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• AIM: This lecture aims to give a general overview to the calibration of LOFAR imaging 
synthesis data.

• TOPICS:

1) The radio interferometric measurement equation (ME)

2) The calibration strategy and Black Board Self-calibration (BBS)

3) Sky models

4) Beam models

5) Direction dependent calibration

6) Inspecting solutions

7) Wide-bandwidth calibration

•  REFERENCE: The LOFAR Imaging Cookbook 
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• RIME: The radio interferometer measurement equation, as used by CASA etc. for 
the calibration,
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• Black Board Self-calibration (BBS) is a software package that is designed for 
the calibration and simulation of LOFAR data. Needed because:

1) LOFAR data is very large (6 h observation can be >100 TB), needs to be 
processed in a distributed fashion.
2) Must account for direction dependent effects.

• The term “Black Board” relates to the chosen architecture that has been 
implemented to control the calibration on a distributed cluster - many of the 
calculations are done on the local nodes, only management through databases is 
needed globally.

• BBS can be run in two ways:
• Standalone: The calibration of 1 sub-band.
• Global parameter estimation: The calibration of multiple sub-bands.
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Application Configuration and 
Control:Configuration is done with 
a user supplied parset file.

On-Line Application Processing: 
Stores observational data as 
Measurement Sets (MS).

Imager: Fourier transforms 
the residual visibilities 
produced by BBS into a sky 
image.

Parmdb: Stores the values of 
the various models (sky, 
ionosphere, instrument) used in 
self-calibration.
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• The BBS kernel (the bit that does the work) can support an number of operations 
that are carried out locally on each compute node,

1. PREDICT: Predict (simulate) visibilities based on a model that describes the 
sky, the environment (e.g. ionosphere), and the instrument.

2. SUBTRACT: Predict visibilities for one or more source(s) and subtract the 
result from the observed visibilities.

3. CORRECT: Correct the observed visibilities for a given reference (source) 
direction.

4. SHIFT: Phase shift the observed visibilities to a different phase centre.
5. GENERATE EQUATIONS: Generate condition equations in a form that can be 

fed to the solver. Condition equations relate the model parameters to the 
difference between the observed visibilities and the predicted visibilities 
(based on the model).

• This information is used globally to carry out the operation,
6. SOLVE: Determines the calibration parameters.
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• To determine our calibration parameters (the elements in our Jones Matrices) we 
need to compare the observed (corrupted) visibilities with the real visibilities…
need to use a model for the sky.

EVLA Calibrator

• In beam calibration can be used: Good because the amplitude and phase 
variations can be tracked over time, but bad because the model is complicated.



The effect of a poor model
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• Need good models of structure on the smallest-scales to calibrate the 30--100 km 
Remote Stations - Your calibration is only as good as your model!

Initial Model Better after self calibration

• Self-calibration can help a lot: Nant unknowns Nant(Nant - 1)/2 constaints!
• A survey to establish the LOFAR initial sky model, that can be used for the first 

round of calibration available (use this as your starting model).
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• The Multi-frequency Snapshot Sky Survey (MSSS; Heald et al. 2015) will provide 
an initial Global Sky Model (GSM) at 2 arcmin resolution (at 110-160 MHz).

• Re-process the 15 min of visibility data at full resolution to determine the best 
starting sky model for your observation (could save you a lot of time).

Weighting: Briggs 
Robust= 0 
UVmax = 2 
Beam size: 2.2 x 2.4 arcmin 
Processing time: 8 min
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• The sky model can be specified in two ways (#1 is favoured):
1. A text file containing the properties of the sources (position, flux, size, 

spectral index, polarisation).

2. As a model image (clean component, multi-scale clean, compressed 
sensing, Bayesian likelihood) which is directly converted to model 
visibilities with the PREDICT option within BBS.

• Method two adds a new column to the MS that can be specified during the 
calibration. BUT, only should be used for complicated sources over a small field 
of view (direction dependent effects are lost).
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• Unlike typical dish-based interferometers (e.g. JVLA, WSRT) the gain (amplitude) 
of the visibilities are not constant.

