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Abstract: Space  target  imaging  simulation  technology  is  an  important  tool  for  space  target  detection  and  identification,
with  advantages  that  include  high  flexibility  and  low  cost.  However,  existing  space  target  imaging  simulation
technologies  are  mostly  based  on  target  magnitudes  for  simulations,  making  it  difficult  to  meet  image  simulation
requirements  for  different  signal-to-noise  ratio  (SNR)  needs.  Therefore,  design  of  a  simulation  method  that  generates
target  image  sequences  with  various  SNRs  based  on  the  optical  detection  system  parameters  will  be  important  for  faint
space  target  detection  research.  Addressing  the  SNR  calculation  issue  in  optical  observation  systems,  this  paper
proposes  a  ground-based  detection  image  SNR  calculation  method  using  the  optical  system  parameters.  This  method
calculates  the  SNR  of  an  observed  image  precisely  using  radiative  transfer  theory,  the  optical  system  parameters,  and
the  observation  environment  parameters.  An  SNR-based  target  sequence  image  simulation  method  for  ground-based
detection  scenarios  is  proposed.  This  method  calculates  the  imaging  SNR  using  the  optical  system  parameters  and
establishes  a  model  for  conversion  between  the  target’s  apparent  magnitude  and  image  grayscale  values,  thereby
enabling  generation  of  target  sequence  simulation  images  with  corresponding  SNRs  for  different  system  parameters.
Experiments  show that  the  SNR obtained  using  this  calculation  method  has  an  average  calculation  error  of  <1  dB when
compared  with  the  theoretical  SNR  of  the  actual  optical  system.  Additionally,  the  simulation  images  generated  by  the
imaging  simulation  method  show high  consistency  with  real  images,  which  meets  the  requirements  of  faint  space  target
detection algorithm research and provides reliable data support for development of related technologies.
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1.    INTRODUCTION
In  recent  years,  with  the  rapid  developments  in

aerospace  technology,  the  number  of  spacecraft  in  orbit
has  shown a  significant  growth trend[1].  This  trend has  led
to  a  continuous  increase  in  the  occupation  of  space  orbit
resources,  gradual  rises  in  the  amount  of  space  debris  and
the  number  of  decommissioned  satellites,  and  a  signifi-
cant  increase  in  the  risk  of  collisions  between  spacecraft,
which  poses  a  serious  threat  to  the  normal,  safe  opera-
tion  of  satellites  in  orbit.  As  a  result,  space  situational
awareness (SSA) has become a strategic focus for all coun-
tries  to  maintain  safe  operation  of  their  spacecraft,  ensure
sustainable use of space resources, and enhance space secu-
rity  capabilities[2–4].  Dim  space  target  detection  technol-
ogy,  as  an  essential  technology  for  SSA,  can  identify  and
monitor  low-brightness  and  long-distance  space  targets
effectively  in  complex  space  environments.  This  technol-

ogy provides essential support to ensure both the safe opera-
tion  of  spacecraft  in  orbit  and the  sustainable  use  of  space
resources.  This  detection  technology  thus  has  significant
engineering  application  value  and  has  become  an  impor-
tant  direction  for  research  and  development  in  the
aerospace field[5–8].

Dim  space  target  detection  methods  can  be  divided
into  model-driven  methods  and  data-driven  methods.
Model-driven methods  are  based on the  use  of  mathemati-
cal  theories  to  suppress  the  background  and  perform  tar-
get  enhancement.  However,  these  methods  require  numer-
ous  assumptions  and  involve  multiple  parameters,  mak-
ing the calculations complex. In contrast, data-driven meth-
ods  often  use  deep  learning  to  learn  the  features  of  tar-
gets,  thus  enabling  distinctions  to  be  made  between  tar-
gets  and  the  background.  These  methods  have  demon-
strated  strong  robustness  and  accuracy,  and  have  become
the  main  development  trend  in  this  field[9].  However,
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data-driven  methods  require  large  numbers  of  training
images,  and  the  acquisition  of  imaging  data  from  actual
observation  systems  is  challenging[10].  These  challenges
have limited the development of space target detection algo-
rithms.

Space  target  imaging  simulation  technology  is  one  of
the  most  effective  approaches  used  to  provide  training
images  for  target  detection  algorithms.  This  technique  is
used  widely  in  both  technical  research  and  engineering
applications  for  ground-based  verification  of  equipment
and algorithms[11].

As  early  as  2009,  Zhang  et  al.[12]  established  a
detailed  simulation  model  by  studying  a  combination  of
the  transformation  relationship  from  stellar  magnitude  to
grayscale  and  the  statistical  patterns  of  star  numbers.
Their  model  can  generate  starry  sky  background  images
with  relatively  large  magnitudes  (magnitude  >  10).  Then,
Han  et  al.[13]  used  Satellite  Tool  Kit  (STK)  software[14]
(Analytical  Graphics)  to  obtain  the  positional  relationship
between  the  target  and  the  observation  platform,  and  used
OpenGL  to  render  the  simulation  images  to  enhance  the
realism  of  the  images  that  were  generated.  However,
because  of  the  complexity  of  the  OpenGL  rendering  pro-
cess,  the  algorithm  ran  slowly.  To  address  this  issue,
Zhang  et  al.[15]  used  MATLAB  rather  than  OpenGL  to
add various noise types and effects to the images to acceler-
ate the algorithm’s simulation speed.

