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Abstract: Radioheliographs  can  obtain  solar  images  at  high  temporal  and  spatial  resolution,  with  a  high  dynamic
range.  These  are  among  the  most  important  instruments  for  studying  solar  radio  bursts,  understanding  solar  eruption
events,  and  conducting  space  weather  forecasting.  This  study  aims  to  explore  the  effective  use  of  radioheliographs  for
solar  observations,  specifically  for  imaging  coronal  mass  ejections  (CME),  to  track  their  evolution  and  provide  space
weather  warnings.  We  have  developed  an  imaging  simulation  program  based  on  the  principle  of  aperture  synthesis
imaging,  covering  the  entire  data  processing  flow  from  antenna  configuration  to  dirty  map  generation.  For  grid
processing,  we  propose  an  improved  non-uniform  fast  Fourier  transform  (NUFFT)  method  to  provide  superior  image
quality.  Using  simulated  imaging  of  radio  coronal  mass  ejections,  we  provide  practical  recommendations  for  the
performance  of  radioheliographs.  This  study  provides  important  support  for  the  validation  and  calibration  of
radioheliograph data processing, and is expected to profoundly enhance our understanding of solar activities.
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1.    INTRODUCTION
CMEs refer to the rapid large-scale ejection of magne-

tized  plasma  from  the  solar  corona[1-4].  When  high-energy
particles released by CMEs reach the Earth, they can poten-
tially  damage  satellites  and  impact  communication  net-
works and power grids [5-7] . Studying their propagation pro-
cess,  detecting  and  tracking  them,  and  observing  how
high-energy particles propagate in space are of great signifi-
cance in the accurate prediction of space weather[8]  to pre-
empt and mitigate any disruption. Radioheliographs, as con-
ventional equipment for solar radio observations, can moni-
tor CMEs and other solar eruptive activities[9,10].

Radioheliographs,  based  on  the  principle  of  aperture
synthesis  imaging,  use  antenna  arrays  to  receive  solar  sig-
nals.  By  cross-correlating  every  pair  of  received  signals,  a
Fourier component of the source is obtained, and the visibil-
ities  can  be  determined  by  combining  multiple  compo-
nents.  These  visibilities  undergo  a  Fourier  inverse  trans-

ID(l,m)
form  to  obtain  the  sky  brightness  distribution,  known  as
the "dirty map",  [11].
 

ID(l,m) =
"

V(u,v)S (u,v)e−2πi(ul+vm)dudv . (1)

Solar radio observations provide images with high spa-
tial  resolution,  and  are  among  the  most  effective  means
for  observing  and  studying  CMEs.  On  April  20,  1998,  a
very  interesting  CME  event  was  observed  by  the  Nancay
radio  heliograph[12]  (NRH)  in  France.  This  was  the  first
direct imaging of an expanding CME halo in the radio fre-
quency  range,  which  was  found  to  be  very  similar  to  the
corona  observed  by  the  large  angle  spectroscopic  corona-
graph (LASCO) and became known as a "radio" CME[13].

Radio  observations  have  high  temporal  resolution  and
can  be  conducted  at  multiple  frequency  points,  allowing
for  better  tracking  of  the  evolution  of  CMEs[14].  With
radio  imaging,  there  is  no  need  for  an  occulting  disk.
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Under  favorable  observing  conditions,  the  process  of
CME  lift-off  and  the  gradual  expansion  of  the  CME  halo
can  be  clearly  observed[15,16].  However,  due  to  the  short
duration  of  CME  events,  it  is  challenging  to  perform
radio  imaging  of  CMEs[17],  particularly  in  the  early  stages
of  their  eruptions.  So  far,  only  a  few  observations  have
obtained radio images of CMEs[13,18,19].

