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Abstract— The on-orbit calibration technology for internal and
external parameters of remote sensing camera is the key to
guaranteeing the imaging quality and positioning accuracy. Con-
ventional landmark-based methods are not suitable for satellite
missions where landmarks do not work nor for the on-orbit
autonomous calibration of large remote sensing constellation.
Hence, we introduced an on-orbit geometric calibration method
based on star sources observation. By adjusting the satellite
attitude, the camera and star sensor can simultaneously detect
the star sources. Taking the star sources as control points,
a high-accuracy “camera-star sensor” joint geometric calibration
model integrating the space–time effects and optical imaging
is established, which precisely decouples the deviations caused
by the relativistic effects, the distortion of internal parameters,
and the bias of external parameters. Furthermore, the procedures
of the method are designed for on-orbit autonomous calibration.
On-orbit experiments were carried out in several satellites, such
as Jilin-1 ShiPin07 (JL-1 SP07). The results showed that the
accuracy of internal calibration could reach 0.052" and the
error of external installation matrix was within ±1.4". Therefore,
the method is attractive for actualizing on-orbit autonomous geo-
metric calibration accurately and complements the conventional
methods where the availability of landmarks is hard.

Index Terms— Astronomical observation, geometric calibra-
tion, remote sensing, stellar aberration.

I. INTRODUCTION

REMOTE sensing plays a significant role in multiple
fields, such as environmental monitoring, national secu-

rity, and scientific exploration [1], [2]. High-precision image
positioning is an important aspect of remote sensing and has
critical requirements for the accuracy of internal parameters
and external installation matrix of camera [3], [4]. Generally,
the camera is calibrated meticulously in the laboratory before
satellite launching. However, the vibration and the changes
of environmental conditions during the satellite launching and
on-orbit operation will cause considerable drift in the internal
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and external parameters. Therefore, it is necessary to conduct
the geometric calibration on orbit.

Most of the traditional on-orbit calibration methods are
based on the images of ground calibration sites captured
by camera on orbit [5], [6]. Ground control points (GCPs)
obtained by image matching are used to realize the calibration.
The IKONOS satellite was equipped with a camera with 1-m
resolution and a field angle map (FAM) model was set up to
describe the interior orientation of camera. The FAM calibra-
tion was implemented over the Denver test range, realizing
the residual error below 1 pixel. Then, the interlock angles
related to camera and satellite were determined by special
MTF GCP [7], [8]. SPOT-5 satellite launched by France
used abundant reference data from “supersite.” The accuracy
of internal parameters was up to 0.12" by the polynomial
fitting method. Then, the external installation matrix of camera
was calibrated by fusing the attitude data [9], [10]. For the
ZiYuan-3 satellite, the internal calibration was carried out over
the Anping calibration site, and the accuracy was superior
to 0.2 pixels [11]. The methods established upon ground
calibration sites are accurate but limited by high maintenance
cost, cloud cover, and long temporal interval.

To free from the limitation caused by ground calibration
sites, the calibration method based on “cross images” was
conducted in the PLEIADES satellite for the first time, which
benefited from the improvement of satellite maneuverabil-
ity [12], [13]. In this method, satellite was adjusted to capture
an image pair with an included angle of nearly 90◦ in the
yaw direction. The geometric intersection relationship of light
ray in the overlapping part of the image pair was used as a
constraint for calibration. Similarly, Pi et al. [14] used a series
of push-broom images with overlapping portion to calibrate the
camera, which was captured in multiple attitudes. This method
could obtain more stable images than the swing scanning
imaging model of the PLEIADES satellite. These methods
are independent of the ground calibration sites and can be
executed anywhere on the world in theory.

These landmark-based methods can provide reliable and
accurate geometric calibration for most remote sensing satel-
lites [13]–[15]. However, the landmark-based methods are
weak in satellite missions where the access of landmarks
becomes difficult or even impossible, such as meteorological
satellites [16], deep space missions [17]–[20], and night-light
satellites [21]. Furthermore, the methods are also inapplicable
to on-orbit autonomous calibration because of the difficulty in
extracting and matching feature points from ground images.
The autonomous calibration is highly desired by satellite users,
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Fig. 1. Diagram of geometric calibration based on star sources observation. (a) On-orbit operation process of Jilin-1 ShiPin07 (JL-1 SP07). (b) Image
captured by star sensor and the result of star identification. (c) Superposition of star maps captured by JL-1 SP07 from Taurus, Cygnus, and Polaris at different
epochs. (d) Residual distortion after internal calibration. (e) Residual errors of included angle of optical axis after external calibration.

such as Chang Guang Satellite Technology Company Ltd.
and the Innovation Academy of Microsatellites. Compared
with landmarks, stars can be detected by almost all optical
satellites. Moreover, the reference data of stars can be inbuilt
into onboard computer easily and the algorithms of extraction
and recognition of stars are very mature [22], [23], which
guarantees that the star-based method is the best candidate for
on-orbit autonomous calibration.

