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ABSTRACT

Sky curvature and non-coplanar effects, caused by low frequencies, long baselines, or small apertures in wide field-of-view instruments
such as the Square Kilometre Array (SKA), significantly limit the imaging performance of an interferometric array. High dynamic
range imaging essentially requires both an excellent sky model and the correction of imaging factors such as non-coplanar effects.
New CLEAN deconvolution with adaptive-scale modeling already has the ability to construct significantly better narrow-band sky
models. However, the application of wide-field observations based on modern arrays has not yet been jointly explored. We present
a new wide-field imager that can model the sky on an adaptive-scale basis, and the sky curvature and the effects of non-coplanar
observations with the w-projection method. The degradation caused by the dirty beam due to incomplete spatial frequency sampling
is eliminated during sky model construction by our new method, while the w-projection mainly removes distortion of sources far from
the image phase center. Applying our imager to simulated SKA data and the real observation data of the Karl G. Jansky Very Large
Array (an SKA pathfinder) suggested that our imager can handle the effects of wide-field observations well and can reconstruct more
accurate images. This provides a route for high dynamic range imaging of SKA wide-field observations, which is an important step
forward in the development of the SKA imaging pipeline.
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1. Introduction

Radio interferometry (Pawsey et al. 1946; Ryle & Vonberg
1948; Thompson et al. 2017) enables radio astronomers to col-
lect signals from a set of antennas, who then use a series of
methods to image astrophysical sources. The Square Kilome-
tre Array (SKA; Wu 2019) will be the largest astronomical tele-
scope with a receiving area that will eventually be over a square
kilometer and will have super-high time–frequency resolution
and extremely high sensitivity. This will lead to a huge revo-
lution on many fundamental issues such as the origin of the uni-
verse and life. However, it also brings many technical challenges
(Cornwell et al. 2005; An 2019).

The SKA will have a wide-field imaging capability, which
also leads to one of the main technical challenges. In this case
the assumption of a narrow field of view that can use a perfect
two-dimensional Fourier transform will no longer exist. To solve
this problem it is necessary to consider the wide-field effects dur-
ing the imaging process, that is, the effects of the w-term. Many
methods have been proposed to solve this problem: faceting
(Cornwell & Perley 1992; Sault et al. 1999); a three-dimensional
Fourier transform (Perley et al. 1999); warped snapshots
(Perley et al. 1999); w-projection (Cornwell et al. 2008; Tasse
et al. 2013; Offringa et al. 2014; Lao et al. 2019); w-stacking
(Humphreys & Cornwell 2011; Pratley et al. 2019); and some
hybrid methods (Cornwell et al. 2012; Offringa et al. 2014).
Most methods project or approximate three-dimensional data
to a two-dimensional plane, where a two-dimensional Fourier

transform can be used, which returns to the situation that can be
solved by existing algorithms. Then we can choose one of these
algorithms that fits the specific data to basically eliminate the
effects of the w-term.

In addition to the w-term correction, another key point for
wide-field imaging is that an excellent sky model is very impor-
tant for high dynamic range imaging. A method is then required
to find a suitable sky model in an observed image degraded
by incomplete sampling. There are many solutions available,
such as maximum entropy methods (Cornwell & Evans 1985;
Narayan & Nityananda 1986), compressive sensing (Wakin
2008; Li et al. 2011), and CLEAN (Högbom 1974; Bhatnagar &
Cornwell 2004; Cornwell 2008; Zhang et al. 2016a, 2020). The
first two methods use explicit fitting and regularization terms
for introducing priors to obtain optimal results that tend to the
regular terms. The biggest difference between these two is that
a maximum entropy algorithm uses smooth priors and a com-
pressive sensing-based algorithm uses sparse priors. However,
CLEAN deconvolution is the most widely used deconvolution in
radio astronomy (Cornwell 2009). For well-separated compact
sources there are many scale-free CLEAN algorithms that can
be used to build very good models (Högbom 1974; Clark 1980;
Cornwell 1983; Schwab 1984; Cornwell et al. 1999). These algo-
rithms often use the peak search method to find the initial cred-
ible components, and then use a loop gain to prevent overshoot
to find a more suitable model.