NRH[12],  Nobeyama  radioheliograph[20]  (NoRH)  in
Japan,  Siberian  solar  radio  telescope[21]  (SSRT)  in  Russia,
and  other  radioheliographs  have  observed  solar  flares  and
eruptive events in their respective frequency ranges, provid-
ing  an  important  observational  foundation  for  studying
flares  and  CMEs.  In  recent  years,  a  new  generation  of
advanced radio telescope facilities capable of solar observa-
tions  have  been  developed,  such  as  the  low-frequency
array[22]  (LOFAR),  Murchison  widefield  array[23],  Min-
gantu  ultrawide  spectral  radioheliograph[23,24],  and  Square
Kilometer  Array[25]  (SKA),  which  can  provide  good  spa-
tial-frequency  resolution  for  solar  imaging.  Additionally,
the  recently  constructed  Daocheng  solar  radio  telescope
(DSRT)  in  Daocheng,  China,  can  observe  CMEs  with
high  dynamic  range  and  sensitivity  in  the
frequency  range  of  150−450  MHz[26,27].  Routine  imaging
observations  of  radio  CMEs  contribute  to  the  understand-
ing of magnetic fields within active regions and CMEs, pro-
viding powerful diagnostic data for solar physics research.

Imaging  simulations  are  of  significant  importance
both  before  and  after  the  construction  of  the  equipment.
These  can  provide  references  for  designing  the  perfor-
mance  parameters  of  the  equipment  while  also  helping  to
understand the performance of existing instruments, and ver-
ifying parameters and imaging capabilities.

The  utility  of  imaging  simulations  is  demonstrated
by,  for  example,  the  Brazilian  decimetric  array[28]  (BDA).
To  analyze  its  imaging  capability,  the  BDA  simulated
solar  radio  models  at  1.5  GHz  and  compared  them  with
radio  images  acquired  by  the  NoRH at  17  GHz[29].  NoRH
evaluated  the  17  GHz  images,  analyzing  the  closure  rela-
tionships  and  causes  of  baseline  errors.  In  snapshot  mode
simulation  analysis,  the  imaging  results  were  assessed
with  the  presence  of  baseline  errors  in  the  visibility,  and
the dynamic range of the images was calculated.

Simulations  and  modeling  play  a  crucial  role  in  the
design  and  evaluation  of  radio  interferometric  observa-
tions[30].  Currently,  widely  used  imaging  software  pack-
ages  include  Common  Astronomy  Software
Applications[31]  (CASA),  Astronomical  Image  Processing
System[32] (AIPS), and Difmap[33].  These packages primar-
ily  cater  to  the  data  processing  needs  of  radio  telescopes
such  as  Atacama  Large  Millimeter/submillimeter  Array[34]
(ALMA)  and  Very  Large  Array[35]  (VLA).  As  solar  radio
telescopes  continue  to  evolve  and  new types  of  radio  tele-
scopes become established, there is a need for imaging sim-
ulation  software  that  is  suitable  for  different  radio  facili-
ties.  Furthermore,  existing  simulation  software  often
adopts  simplified  assumptions  to  reduce  computational
requirements,  sacrificing  accuracy  for  speed.  This  may

result  in  unexpected  numerical  effects  that  are  difficult  to
distinguish from real effects observed in the data.

To  provide  reference  for  the  design  and  optimization
of radioheliographs, this work proposes an imaging simula-
tion  pipeline,  which  performs  the  entire  process  from
antenna  configuration,  UV distribution  calculation,  visibil-
ity  sampling,  weighting,  gridding,  and  fast  Fourier  trans-
form  (FFT)  to  obtaining  the  dirty  image.  It  also  provides
various  algorithms  for  different  heliograph  imaging  needs,
and  performs  imaging  simulations  of  point  source,  sur-
face  source,  and  radio  CME  models  in  snapshot  mode.
The  following  sections  will  mainly  introduce  the  imaging
simulation  pipeline.  Section  3  provides  a  detailed  descrip-
tion  of  the  imaging  simulation  experiments.  Section  4  dis-
cusses and analyzes the imaging results under different sce-
narios  of  radio  CME  models,  and  the  conclusion  summa-
rizes the results. 

2.    IMAGING SIMULATION PIPELINE
The  proposed  radioheliograph  imaging  simulation

pipeline in this paper can meet various needs of solar obser-
vations. Currently, it can achieve the following functions:

(1) Antenna configuration design.
(2)  Calculation  of  coordinates  of  uv-axis  (UV)  and

baselines.
(3)  Visibility  simulation  based  on  given  source  struc-

ture (sky model) and antenna positions.
(4)  Calculation  of  dirty  image  and  point  spread  func-

tion  (PSF),  providing  quality  evaluation  for  observations
at a given configuration. 

