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ABSTRACT Compared with traditional push-broom imaging, the space camera that performs the new
circular scanning imaging can effectively enlarge the imaging area and obtain high-resolution images.
However, the imaging velocity fields of space camera will seriously deteriorate the image quality in the
circular scanning imaging process. And the velocity fields are anisotropically distributed due to various
factors, including attitude maneuvering, satellite precession, earth curvature, and earth rotation. Therefore,
this paper proposes a mathematical model of the velocity field to analyze the effect of circular scanning
imaging. Based on the principle of ray tracing, the expression of the instantaneous velocity field on the
ground is first derived, and then the corresponding image velocity field is obtained by mapping the velocity
vector to the focal plane. In addition, numerical simulations and image simulations are performed to analyze
the anisotropy distribution of the velocity vectors. Moreover, the dynamic characteristics of the space camera
are analyzed to evaluate the performance of this new imaging. The simulation results show that the higher
velocity leads to worse imaging quality. The study of this paper provides guidance for attitude planning and

imaging assessment for new remote sensing imaging of space cameras.

INDEX TERMS Space camera, circular scanning imaging, velocity field, image quality, ray tracing.

I. INTRODUCTION

Optical remote sensing technology has been widely used in
majority of military and civilian fields such as environmental
monitoring, urban construction, and military reconnaissance.
Currently, space optical imaging is an important information
acquisition method for acquiring images with detailed optical
characteristics. However, due to the limitations of the aperture
and focal length of the optical system, images with both high-
resolution and wide range are difficult achieved by traditional
space optical imaging like push-broom imaging, which limits
the practicality of the traditional imaging system [1], [2].

To break through this contradiction, one resolution is large
field-of-view (FOV) imaging, which utilizes multiple detec-
tors for stitching to obtain a large ground coverage. This tech-
nology has been applied to Gaofen-2, World-View, Pleiades
and other agile satellites [3]-[5]. Despite the advantage of this
stitching, there are still some issues that deserve attention, for
instance, limited area coverage, misalignment of focal plane
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pixels, increased size, weight, and power consumption of the
satellite.

Fortunately, the rapid development of camera imaging
capability and satellite maneuverability [6]-[10] has made
it possible to design new dynamic imaging modes [11].
For example, Cao et al. at Harbin Institute of Technology
first proposed a circular scanning imaging mode for space
cameras [12]. This mode performs push-broom imaging and
rotation imaging simultaneously by tilting the camera on the
satellite platform. Compared with stitching imaging, circular
scanning imaging effectively enlarges the ground coverage
without changing inherent parameters of the imaging system,
such as camera focal length and pixel size of the detector. And
Cao et al. also calculated the maximum rotation velocity of
the satellite platform so that the two adjacent frames could be
seamlessly stitched. Song et al. of our team established the
dynamic circular scanning imaging model, analyzed imaging
parameters such as the ground pixel resolution (GSD) and the
swath [13]. The design of imaging parameters needs to be
considered with actual imaging requirements to ensure that it
will not affect the imaging quality.
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Although the above researchers have proposed the
dynamic imaging mode and calculated imaging parameters,
they have not analyzed the image quality affected by dynamic
characteristics [14]-[16]. One of these characteristics is the
changing velocity field, which has a serious impact on the
clarity of the image. According to the published literature on
the velocity field analysis of space cameras, Huang et al. [17]
deduced mathematical expressions of changing image
velocities through the coordinate transformation method.
Wang et al. [18] established motion equations of the target
and analyzed the distribution of the instantaneous velocity
field. However, these models were limited to the traditional
push-broom imaging along the orbit with a large attitude
angle.

The remainder of this paper is organized as follows. The
circular scanning imaging process is analyzed, and a math-
ematical model of the velocity field is established based on
the principles of ray tracing and vector mapping in Section 2.
The numerical and image simulations are conducted, and an
objective criterion Peak Signal to Noise Ratio (PSNR) is used
to analyze the image quality of this imaging in Section 3.
Finally, the total research work of this paper is summarized,
and the advantages and disadvantages of this imaging mode
are discussed in Section 4.