Therefore, the calibration technology based on star control
points (SCPs) was proposed and developed. Many meteoro-
logical satellites and deep space exploration missions use the
stars as the calibration reference. Newburn et al. [24] used the
star field images for camera geometric calibration in Stardust
spacecraft. Guan et al. [25] proposed an attitude-independent
internal calibration method using star targets to remove the
influence of attitude errors and the accuracy of internal calibra-
tion could reach 0.3 pixels. Guan et al. [21] developed the star-
based calibration of external installation matrix between the
camera and the star sensor of the Luojia 1-01 satellite, which
is a night-light satellite. The bias of external parameters was
about 6.2 pixels. However, many studies only focus on either
internal calibration or external calibration. Guan et al. [21]
discussed the external calibration thoroughly. Nevertheless,
it did not complete the internal calibration limited by the
number of SCPs. Christian et al. [17], Wang et al. [19], and
Guan et al. [25] described the internal calibration in detail.
Their discussion on external calibration is relatively less.

In this article, we presented an on-orbit geometric calibra-
tion method based on star sources observation to calibrate
the internal parameters and external installation matrix as a
whole. The satellite attitude is adjusted so that both camera

and star sensor can capture star sources as SCPs. In order to
meet the requirements of number and distribution of control
points in internal calibration, star maps from multiregions are
captured to obtain enough and evenly distributed SCPs on
the image plane. The advantages of the proposed method can
be demonstrated in two aspects: 1) compared with landmark-
based method, the method can work in special missions where
landmarks do not work and has the potential to actualize the
on-orbit autonomous geometric calibration for large satellite
constellation, and 2) the method captures star sources from dif-
ferent regions at short period as SCPs and realizes the internal
and external calibrations simultaneously and accurately.

II. OUTLINE OF THE PROPOSED METHOD

The on-orbit operation of satellite is shown in Fig. 1(a)
and divided into calibration stage and remote sensing stage,
which is described in the barycentric celestial reference system
(BCRS). The coordinate axes of BCRS are consistent with
that of the International Celestial Reference System (ICRS).
In the remote sensing stage, the camera calibrated by the
proposed method conducts the observation mission normally.
In the calibration stage, the satellite is controlled so that both
the star sensor and the camera can capture the star sources
simultaneously. As shown in Fig. 1(b), the star sensor detects
the star sources and executes the star identification to calculate
the device attitude relative to BCRS. The camera captures and
recognizes the star sources the same as star sensor. In order
to obtain enough star sources and ensure them to distribute
evenly on the full image plane, the camera takes pictures from
multiple star regions, as shown in Fig. 1(c). Taking the star
sources as control points, we establish the “camera-star sensor”
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joint calibration model combining the space–time effects with
optical imaging and study the geometric imaging relationship
of SCPs through decoupling the influences of relativistic
effects and geometric parameters offset. The invariable angular
distance between SCPs in camera is used as a constraint
to calibrate the internal parameters, including focal length
and distortion. The average residual distortion of internal
calibration is below 0.1", as shown in Fig. 1(d). The geometric
relationship between camera and star sensor is used to estimate
the external installation matrix of camera. The included angle
of optical axis between camera and star sensor is applied
to evaluate the accuracy of external calibration because it is
constant in a short period. As shown in Fig. 1(e), the error of
external calibration is within ±1.4".

Compared with the traditional method established upon
ground calibration sites, the method based on star sources
observation should study the deviation between the apparent
directions and the standard directions of star sources, which
are stored in star catalog. The deviation mainly includes
four parts: proper motion, parallax, stellar aberration, and
gravitational deflection [26], [27]. The proper motion and
parallax are about the order of subarcsecond, which is close
to the order of single-pixel angular resolution of remote
sensing camera. Therefore, they should be considered for
internal calibration. The latter two need to be explained in the
relativity framework. The stellar aberration effect is relative
to the motion state of satellite. As for the satellite in low
Earth orbit (LEO), the maximum deviation angle brought from
stellar aberration is up to 26", which cannot be ignored. The
perturbation from gravitational deflection of star light is small
(microarcseconds to a few milliarcseconds) so that the cameras
cannot detect it. In order to compensate for the deviation,
we should establish the star observation model (SOM) to com-
pensate for the deviation stemmed from space–time effects,
including proper motion, parallax, and stellar aberration.