2.1.    Imaging Steps
The  simulation  process  is  illustrated  in  Fig.  1,  and

the specific steps are as follows:
(1)  Construction  of  the  antenna  array,  with  antenna

positions  set  in  the  local  Cartesian  coordinates  coordinate
system  (ENU)  with  the  unit  in  meters.  The  antennas  are
positioned in the same plane, with their normal vector point-
ing toward the zenith direction at the observation site.

(2)  Coordinate  transformation.  Calculation  of  solar
right  ascension,  declination,  and  hour  angle  for  specified
observation times, and computation of the coordinate trans-
formation  matrix  from  the  ENU  coordinate  system  to  the
UVW coordinate system.

(3) Visibility calculation. Assuming the solar center cor-
responds to the phase center and the coordinate system cor-
responds to the sky plane coordinate system, numerical val-
ues  of  the  UV  plane  sampling  points  are  calculated  based
on  the  sky  model.  This  step  obtains  the  visibility  values.
It  is  important  to  consider  the  occlusion  caused  by
antenna  projections  when  calculating  the  UV  sampling
points,  and  select  the  UV  plane  projection  as  the  sam-
pling point for calculation at the specified moment.

(4) Gridding the sampling points. Application of inter-
polation,  a  convolution  gridding  method,  or  improved
NUFFT  to  grid  the  non-uniformly  sampled  visibility.  In
this  step,  the  grid  method  can  be  chosen  based  on  the
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actual antenna configuration and other factors.
(5) Image reconstruction. There are two available meth-

ods:  One  method  is  to  perform  FFT  on  the  visibility  to
obtain  the  dirty  image,  while  the  other  is  to  apply  direct
Fourier transform using the UV points for image reconstruc-
tion.  The following sections  will  provide detailed explana-
tions of these methods. 

2.2.    Imaging Algorithms
There  are  two  methods  available  for  imaging  simula-

tion:  The  direct  Fourier  transform  method  and  the  FFT
method.  Within  the  gridding  algorithm,  there  are  three
options  to  choose  from:  Linear  interpolation,  convolved
gridding function, and improved NUFFT method.

The  direct  Fourier  transform  method  directly  per-
forms  Fourier  transformation  on  the  visibility  function
based on the  principles  of  synthesis  imaging,  which  yields
the dirty image, as 

I(l,m) =
∑

V (ui,vi)Wie2πi(lui+mvi) , (2)

Wi

obtaining  the  image  by  summing  and  computing  all  the
UV sampling points.  The weighting function,  ,  is calcu-
lated  based  on  the  corresponding  surface  element  for  each
sampling  point,  and  the  resulting  visibility  is  numerically
integrated to obtain the dirty image. This method is the con-
ventional approach for radioheliograph imaging.

When  there  is  an  increasing  number  of  baselines  and
integration  time,  the  computation  time  using  the  direct
Fourier transform method can significantly increase. There-
fore,  the  FFT  method  is  commonly  used  for  efficiency.
To  leverage  the  computational  efficiency  of  FFT for  rapid
image  reconstruction,  the  visibility  needs  to  be  allocated
onto  a  regular  grid,  in  a  process  known  as  gridding.  Our
simulation  pipeline  provides  three  interpolation  methods,
with  linear  interpolation  being  the  simplest  approach  for
grid  construction.  This  method  does  not  require  weight-
ing  operations,  reducing  computational  load  and  resulting
in shorter image reconstruction time.

The goal  of  linear  interpolation gridding is  to  create  a
regular  data  grid,  onto  which  irregularly  sampled  data
points  can  be  interpolated.  This  is  achieved  by  estimating
the  values  at  positions  between  two  data  points  using  the
linear  relationship  between  neighboring  data  points.  Typi-
cally,  the  values  of  grid  points  are  estimated  by  taking  a
weighted average of neighboring data points, which simpli-
fies  the  grid  generation  process  and  saves  computational
time, as no additional weighting calculations are required.

The  convolution  gridding  method  is  used  in  the  data
processing of imaging to grid the unevenly distributed visi-
bility  function  data  using  a  convolution  gridding  function,
resulting  in  uniform  UV  sampling  data.  Commonly  used
convolution  gridding  functions  include  square  wave  func-
tion,  sinc  function,  Gaussian  sinc  function,  and  elliptical
basis  function.  As  convolution  operations  are  involved,
the  computation  time  for  this  method  is  comparatively
longer.