• This is due to the source moving through the beam (+atmosphere+ionosphere), 
effectively the change in the projected area of the station. Need beam correction 
in the calibration.



Specifying the beam model
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• The beam module emulates the distort ions 
(attenuation) caused by the beam of the station.

1. Element beam: response of a single dipole.
2. Array Factor: Combined dipole response.

• Example of the HBA (core) station beam at 150 MHz 
(taken from MB’s “Lots Of Flimsy Antenna Rigs” 
lecture.)

• Beam model is specified in the parset file.
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• Calibration solves for the elements in the Jones matrices in one direction, but 
these solutions may not be valid over the wide field-of-view of our observations. 
This requires direction dependent solutions to be determined.

• In BBS, the sky is split into patches, and each patch is assumed to be satisfied 
by an direction independent solution, i.e. the patch is small enough that DDE’s 
are negligible.
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Total Electron Content (TEC)
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• Free electrons in the ionosphere can attenuate radio emission when the 
radiation frequency approaches the plasma frequency (Ne ∝ ν2). Hence, the low 
frequency cut-off 

• The ionosphere can also introduce a frequency dependent phase shift in the 
radio waves, and also varies with frequency

• Can solve for the differential 
TEC using our sky model (if 
we can separate the delay 
introduced by the clocks).

• See next lecture for details.

• Parameters included in the 
BBS parset file are,



Calibration strategies
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• A number of calibration strategies have been developed (see cookbook for 
details).

1. Gain calibration (direction independent): Solves for a single direction 
amplitude and phase solution and applies this to the visibility data. Useful 
for targets that are bright objects in the field.

2. Gain calibration (direction dependent): Solves for the amplitude and 
phase solution toward bright sources and subtracts them from the data, 
and then solves for the amplitude and phase solution toward the target 
field. Useful for calibrating targets that are faint objects in the field.

3. Gain Transfer: Use the gain calibration from a strong calibrator field to 
calibrate the target field. Useful if there is no target field model, or if the 
target field has no bright sources in-beam. There are two methods.

A. Cycle between observations of a calibrator field and the target field 
to estimate the gain variations and transfer them to the target.

B. Use multi-beaming to simultaneously observe the calibrator field and 
target field (helps remove temporal variations). 

• We will use gain transfer during the tutorial, this afternoon.
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• Always check your solutions! This is done by plotting the amplitude and phase 
solutions for each station (direction) and flagging poor solutions (similar to what is 
done for other interferometric arrays).

Calibrator Target



Rapid phase variations
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• Phases for RS503 (Green; 3 km from Superterp) and RS208 (Blue; 30 km from 
the Superterp).

Better after self calibration

Phases change faster for longer 
baselines.

Still trace the changes for 15s visibility 
integration time.
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• If your target is very strong and has a well defined spectrum, it is possible to 
estimate the frequency dependence of the gains (e.g. Scaife & Heald 2012).

• In almost all cases, this is not possible, so we can apply our estimate of the 
global bandpass to our target data.
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§ LOFAR will have large fractional bandwidths (~48 to 96 MHz bandwidth between 
10 -- 250 MHz).



Multi-frequency synthesis
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be modeled and removed before or during multi-frequency
synthesis imaging.

To summarize, just as standard interferometric image re-
construction uses a priori information about the spatial struc-
ture of the sky to estimate the visibility function in unmeasured
regions of the uv-plane, multi-frequency image reconstruction
algorithms need to use a priori information about the spectral
structure of the sky brightness. By combining a suitable model
with the known frequency-dependence of the spatial-frequency
coverage and element response function, it is possible to recon-
struct the broad-band sky brightness distribution from incom-
plete spectral and spatial-frequency sampling.