Subsequently,  to  simulate  the  brightness  characteris-
tics  of  targets  with  different  shapes  in  images,  Yan
et al.[16]  proposed  a  target  illumination  model  based  on
the  effective  optical  reflective  area,  which  addresses  the
conversion  relationship  between  magnitude  and  grayscale,
along  with  that  between  magnitude  and  pixel  intensity.
This  conversion  model  uses  a  linear  relationship  that  does
not  align  fully  with  the  nonlinear  characteristics  of  actual
complex  optical  imaging  scenarios,  which  limits  its  accu-
racy and its wider applicability. To solve this problem, Xia
et al.[11] used an exponential conversion relationship to per-
form  the  transformation  between  magnitude  and
grayscale,  which  is  more  closely  aligned  with  actual  com-
plex optical imaging scenarios, and also conducted a simula-
tion  analysis  of  the  image  characteristics  under  the  differ-
ent system monitoring mode conditions. This method allevi-
ates  the  limitations  of  the  linear  conversion  model  effec-
tively,  but  it  does  not  account  for  the  effects  of  the  sys-
tem  parameters  and  environmental  factors  on  the  target’s
brightness during the actual imaging process.

In  addition,  to  make  the  simulations  more  realistic,
Ouyang  et  al.[17]  proposed  a  method  to  simulate  optical
images  of  space  debris  for  use  with  a  small  field-of-view
(FOV),  high-detection-sensitivity  space  imaging  system
that  considered  the  interference  from  stripes  and  the  satu-
rated  star  background.  Wang  et  al.[18]  also  considered  the
effects  of  stray  light,  including  ground-based  light  and
moonlight,  on  the  optical  detection  system  and  estab-
lished  a  stray  light  imaging  simulation  model.  Based  on
this  model,  Liu  et  al.[19]  modeled  the  imaging  process

under  the  platform  jitter  condition  by  applying  a  jitter
effect  to  the  simulated  images  to  enhance  their  realism.
Additionally, to evaluate the performance of wide-field sen-
sors,  Xu  et  al.[20]  implemented  space  imaging  simulations
based  on  the  characteristics  of  a  panoramic  scanning  sen-
sor  to  generate  a  sequence  of  images  that  covered  a  360°
×  10°  FOV.  Although  these  methods  analyzed  the  factors
that  affected  optical  target  imaging under  various  observa-
tion  conditions,  they  did  not  establish  the  corresponding
relationship  between  the  observation  conditions  and  the
SNR of  the  image,  thus  making  it  difficult  to  provide  tar-
get  data  with  differing  SNRs  for  target  detection  algo-
rithms.

At present, space target imaging simulations use a rela-
tively well-established technical framework, and the simula-
tion  results  obtained  are  quite  close  to  real-world  scenar-
ios.  However,  these  existing  simulation  methods  do  not
take  the  impact  of  the  observation  system  parameters  and
environmental  factors  on  the  target  brightness  into
account  when  calculating  the  brightness,  and  they  also  do
not  define  the  relationship  between  the  SNR  and  the  tar-
get image grayscale values clearly. As a result, these meth-
ods  are  still  unable  to  generate  images  with  a  specified
SNR  based  on  the  system  parameters  of  the  observation
platform,  particularly  for  target  imaging  under  low  SNR
conditions.  This  makes  it  difficult  for  the  existing  simula-
tion methods to meet the demand for training data with dif-
ferent  SNRs  as  required  for  weak  space  target  detection
technology.  Therefore,  the  work  in  this  paper  uses  a
ground-based  optical  detection  system  as  an  example,
with dynamic imaging of small space targets as the simula-
tion target, and it also conducts space target imaging simu-
lation  research  based  on  the  SNR  for  the  starry  sky  back-
ground. The main contributions are described as follows:

(1)  A  ground-based  detection  image  SNR  calculation
method  based  on  the  optical  system  parameters  is  pro-
posed.  Based  on  the  apparent  target  magnitude,  system
parameters such as the operational spectral range, the quan-
tum efficiency,  the  effective  aperture,  the  optical  transmit-
tance,  the  exposure  time,  and  the  noise  parameters  of  the
ground-based  optical  detection  system,  and  the  observa-
tion  environment  parameters,  the  method  can  calculate  the
image SNR under various observation conditions.

(2)  A  target  sequence  image  simulation  method  based
on  the  SNR  for  ground-based  detection  scenarios  is  also
proposed.  The  method  calculates  the  image  SNR  under
the  current  observation  conditions  based  on  the  observa-
tion system parameters and establishes the conversion rela-
tionship  between  the  target  magnitude  and  grayscale
based  on  the  SNR;  then,  it  obtains  the  target  motion
model from the target orbital data, thereby realizing simula-
tion of the target sequence images. 

2.    METHODS
 

2.1.    Apparent Magnitude Calculation
The  magnitude  is  an  important  indicator  for  measure-
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ment  of  the  brightness  of  celestial  objects  and  typically
includes  two  types:  the  absolute  magnitude  and  the  appar-
ent  magnitude.  Modern  astronomy  uses  a  logarithmic
scale  to  describe  brightness  differences.  Specifically,  a
reduction  of  five  magnitudes  corresponds  to  a  100-fold
increase in the brightness of the celestial object[21].

The  absolute  magnitude  is  a  standardized  measure  of
brightness that  reflects  the intrinsic  luminosity of  an astro-
nomical  object  and  is  unaffected  by  its  distance  from  the
observer.  For  stellar  objects,  the  absolute  magnitude  refers
to  the  apparent  magnitude  that  an  object  would  have  if
placed  at  a  distance  of  10  parsecs.  The  absolute  magni-
tude  for  non-stellar  objects  such  as  planets,  comets,  and
asteroids  is  defined  as  the  apparent  magnitude  that  the
object  would  exhibit  when  it  is  located  at  a  distance  of
one  astronomical  unit  (AU)  from  both  the  Sun  and  Earth
with a phase angle of 0°. Additionally, the absolute magni-
tude  of  non-stellar  objects  can  also  be  calculated  using
the following formula[22]: 

H = 15.618−5lgD−2.5lgPv , (1)

D Pvwhere    is  the  object  diameter  and    is  surface  albedo
of the object.