For extended sources, it is often necessary to use scale basis
functions to represent the correlation between adjacent pixels.
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These models parameterize the sky as a linear set of scale
functions (Rau 2010; Rau & Cornwell 2011) and are effec-
tive for extended sources. Recently, the fused-Clean algorithm
(Zhang 2018) has deeply integrated a point-source model and
an extended-source model, resulting in a method for effectively
processing two sources at the same time. Adaptive-scale sky
models (Bhatnagar & Cornwell 2004; Zhang 2018; Zhang et al.
2020) are currently the most effective models; they can obtain the
scales consistent with the nature of the image features. However,
negative components are currently allowed in most of these mod-
els, which is inconsistent with astrophysics, and has not been
verified by the case of wide-field imaging. Physically, a non-
negative model for a Stokes-I image is needed in a wide-field
reconstruction.

If the effects of the w-term are ignored in the imaging pro-
cess from wide-field observation data such as from the SKA,
some key scientific goals such as the epoch of reionization (EoR)
imaging (Koopmans et al. 2015; Zheng et al. 2016) based on
these wide-field interferometric arrays may not be achieved. EoR
imaging (Li et al. 2019) not only puts high requirements on the
observation performance of the array, but also brings great chal-
lenges to data processing. This requires us to accurately model
all of the instrument effects including the w-term. Therefore, the
science-driven next-generation telescopes essentially require a
better imager. In this article, we propose a new wide-field imager
that can deal with the wide-field problem brought by the w-
term and can build a physical sky model. In this imager, the w-
projection method (Cornwell et al. 2008) is used to eliminate the
w-term effects and a new physical adaptive-scale sky model is
applied to the construction of the model image. The combina-
tion of these two improves the quality of reconstructed images,
resulting in the reconstruction of a more detailed sky consistent
with the measured visibilities in wide-field observations.

In Sect. 2 the basic problems of wide-field imaging are dis-
cussed. In Sect. 3 the new imager is described in detail. In Sect. 4
the application of this imager to simulated SKA data and the real
Karl G. Jansky Very Large Array (JVLA) observation data is
demonstrated and discussed. In Sect. 5 this work is summarized.

2. Wide-field imaging

When processing data with a sufficiently small field of view a
common practice is to ignore the effects of sky curvature and
non-coplanar array, and so we can write the measurement equa-
tion as

Vsky(u, v) =

∫ ∫

Isky(l,m)e−2πi(lu+mv)dldm, (1)

where (u, v) is the baseline coordinate and (l,m) is the coordinate
in the tangent plane. Obviously, the visibility function Vsky(u, v)
and the sky brightness distribution Isky(l,m) are a Fourier trans-
form pair. In practical radio interferometry, incomplete spatial
frequency sampling means the effects of the sampling func-
tion S (u, v) must be considered. Now the measured visibility
Vobs(u, v) can be expressed as

Vobs(u, v) = S (u, v)Vsky(u, v). (2)

Then we compute the observed image from the visibility domain
by an inverse two-dimensional Fourier transform. Due to the
small field of view, the distortion of the sources here is negli-
gible. So we can use the deconvolution method to remove the
effects of incomplete sampling to achieve effective modeling of
the sky. However, next-generation telescope arrays such as the

21 CentiMeter Array (21CMA; Zheng et al. 2016), the Murchi-
son Widefield Array (MWA; Tingay et al. 2013), the LOw
Frequency ARray (LOFAR; van Haarlem et al. 2013), the
Hydrogen Epoch of Reionization Array (HERA; DeBoer et al.
2017), and the SKA (Mellema et al. 2013; Wu 2019) have or
will have wider fields of view. The effects of sky curvature and
non-coplanar arrays can no longer be ignored. Except for the
case where all the samples are in a plane (such as an east-west
array) (Cornwell et al. 2005), visibilities must be measured theo-
retically and practically in three-dimensional space (u, v, w) con-
taining the w-term,