Il. MATHEMATICAL MODEL
A. ANALYSIS OF THE CIRCULAR SCANNING IMAGING FOR

SPACE CAMERA

The space camera is installed on the satellite platform at an
angle 7 to perform circular scanning. As shown in Fig.1, n
is the angle between the optical axis of the camera and the
satellite-to-earth axis. Then the camera rotates with the plat-
form while performing conventional push-broom imaging,
ensuring the requirement of both high resolution and large
width without changing the inherent parameters of satellites,
detectors and optical systems [12], [13]. And there is no
relative movement between the camera and platform, so that
the velocity of the camera is identical to that of platform.

As shown in Fig.1, the circular ground coverage of circu-
lar scanning imaging is significantly larger than the striped
ground coverage of traditional push-broom imaging, and
the ground coverage of a single frame is approximately a
trapezoid, the resolution of the target is higher in the inner
image. By controlling the rotation velocity of the satellite,
the adjacent two frames in the vertical flight direction can be
seamlessly stitched, thus achieving a wide coverage imaging
within a limited FOV.

Although this circular scanning imaging can greatly
enlarge the imaging area, the anisotropic imaging velocity
field will have a great impact on imaging, as shown in Fig. 2.
The outer image is seriously degraded because the outer
velocity is greater than the inner velocity, and the higher
the velocity, the lower the image quality. Therefore, it is
necessary to establish the mathematical model of the velocity
field, analyze the distribution of the instantaneous velocity
field and the effect of the dynamic circular scanning imaging.
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FIGURE 2. Circular scanning imaging image of space camera. (a) Image
without rotation; (b) Image with rotation.

B. THE MODELS OF THE INSTANTANEOUS

VELOCITY FIELDS

When the space camera performs circular scanning imaging,
the target on the ground has three velocities: the projection
of orbit precession velocity on the ground vg; the dynamic
rotation velocity v,z and the linear velocity of earth rotation
v,. Firstly, the dynamic imaging process is analyzed, and then
the mathematical models of the instantaneous velocity field
on the ground and the image velocity field on the focal plane
are established, respectively.

1) ANALYSIS OF THE DYNAMIC IMAGING PROCESS

There are two processes for circular scanning imaging: push-
broom imaging along the orbit and rotation imaging. During
the rotation imaging process, the optical axis of the cam-
era rotates clockwise at an angular velocity w, around the
satellite-to-earth axis into a cone, and the fan-shaped expan-
sion of the cone as shown in Fig. 3. In one rotation, the camera
rotates o degree, and the ground track rotates 2w degree. And
the rotation angular velocity w, is described as:

o 2m-sinp

wr:T_T ()

where o can be expressed as: 0 = 27 - sin 7.

During the process of rotation imaging, the three-axis atti-
tude angles of the satellite platform are 9, ¢, ¥ and the angu-
lar velocities are 6, ¢, v/, respectively. The pitch angle and
roll angle are unchanged, which ensures the stable imaging
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FIGURE 3. The cone area of space camera rotating and its unfolding fan
shape.

FIGURE 4. The dynamic imaging process of the circular scanning imaging.

of the camera to the ground. And the yaw angle is affected by
the rotational motion, which can be expressed as:

v=vYo+y-t 2

where v is the initial yaw angle of the satellite, the yaw
angular velocity v is o,

As illustrated in Fig. 4, the ray tracing process from targets
to pixels contains following five coordinate systems: the
ground coordinate system G(G1, G2, G3), the orbit coordi-
nate system O(O1, Oz, O3), the satellite coordinate system
S(S1, 82, 53), the camera coordinate system C(Cy, Ca, C3)
and the image coordinate system F(F1, F5, F3) [19]. And a
simplified coordinate system is established for the calculation
of the ground velocity field, which makes the sub-satellite
point as a coordinate origin, the flight direction as the
x-axis, and the vertical flight direction as the y-axis. During
the imaging process of circular scanning imaging, the ground
track rotates clockwise from #p and the ground coverage in a
single frame is a trapezoid. According to the principle of ray
tracing, target on the ground is conjugate to pixel on the focal
plane.

