’t get the bid



MWA: Australian Murchison Widefield Array

• ultimately 2x 128 stations, 70-300 MHz



South African Site

• built prototype ‘low’ array… but didn’t get the bid • mid-frequency only



South African Site: MeerKat

64 antennas, + 12 more under construction (MPG) — 

ultimately will lead to SKA-1 with 180 (?) antennas — full funding not yet settled.