Vsky(u, v,w) =

∫ ∫

Isky(l,m)

n
e−2πi(lu+mv+w(n−1))dldm, (3)

where n =
√

1 − l2 − m2 parameterizes the upper hemisphere
and w represents this non-coplanar factor. If we ignore the effects
of the w-term during wide-field imaging, it is difficult to accu-
rately recover the sky signal. For example, the elimination of
foreground bright sources is essential in EoR imaging. The
w-term will cause distortion of the foreground sources far
from the phase center of the image. These distortions make it
extremely difficult to completely eliminate the effects of the fore-
ground sources, so we cannot correctly reconstruct the EoR sig-
nals. This measurement equation containing the w-term allows
us to find an optimal sky model from given wide-field measure-
ment visibilities.

3. The Wide-field Imager

Obviously for a wide-field observation, it is no longer a two-
dimensional Fourier relation between the data domain and image
domain. During wide-field imaging, the effects of the w-term
must be eliminated before reconstruction of the optimal sky
model. In our imager, instead of some image-domain correction
methods, we correct the w-term by using projection kernels in
the uv domain. Here we rewrite the measurement equation as an
integral form

Vsky(u, v,w) =

∫ ∫

Isky(l,m)·

e−2πi(lu+mv)k(l,m,w)dldm, (4)

k(l,m,w) =
e−2πiw(

√
1−l2−m2−1)

√
1 − l2 − m2

, (5)

where k(l,m,w) is the w-term and · is the multiplicative oper-
ation. The exponential term of the w-term depends on the
wavelength, aperture, and baseline. As the wavelength or base-
line increases or the aperture decreases, the image degradation
caused by the w-term will become more serious. The convolu-
tion theory states that the product of the image domain is a con-
volution in the Fourier domain. The measurement equation in
the visibility domain is expressed as

Vsky(u, v,w) = Vsky(u, v,w = 0) ∗ K(u, v,w), (6)

where K(u, v,w) is the Fourier transform of k(l,m,w), the visi-
bility function Vsky(u, v,w = 0) without the w-term is also a two-
dimensional function, and ∗ is a convolution operator. Now the
three-dimensional function containing the effects of the w-term
is a convolution of Vsky(u, v,w = 0) and K(u, v,w). K(u, v,w)
can be recognized as the Fresnel diffraction of the electric field
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of one element sampling another element plane in a baseline.
Therefore, this is a physical expression. Through this convolu-
tion function, the three-dimensional function Vsky(u, v,w) is a
mapping of a two-dimensional plane. Here, a two-dimensional
Fourier transform can be employed to achieve the transform
from the image domain to the visibility domain. For a given
sky brightness model, a two-dimensional Fourier transform is
used to predict the sky model to the (u, v,w = 0) plane, and then
the (u, v,w = 0) data is mapped to the measurement data points
(u, v,w) by convolving with the w-projection function (Eq. (5)).
The calculations here are limited to numerical errors. The error
caused by applying this w-projection function during the pro-
cess from visibilities to images can be eliminated by subsequent
iterative operations, which are described in the following.

The w-projection method converts the three-dimensional
measurement data into two-dimensional data. Then the
observed/dirty image and dirty beam can be calculated by
the inverse two-dimensional Fourier transform as follows (for
the sake of discussion, we omit the coordinates and use the lin-
ear algebra representation):

Iobs = F−1 (S Vw) = BIsky + N (7)

Ipsf = F−1S (8)

Here F−1 represents the inverse two-dimensional Fourier trans-
form; Iobs, Isky, Ipsf are the vectors of a dirty image, a sky
brightness image, and a dirty beam, respectively; Vw is the two-
dimensional visibilities transformed by the w-projection func-
tion; Ipsf is the inverse Fourier transform of the sampling matrix
S ; and B is a Toeplitz matrix with shifted row copies in Ipsf .
The effects still need to be eliminated due to the degradation
of the point spread function (PSF) caused by incomplete spatial
frequency sampling and the errors caused by the previous calcu-
lations from the visibility domain to image domain.