The imaging of the camera flying along the orbit is the
same as the traditional push-broom imaging. At time #y, the
latitude of the sub-satellite point Sy, is &, then at time ¢,
the latitude &, can be calculated as:

8g = arcsin(sin & - cos(wgt) — cos g - sini - sin(wgt)) (3)

where i is the orbital inclination; wy is the angular velocity
. . _ [
of the orbit, which can be expressed as wy; = Ry M is
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FIGURE 5. Schematic diagram of the vector relationship of the
instantaneous object-image conjugate velocity fields.

a gravitational constant; H is the orbit altitude, and R, is the
average radius of the earth.

2) ANALYSIS OF INSTANTANEOUS VELOCITY FIELDS
During the process of dynamic imaging, the inclination and
FOV of the space camera are still unchanged. Based on the
principle of ray tracing, the ground velocity of the target v is
conjugated with the image velocity vi, which means the two
velocities are in opposite directions, and the magnitude has
a certain proportional relationship. According to these two
principles, the paper first analyzes the relationship between
the three velocities of the target, establishes the instantaneous
velocity field on ground, and then maps the velocity vector to
the focal plane to obtain the corresponding image velocity
field, as shown in Fig. 5. The mathematical analysis process
is as follows:

The FOV of the center of the pixel in the j row and k£ column
along the flight direction «; x and across the flight direction
Bk can be described as:

Jj-a

Ve ar i

k-a
N

where a is the pixel size, f is the camera focal length,
j =012+ ,Mad k = 0,1,2,---,N. There are
2M + 1, 2N + 1 pixels in F and F»> directions on the focal
plane, respectively.

The vector heading from the center of the camera to the
target center is defined as observing vector, and the vector
heading from the center of the satellite to the sub-satellite
center is defined as satellite-to-ground vector. Therefore,
the angle ¢; ;. that between the observing vector and satellite-
to-ground vector is

aj ; = Farctan(

Bj.x = L arctan(

“

&j,x = arccos(cos(n + Bj i) - cos(a;j k) 5)

And the angle ¢; ; that between the direction of the earth
center pointing to target and the direction of the earth center
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FIGURE 6. Schematic diagrams of simplified geometric model of circular
scanning imaging (a) the geometric relationship between imaging
parameters; (b) the geometric relationship of the three velocity vectors.

pointing to sub-satellite point is:

sin(gj k) - (R + H)
R,

@j k = arcsin( ) — &k 6)
where H represents the orbit altitude, R, is the average radius
of the earth, and the distance L;; between the camera and
target can be expressed as:

R, - sin(@j )
Lijy=——7F7—""—
sin(e; k)

(N

For instance, the intersection of the optical axis and the
surface of earth is selected as the target point. The simplified
geometric relationship between the above-mentioned imag-
ing parameters is shown in Fig. 6 (a).

Therefore, the three velocities of the ground target that
captured by the camera in a single frame are:

a) The projection of orbit precession velocity on the ground
Vs(j.k) = wsRe cos @ik,

b) The linear velocity of earth rotation vejir =
WeR, €OS 84 ks

¢) The dynamic rotation velocity Vyorare(jk) = @r - Lj k-

where ws, w,, and w, represent the angular velocity of the
orbit, the angular velocity of earth rotation, and the angular
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velocity of camera rotation, respectively. 8 k) is the latitude
of the ground target, which can be expressed as:

84(j,k) = arcsin(sin 8, cos ¢ x + cos §; sin ¢ x cosi)  (8)

where i represents the inclination of satellite orbit; and 8; is
the latitude of sub-satellite point at different times, the initial
latitude &; is 8. rjx is the radius of the circle formed by
the target rotating on the ground, which can be expressed as
rjk = Re - §jk.