The  apparent  magnitude  refers  to  the  brightness  of  an
astronomical object as observed from the Earth. The appar-
ent  magnitude  is  dependent  on  the  object’s  intrinsic  lumi-
nosity  and  the  distance  between  the  object  and  the  Earth.
Additionally,  the  apparent  magnitude  is  strongly  affected
by  the  absorption  properties  of  dust,  gas,  and  other  media
located  between  the  object  and  the  Earth.  Variations  in
observational  angle  and  atmospheric  conditions  can  fur-
ther  modulate  its  value.  For  stellar  objects,  there  is  a  spe-
cific  conversion  relationship  between  the  apparent  magni-
tude and the absolute magnitude, which can be expressed as 

M = m+5lg
(

d0

d

)
, (2)

d0 dwhere    is  10  parsecs  and    is  the  distance  from  the
observer to the object.

For  celestial  bodies  that  do  not  emit  their  own  light,
e.g.,  planets  and  asteroids,  their  apparent  magnitude  is
related to the solar phase angle. The equation used to calcu-
late this magnitude[23]is as follows: 

V =H+2.5lg


(
|rsun|

1.5×108 ×
|robs|

1.5×108

)2

−[
(1−G)φ1 +Gφ2

]}
, (3)

H rsun
robs

G
φ1 φ2

where    is  the  absolute  magnitude  of  the  object;    and
 are  vectors  from the  Sun  to  the  asteroid  and  from the

observer  to  the  asteroid,  respectively;    is  the  surface
albedo of  the asteroid;  and   and   are  phase functions,
which are given by 

φ1 = e−3.33tank0.63 , (4)
 

φ2 = e−1.87tan(k/2)1.22 , (5)

k rsun robswhere   is the angle between   and  .
For nonluminous targets, e.g.,  space debris[24],  the cal-

culation  of  their  apparent  magnitude  is  related  to  the
phase function, and the method is given as follows: 

V = −26.58−2.5lg
[
AσF (φ)

]
+5lgR , (6)

A σ
F (φ)

φ
R

where    is  the  cross-sectional  area  of  the  target;    is  the
diffuse  reflection  coefficient  of  the  target,    is  the
phase  function  of  the  target,    is  the  solar  phase  angle  of
the  target,  and    is  the  distance  between  the  observer  and
the target.
 

2.2.    SNR  Calculation  Method  for  Ground-based
Systems

Based on the methods described above for the calcula-
tion  of  the  apparent  magnitude  of  a  target,  we  can  obtain
the apparent magnitude under different observation scenar-
ios. To establish the conversion relationship between the tar-
get  magnitude  and  the  SNR,  this  paper  proposes  an  SNR
calculation  method  that  is  suitable  for  ground-based  sys-
tems.  This  method  integrates  the  target’s  radiative  trans-
fer  characteristics,  the  observation  system  parameters,  and
the environmental factors, while also comprehensively con-
sidering  the  imaging  process  of  the  optical  system,  the
detector’s  noise  characteristics,  and  the  sky  background
interference  to  calculate  and  obtain  the  target’s  SNR
within the image.

First,  the  celestial  objects  that  are  observable  by
ground-based  systems  mainly  include  asteroids,  planets,
and  various  small  space  objects.  These  objects  emit  light
by  reflecting  sunlight  and  can  therefore  be  reasonably
approximated  as  blackbodies  during  modeling.  The  spec-
tral  radiance  that  corresponds  to  each  wavelength  can  be
calculated using the Planck formula as follows: 

M (λ, T ) =
2hc2

λ5 (ehc/λkBT −1
) , (7)

h
h = 6.626 × 10−34 J s c T

kB

kB = 1.38 × 10−23 J K−1

where    is  Planck’s  constant,  where
;   is the speed of light;   is the sur-

face temperature of the Sun; and   is the Boltzmann con-
stant, where  .

Then, according to the Stefan–Boltzmann law, the spec-
tral photon flux density of a target with an apparent magni-
tude  of  zero  can  be  obtained,  as  shown  in  the  following
equation: 

I (λ, T ) =
f⊙2.512−(BC−mb⊙)

hc/λ
M (λ, T )
σT 4 , (8)

BC
f⊙ f⊙ = 1 367.51 W m−2 σ

σ = 5.67 × 10−8 W m−2 K−4 mb⊙

where    is  the  thermal  magnitude  correction  parameter;
  is  the  solar  constant,  where  ;    is

the  Stefan–Boltzmann  constant,  where
; and    is  the apparent ther-

mal magnitude of the Sun.
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NTThen, the number of electrons   that the imaging sen-
sor  can  generate  during  the  imaging  time  at  the  different
wavelengths is given by 

NT =

∫ λ2

λ1

I (λ, T )dλ ·QE · π
4

d2 ·γ · t0 ·2.512−mV , (9)

λ1−λ2

QE
d

γ t0
mV

where    represents  the  operational  spectral  range  of
the  detector,  which  is  typically  taken  to  be  the  visible
light  spectrum  (400–800  nm);    is  the  quantum  effi-
ciency of the detector;   is the effective aperture of the tele-
scope;    is  the  optical  transmittance;    is  the  exposure
time; and   is the apparent magnitude of the target.