To  further  address  the  issue  of  unevenly  distributed
UV  sampling  points,  this  work  proposes  an  improved
NUFFT  method.  This  method  uses  an  efficient  algorithm
designed  for  the  computation  of  a  one-dimensional  "type
1"  NUFFT.  The  principle  behind  the  algorithm  is  given
by 

fk =
M∑
j=1

c jeikx j , (3)

M x j ∈ [0,2π]
c j j = 1, · · · ,M

N

fk k −N/2 ⩽
k ⩽ N/2−1

where    is  a  set  of  real  sample  points  ,  corre-
sponding  complex  coefficients    for  ( ),  and  a
requested  integer  number  of  modes  ,  the  goal  of  the
NUFFT is  to  efficiently  compute  the  Fourier  series  coeffi-
cients   where    ranges  over  the  integer  interval 

.

O(NM)
Traditional  direct  computation  of  this  series  would

require    operations,  but  the  improved  NUFFT
employs  a  sequence  of  optimized  steps,  including  spread-
ing,  FFT,  and  deconvolution,  to  approximate  the  vector  of
answers  within  the  user-specified  relative  tolerance.  The
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Fig. 1. Process of the imaging simulation pipeline.
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O( N log N +M)
N M

overall  computational  complexity  is  ,
almost  linear  with  respect  to    and  .  This  speed-up  is
analogous to that achieved by the FFT.

The  improved  NUFFT  boasts  several  key  features,
including the incorporation of a groundbreaking "exponen-
tial of semicircle" kernel[36]. Additionally, it employs numer-
ical  approximations  for  the  Fourier  transform  of  this  ker-
nel,  load-balanced  multithreaded  spreading  and  interpola-
tion,  point  sorting  to  enhance  cache  reuse,  and  a  low
upsampling  option  tailored  for  smaller  FFTs,  especially  in
type 3 transforms.

In  terms  of  memory  efficiency,  the  algorithm  avoids
precomputation,  always  evaluating  the  kernel  on  the  fly.
This results in a memory footprint often an order of magni-
tude  less  than  the  fastest  precomputed  modes  of  competi-
tors,  such  as  non-uniform  fast  Fourier  transform  3
(NFFT3)  and  the  Michigan  Image  Reconstruction  Tool-
box (MIRT), especially at high accuracy.

An  advantage  of  our  algorithm  is  its  automated  ker-
nel  parameter  selection.  Unlike  some  alternatives,  users
are  not  required  to  concern  themselves  with  kernel  choice
or  parameters.  Instead,  the  user  simply  specifies  the
desired relative accuracy, and NUFFT parameters are auto-
matically  selected  to  achieve  this  accuracy  as  efficiently
as possible.

The  steps  are  as  follows:  First,  the  sampled  visibility
function  is  weighted.  Then,  the  non-uniformly  sampled
data  are  divided  into  different  regions,  and  interpolation
techniques are used to approximate them as uniformly sam-
pled  data.  Finally,  the  discrete  Fourier  transform  (DFT)  is
computed  using  the  FFT  algorithm  on  these  uniformly
spaced  data.  The  resulting  DFT  is  then  mapped  back  to
the original non-uniform positions using interpolation, yield-
ing  the  dirty  image.  This  improved  NUFFT  method  opti-
mizes both computational efficiency and accuracy.

In  general,  the  conventional  direct  Fourier  transform
algorithm is  capable  of  inverting the  imaging process  with
good accuracy. However, due to the large number of anten-
nas  in  radioheliographs,  it  has  the  longest  computation

time.  The  gridding  algorithm,  when  using  the  convolu-
tion  gridding  method,  may  result  in  lower  inversion  accu-
racy  and  introduce  artifacts,  but  it  has  lower  computa-
tional  complexity,  leading  to  faster  computation  speed.
The  improved  NUFFT  algorithm  provides  higher  inver-
sion  accuracy  and  is  suitable  for  imaging  with  arbitrary
and  irregular  frequency  distributions.  However,  the  draw-
back  of  NUFFT  is  its  high  computational  complexity,
requiring more computation time. Therefore, when conduct-
ing  imaging  simulations,  the  choice  of  algorithm  should
be  based  on  the  specific  scenario.  The  following  sections
will provide detailed comparative analysis of imaging simu-
lations using these algorithms. 