Fig. 6 (b) shows the geometric relationship of three velocity
vectors. According to this dynamic relationship, these veloc-
ities are decomposed and synthesized, and the instantaneous
velocity field on the ground is obtained as:

vV k)
Vik = Vi T Veiky £,k = arctan % ©)

where v; ;. represents the value of the velocity vector; £ x)
is the direction of the velocity vector;vy k) and vy x) are the
velocity components of the above three velocities in the x and
y directions, can be respectively expressed as follows:

V(i k) = Vs(i.k) = Ve(j,k) - COS(TT —Use(j k) +Vrotate(j,k) - COS(0],k)
Vy(i,k) = Ve(j,k) - SIN(T — Use(j k)) — Vrotate(j,k) - SIN(0j k) (10)

where () represents the angle between the projection
velocity vy x) and the earth rotation velocity ve( k) at different
positions on the ground.

cosi

) (1)

Use(j k) = arccos(COS 5t
),

And p; ; is the deflection angle of the target relative to the
positive y-axis at different moments, as shown in Fig. 6(b),
wy -t

i=— 0<t=<T 12
Pij sin(si,j) - 12

Finally, according to the characteristics of the optical sys-
tem, the velocity components on the ground are mapped to the
focal plane, and the velocity components on the focal plane
can be written as:

S
vix(/,k) _ L - cos ﬂj’k BRAAS) (13)
Viy(j,k) _ cos(&jk + @ji) - f Vy(i,k)
Lj - cos Bk

And the image velocity field on the focal plane, which
conjugated with the velocity field on the ground denotes:

. /.2 2 . Viy(.k)
Vi) =/ Vixiik) + VG k) Ll k) = arctan Vs (14)

where, vi and ¢i represent the value and direction of image
velocity vectors at any pixel respectively.
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FIGURE 7. The relationship between the ground pixel resolution and the
camera inclination.

Ill. SIMULATIONS AND RESULTS

A. ANALYSIS OF CHARACTERISTICS

OF THE SPACE CAMERA

Before performing the numerical and image simulations,
dynamic characteristics of the space camera are analyzed
from five aspects: ground pixel resolution (GSD), ground
swath, image motion, modulation transfer function (MTF),
and the signal-to-noise ratio (SNR) of imaging system:

1) ANALYSIS OF THE GROUND PIXEL RESOLUTION

When the space camera is imaging at a large attitude angle,
the ground pixel resolution at different positions is different,
also the spatial resolution is different. A calculation model of
the GSD with different pixel positions is established in the
direction of the vertical flight as:

a-Lj

GSD = k. sec(&jk + ¢j.x) (15)

where a represents the pixel size, f is the focal length of
the camera, and L; x is the distance between the camera and
target. Fig. 7 are the change curves of the GSD with pixel
positions at different inclinations. The ground pixel resolu-
tion increases with increasing the camera inclination and the
distance, resulting in poor spatial resolution of the image.
Therefore, it is necessary to balance the imaging requirements
such as ground width and resolution, and reasonably design
the inclination of the camera.

2) ANALYSIS OF THE GROUND SWATH

Compared with traditional sub-satellite push-broom imag-
ing, circular scanning imaging can effectively expand the
ground coverage, as shown in Fig. 1. And the ground swath
mainly depends on the trajectory r covered by the camera on
the ground, as shown in Fig. 6(b). To analyze the relation-
ship between the camera inclination and the ground swath,
the swath with pixel positions across the flight of the camera
is expressed as:

SW =2 xR, X $j (16)

where R, is the average radius of the earth, ¢;; is the geo-
centric angle of the target. The change curve of the maximum
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ground swath corresponding to the pixel located at the edge
of the detector with the camera inclination is shown in Fig. 8.
When the camera inclination is 0°, the swath of the circular
scanning imaging is the same as the swath of the sub-satellite
push-broom imaging. And when the camera inclination is
35°, the swath is 8.1 times the swath of the sub-satellite push-
broom imaging. The results show that the circular scanning
imaging can well meet the imaging requirements of large
ground swath.