The elimination of these effects essentially uses a PSF and
an iterative approach to find emission components from the
degraded dirty image. For sky reconstruction, the ability to
model the sky plays an important role, which determines the
quality of the reconstructed sky image. A very important factor is
the scale parameter. In the scale-free and multi-scale sky models,
the scale parameter becomes a key factor that restricts its repre-
sentation ability. Even a multi-scale sky model is able to repre-
sent the correlation between neighboring pixels of the extended
features and to construct a better sky image in the reconstruc-
tion of diffuse emission than a scale-free sky model. However,
a multi-scale sky model is limited to a few enumerated scale
sizes that cannot fit the uncertainty of the intrinsic scale of astro-
physics targets. Therefore, an adaptive-scale sky model whose
scale adaptively changes with the intrinsic scale of the sky emis-
sion is the essential requirement for the reconstruction of astro-
physical targets (Bhatnagar & Cornwell 2004; Zhang 2018). In
our imager we use explicit fitting to achieve consistency between
the scale of the reconstructed model and the intrinsic scale of sky
emission so that each model component is optimal. This requires
minimizing the following objective function for each component
in the minor cycle,

χ2 =
1

2
(Ires

i−1 − BI
comp

i
)T (Ires

i−1 − BI
comp

i
), (9)

where I
comp

i
is the ith optimized component. The optimal scale is

achieved by continuously updating the gradient,

∂χ2

∂pi

= −
[

Ires
i−1

]T ∂I
comp

i

∂pi

, (10)

where pi is the parameters from the component I
comp

i
=

I
comp

i
(pi). Here Ires

i−1
is the residual image after eliminating the

effects of the PSF of the i − 1th optimal model component, and
is updated as

Ires
i−1 = Ires

i−2 − BI
comp

i−1
, (11)

where Ires
0
= Iobs.

The initial values of these fitting parameters pi are found by
a matched filtering method. In our imager, the estimation of the
initial scale is no longer limited to a few specified scales; it uses
the method of random scales, which we call the random-scale
matched filtering method. Each initial fitting parameter is the
best value selected from several random scales by finding the
global peak from these images smoothed by these random scales.
In order to quickly find the best component, the PSF is approx-
imated as a Gaussian function so that we do not calculate con-
volution in the objective function (Eq. (9)). This random-scale
method for estimating the initial parameters helps us to escape
from the local optimum in this reconstruction process and to
obtain a better model image.

When the residual peak value reaches the first sidelobe ratio
of the PSF, the model image needs to be updated as

Imodel = P(
∑

i

I
comp

i
), (12)

where P() is used to eliminate negative values of this model to
get a non-negative model. This model then needs to be predicted
on the measurement points to get the model visibilities,

Vmodel = AImodel, (13)

where A is actually the observation matrix. For a small field of
view, A is approximated by OF, where F is a two-dimensional
Fourier transform and O is usually a tapered prolate spheroidal
wave function with a small support to achieve the projection of
regular points to irregular measurement points. For wide-field
imaging, A cannot use narrow field approximation due to the
w-term. Instead A is approximated by WOF, where W is the
w-projection, which is used to achieve accurate prediction of
the w-term through Eq. (5). In fact, WO is first calculated as
a convolution kernel and then to predict these regular points to
measurement points. Then the residual image is updated as

Ires = AT (Vobs − Vmodel), (14)

and when Ires approaches noise or no longer changes, we obtain
the optimal sky model. This essentially finds an optimal model
that matches the observed data by minimizing

ǫ = (Vobs − Vmodel)T (Vobs − Vmodel). (15)

A smaller ǫ is generally considered to be a more consistent result
with the original data.