3.    IMAGING    SIMULATION    EXPERI-
MENTS
The  Sun,  as  the  target  source,  has  the  characteristic

of  being  an  extended  source.  The  solar  radio  flux  is  rela-
tively  strong  and  has  the  characteristic  of  instantaneous
changes.  Therefore,  this  study  adopts  a  snapshot  approach
in  the  simulation.  In  the  simulation,  the  observing  fre-
quency  is  set  at  300  MHz,  with  the  solar  center  as  the
phase  center,  a  field  of  view  of  3°  ×  3°,  and  cell  size  of
103''.  The  interferometric  array  used  is  a  313-unit  uni-
form  circular  array  with  a  diameter  of  1 000  m[25].  The
antenna  configuration  and  UV  coverage  at  12:00  on  the
summer solstice are shown in Fig. 2. 

3.1.    Construction of the Sky Model
In  this  study,  the  following  three  radio  sources  are

selected  as  the  sky  model.  The  image  size  is  set  as  128  ×
128 pixels, with each pixel representing 42.187 5 × 42.187 5
arcsec.

(1)  Gaussian  point  source.  A  Gaussian  distribution
source is  placed in  the  image,  with  a  peak brightness  tem-
perature of 1.24 × 106 K, as shown in Fig. 3A.

(2)  Surface  source  with  active  regions.  Solar  images
are  obtained  using  AIA304  data  and  normalized.  The
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Fig. 2. Antenna positions and UV coverage at summer solstice and noon.
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peak  brightness  temperature  is  set  to  1.24  ×  106  K,  as
shown in Fig. 3B.

(3)  Radio  CME Model.  Currently,  there  are  two  well-
observed radio CME events. On April 20, 1998, an expand-
ing  CME  ring  was  directly  imaged  in  the  radio  band,
which  was  very  similar  to  the  coronal  image  observed  by
LASCO[13]. The outer ring had a maximum brightness tem-
perature  of  2  ×  104  K,  and  the  inner  ring  had  a  bright-
ness temperature of 5.6 × 105 K, as shown in Fig. 3C. Fur-
thermore,  on  April  15,  2001,  NRH observed  another  radio
CME  event,  which  showed  good  correlation  with  the
high-energy  electron  events  observed  by  the  electron,  pro-
ton,  and  alpha-particle  monitor  (EPAM)  experiment  on
the  advanced  composition  explorer  (ACE)  spacecraft[17].
In  this  event,  the  position  angle  of  the  white-light  CME
was approximately same as that of the radio ring, with simi-
lar morphology and expansion.

On  the  basis  of  these  two  events,  we  can  summarize
the following observation characteristics of radio CMEs:

(1)  They  exhibit  a  loop-like  structure  similar  to  the
white-light  coronagraph  morphology  (possibly  dependent
on  the  viewing  angle),  with  a  observed  range  greater  than
2 R⊙.

(2)  They  generally  occur  in  association  with  type-IV
radio  storms,  often  accompanied  by  type-II  and  type-III
radio bursts.

(3)  The  brightness  of  the  ring  area  is  similar  to  the
background  radiation,  with  stronger  radio  sources  near  the
solar disk.

(4)  They  exhibit  similar  evolution  characteristics  to
white-light CMEs.

Based  on  these  characteristics,  this  study  constructs  a
radio  CME  model  to  simulate  imaging  as  part  of  the  sky
model. The specific settings are as follows:

(1)  Solar  disk.  With  active  regions  and  peak  bright-
ness of 1 × 105 K.

(2)  Noise  storm.  Set  as  a  Gaussian  source  with  a
peak brightness of 1 × 108 K.

(3)  CME.  Set  as  a  Gaussian  point  source  with  peak
brightness  at  the  CME base  of  5.6  ×  105 K  and  at  the  top
of 2 × 104 K.

(4)  Sky  background.  Brightness  temperature  of  1  ×
102 K (illustrated in Fig. 3C). 