S QM
mag arcsec−2

During  the  imaging  process,  the  main  noise  sources
include  the  noise  generated  by  the  sky  background  and
the internal  noise of  the detector.  The sky background bri-
ghtness  is  typically  represented  by  the  parameter  ,
which has units of  . The equation for calcula-
tion of the sky background noise is given as follows: 

Nbg =

∫ λ2

λ1

I (λ,T )dλ ·QE · π
4

d2 ·γ · t0 ·2.512−S QM · pfov , (10)

pfov
pfov

where    is  the  FOV of  a  single  pixel  in  the  detector.  If
  cannot  be  obtained  directly,  it  can  be  calculated

using the following equation: 

pfov =
W/ f ×206 265

pixel_x
× H/ f ×206 265

pixel_y
, (11)

W H
f

pixel_x pixel_y

where   and   are the width and the height of the detec-
tor’s  photosensitive  element  surface,  respectively;    is  the
focal  length  of  the  telescope;  and   and   are
the  numbers  of  pixels  (resolution)  of  the  detector’s  image
sensor in the x and y directions, respectively.

Nr Ndim

The  internal  noise  of  the  detector  mainly  comprises
the  readout  noise  ( )  and  the  dark  current  noise  ( ),
and  their  values  can  be  found  in  the  detector’s  manual.
The  SNR  of  the  detector  can  then  be  expressed  using  the
following equation: 

RSN =
NT/p√

Nbg+N2
r +Ndim× t0

, (12)

pwhere    represents  the  pixel  size  occupied  by  the  target
in the image.
 

2.3.    Target  Sequence  Image  Simulation  Method  in
Ground-based Detection Scenes

Based  on  the  SNR  calculation  method  above,  a  tar-
get  sequence  image  simulation  method  for  ground-based
detection  scenes  is  proposed,  as  shown  in  the  overall  pro-
cess flowchart given in Fig. 1.

 
 

SAO star catalog

Targets/stars-in-FOV selection

Coordinate transformation

Two-line elements of 
targets

noise model

Star background image Targets image

Motion targets sequence simulation images

Simulation parameters

Apparent magnitude 
calculation

SNR of the system 
calculation

Grayscale value of 
targets in images

Convert apparent 
magnitude to 

grayscale value

Uniform sky 
background image

Noise image

Zero-mean Gaussian 

Gaussian point spread function (PSF)

Fig. 1. Overall flowchart for the target sequence image simulation method in ground-based detection scenarios.
 

First,  the  positions  and  magnitudes  of  the  stars  in  the
J2000.0  geocentric  inertial  coordinate  system  are  obtained
based  on  the  data  from  the  Smithsonian  Astrophysical
Observatory  (SAO)  Star  Catalog.  Additionally,  the  tar-
get’s  position  in  the  J2000.0  geocentric  inertial  coordi-
nate system is obtained using the simplified general pertur-
bations  SGP4  orbital  model  based  on  the  target’s  two-line
element (TLE) orbital data.

Next,  based  on  the  simulation  parameters,  the  targets
and stars that lie within the FOV are selected. The observa-
tion  field  is  generally  regarded  as  a  circular  FOV with  its
center  at  the  pointing  direction  of  the  observation  plat-
form’s  optical  axis,  and  a  radius  that  is  half  of  the  diago-
nal  of  the  observation  platform’s  FOV.  Targets  and  stars
within this circular FOV can then be observed by the plat-
form.  The  constraint  condition  for  the  object  within  the
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observation FOV is expressed as follows:  {
α ∈ (α0−R/cosδ0, α0+R/cosδ0)

δ ∈ (δ0−R, δ0+R) , (13)

R
(α0, δ0)

where    is  the  radius  of  the  circular  observation  field,
and    is  the  pointing  direction  of  the  starboard  sen-
sor’s optical axis.

Then,  the  positions  of  the  stars  and  the  targets  within

the  FOV  are  transformed  into  the  image  plane  coordinate
system.  The  coordinate  transformation  process  includes  a
rotation  transformation  from  the  J2000.0  geocentric  iner-
tial  coordinate  system  into  the  observation  platform  cam-
era’s coordinate system, and a perspective projection trans-
formation from the observation platform camera coordinate
system into the image plane coordinate system. The formu-
la used to perform this transformation is shown as follows:

Mr =

 sinα0cosϕ0− cosα0sinβ0sinϕ0 −cosα0cosϕ0− sinα0sinβ0sinϕ0 cosβ0sinϕ0
−sinα0sinϕ0− cosα0sinβ0cosϕ0 cosα0sinϕ0− sinα0sinβ0cosϕ0 cosβ0cosϕ0

−cosα0cosβ0 −sinα0cosβ0 −sinβ0

 , (14)
 

Mp =

 f /z 0 pixel/2
0 f /z pixel/2
0 0 0

 , (15)

Mr Mp

(α0, δ0, ϕ0)

z

where    and    are  the  rotation  transformation  matrix
and the perspective projection transformation matrix, respec-
tively;    are  the  right  ascension,  the  declina-
tion, and the camera rotation angle of the observation plat-
form  in  the  J2000.0  geocentric  inertial  system,  respec-
tively;  and    is  the  projection position of  the  target  or  star
on  the  z-axis  of  the  observation  platform camera’s  coordi-
nate system.

(xt, yt, zt)
Then,  the  position  of  the  target  or  star  with  coordi-

nates    in  the  J2000.0  geocentric  inertial  system
is given in the image plane coordinate system as follows:   X

Y
0

 = Mp ·Mr

 xt
yt
zt

 . (16)

mi

m

Additionally, it is necessary to convert the star’s appar-
ent  magnitude  into  the  corresponding  grayscale  value  in
the  image.  For  stars,  the  brightness  differs  between  two
stars  with  adjacent  unit  magnitudes  by  approximately
2.512  times.  Therefore,  the  grayscale  value  of  a  star  with
apparent  magnitude    can  be  calculated  based  on  the
observation system’s magnitude sensitivity  , as follows: 

gi =
gmax

2.512mi−m , (17)

gmaxwhere    is  the  grayscale  value  that  corresponds  to  the
brightest magnitude (255 in an 8-bit grayscale image).