3) ANALYSIS OF THE IMAGE MOTION

The image motion on the focal plane mainly depends on the
exposure time of the detector, which directly determines
the definition of the image. In order to obtain high-quality
dynamic remote sensing images, the image motion during
exposure should be less than one pixel, and the exposure time
tins needs to be:

lim < Min(a/vig k) a7

Fig. 9 shows the calculation results of the exposure time
at time ¢ = 9s. According to (17), we set the exposure time
to 0.1 ms, so that the image motion of any pixel on the focal
plane can be less than one pixel for circular scanning imaging.

4) ANALYSIS OF THE MTF FOR IMAGING SYSTEM

MTF can objectively evaluate the performance of the imag-
ing system [20]. The MTF of circular scanning imaging in
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FIGURE 10. MTF of circular scanning imaging at t = 9s(a) image velocity
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this paper is mainly determined by the MTF of the cam-
era static push-broom imaging MTF and the MTF of the
camera rotation imaging MTF,, which can be expressed as
follows:

MTF = MTF; x MTF, =
w-a-VN

(18)

where Vy is the Nyquist frequency, which can be expressed
as Vy = 1/2a; Ad is the image movement distance on
the focal plane during exposure, which can be expressed as
Ad(/',k) = Vi(j k) * tint-

Fig. 10 shows the MTF of the image at time t = 9s. The
faster the velocity, the larger the MTF and the worse the image
quality.

5) ANALYSIS OF THE SNR FOR IMAGING SYSTEM

SNR is a key indicator for evaluating the quality of the
imaging system, which reflects whether imaging parameters
are suitable for high-quality imaging. The SNR of optical

VOLUME 8, 2020

TABLE 1. SNR simulation parameters.

Serial number SNR simulation parameters Value
1 Wavelength 400~1000nm
2 Pixel size 4.5pum
3 Transmittance of optical system 0.8
4 Exposure time 0.1ms
5 Average quantum efficiency 60%
6 F number 5.4
7 Planck constant 6.63x10-34]s
8 Velocity of light in vacuum 3x10%m/s
10 Dark current noise (25 centigrade) 3e-/p/s
11 Readout noise 1.6e-
12 Solar zenith angle 30°
13 Surface reflectance 0.3

remote sensing imaging is expressed as follows:

N,
SNR = 201g —o—
Ny + Np + Ny
Ao 5
7-a ~r-ncMos~tim~E()~)dA
/ 4-F2.(he/ M)
=201g I (dB)

P

7T-a”-T-NcMos tint-E() 2 o

\/;xf T Gy dA T 0h i 0a
1

19)

where Ny, Np and N, are photon numbers of the shot noise
oy, the read noise o, and the dark current noise o, of the flat-
panel detector during exposure time, respectively; E()) rep-
resents the solar irradiance;a is the pixel size of the detector;t
represents the transmittance of the optical system; ncyos is
the average quantum efficiency of the detector; t;,; is the
exposure time;F is the F number of the optical system; 4 is
the Planck constant; c is the velocity of light in vacuum and
A is the wavelength of light.

Table 1 shows parameters for SNR simulation. According
to (19), the SNR of the imaging system is calculated about
30dB, which can meet the practical application needs for
remote sensing imaging of space cameras.

B. NUMERICAL SIMULATION AND RESULTS OF
INSTANTANEOUS VELOCITY FIELDS

Numerical simulation is carried out to analyze the dynamic
characteristics of the space camera which performs circular
scanning imaging. According to the actual imaging require-
ments, Table 2 gives the numerical simulation parameters.
It can be seen that the number of pixels in vertical flight
direction is more than that in the flight direction, so the
two adjacent frames in the vertical flight direction can be
seamlessly stitched, realizing the expansion of the circular
scanning imaging area.
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TABLE 2. Numerical simulation parameters.