3.2.    Evaluation of Imaging Quality

y = x

The simulation results of the three algorithms for differ-
ent  radio  sources  are  shown  in  Fig.  4.  To  visually  ana-
lyze  the  imaging performance  of  several  dirty  images,  this
work  employs  the  profile  slicing  method  to  compare  the
simulated  dirty  images  with  the  sky  model.  For  Gaussian
point  sources  and  extended  sources  with  active  regions,  a
slanted  slice  at    is  selected  for  comparison.  For
extended  sources,  the  focus  is  on  comparing  the  imaging
of faint sources, so an elliptical slice is chosen. The compar-
ison  results  are  shown  in Fig.  5.  Through  comparison,  we
find  that  all  three  algorithms  exhibit  good  imaging  perfor-
mance  for  different  radio  sources,  effectively  displaying
the  contours  and  details  of  the  sky  model.  However,  due
to the sparse sampling of the sky model currently, there is a
certain level of error between the dirty images and the sky
model,  preventing  them  from  being  completely  identical.

This  work  quantitatively  measures  the  quality  of
images  from  two  aspects:  Dynamic  range  and  fidelity.
Dynamic range is typically defined as the ratio of peak radi-
ation  intensity  in  the  image  to  the  standard  deviation  of
image  noise,  while  fidelity  is  defined  as  the  difference
between  the  standard  model  divided  by  the  difference
between  the  standard  model  and  the  recovered  image[37],
given by 

fidelity =
∑
i, j

|m(i, j)|
|m(i, j)− r(i, j)| , (4)

m(i, j) r(i, j)

di f f = m(i, j)− r(i, j)

where   represents the standard model and   repre-
sents  the  recovered  image.  Since  the  denominator  in  the
above  equation  may  be  zero,  to  avoid  extreme  situations,
we  redefine  the  fidelity  by  taking  ,
The updated definition of fidelity is thus given by 

fidelity =
∑
i, j

|m(i, j)|
max
[|di f f (i, j)|,0.7rms(|di f f (i, j)|)] . (5)

We find that under the same conditions, the three algo-
rithms  exhibit  a  high  dynamic  range  for  different  radio
sources  in  the  simulated  images  of  the  uniformly  dis-
tributed  circular  array,  ranging  from  a  minimum  of  30.77
dB  to  over  40  dB,  as  shown  in  Tables  1.  This  not  only
confirms  the  effectiveness  of  the  imaging  algorithms  but
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Fig.  3. Sky models  of  three types  of  radio sources  used for  simulation.  (A)  Gaussian point  source.  (B)  Surface  source  with  active
regions. (C) Radio CME Model.
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also  demonstrates  the  imaging  capability  of  the  uni-
formly distributed circular array. Comparing the three algo-
rithms,  the  imaging  fidelity  is  highest  for  the  direct
Fourier  transform  numerical  integration  method,  but  this
also  requires  a  longer  computation  time.  The  method
based  on  FFT  with  linear  interpolation,  using  natural
weights,  has  the  shortest  computation  time  but  introduces
more  noise  interference,  requiring  further  deconvolution
operations. The improved NUFFT method provides a com-
promise  between  computation  time  and  resulting  image
quality.  For  the  uniformly  distributed  circular  array,  the
improved  NUFFT  algorithm  is  a  preferable  choice  among
the three algorithms.
 

3.3.    Comparison with the NIFTY-gridder Algorithm
NUFFT  has  been  widely  used  in  radio  interferometer

imaging.  To  further  illustrate  its  performance,  we  analyze
the  algorithm  proposed  in  this  paper  in  comparison  with
the  NIFTY-gridder  algorithm[38]  used  by  the  SKA.  Here,

we  do  not  consider  a  wide  field  of  view,  and  the  algo-
rithm  is  required  to  have  an  error  that  is  less  than  2  ×
10−13.  Additionally,  both  algorithms  are  used  to  map  the
radio  CME  model  without  GPU  acceleration.  The  results
are shown in Fig. 6 and Table 2.

The imaging results obtained by the two methods, com-
pared  in  Fig.  6  and  Table  2,  exhibit  minimal  differences.
The  improved  NUFFT  algorithm  has  a  higher  dynamic
range  of  imaging  compared  with  the  NIFTY-gridder  algo-
rithm,  while  the  NIFTY-gridder  algorithm  demonstrates
faster  data  processing  capabilities.  This  is  mainly  because
high-performance  distributed  parallel  computing  is
employed  to  use  the  NIFTY-gridder  algorithm,  giving
enhanced  computational  performance,  and  this  advantage
is  particularly  pronounced  in  multi-channel  calculations.
This  simulation  employs  single-frequency  channel  imag-
ing,  enhancing  the  effectiveness  of  the  improved  NUFFT
algorithm.
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Fig.  4. Subplots  A−C  show  the  imaging  results  of  the  Gaussian  point  source  using  three  algorithms.  From  left  to  right,  the
imaging methods employed are direct Fourier transform numerical integration, NUFFT algorithm, and FFT algorithm. Subplots
D−F show the imaging results of the surface source with active regions using three algorithms. Subplots G−I show the imaging
results of the radio CME model using three algorithms.
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4.    DISCUSSION
Section  3  has  provided  the  imaging  results  and  analy-