2. Multi-scale Multi-frequency deconvolution
The MS-MFS algorithm described here is based on the iter-
ative image-reconstruction framework described in Rau et al.
(2009) and summarized in Appendix A. Sections 2.1 to 2.7 for-
mulate the algorithm and summarize its implementation in the
CASA package. Differences between the multi-scale and multi-
frequency parts of MS-MFS with the original MF-CLEAN and
MS-CLEAN approaches are highlighted in sections 3.1 and 3.2.

2.1. Parameterization of spatial structure

An image with multi-scale structure is written as a linear combi-
nation of images at different spatial scales (Cornwell, 2008).

Im =
Ns−1
∑

s=0
Ishps ⋆ I

sky,δ
s (1)

where Im is a multi-scale model image3, and Isky,δs is a collection
of δ-functions that describe the locations and integrated ampli-
tudes of flux components of scale s in the image. Ns is the num-
ber of discrete spatial scales used to represent the image and Ishps
is a tapered truncated parabola of width proportional to s. The
symbol ⋆ denotes convolution.

2.2. Parameterization of spectral structure

The spectrum of each flux component is modeled by a polyno-
mial in frequency ( a Taylor series expansion about ν0 ).

Imν =
Nt−1
∑

t=0
wtνI

sky
t where wtν =

(

ν − ν0
ν0

)t

(2)

where Iskyt represents a multi-scale Taylor coefficient image, and
Nt is the order of the Taylor series expansion.

These Taylor coefficients are interpreted by choosing an
astrophysically appropriate spectral model and performing a
Taylor expansion to derive an expression that each coeffi-
cient maps to. One practical choice is a power law with a
varying index, represented by a second-order polynomial in
log(I) vs log

(

ν
ν0

)

space.

Iskyν = I
sky
ν0

(

ν

ν0

)Iskyα +I
sky
β
log
(

ν
ν0

)

(3)

3 In this paper, superscripts for vectors and matrices indicate type
(model, sky, observed, dirty, residual, etc), and subscripts in italics in-
dicate enumeration indices (t, q for Taylor-term, s, p for spatial scale,
ν for frequency channel.). Non-italic subscripts indicate specific values
of the enumerated indices (for example, Iν0 , I0 or Iα).

Here, Iskyα represents an average spectral-index, and Isky
β
repre-

sents spectral-curvature. The motivation behind this choice of
interpretation is the fact that continuum synchrotron emission is
usually modeled (and observed) as a power law distribution with
frequency. Across the wide frequency ranges that new receivers
are now sensitive to, spectral breaks, steepening and turnovers
need to be factored into models, and the simplest way to include
them and ensure smoothness, is spectral curvature4.

A Taylor expansion of Eqn.3 yields the following expres-
sions for the first three coefficients fromwhich the spectral index
Iskyα and curvature Isky

β
images can be computed algebraically.

Im0 = I
sky
ν0 ; Im1 = I

sky
α I

sky
ν0 ; Im2 =

⎛

⎜

⎜

⎜

⎜

⎝

Iskyα (I
sky
α − 1)
2

+ Isky
β

⎞

⎟

⎟

⎟

⎟

⎠

Iskyν0 (4)

Note that with this choice of parameterization, we are using a
polynomial to model a power-law, and Nt rapidly increases with
bandwidth. A power-series expansion about Iskyα and Isky

β
will

yield a logarithmic expansion (i.e. I vs log ν) which requires
fewer coefficients to represent the same spectrum5.

2.3. Multi-scale multi-frequency model

A wideband model of the sky brightness distribution is con-
structed from Eqns 1 and 2. A wideband flux component is a
spatial basis function (Ishps , Gaussian or parabola) whose inte-
grated amplitude follows a Taylor polynomial in frequency. A
region of emission in which the spectrum varies with position
will be modeled as a sum of these wide-band flux components.
The image-reconstructionprocess simultaneously solves for spa-
tial and spectral coefficients of these flux components.

The image at each frequency can be modeled as a linear com-
bination of Taylor-coefficient images at different spatial scales.

