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Introduction—the science

§ Cygnus A (a quasar)
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Introduction—the science

§ Blackbody radiation; synchrotron radiation
§ Spectral line due to neutral hydrogen (1420 MHz)
§ Redshift (“Doppler”)--up to a factor 10!
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Introduction—the science

§m

Dark Ages
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Introduction—the instruments

§ Karl Jansky, Bell Labs (1928), 20 MHz
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Introduction—the instruments

§ Oort/van der Hulst (1950s), prediction and 
discovery of the HI 21 cm line (1420 MHz)

§ Dwingeloo (Netherlands), 1956 § Jodrell Bank (Manchester, UK), 1957
76 m
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Introduction—the instruments

§ Effelsberg, Germany (1972) 100m § Arecibo, Puerto Rico (1960) 305m

§ “FAST”, Guizhou, China (2016), 500m
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Introduction—the instruments

§Westerbork, Netherlands (1970), 
14 dishes

§ Very Large Array, New Mexico 
(1980), 27 dishes
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New instruments – Focal Plane Arrays

Westerbork upgrade (2017)
§ 8 x 8 phased array
§ 37 beams for faster surveys
§ Beamshape control



10

New instruments – Aperture Arrays

The new era: massive phased arrays

§ LOFAR (Europe), 100,000 antennas § EMBRACE (NL), prototype AA

(a) Sparse phased arrays (b) Dense phased arrays
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LOFAR radio telescope array (2008)

§ 38 stations (Netherlands)
§ 13+ additional stations in Germany, 

UK, Sweden, France, Poland, Ireland,  
…

§ ~1000 antenna elements/station
§ Dense core, 24 stations within 3.5 km

§ Lowband array: 10-90 MHz
§ Highband array: 110-240 MHz
§ Resolution ~1 kHz

§ 8 simultaneous beams 
§ Up to 48 MHz per beam

Designed and operated by ASTRON

Design parameters
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LOFAR radio telescope array

Station parameters
§Each station has 2 high band array 

substations, and 96 low band 
antennas

§Beamformed output mimicks a 
telescope dish

§24 core stations
§14 NL remote stations
§13+ international stations
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LOFAR  core stations

Core station parameters
§`Superterp’: 6 stations, 

diameter 300m
§24 core stations within 3.5 

km
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LOFAR lowband antennas

§10-90 MHz
§Dipole antenna, 96 dipoles per station
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LOFAR high-band array

§120-240 MHz
§Each tile is 5 x 5 meter and has 4 x 4 ‘spider’

antennas encapsulated in polystyrene
§24 tiles form a sub-station
§2 substations per station (total 768 antennas)
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Basic concepts of interferometry

geometric
delay

baseline

FOV

Observations
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Basic concepts of interferometry
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Basic concepts of interferometry

Array response due to geometric delays
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Basic concepts of interferometry

Narrow-band and stationarity conditions
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Basic concepts of interferometry

Measurement equation

Model options
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Basic concepts of interferometry

Imaging problem formulation
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Basic concepts of interferometry

Baseline samples
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Basic concepts of interferometry

Fourier-based image formation
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Basic concepts of interferometry

§LOFAR “Superterp” antenna configuration
P = 288 antennas, max baseline 326 m

§(u,v) samples (snapshot)
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Basic concepts of interferometry

PSF
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Basic concepts of interferometry

Test on model image: W28 superremnant (from CASA Guides)

Test image in dB (0 till -35 dB) 
Q=84681 pixels

Test image
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Basic concepts of interferometry

Deconvolution: The CLEAN algorithm



Basic concepts of interferometry

The CLEAN algorithm

CLEAN + postprocessing

10 outer, 500 inner iterations (~1 min)

CLEAN
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Basic concepts of interferometry

Rewrite in array processing language

§More general: beamformed image

§Minimum Variance Distortionless Response (MVDR) solution



Basic concepts of interferometry

Beamformed images

MF image (classical dirty image) MVDR dirty image; dB scale

MF dirty image
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New instruments

Sensitivity evolution (1940-2010)
§ Exponential: doubles every 3 years

Other parameters
§ Resolution
§ Freq. range, bandwidth
§ Survey speed (FoV)

SKA science drivers
§ Early universe:
• Dark Ages and EoR: 

first star formation
• Galaxy formation and 

evolution
§ Cosmic magnetism
§ Gravitation (pulsar timing)
§ Origins of life
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First EOR detection (?): EDGES telescope

§ EDGES telescope at MRO
Single dipole blade antenna 
(2x1 m)