sis  of  the  uniformly  distributed  circular  array  for  radio
CMEs.  However,  to  further  investigate  the  conditions
under  which  the  radioheliograph  can  achieve  compara-
tively  good  imaging  of  radio  CMEs,  considering  the  com-
prehensive  evaluation  of  the  previous  comparison  results,

the  improved  NUFFT  algorithm  is  used  to  discuss  the
radio CME radiation model in four different scenarios.

1×108
In  the  first  scenario,  the  peak  intensity  of  the  noise

storm  is  set  to    K,  and  its  contrast  ratio  with  the
weakest  part  of  the  radio  CME  is  40  dB.  The  CME  ring
is  not  within  the  influence  range  of  the  noise  storm  side-
lobes,  as  shown  in Fig.  7A.  The  CME ring  can  be  clearly
seen  in  Fig.  8A,  and  the  sidelobe  effects  of  the  noise
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Fig.  5. A comparative profile  plot  of  imaging results  using three algorithms for different radio sources.  From left  to right,  the
imaging methods employed are direct Fourier transform numerical integration, NUFFT algorithm, and FFT algorithm. Subplots
A−C show the comparative plot of three algorithms for a Gaussian point source, subplots D−F present the comparative plot for a
surface source with active regions, and subplots G−I display the comparative plot for the radio CME model.
 

Table  1. Comparison  of  imaging  results  of  three  algorithms  for  Gaussian  point  sources,  surface  sources,  and  the  radio  CME
model

Parameters DFT (linear interpolation) FFT (linear interpolation) NUFFT

Gaussian point sources
Image fidelity 218 156 156

Time/s 35 3 21
Dynamic range/dB 36 35 38

Surface sources
Image fidelity 26 174 5 974 5 974

Time/s 36 2 22
Dynamic range/dB 33 30 36

The radio CME model
Image fidelity 168 161 161

Time/s 35 2 22
Dynamic range/dB 41 37 44
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storm  are  also  evident.  Since  the  position  of  the  CME
ring  is  outside  the  sidelobe  influence  range  of  the  noise
storm, the CME ring can be observed clearly.

1×107
For  the  second  scenario,  the  peak  intensity  of  the

noise  storm  is  set  to   K,  and  its  contrast  ratio  with
the  weakest  part  of  the  radio  CME  is  30  dB.  The  CME
ring  is  not  within  the  influence  range  of  the  noise  storm
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Fig.  6. Comparison  of  two  algorithms  for  dirty  maps.  (A)  The  result  of  NUFFT  algorithm.  (B)  The  result  of  NIFTY-gridder
algorithm.
 

Table 2. Comparison of imaging results of two algorithms for
the radio CME model

Parameters NIFTY-gridder NUFFT
Image fidelity 161 161

Time/s 20 22
Dynamic range/dB 41 44
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Fig. 7. Four scenarios of radio CME.

 

  

124　www.ati.ac.cn



sidelobes,  as  shown  in  Fig.  7B.  Since  the  peak  intensity
of  the  noise  storm  is  reduced,  its  impact  on  the  faint
sources  is  smaller.  Therefore,  in  the  image,  the  CME ring
can be seen more clearly (Fig. 8B).

1×109
In  the  third  scenario,  the  peak  intensity  of  the  noise

storm  is  set  to    K,  and  its  contrast  ratio  with  the
weakest  part  of  the  radio  CME  is  50  dB.  The  CME  ring
is  not  within  the  influence  range  of  the  noise  storm  side-
lobes,  as  shown  in  Fig.  7C.  In  this  case,  the  peak  inten-
sity  of  the  noise  storm  is  enhanced,  and  the  complete
radio  CME  ring  cannot  be  observed  in  the  image  (shown
in Fig.  8C).  Only  the  base  and  the  left  and  right  branches
are  visible,  while  the  weakest  part  cannot  be  seen.  There-
fore,  when  the  intensity  contrast  between  strong  and  weak
sources reaches 50 dB, it is not possible to achieve a com-
plete observation of the radio CME.