In the imaging methods such as those presented by
Bhatnagar et al. (2013) and Offringa et al. (2014), the wide-
field effects of the w-term have been corrected, but they use the
CLEAN-like scale-free or multi-scale model construction meth-
ods whose model construction ability is limited by fixed scale
sizes. The existing CLEAN-like adaptive-scale model construc-
tion methods (Bhatnagar & Cornwell 2004; Zhang et al. 2016a,b;
Zhang 2018) are only verified under the assumption of a small
field of view. Our imager uses a newly proposed adaptive-scale
model construction method, which is an optimal method based
on random-scale matched filtering and positive constraints. It has
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Fig. 1. Uv coverage for the SKA simulation, recorded as seven snap-
shots whose time distribution is in [−3.0,−2.0,−1.0, 0.0, 1.0, 2.0, 3.0] ∗
(π/12.0).

the dual capabilities of the w-term correction and adaptive-scale
model construction.

The scale adaptive ability through explicit fitting determines
that our model scale is consistent with the intrinsic scale of
the sky emission. Moreover, our imager guarantees the non-
negativity of the model, which is in line with astrophysics. The
w-projection models the w-phase term correctly. These factors
determine that our imager can construct a physical adaptive-
scale model with consistent sky brightness distribution and mea-
surement data.

4. Results and discussion

4.1. Performance on simulated SKA data

In order to demonstrate the key motivation, the proposed imager
is applied to SKA simulation data. The simulation of SKA obser-
vation1 is performed in the SKA1-LOW core configuration with
the observation frequency at 100 megahertz. This uv sampling
pattern is shown in Fig. 1, which has sufficient sampling between
the shortest baseline and the longest baseline, which results in a
nice PSF displayed in Fig. 2 middle. The reference image shown
in Fig. 2 left is composed of the widely studied source M31 with
medium complexity and two compact sources away from the
phase center of the image. This dirty image degraded by the PSF
is shown in Fig. 2 right. It can be seen that the sources are cor-
rupted by the PSF and the two compact sources far away from
the center of the image phase have produced relatively severe
distortion. Our imager is used to correct these effects from the
PSF and w-term distortion.

The reconstruction results of our imager are shown in Fig. 3.
It can be seen that our imager can find a model image close to

1 This SKA observation is simulated by the Radio Astronomy
Simulation, Calibration and Imaging Library (RASCIL), which is
officially developed by the SKA organization. It can be found at https:
//developer.skatelescope.org/projects/sim-tools/en/

latest/ or https://github.com/SKA-ScienceDataProcessor/
rascil; this library is for radio interferometry calibration and imaging
algorithms using Python and numpy.

the reference image (Fig. 2 left). It is worth mentioning that the
emission represented by our model image is positive, which is
more in line with astrophysics. However, the model image (Fig. 4
left) obtained by the multi-scale method contains negative struc-
tures. The model error images (Fig. 5) shows that the model
image reconstructed by our imager (Fig. 5 left) has less error
than the reference image. This shows that our imager can recon-
struct an image closer to the potential real sky brightness distri-
bution. Compared to the dirty image, the source in our restored
image (Fig. 3 right) already shows a clear structure; in particu-
lar, the non-source area no longer has a significant structure. This
shows that the degradation caused by PSF has been completely
eliminated. At the same time, the comparison found that the dis-
tortion of these compact sources far away from the center of the
image phase has been significantly eliminated. These show that
our imager has a good ability to reconstruct images with a large
field of view.

Table 1 can confirm this conclusion. In this experiment,
off-source root mean square (RMS) and RMS are significantly
reduced, and the dynamic range of the restored image is also
greatly improved because our imager uses an adaptive-scale sky
model, which has a strong spatial scale construction capability,
to obtain a better reconstruction.