Imν =
Nt
∑

t=0

Ns
∑

s=0
wtν
[

Ishps ⋆ I
sky
s
t

]

where wtν =
(

ν − ν0
ν0

)t

(5)

Here, Ns is the number of discrete spatial scales used to represent
the image and Nt is the order of the series expansion of the spec-
trum. Iskys

t
represents a collection of δ-functions that describe the

locations and integrated amplitudes of flux components of scale
s in the image of the tth series coefficient.

2.4. Measurement equations

The measurement equations6 for a sky brightness distribution
parameterized by Eqn.5 are

4 Wideband imaging algorithms described in Conway et al. (1990)
and Sault & Wieringa (1994) use a fixed spectral index across the band,
and handle slight curvature by performing multiple rounds of imaging
after removing the dominant or average α at each stage. They also sug-
gest using higher order polynomials to handle spectral curvature.
5 Conway et al. (1990) state that the logarithmic expansion has better

convergence properties than the linear expansion when α << 1. An even
more compact representation is a polynomial in log I vs log ν, but it be-
comes numerically unstable to operate on logarithms and exponentials
of pixel amplitudes, especially in the presence of noise.
6 Appendix A contains an explanation of the matrix notation

used here, and briefly describes standard radio-interferometric image-
reconstruction within a least-squares model-fitting framework (mea-
surement equations, normal equations, and iterative χ2 minimization).

3

MS model image

Taylor co-efficient images

§ MFS represents the sky emission in terms of a Taylor series about a reference 
frequency.

U.Rau and T.J.Cornwell: Multi-Scale Multi-Frequency Synthesis Imaging in Radio Interferometry

be modeled and removed before or during multi-frequency
synthesis imaging.

To summarize, just as standard interferometric image re-
construction uses a priori information about the spatial struc-
ture of the sky to estimate the visibility function in unmeasured
regions of the uv-plane, multi-frequency image reconstruction
algorithms need to use a priori information about the spectral
structure of the sky brightness. By combining a suitable model
with the known frequency-dependence of the spatial-frequency
coverage and element response function, it is possible to recon-
struct the broad-band sky brightness distribution from incom-
plete spectral and spatial-frequency sampling.

2. Multi-scale Multi-frequency deconvolution
The MS-MFS algorithm described here is based on the iter-
ative image-reconstruction framework described in Rau et al.
(2009) and summarized in Appendix A. Sections 2.1 to 2.7 for-
mulate the algorithm and summarize its implementation in the
CASA package. Differences between the multi-scale and multi-
frequency parts of MS-MFS with the original MF-CLEAN and
MS-CLEAN approaches are highlighted in sections 3.1 and 3.2.

2.1. Parameterization of spatial structure

An image with multi-scale structure is written as a linear combi-
nation of images at different spatial scales (Cornwell, 2008).

Im =
Ns−1
∑

s=0
Ishps ⋆ I

sky,δ
s (1)

where Im is a multi-scale model image3, and Isky,δs is a collection
of δ-functions that describe the locations and integrated ampli-
tudes of flux components of scale s in the image. Ns is the num-
ber of discrete spatial scales used to represent the image and Ishps
is a tapered truncated parabola of width proportional to s. The
symbol ⋆ denotes convolution.

2.2. Parameterization of spectral structure

The spectrum of each flux component is modeled by a polyno-
mial in frequency ( a Taylor series expansion about ν0 ).

Imν =
Nt−1
∑

t=0
wtνI

sky
t where wtν =

(

ν − ν0
ν0

)t

(2)

where Iskyt represents a multi-scale Taylor coefficient image, and
Nt is the order of the Taylor series expansion.

These Taylor coefficients are interpreted by choosing an
astrophysically appropriate spectral model and performing a
Taylor expansion to derive an expression that each coeffi-
cient maps to. One practical choice is a power law with a
varying index, represented by a second-order polynomial in
log(I) vs log

(

ν
ν0

)

space.