Published in Nature, Mar 2018 
(Judd Bowman e.a.): 

measured

after foreground removal and signal removal

detected signal (poly fit) signal + residual

Detected EOR based on 100 h all-sky 
observations and parameterized 
(polynomial) models of the sky 
foreground and EOR spectrum

SKA is aimed to image this signal
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The Square Kilometer Array

Initial design parameters (2010)

§ Operational in 2019/2023

§ 1.000.000 m2: sensitivity 50 x VLA

§ 70 MHz--25 GHz; instantaneous 
bandwidth 0.25 x fc

§ Core 5 km has 50% of elements); 
max 3000 km

§ Combination of sparse phased 
arrays of dipoles, dense aperture 
arrays, dishes with focal plane 
arrays

§ 50 instantaneous beams



36

The Square Kilometer Array

SKA1-Low (2013 param.)
§ Aperture array with 250,000 

log-periodic elements
§ 866 stations, 90 km diameter
§ 50 MHz—350 MHz
§ Location: Western Australia
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The Square Kilometer Array

SKA1-Mid (2013 param.)
§ 350 MHz—3 GHz (…14.5 GHz)
§ 190+64 dishes (MeerKAT)

with single-pixel feeds
§ Location: Southern Africa

2018: 64 dishes commissioned

Initially considered
§ 400 MHz—1.4 GHz
§ 250 dense aperture array 

stations
§ Location: Southern Africa



38

SKA Precursor: MRO site
Murchison Radio-astronomy 

Observatory (MRO) site
Western Australia (Boolardy station) 

§ Australian SKA Pathfinder (2019)
36 identical 12-metre wide dish 
antennas, 18 currently operational

Phased Array Feed (PAF) receivers 
(giving survey speed)

§ Murchison Widefield Array (2013)
80-300 MHz; 2048 dipole antennas in 
128 tiles (4 x 4); max baseline ~ 3 km
Total BW 30 MHz; resolution 40 kHz x 
0.5 s
2018: upgrade to 256 tiles over 6 km
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SKA Precursor: MRO site

§ SKA1-Low prototype station 
256 low-frequency antennas 
(AAVS1)

Completed 25 May 2018
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SKA – signal processing requirements

Quest for higher performance
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SKA – signal processing requirements
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SKA – signal processing requirements

Station processing

A/D

A/D

beamforming
station calibration

channelization

filter
bank

filter
bank
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SKA – signal processing requirements

Station processing

[Jongerius’16, not based on current parameters]
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SKA – signal processing requirements

Central signal processing

∑

correlationtracking channelization

station 1

station

filter
bank

filter
bank
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SKA – signal processing requirements
Maximum integration time

Number of subband channels
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SKA – signal processing requirements

Central signal processing
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SKA – signal processing requirements

Central signal processing

288 “Gemini” FPGA boards (ASTRON)

SJ Wijnholds, AG Willis, S Salvini, “Baseline-dependent averaging in radio interferometry”, MNRAS 2018
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SKA – signal processing requirements
How many pixels in an image? beams (pixels) in the FOV
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SKA – signal processing requirements

Science Data Processing

PSF

source

degrid
FFT

( )

gridding
IFFT

( )

PSFdetect

minor cyclemajor cycle

sky model

correlations
image

CLEANed
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SKA – signal processing requirements

Science Data Processing

Conclusion: Improved imaging algorithms cannot be much more complex…
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Image formation

Image formation problem
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Image formation
Initial approach: Least Squares
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Next – to the moon

Netherlands-China Low-Frequency Explorer (20 May 2018)

§ Piggyback on a relay satellite for the Chinese lunar explorer mission 
(Chang'e 4)

§ 3 antennas (orthogonal dipoles), (80 kHz till) 1-80 MHz
§ Also: launch of two moon-orbiting microsatellites for testing interferometry 

at 1-30 MHz (but one failed?)
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Next – to the moon

OLFAR – orbiting low frequency 
array, design concept

§ Swarm of some 50 nano-satellites, 
orbiting the moon
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Conclusions
Radio astronomy is an interesting application 

area for Array Signal Processing

§ Imaging and deconvolution
§ Interference reduction using subspace 

techniques
§ Calibration

A.J. van der Veen, S.J. Wijnholds, A.M. Sardarabadi, Signal Processing 
Tools for Radio Astronomy, in S. Bhattacharryya e.a. (Ed.), Handbook 
of Signal Processing Systems, 3rd ed.,  Springer, pp. (40 pp.), July 2018. 
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