In order to further verify our imager, the effects of the num-
ber of different scales on the total reconstructed flux are shown
in Fig. 6. This shows that our imager can converge to the same
level with different scale numbers. Several scales (e.g. 4–8) are
typically required to find a good initial parameter values in other
adaptive-scale algorithms, while our imager can use a scale to
find suitable initial parameter values. It can be seen that our
imager can obtain stable reconstruction results even at an ini-
tial scale. In addition, since we used a random-scale matched
filtering method, Fig. 6 also shows that although different ini-
tial parameter values have an effect on the behavior of the model
update, they can converge to the same level. The effects of the
number of different scales on the RMS and off-source RMS dis-
played in Fig. 7 further confirm this conclusion.

The effects of different noise levels on the total reconstructed
flux are shown in Fig. 8, and the effects on the RMS and
off-source RMS are displayed in Fig. 9. It can be seen that
our imager can obtain stable reconstruction at a higher peak
signal-to-noise ratio, which shows that our imager has a certain
anti-noise performance. But when the peak signal-to-noise is rel-
atively low, it will also limit the full reconstruction of the signal.

Overall, these examples have shown the powerful perfor-
mance of our imager. Below we show the performance of our
imager on real observation data.

4.2. Performance on real observation data

Here the real JVLA observation data of the supernova rem-
nant G55.7+34 (Bhatnagar et al. 2011) are used to demonstrate
the performance of our imager. At the same time, we com-
pare our imager with the Högbom and multi-scale algorithms
(Högbom 1974; Cornwell 2008) based on the w-projection cor-
rection in the Common Astronomy Software Applications pack-
age (CASA2). The G55.7+34 observation covered the entire
L-band with 1−2 gigahertz. Robust weighting is used to bal-
ance angular resolution and sensitivity of compact and extended
emission. The primary beam is about 28 arcmin in diameter,

2 https://casa.nrao.edu/; its main goal is to support the data
post-processing requirements of next-generation radio astronomical
telescopes.
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Fig. 2. Simulation results. Left: reference
image with M 31 and two compact sources.
Middle: PSF from the uv coverage (Fig. 1) is
displayed with logarithmic scaling (CASA scal-
ing power cycles = −1.3) for more details.
Right: Dirty image with w-term distortions.

Fig. 3. Reconstruction results from our imager. Left: model image.
Right: restored image.

Fig. 4. Reconstruction results from w-projection and multi-scale
CLEAN algorithms. Left: model image. Right: restored image.

Fig. 5. Model error images which are the difference between the model
image and the reference image. Left: from our imager. Right: from w-
projection and multi-scale CLEAN algorithms. The two model error
images are displayed in the same data range and with the same logarith-
mic scaling (CASA scaling power cycles = −1.5).

and the entire imaging area is approximately 170.67 arcmin (see
Fig. A.1).

The dirty image generated by our imager with the w-term
correction is shown in Fig. A.1 left, while the dirty image cre-
ated by the standard imager is displayed in Fig. A.1 right. The
standard imager assumes a small field of view that ignores the

Table 1. Numerical comparison of different algorithms on simulated
data for SKA observation.

Off-source RMS Full RMS Dynamic range

Our 1.955e−03 3.971e−03 193.020

Multi-scale 6.840e−03 7.681e−03 103.616

Notes. Off-source RMS is the RMS from the region without astrophysi-
cal signal in the residual image, while full RMS is from the entire resid-
ual image.

Fig. 6. Effects of the number of different scales on the total recon-
structed flux. “scale N” indicates that N initial scales are used to search
for the best initial scale. The total flux of the reference image is about
105.8 Jy and the reconstructed ratio is about 98.6%.