Iskyν = I
sky
ν0

(

ν

ν0

)Iskyα +I
sky
β
log
(

ν
ν0

)

(3)

3 In this paper, superscripts for vectors and matrices indicate type
(model, sky, observed, dirty, residual, etc), and subscripts in italics in-
dicate enumeration indices (t, q for Taylor-term, s, p for spatial scale,
ν for frequency channel.). Non-italic subscripts indicate specific values
of the enumerated indices (for example, Iν0 , I0 or Iα).

Here, Iskyα represents an average spectral-index, and Isky
β
repre-

sents spectral-curvature. The motivation behind this choice of
interpretation is the fact that continuum synchrotron emission is
usually modeled (and observed) as a power law distribution with
frequency. Across the wide frequency ranges that new receivers
are now sensitive to, spectral breaks, steepening and turnovers
need to be factored into models, and the simplest way to include
them and ensure smoothness, is spectral curvature4.

A Taylor expansion of Eqn.3 yields the following expres-
sions for the first three coefficients fromwhich the spectral index
Iskyα and curvature Isky

β
images can be computed algebraically.

Im0 = I
sky
ν0 ; Im1 = I

sky
α I

sky
ν0 ; Im2 =

⎛

⎜

⎜

⎜

⎜

⎝

Iskyα (I
sky
α − 1)
2

+ Isky
β

⎞

⎟

⎟

⎟

⎟

⎠

Iskyν0 (4)

Note that with this choice of parameterization, we are using a
polynomial to model a power-law, and Nt rapidly increases with
bandwidth. A power-series expansion about Iskyα and Isky

β
will

yield a logarithmic expansion (i.e. I vs log ν) which requires
fewer coefficients to represent the same spectrum5.

2.3. Multi-scale multi-frequency model

A wideband model of the sky brightness distribution is con-
structed from Eqns 1 and 2. A wideband flux component is a
spatial basis function (Ishps , Gaussian or parabola) whose inte-
grated amplitude follows a Taylor polynomial in frequency. A
region of emission in which the spectrum varies with position
will be modeled as a sum of these wide-band flux components.
The image-reconstructionprocess simultaneously solves for spa-
tial and spectral coefficients of these flux components.

The image at each frequency can be modeled as a linear com-
bination of Taylor-coefficient images at different spatial scales.

Imν =
Nt
∑

t=0

Ns
∑

s=0
wtν
[

Ishps ⋆ I
sky
s
t

]

where wtν =
(

ν − ν0
ν0

)t

(5)

Here, Ns is the number of discrete spatial scales used to represent
the image and Nt is the order of the series expansion of the spec-
trum. Iskys

t
represents a collection of δ-functions that describe the

locations and integrated amplitudes of flux components of scale
s in the image of the tth series coefficient.

2.4. Measurement equations

The measurement equations6 for a sky brightness distribution
parameterized by Eqn.5 are

4 Wideband imaging algorithms described in Conway et al. (1990)
and Sault & Wieringa (1994) use a fixed spectral index across the band,
and handle slight curvature by performing multiple rounds of imaging
after removing the dominant or average α at each stage. They also sug-
gest using higher order polynomials to handle spectral curvature.
5 Conway et al. (1990) state that the logarithmic expansion has better

convergence properties than the linear expansion when α << 1. An even
more compact representation is a polynomial in log I vs log ν, but it be-
comes numerically unstable to operate on logarithms and exponentials
of pixel amplitudes, especially in the presence of noise.
6 Appendix A contains an explanation of the matrix notation

used here, and briefly describes standard radio-interferometric image-
reconstruction within a least-squares model-fitting framework (mea-
surement equations, normal equations, and iterative χ2 minimization).

3

§ A power model is used to describe the spectral dependence of the sky emission.
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cient maps to. One practical choice is a power law with a
varying index, represented by a second-order polynomial in
log(I) vs log

(

ν
ν0

)

space.

Iskyν = I
sky
ν0

(

ν

ν0

)Iskyα +I
sky
β
log
(

ν
ν0

)

(3)

3 In this paper, superscripts for vectors and matrices indicate type
(model, sky, observed, dirty, residual, etc), and subscripts in italics in-
dicate enumeration indices (t, q for Taylor-term, s, p for spatial scale,
ν for frequency channel.). Non-italic subscripts indicate specific values
of the enumerated indices (for example, Iν0 , I0 or Iα).