At  the  same  time,  the  conversion  relationship
between  the  target’s  apparent  magnitude  and  its  grayscale
value  can  be  obtained  based  on  the  SNR,  the  background
noise  mean,  and  the  background  noise  variance  of  the
image.  The  target’s  apparent  magnitude  is  calculated
using  the  corresponding  formula  based  on  the  target  type
mentioned  above.  The  SNR  of  the  image  is  the  ratio  of
the grayscale mean in the target region to the standard devi-
ation  in  the  noise  region.  Because  the  system’s  SNR  is
equal  to  the  SNR  of  the  simulated  image,  after  the  SNR
of  the  system’s  image  is  calculated  using  the  simulation
parameters,  the  grayscale  mean  of  the  target  in  the  image
can then be deduced as follows: 

gt = RSNσn+gn , (18)

RSN

gn
σn

where    is  the  SNR  that  corresponds  to  the  target’s
apparent  magnitude;    is  the  mean grayscale  value of  the
uniform background in the simulation image; and   repre-
sents  the  standard  deviation  of  the  Gaussian  noise  in  the
simulation image.

In  ground-based  long-distance  detection  scenarios,  the
target  and  the  stars  are  located  far  away  from  the  tele-
scope,  and  their  signals  can  be  regarded  as  point  light
sources. After passing through the optical system, these sig-
nals  present  an approximately Gaussian distribution within
a  local  region  of  the  image.  Therefore,  the  Gaussian  PSF
model  can  be  used  to  approximate  the  grayscale  distribu-
tion of the target and the stars.

The equation for the Gaussian PSF is as follows: 

g (xi, yi) = Aexp
[
− (xi− x0)2+ (yi− y0)2

2σ2

]
, (19)

A
(x0, y0) (xi, yi)

σ

where    is  the  grayscale  value  at  the  center  of  the  target
or  star;    and    are  the  pixel  coordinates  of
the  star  spot  center  and  the  pixel  coordinates  of  the  ith
point  of  the  target  or  star,  respectively;  and    is  the  stan-
dard  deviation  of  the  PSF,  which  can  be  calculated  using
the following: 

σ =
w

2
√
−lg (1− pr)

, (20)

w prwhere   is the width of the target or star, and   is the percen-
tage of the starlight energy contained within the width range.

We  obtain  the  grayscale  value  at  the  target’s  center
via  reverse  engineering  based  on  the  target’s  grayscale
mean  value  and  the  Gaussian  PSF.  The  equation  required
is as follows: 

A =
gt p

p∑
i=0

exp
[
− (xi− x0)2+ (yi− y0)2

2σ2

] . (21)

Finally,  the  noise  image  obtained  by  adding  the  zero-
mean Gaussian noise and the uniform background is synthe-
sized with the target  image and the star  background image
to obtain the final target sequence simulation image.
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3.    EXPERIMENT
In  this  work,  experiments  were  conducted  to  verify

the  accuracy  of  the  proposed  SNR calculation  method  and
the  accuracy  and  the  simulation  effectiveness  of  the  pro-
posed target sequence image simulation method.

For  the  proposed  SNR  calculation  method,  images  of
specified celestial objects must first be captured using a des-
ignated  instrument  with  different  exposure  times.  The
actual  SNR for  the  captured  image  sequences  will  then  be
computed.  Next,  the  theoretical  SNR  can  be  calculated
using  the  proposed  method  with  the  observation  parame-
ters and the celestial object’s apparent magnitude. The accu-
racy of the proposed method can then be validated by com-
paring  the  theoretical  and  actual  SNR  values  to  deter-
mine the error between them.

For  the  proposed  target  sequence  image  simulation
method,  observations  must  first  be  conducted  on  a  desig-
nated  sky  region  using  the  specified  observation  parame-
ters,  and  the  corresponding  background  star  simulation
images  will  then  be  generated.  These  simulated  images
will  then  be  compared  with  the  actual  telescope  images  of
the  corresponding  sky  region  to  check  whether  the  posi-
tions  of  the  stars  match,  thus  confirming  the  accuracy  of
the  proposed  simulation  method.  Subsequently,  multiple
sets  of  target  sequence  simulation  data  will  be  generated
by adjusting the various exposure times, and the SNR varia-
tions  between  the  different  sequences  will  then  be
observed  to  evaluate  the  effectiveness  of  the  simulation
method. 

3.1.    Accuracy  Verification  Experiment  for  the Pro-
posed SNR Calculation Method

19.75 mag arcsec−2

At  the  Huairou  Campus  of  the  National  Space  Sci-
ence Center of the Chinese Academy of Sciences, we con-
ducted  observational  experiments  using  a  Celestron
C11HD Schmidt-Cassegrain  telescope  paired  with  a  ZWO
ASI174MM  planetary  camera.  The  weather  on  the  day
was  clear  with  no  moon,  but  the  light  pollution  was  rela-
tively  severe,  with  an  SQM  index  of  .
We  observed  Saturn  and  its  moons,  along  with  the  star
SAO 93495. The telescope parameters are given in Table 1
and the planetary camera parameters are listed in Table 2.

Six  data  sets  were  collected  from  the  experiments.
These sets included three sets of observational data for Sat-
urn  and  its  moons,  which  were  captured  with  exposure
times of 0.3 s, 0.1 s, and 0.02 s; and three sets of observa-
tional  data  of  Uranus  and  SAO  93495  that  were  acquired

using  exposure  times  of  0.5  s,  0.2  s,  and  0.1  s.  The
images  of  Saturn  and  its  moons  are  shown  in  Fig.  2,  and
the images of Uranus and SAO 93495 are shown in Fig. 3.
 