Fig. 7. Effects of the number of different scales on the RMS and off-
source RMS. “scale N” indicates that N initial scales are used to search
for the best initial scale.

w-term so that its effects remain in this dirty image (Fig. A.1
right). This effect can distort sources that are out of the phase
center, and this distortion becomes more severe as the distance
from the phase center increases. We can see the source distortion
has become severe at the edges of the image (see Fig. A.1 right).
At the top of Fig. A.1, two tightly separated compact sources
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Fig. 8. Effects of different noise levels on the total reconstructed flux.

Fig. 9. Effects of different noise levels on the RMS and off-source RMS.

have been severely distorted due to the effects of the w-term
so that they appear to have other structures around them (see
Fig. A.2 right). The compact source at the bottom left of Fig. A.1
is so severely distorted that the structure cannot be identified
(Fig. A.3 right). However, our imager can model this w-term
well, and the w-projection method is used to eliminate the dis-
tortion of compact and non-compact sources (see Figs. A.2 left
and A.3 left).

The results reconstructed from our imager are shown in
Fig. A.4. This sidelobe-free restored image is shown in Fig. A.4
middle; it is the sum of the final residuals and smooth model
image (Fig. A.4 right), which is a convolution of the recon-
structed model and the CLEAN beam. This shows that our
imager has effectively eliminated the effect of PSF sidelobes in
the dirty image and the source distortion caused by the wide field
of view.

The smooth model image reconstructed by our imager is
shown in Fig. A.5 left, while the image reconstructed without
w-term correction using the adaptive-scale model construction
method included in our imager is shown in Fig. A.5 right. It
can be seen that our adaptive-scale model construction method
can clearly reconstruct astrophysics features. We now focus on
the two substructures discussed above. The tightly separated fea-
tures are well separated in the reconstructed image in our imager
(Fig. A.6 left). However, if we only use our adaptive-scale model
construction method, it can well eliminate the effects of the
PSF sidelobes, but it cannot eliminate the effects of the w-term
(Fig. A.6 right). If we look at that compact structure (Fig. A.7),
we reach the same conclusion. Therefore, if we only use the
adaptive-scale model construction method, we still cannot elim-
inate the effects of the w-term. Once the w-term correction and
the adaptive-scale model construction methods are combined,
we can eliminate both the wide-field effects of the w-term and
the effects of the PSF sidelobes so that the celestial features in a
wide field of view can be reconstructed well.

To further verify our imager, we compared it with the
w-projection + Högbom deconvolution and w-projection +
multi-scale deconvolution methods implemented in the CASA.
The Högbom and multi-scale algorithms are typical scale-free
and multi-scale sky model construction methods, respectively.
The smooth model images reconstructed by these methods are
shown in Fig. A.8. Overall, the model images reconstructed
by the w-projection + Högbom deconvolution and w-projection
+ multi-scale deconvolution methods contain negative features
around the supernova remnant, while the model image recon-
structed by our imager does not. The angular resolution is higher
for the tightly separated souces reconstructed by our imager
(Fig. A.9 left). The reconstruction of that compact source is
shown in Fig. A.10. It can be seen that our imager can model this
source better. This stems from the powerful ability of our imager
to construct adaptive-scale models. This sky modeling ability is
significantly stronger than that of scale-free and multi-scale sky
models.

5. Summary

In this work we proposed a new imager with w-term correction
and adaptive-scale model construction that can accurately recon-
struct the complicated celestial features observed in a wide field
of view. This is the first time that the w-term correction has been
combined with a CLEAN-like adaptive-scale model construc-
tion method. The w-projection method can effectively model
the wide-field factor w-term, and map three-dimensional visi-
bilities to a two-dimensional plane. This eliminates the w-term
distortion of sources away from the phase center. The adaptive-
scale model construction method uses an explicit fitting tech-
nique to realize the scale adaptation of sky models. This allows
our imager to reconstruct a model consistent with the intrinsic
scale of sky emission, which is important to improve the fidelity
of the reconstructed image. The adaptive-scale model eliminates
the errors caused by the scale uncertainty of the sky emission
in the scale-free and multi-scale sky models. At the same time,
the reconstructed emission is limited to being positive in this
adaptive-scale model, which allows us to obtain a more physi-
cal model. So our imager can effectively solve the reconstruc-
tion problem of wide-field observations. It may be an alternative
for wide-field imaging. This work is a step forward toward the
wide-field imaging of the SKA. In the future, we will explore the
imaging capabilities of our imager in the low frequency array of
the SKA.
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Appendix A: Results of real observation data