Here, Iskyα represents an average spectral-index, and Isky
β
repre-

sents spectral-curvature. The motivation behind this choice of
interpretation is the fact that continuum synchrotron emission is
usually modeled (and observed) as a power law distribution with
frequency. Across the wide frequency ranges that new receivers
are now sensitive to, spectral breaks, steepening and turnovers
need to be factored into models, and the simplest way to include
them and ensure smoothness, is spectral curvature4.

A Taylor expansion of Eqn.3 yields the following expres-
sions for the first three coefficients fromwhich the spectral index
Iskyα and curvature Isky

β
images can be computed algebraically.

Im0 = I
sky
ν0 ; Im1 = I

sky
α I

sky
ν0 ; Im2 =

⎛

⎜

⎜

⎜

⎜

⎝

Iskyα (I
sky
α − 1)
2

+ Isky
β

⎞

⎟

⎟

⎟

⎟

⎠

Iskyν0 (4)

Note that with this choice of parameterization, we are using a
polynomial to model a power-law, and Nt rapidly increases with
bandwidth. A power-series expansion about Iskyα and Isky

β
will

yield a logarithmic expansion (i.e. I vs log ν) which requires
fewer coefficients to represent the same spectrum5.

2.3. Multi-scale multi-frequency model

A wideband model of the sky brightness distribution is con-
structed from Eqns 1 and 2. A wideband flux component is a
spatial basis function (Ishps , Gaussian or parabola) whose inte-
grated amplitude follows a Taylor polynomial in frequency. A
region of emission in which the spectrum varies with position
will be modeled as a sum of these wide-band flux components.
The image-reconstructionprocess simultaneously solves for spa-
tial and spectral coefficients of these flux components.

The image at each frequency can be modeled as a linear com-
bination of Taylor-coefficient images at different spatial scales.

Imν =
Nt
∑

t=0

Ns
∑

s=0
wtν
[

Ishps ⋆ I
sky
s
t

]

where wtν =
(

ν − ν0
ν0

)t

(5)

Here, Ns is the number of discrete spatial scales used to represent
the image and Nt is the order of the series expansion of the spec-
trum. Iskys

t
represents a collection of δ-functions that describe the

locations and integrated amplitudes of flux components of scale
s in the image of the tth series coefficient.

2.4. Measurement equations

The measurement equations6 for a sky brightness distribution
parameterized by Eqn.5 are

4 Wideband imaging algorithms described in Conway et al. (1990)
and Sault & Wieringa (1994) use a fixed spectral index across the band,
and handle slight curvature by performing multiple rounds of imaging
after removing the dominant or average α at each stage. They also sug-
gest using higher order polynomials to handle spectral curvature.
5 Conway et al. (1990) state that the logarithmic expansion has better

convergence properties than the linear expansion when α << 1. An even
more compact representation is a polynomial in log I vs log ν, but it be-
comes numerically unstable to operate on logarithms and exponentials
of pixel amplitudes, especially in the presence of noise.
6 Appendix A contains an explanation of the matrix notation

used here, and briefly describes standard radio-interferometric image-
reconstruction within a least-squares model-fitting framework (mea-
surement equations, normal equations, and iterative χ2 minimization).

3



Imaging results
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§ MS-MFS Imaging of Cygnus 
A (109 and 183 MHz), total 
bandwidth 27.5 MHz.
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• AIM: This lecture aims to give a general overview to the calibration of LOFAR imaging 
synthesis data.

• TOPICS:

1) The radio interferometric measurement equation (ME)

2) The calibration strategy and Black Board Self-calibration (BBS)

3) Sky models

4) Beam models

5) Direction dependent calibration

6) Inspecting solutions

7) Wide-bandwidth calibration

•  REFERENCE: The LOFAR Imaging Cookbook 
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