 

Table 1. Parameters of the telescope and their settings

Parameter Value
Optical system HD Schmidt-Cassegrain
Aperture/mm 279.4

Focal length/mm 2 800
Focal ratio 10.02
Finderscope 9 × 50

Optical coating Starbright XLT Coating
Optical efficiency/(%) ≈ 89

 
 
 

Table 2. Parameters of the planetary camera and their settings

Parameter Value
Sensor IMX174LLJ-C

Sensor size/(") 1/1.2
Resolution 2.3 Megapixels 1 936 × 1 216
Pixel size/μm 5.86
Target size 11.345 mm × 7.125 mm

Exposure time 32 μs–300 s
Readout noise 3.5 e− @ 30 dB gain
Peak QE/(%) 78

Full well charge 32 000 e−
Analog-to-Digital Converter/bit 12 /10

 

In the Saturn observation images, both Titan and Hype-
rion  are  located  far  away  from  Saturn  and  are  less
strongly  affected  by the  diffused light  from Saturn.  There-
fore, the SNRs of these two moons in the image are calcu-
lated  primarily.  In  the  Uranus  observation  data,  Uranus
has a higher magnitude, and the charge received by the tar-
get pixels in the charge-coupled device (CCD) in the detec-
tor  reaches  the  saturation  charge  level.  As  a  result,  reduc-
ing  the  exposure  time  does  not  affect  the  SNR  signifi-
cantly.  Therefore,  the  SAO  93495  star  within  the  FOV  is
selected to calculate the SNR in this case.

By inputting the target’s apparent magnitude, the expo-
sure  time,  the  pixel  size,  the  telescope parameters,  and the
detector  parameters  into  the  proposed  SNR  calculation
method,  both  the  S/N  SNR  and  the  dB  SNR  calculation
results  are  obtained.  The  target’s  name,  the  target’s  appar-
ent  magnitude,  the  target’s  pixel  size,  the  exposure  time,
the  actual  SNR,  and  the  calculated  theoretical  SNR  are
listed in Table 3.

 

A B C

 
Fig.  2. Sample  images  of  Saturn and its  moons  acquired during the  observation with  an exposure  time of  (A)  0.3  s;  (B)  0.1  s;
(C) 0.02 s. In all images, Titan is located in the red box and Hyperion is located in the green box.
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Table  3  shows that  the  results  obtained  using  the  pro-
posed  SNR  calculation  method  have  maximum  errors  of
0.822  (S/N)  and  1.462  (dB)  when  compared  with  the
actual  observed  SNR,  with  average  errors  of  0.331  (S/N)
and  0.601  (dB).  For  the  S/N  SNR,  the  error  between  the
results  obtained  from  the  proposed  method  and  the  actual
observed  SNR  does  not  exceed  1.  However,  for  the  dB
SNR,  because  the  dB SNR and the  S/N SNR have a  loga-
rithmic  relationship,  the  dB  SNR  compresses  the  varia-
tion of the S/N SNR when the S/N SNR > 1, and it ampli-
fies  the variation of  the S/N SNR when the S/N SNR < 1.
Therefore,  when the  S/N SNR < 1,  even a  small  error  can
lead  to  a  significant  difference  in  the  dB  SNR  results.  As
a  result,  the  maximum  error  in  the  dB  SNR  is  relatively
large,  but  for  the  positive  dB  SNR  values,  the  maximum
error  is  0.694.  From  the  average  error  between  the  actual
SNR  and  the  calculated  theoretical  SNR,  it  can  be  con-
cluded  that  the  average  calculation  error  of  the  proposed
SNR  calculation  method  is  <1  dB.  Although  there  are
some  errors,  the  results  remain  within  the  same  order  of
magnitude  as  the  actual  SNR,  thus  indicating  that  the
method  has  significant  reference  value.  The  proposed
method can reflect the SNR of a target in an image realisti-
cally under specific observational conditions. 

3.2.    Experiment  of  the  Proposed  Target  Sequence
Image Simulation Method

 

3.2.1.    Accuracy  verification  experiment  for  the  proposed
simulation method

We  compared  the  background  star  simulation  images
of  a  designated  sky  region  that  were  generated  using  the
simulation  algorithm  under  specified  observation  condi-

tions  with  images  captured  by  the  Guan  Sheng  Optical
(GSO)  8-inch  RC  reflecting  telescope.  By  comparing  the
relative  positions  of  multiple  stars  in  the  corresponding
images,  we  verified  the  accuracy  of  the  proposed  simula-
tion algorithm.

We selected the typical Pleiades cluster as the observa-
tion  target.  The  observation  parameters,  which  are  given
in  Table  4,  include  the  observation  time,  the  observation
location,  the  FOV  angle,  the  telescope  axis  orientation,
the image resolution, and the camera focal length. The back-
ground  star  image  generated  using  the  simulation  algo-
rithm  is  shown  in  Fig.  4A,  and  the  corresponding  sky
region  image  captured  by  the  GSO  8-inch  RC  reflecting
telescope is shown in Fig. 4B.
  
Table  4. Observation  parameters  used  for  the  simulation-
generated data of the Pleiades cluster

Parameter Value
Observation time (UTC) 2025−01−25 06:30:00

Observation location
Longitude 116°
Latitude 39°
Altitude 49 m

Observation axis direction Right ascension 56.62°
Declination 24.21°

Observation FOV 1.12° × 1.12°
Image resolution 500 × 500
Focal length 150 mm

 

In  Fig.  4,  we  compared  the  positions  of  17  stars  in
the Pleiades cluster image generated by the simulation algo-
rithm  with  the  corresponding  positions  of  these  stars  in
the  image  of  the  Pleiades  cluster  captured  by  the  GSO  8-
inch RC reflecting telescope. The figure shows that the sim-
ulated  results  align  well  with  the  actual  distribution  of  the

 

A B C

 
Fig. 3. Sample images of Uranus and SAO 93495 acquired during the observation with an exposure time of (A) 0.5 s; (B) 0.2 s;
(C) 0.1 s. In all images, SAO 93495 is located in the red box, and Uranus is located in the green box.
 