1×108
In  the  final  scenario,  the  peak  intensity  of  the  noise

storm  is  set  to    K,  and  its  contrast  ratio  with  the
weakest  part  of  the  radio  CME  is  40  dB.  The  CME  ring
is  within  the  influence  range  of  the  noise  storm sidelobes,
as  shown  in  Fig.  7D.  In  the  image,  the  outline  of  the
radio  CME  can  be  seen  in  Fig.  8D,  but  the  details  are
affected by the sidelobes of the strong sources. Deconvolu-
tion  operations  are  required  to  enhance  the  visibility  of
the image and to reveal the details clearly.

In summary, the ability of the uniformly distributed cir-

cular  array  to  observe  radio  CME  events,  as  well  as  the
intensity  contrast  between  strong  and  weak  sources  and
the  position  of  the  CME  ring,  depends  on  the  operational
status of the instrument and the occurrence of the event dur-
ing  observation.  When  the  intensity  contrast  between
strong  and  weak  sources  is  less  than  40  dB  and  the  posi-
tion  of  the  CME  ring  is  not  within  the  influence  range  of
the  sidelobes  from  strong  sources,  the  uniformly  dis-
tributed  circular  array  can  achieve  a  complete  observa-
tion of the radio CME event.
 

5.    CONCLUSION
CMEs  are  frequent  solar  eruption  phenomena  in  the

solar  atmosphere.  They  are  the  largest  and  most  spectacu-
lar  solar  events  and  the  main  driving  source  for  haz-
ardous space weather. Researches on CMEs have been con-
ducted  for  several  decades,  mainly  focused  on  observa-
tions  in  the  visible  wavelength  range.  However,  phenom-
ena  corresponding  to  white-light  CMEs  have  been  rarely
observed  in  the  radio  band.  Radio  observations  have  the
advantages  of  high  temporal  resolution  and  multiple  fre-
quency  bands,  enabling  better  tracking  of  CME evolution.
Imaging  of  radio  CMEs  allows  observation  of  the  early
propagation  process  of  CMEs  without  being  affected  by
occulting disks, allowing more detailed study of the evolu-
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Fig. 8. Imaging results for different models of radio CME.
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tion  process  and  inference  of  the  magnetic  field  distribu-
tion  of  CMEs.  Additionally,  there  is  a  good  correspon-
dence  between  low-frequency  radio  storms  and  CMEs  in
terms  of  size  and  latitude  distribution[38].  Therefore,  a
high-sensitivity  low-frequency  array  is  an  ideal  choice  for
imaging radio CMEs.

This  study  evaluates  the  imaging  performance  of  a
radioheliograph  on  radio  CMEs  through  a  simulation
pipeline,  focusing  on  different  radio  sources.  Our  pro-
posed  improved  NUFFT  algorithms  for  gridding  show
excellent imaging results for various radio sources in snap-
shot  mode,  achieving  good  effects  on  both  point  and
extended  sources  without  the  need  for  deconvolution  pro-
cessing. The dynamic range of the images surpasses 30 dB.
A  comparative  analysis  between  the  NIFTY-gridder  algo-
rithm  and  our  improved  NUFFT  algorithm  reveals  that
while  the  former  gives  higher  accuracy  and  faster  perfor-
mance  in  wide-field  imaging,  our  algorithm  outperforms
in  scenarios  without  a  wide  field  of  view,  despite
increased computational time. Minor discrepancies notwith-
standing,  both  algorithms  demonstrate  commendable
performance.

Furthermore,  for  radio  CME  models  involving  both
strong  and  weak  sources,  it  is  essential  to  consider  the
impact of CME location and strong sources on high-resolu-
tion  imaging.  The  uniform  circular  array  proves  effective
in  observing  CMEs  when  the  intensity  of  both  strong  and
weak  sources  is  below  40  dB  and  not  influenced  by  radio
noise storms. Our study provides valuable insights into opti-
mizing  radioheliograph  design  for  imaging  radio  CMEs,
emphasizing  the  efficacy  of  our  proposed  improved
NUFFT  algorithms  and  the  importance  of  accounting  for
CME  location  and  source  intensity  in  observational
setups.
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