Serial number  Numerical simulation parameters Value
1 Satellite orbit inclination 97°
2 Camera focal length 0.5m
3 Camera pixel size 4.5um
4 Orbit altitude 500km

Latitude of sub-satellite point at
5 . 30°
time 7,
6 The camera inclination 35°
The time for the camera to make one
7 . 36s
revolution
8 Camera rotation angular velocity 5.7358°/s
10 The number o.f plx.els in the flight 40000pixels
direction
The number of pixels in the vertical .
1 flight direction 30000pixels
ground velocity(m/s)
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FIGURE 11. Velocity filed distribution on ground and velocity change

curve at t = 0s.

Because there is no relative movement between the satellite
platform and the camera, the yaw attitude angular velocity is
identical to the camera rotation angular velocity. According
to (9) and (14), combined with imaging parameters in Table 1,
the numerical simulation results of the distribution of the
instantaneous velocity fields at different times are shown

in Fig. 11 to Fig. 16, respectively.

Through the analysis of numerical simulations, the

following results can be obtained:
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1) The instantaneous velocity fields are nonlinearly
changed affected by the curvature of the earth: Attime t = Os,
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the maximum ground velocity is 80km/s and the minimum is
50km/s. Due to the vector mapping relationship between the
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FIGURE 16. Image velocity filed distribution on the focal plane and
velocity change curve t = 9s.

image velocity on the focal plane and the ground velocity,
the maximum image velocity is 0.04m/s and the minimum is
0.036m/s;

2) The instantaneous velocity fields show anisotropic dis-
tribution, as shown in Fig. 11 ~ Fig. 16. For instance, at time
t = 9s, the velocity vector is affected by the rotation motion,
which deviates from the flight direction by a maximum angle
of 80 degree and a minimum angle of 50 degree;

3) The dynamic characteristics of space cameras have dif-
ferent effects on the imaging quality. Therefore, it is neces-
sary to balance the imaging parameters to ensure the imaging
quality. The quantitative analyses show that the greater the
dynamic velocity and the longer the exposure time, resulting
in the worse imaging quality.

When the exposure time is 0.1ms, the SNR of the imaging
system is about 30dB, the image motion of each pixel is less
than one pixel, and the image PSNR is about 29dB, which
basically meets the imaging requirements.

C. IMAGE SIMULATION OF CIRCULAR

SCANNING IMAGING

1) IMAGE SIMULATION

To intuitively observe the effect of the circular scanning
imaging, remote sensing images are used for imaging sim-
ulation, and the simulation process is as follows: First of
all, the remote sensing panchromatic image is processed
for geometric sampling, and the red area is the simu-
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FIGURE 17. Simulation process for circular scanning imaging.
(a) real-scene image; (b) simulated instantaneous ground image;
(c) simulated instantaneous focal plane image.

lated trapezoid image in a single frame at a large atti-
tude angle, as shown in Fig.17 (a); Next, the instanta-
neous ground velocity field at time + = 9s is added to
the real-scene image, and the instantaneous ground simu-
lated image with an exposure time of 0.Ims is obtained,
as shown in Fig.17 (b); Finally, a resolution inversion
method [21] is performed on the ground simulation image to
obtain the instantaneous focal plane simulation image which
conjugated with the ground simulation image, as shown
in Fig. 17 (¢).

2) ANALYSIS OF THE PSNR FOR SIMULATED IMAGES

PSNR is the most widely used objective criterion for pro-
cessed images [22]. It can measure the simulation image
of circular scanning imaging at different exposure times,
clearly reflecting the comparison with the standard image.
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(d)

FIGURE 18. Simulation results of different exposure times. (a) Image
without image motion; (b) t;,; = 0.1ms, PSNR 28.89; (c) t;,; = 1ms,
PSNR=24.31; (d) t;,; = 10ms, PSNR=20.17.

Also, PSNR is based on the error between the pixels of the
processed and standard images, therefore it is selected to
evaluate simulated images in this paper. The definition of
PSNR can be expressed as follows:

255
~vMSE

where MSE is the mean square error between the simulated
image I(j, k) and the real-scene image K (j, k), which can be

PSNR=20 x lg( ) (20)
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FIGURE 19. Sketch diagram of the ground experiment for circular
scanning imaging.