Table 3. Actual SNR and theoretical SNR values calculated using the proposed method for the celestial objects in the collected
observational images. The data in bold in the table represent the maximum values for the current parameters

Target name Apparent magnitude
/mV

Exposure time
/s Target pixel count

Actual SNR Calculated SNR Error between two SNRs
S/N dB S/N dB S/N dB

Titan 8.42
0.3 13 × 13 7.002 8.452 7.643 8.830 0.641 0.378
0.1 13 × 13 5.868 7.685 5.046 7.029 0.822 0.656
0.02 13 × 13 1.097 0.421 0.897 −0.472 0.200 0.893

Hyperion 11.21
0.3 7 × 7 1.800 2.553 1.728 2.375 0.072 0.178
0.1 7 × 7 1.000 0.000 0.893 −0.491 0.107 0.491
0.02 7 × 7 0.143 −8.446 0.200 −6.984 0.057 1.462

SAO 93495 9.2
0.5 11 × 11 5.076 7.055 5.122 7.094 0.046 0.039
0.2 8 × 8 3.933 5.947 3.414 5.332 0.519 0.615
0.1 8 × 8 3.592 5.553 3.061 4.859 0.531 0.694
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background  stars  in  the  captured  image.  However,  some
stars  observed  in  the  actual  captured  image  were  not
found  as  corresponding  star  points  in  the  simulation
results.  These  differences  may  be  caused  by  two  factors:
on the one hand,  the SAO Star  Catalog does not  contain a
complete  list  of  star  entries,  and  on  the  other  hand,  the
observational  parameters  that  we  selected  caused  stars
with  relatively  low  apparent  magnitudes  to  have  smaller

grayscale  values  in  the  image,  thus  making  them  unde-
tectable.

Additionally,  the  simulation  results  also  show that  the
star  spots  for  stars  with  higher  magnitudes  are  larger.
This  occurs  because  stars  with  higher  magnitudes  emit
stronger  light,  which  leads  to  the  higher  brightness  in  the
image.  As  a  result,  when  simulating  using  the  PSF,  the
star spot formed has a larger extent.
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Fig. 4. Results of comparison of the simulation-generated Pleiades cluster image with the Pleiades cluster image captured by the
Guan  Sheng  Optical  (GSO)  8-inch  RC  reflecting  telescope.  (A)  Simulation-generated  Pleiades  cluster  image.  (B)  Pleiades  cluster
image captured by the GSO 8-inch RC reflecting telescope. The stars enclosed in the red boxes are used for the comparison, and stars
with the same number represent the comparison results for the same star.
 
 

3.2.2.    Simulation  Experiment  of  Target  Sequence  Images
Acquired under Different Observation Parameters

Based  on  the  proposed  target  sequence  image  simula-
tion  algorithm  for  ground-based  scenarios,  we  simulated
multiple  observation  data  sets  for  the  DSCS  2-2  satellite
(OPS 9432) with different exposure times.

The  physical  characteristics  and  the  orbital  informa-
tion of the satellite are presented in Table 5. The DSCS 2-2
satellite  (OPS  9432)  has  an  average  diameter  of  1.42 m
and  a  surface  albedo  of  0.2.  By  assuming  that  the  satel-
lite’s cross-section is circular, the calculated apparent mag-
nitude  under  the  given  observational  conditions  is  13.08.

mag arcsec−2

The  simulation  parameters  of  the  algorithm  were  set
as  shown  in  Table  6.  We  simulated  the  sequence  of
motion  images  of  the  DSCS  2-2  satellite  (OPS  9 432)
observed  in  Beijing  for  100  s  starting  from 06:30:00  UTC
on  January  25,  2025,  with  exposure  times  of  0.1  s,  0.2  s,
0.3  s,  and  0.5  s.  The  sky  background  brightness  for  that
day was set at 19.75  , and the telescope’s opti-
cal  axis  was  pointed  at  a  right  ascension  of  132.47°  and  a
declination  of  3.75°.  In  addition,  we  set  the  target  pixel
size to be 3 × 3.

The  SNR  calculation  results  for  the  target  observa-
tion  data  recorded  over  different  exposure  times  as  gener-
ated  using  the  simulation  algorithm  are  given  in  Table  7.
The  exposure  times  for  Seq.  1,  Seq.  2,  Seq.  3,  and  Seq.  4

are  0.1  s,  0.2  s,  0.3  s,  and  0.4  s,  respectively.  The  aver-
age  SNR  for  Seq.  1  is  −1.12  dB  and  represents  the  mini-
mum, while the average SNR for Seq. 4 is 4.83 dB and rep-
resents  the  maximum.  It  can  thus  be  observed  that  the
SNR of  the  target  observation  data  increases  with  increas-
ing  exposure  time,  which  aligns  with  the  actual  observa-
tion conditions.