In this appendix the results of the JVLA observation data from
different imagers are provided. Please refer to Sect. 4.2 for more
information.

Fig. A.1. Dirty images from different imagers. Left: generated by our imager with w-term correction and peak flux of 6.165 mJy. Right: generated
by a standard imager, which assumes a narrow imaging field of view, and peak flux of 6.147 mJy.

Fig. A.2. Tightly separated compact sources from the top of the imaging
region in Fig. A.1. Left: from the dirty image generated by our imager
with peak flux of 1.973 mJy. Right: from the dirty image generated by
the standard imager with peak flux of 1.348 mJy.

Fig. A.3. Compact source at the bottom left of Fig. A.1. Left: from the
dirty image generated by our imager with peak flux of 3.637 mJy. Right:
from the dirty image generated by the standard imager with peak flux
of 1.541 mJy.
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Fig. A.4. Results reconstructed from our imager. Left: dirty image with a w-term correction by the w-projection method and peak flux of 6.165 mJy.
Middle: restored image whose PSF sidelobes have been eliminated and peak flux of 6.299 mJy. Right: smooth model image convolved with the
CLEAN beam approximated from the PSF and peak flux of 6.153 mJy.

Fig. A.5. Model images convolved with the CLEAN beam approximated from the PSF. Left: reconstructed by our imager with peak flux of
6.153 mJy. Right: reconstructed by only our adaptive-scale model construct method included in our imager, but without the w-term correction and
peak flux of 6.067 mJy.

Fig. A.6. Tightly separated compact sources from the top of the imaging
region in Fig. A.5. Left: reconstructed by our imager and peak flux of
1.979 mJy. Right: reconstructed by only our adaptive-scale model con-
struct method included in our imager, but without the w-term correction
and peak flux of 1.435 mJy.

Fig. A.7. Compact source from the bottom left of the imaging region
in Fig. A.5. Left: reconstructed by our imager and with peak flux of
3.464 mJy. Right: reconstructed by only our adaptive-scale model con-
struct method included in our imager, but without the w-term correction
and with peak flux of 1.556 mJy.
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Fig. A.8. Smooth model images from different methods. Left: reconstructed by our imager with peak flux of 6.153 mJy. Middle: reconstructed
by the w-projection + multi-scale deconvolution method implemented in the CASA and with peak flux of 6.154 mJy. Right: reconstructed by the
w-projection + Högbom deconvolution method implemented in the CASA and with peak flux of 6.019 mJy.

Fig. A.9. Tightly separated compact sources from the top of the imaging region in Fig. A.8. Left: reconstructed by our imager with the peak flux
of 1.979 mJy. Middle: reconstructed by the w-projection + multi-scale deconvolution method implemented in the CASA and with peak flux of
1.980 mJy. Right: reconstructed by the w-projection + Högbom deconvolution method implemented in the CASA and with peak flux of 2.017 mJy.

Fig. A.10. Compact source from the bottom left of the imaging region in Fig. A.8. Left: reconstructed by our imager with peak flux of 3.464 mJy.
Middle: reconstructed by the w-projection + multi-scale deconvolution method implemented in the CASA and with peak flux of 3.524 mJy.
Right: reconstructed by the w-projection + Högbom deconvolution method implemented in the CASA and with peak flux of 3.628 mJy.
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