Target

Rotation platform

FIGURE 20. Ground experiment equipment of circular scanning imaging.
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FIGURE 21. The attitude angular velocity of the rotation platform.

expressed as follows:

1 2M+12N+1
MSE = 1G. k) — KG. k)II?
(M + DN + 1) ; kg 11G, k) — KG, ol

ey

Fig. 18 shows the simulated images at different exposure
times and the corresponding PSNR. The longer the exposure
time, the smaller the PSNR, resulting in the poorer image
quality. Therefore, it is necessary to set the detector exposure
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@

FIGURE 22. The experimental images of circular scanning imaging

(a) target; (b)experimental image at 0.1ms; (c) experimental image at
1ms; (d) experimental image at 10ms.

time reasonably to ensure the imaging quality of the circular
scanning imaging.

D. GROUND EXPERIMENT

1) GROUND EXPERIMENT OF CIRCULAR

SCANNING IMAGING

A ground experiment was made to evaluate the analysis of
imaging velocity fields proposed by this paper. Fig. 19 shows
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TABLE 3. PSNR for simulated and experimental images.

0.1ms Ims 10ms
Simulated images 28.89dB 24.31dB 20.17 dB
Experimental images 24.34 dB 22.21dB 17.38 dB

the principle diagram of the ground experiment for circular
scanning. In the experiment, v; is the velocity generated on
the target by the rotation of the turntable, which corresponds
to the dynamic rotation velocity of circular scanning imaging
Vrotate; V2 18 the velocity of the target moving, which corre-
sponds to the projection of orbit precession velocity on the
ground vy; and v3 corresponds to the linear velocity of earth
rotation v,.

The ground experiment equipment for circular scanning
imaging is shown in Fig. 20. The experiment system mainly
includes a rotation platform, a high-resolution CMOS camera
and a large target [2]. Where the platform simulates the satel-
lite to provide attitude, the large target simulates the target on
the ground, and the CMOS camera is tilted at 35° and fixed
on the turntable to simulate circular scanning imaging. The
pixel size of CMOS camera is 4.5um; the focal length of the
camera is 0.5mm; and the size of the large target is 6mx4m.

The precision of the rotation platform for the ground exper-
iment is 0.001 °/s, and the attitude angular velocity during
the imaging process is shown in Fig. 21. Since the rotation
velocity of the camera is the main reason for the anisotropic
distribution of the imaging velocity, the yaw velocity of the
turntable is controlled to 5.7358 °/s corresponding to the
model of the circular scanning imaging.

2) EXPERIMENT RESULTS

The experimental images are obtained by changing the expo-
sure time of the CMOS camera as shown in Fig. 22. The
PSNR of experimental images are 24.34 dB, 22.21 dB,
17.38 dB respectively. As shown in Table 3, the experimental
results are different from the simulation results due to the
moving parts such as fiber optic gyroscope and reaction
flywheel in the ground experiment system, it still proves the
correctness of the velocity field model in this paper.

IV. CONCLUSION

In this paper, a mathematical model of the velocity field
for circular scanning imaging is proposed to evaluate the
image quality. The mathematical model of the ground veloc-
ity field is firstly established based on the principle of ray
tracing; and then according to the conjugate correspondence
between pixels and targets, the image velocity field on the
focal plane is obtained. The numerical simulations result
show that the velocity vector is anisotropic at different times.
The analyses of the dynamic characteristics and the effect
of circular scanning imaging show that the longer the expo-
sure time, the faster the velocity, and result in worse image
quality. In short, the space camera with the static-dynamic
transformation can perform a new circular scanning model.

191584

This mode can effectively expand the imaging area and obtain
high-resolution images. However, the changing velocity of
this mode will have a serious impact on the image. There-
fore, it is necessary to balance the relationship between the
imaging parameters. We hope that the study in this paper is
useful for analyzing the effect of dynamic imaging velocity
on imaging quality.
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