The  simulation  results  for  the  target  sequence  images
 

Table 5. Physical characteristics and orbital information of the
DSCS 2-2 satellite (OPS 9 432)

Category Parameter Value

Physical
characteristics

Apparent magnitude/Mv 13.08
Surface albedo 0.2

Mean diameter/km 0.001 42
Mass/kg 520.0

Orbital
information

Eccentricity 0.000 293 1
Semi-major axis/km 42 129
Periapsis distance/km 35 742.8
Orbital inclination/(°) 3.054 3

Longitude of ascending node/(°) 270.023 2
Argument of periapsis/(°) 24.822 8

Mean argument of periapsis/(°) 206.392 8
Orbital period/min 1 434.3
Mean speed/(°/d) 358.571 6

Aphelion distance/km 35 773.8
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generated using the proposed algorithm over different expo-
sure  times  are  shown  in  Fig.  5.  Based  on  the  exposure
times,  we  generated  four  sets  of  target  sequence  simula-
tion  images,  with  each  set  comprising  four  images  cap-
tured  at  0  s,  10  s,  20  s,  and  30  s  intervals  from  the  start
of  the  observation.  The  DSCS  2-2  satellite  is  highlighted
within  the  red  box  in  each  image.  As  the  exposure  time
increases,  both  the  target  brightness  and  the  background

brightness in the image also increase. Additionally, the posi-
tion  of  the  DSCS  2-2  satellite  in  the  image  also  shifts
with the changes in the observation time.

Therefore, the proposed target sequence image simula-
tion  algorithm  for  ground-based  detection  scenarios  is
able  to  generate  target  observation  data  with  varying
SNRs  under  different  observational  conditions  based  on
the input  observation parameters.  The algorithm takes sev-
eral  factors  into  account,  including  the  exposure  time,  the
telescope  aperture,  and other  relevant  parameters,  to  simu-
late image data that reflect the actual observations. In addi-
tion,  the  algorithm  is  able  to  simulate  the  target’s  motion
over  time.  By  incorporating  the  target’s  orbital  parame-
ters  and  trajectory  into  the  simulation,  it  can  model  the
dynamic  changes  in  the  target’s  position  and  orientation
within  the  image  field  accurately.  This  enables  the  algo-
rithm  to  generate  time-series  image  sequences  that  reflect
the actual motion of the target in space. 

 

Table  6. Simulation  parameters  set  for  the  ground-based
target sequence image simulation algorithm

Parameter Value
Observation time (UTC) 2025−01−25 6:30:00
Observation location (116°, 39°, 49 m)

Observation axis direction (132.47°, 3.75°)
Simulation duration/s 100
CCD sensor size/mm2 2.93 × 2.93
CCD pixel size/μm 5.86
Focal length/mm 150

Sky background brightness/mag arcsec−2 19.75
Quantum efficiency 0.7

Optical system transmittance 0.8
Readout noise/e− pixel−1 s−1 3.5

Dark current noise/e− pixel−1 s−1 0.01
CCD gain/e− ADU−1 1.2

Camera aperture diameter/m 0.5
Exposure time/s 0.1, 0.2, 0.3, 0.5

 

Table 7. Exposure times and average SNR values for the four
sets  of  sequence  images  generated  using  the  target  sequence
image  simulation  algorithm  in  the  ground-based  detection
scenario

Sequence number Exposure time/s Average SNR/dB
Seq. 1 0.1 −1.12
Seq. 2 0.2 1.58
Seq. 3 0.3 3.07
Seq. 4 0.5 4.83

 

Seq. 1

Seq. 2

Seq. 3

Seq. 4

 
Fig.  5. Four  simulation  result  sets  from the  target  sequence  image  simulation  algorithm for  ground-based  detection  scenarios
under  specified  observational  conditions,  where  each  sequence  consists  of  four  target  simulation  images  captured  at  0  s,  10  s,
20 s, and 30 s intervals from the start of observation. Seq. 1, Seq. 2, Seq. 3, and Seq. 4 are the target sequence simulation images
acquired under exposure times of 0.1 s, 0.2 s, 0.3 s, and 0.5 s, respectively.
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4.    DISCUSSION
The  SNR  results  obtained  from  the  proposed  ground-

based system’s  SNR calculation method still  show a  small
error  when  compared  with  the  actual  observed  data.  On
the one hand, this may be caused by the influence of atmo-
spherics  on  the  actual  observed  images,  where  the  target
is  not  of  a  regular  shape,  and  this  would  lead  to  some
errors in the SNR values calculated from the actual observa-
tion  data.  On  the  other  hand,  the  proposed  SNR  calcula-
tion  method  assumes  a  constant  quantum  efficiency  for
the  observation  system,  whereas  in  reality,  this  efficiency
varies  with  the  spectral  wavelength.  In  future  work,  we
will  consider  using  a  variable  quantum  efficiency  and
attempt  to  account  for  the  atmospheric  effects  on  the
observed target to improve the accuracy of the SNR calcula-
tion method.

The  proposed  target  sequence  image  simulation
method for ground-based detection scenarios is able to sim-
ulate target observation data with varying SNRs under dif-
ferent  observational  conditions.  However,  its  observa-
tional  scenarios  have  been  limited  to  ground-based  detec-
tion  to  date.  In  future  work,  we  will  explore  the  develop-
ment  of  an  SNR-based  target  sequence  image  simulation
method  for  space-based  detection  scenarios  and  will
design  a  simulation  system  to  support  practical  applica-
tion requirements.
 

5.    CONCLUSIONS
We  have  proposed  an  SNR  calculation  method  for

ground-based  systems  and  validated  the  method’s  accu-
racy  using  actual  captured  images.  The  calculated  results
showed  an  error  of  less  than  1  dB  when  compared  with
the  measured  data.  Based  on  this  SNR  calculation
method,  we  have  also  introduced  a  target  sequence  image
simulation  method  for  ground-based  scenarios.  This
method  can  simulate  target  observation  data  under  vari-
ous  observational  conditions,  and  the  simulated  star  maps
aligned  well  with  the  actual  star  maps.  The  method  is
able  to  simulate  target  trajectories  and  other  dynamic
aspects  accurately.  This  simulation  method  provides  a
solid  data  foundation  for  research  into  weak  space  target
detection algorithms and holds significant practical applica-
tion value.
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