The “camera-star sensor” joint calibration model is used to
decouple space–time effects and bias of geometric parameters
in star sources imaging and actualize the geometric calibration,
which includes three main parts.

First, after star extraction and recognition, the SOM is
set to compensate for deviations caused by proper motion,
parallax, and stellar aberration, which are sensitive to satellite
ephemeris, including observation time (t), satellite position
(rsat), and velocity (vsat) in BCRS. The SOM can be formu-
lated succinctly as follows:

ui,ob(t) = f (ui |t, rsat(t), vsat(t)) (1)

where ui,ob(t) is the apparent direction of star i relative to
satellite as the calibration reference and ui is the standard
direction of star i in the star catalog.

Then, the geometric relationship of star sources in camera
is established for the internal calibration. The principle of
calibration can be represented briefly

min
X I

n−1�
i=1

n�
j=i+1

����
ui,ob(t)

�T
u j,ob(t)−(wi (X I ))

T w j (X I )
���

2
(2)

where X I is the aggregation of internal parameters, including
the focal length and distortion, wi is the unit vector of star

Fig. 2. Procedures of on-orbit autonomous calibration based on star sources
observation.

i measured in the camera coordinate system, and n is the
number of SCPs.

Finally, on the basis of internal parameters calibrated
and installation relationship between camera and star sensor,
the external installation matrix of camera is estimated. Finally,
the high-accuracy geometric calibration is completed.

Fig. 2 shows the procedures of the geometric calibration
based on star sources observation and each step can be
implemented autonomously in the onboard computers. The
algorithms of star extraction and recognition are very mature
and the SOM given by (1) can also easily conducted, which
will be explained thoroughly in Section III. The estimation
of aggregates of the internal parameters X I and the external
parameters RSS

Cam is based on the optimization iteration method
and there is a certain amount of calculation in this process,
which may be the obstacle to autonomous geometric calibra-
tion. Actually, it is not necessary to accomplish calibration
immediately after capturing the star images. We can complete
the calculation when the satellite is in the spare time. There-
fore, the method based on stars is fully capable of fulfilling
the requirements of autonomous calibration proposed by some
satellite users, such as Chang Guang Satellite Technology
Company Ltd and the Innovation Academy of Microsatellites.

III. “CAMERA-STAR SENSOR” JOINT

CALIBRATION MODEL

The “camera-star sensor” joint calibration model describes
the imaging geometric relationships of apparent direction of
star sources in camera and between camera and star sensor,
as shown in Fig. 3, which integrates the space–time effects
and optical imaging in star sources observation. The model
decouples precisely the influences of relativistic effects and
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Fig. 3. Diagram of “camera-star sensor” joint calibration model.

the distortion of geometric parameters and includes three parts
as in Section II.

A. Star Observation Model

The standard directions of star sources in star catalog are
defined in the BCRS at the standard epoch and are in the
absence of special relativistic perturbations. They are different
from the apparent directions of star sources observed by
satellites at arbitrary epoch, which are the real calibration
control points. We represent the satellite observation frame
(SOF) to define the apparent directions, whose origin of
SOF is the satellite barycenter and axes are consistent with
that of BCRS. The SOM is established to compensate for
the deviation of apparent directions, which includes proper
motion, parallax, and stellar aberration. The proper motion
and parallax represent the influence caused by the motion of
star sources and the satellite, which can be explained in the
classical Newtonian framework. The stellar aberration is the
perturbation due to the relative motion between the SOF and
the BCRS.

1) Proper Motion and Parallax: Modern star catalogs store
astrometric data of star sources, including the data of standard
position, proper motion, and parallax. Our proposed calibration
method assumes the use of Tycho-2 catalog, which is the
most widely used photographic reference catalog. To ensure
consistency with Tycho-2 catalog, the SOM adopts the “stan-
dard model” for correcting the deviation caused by proper
motion and parallax, whose premise assumption is that all star
sources move at a uniform velocity relative to the solar-system
barycenter [28]. There are six astrometric parameters recorded
in star catalog for describing the motion of star sources. The
six astrometric parameters are: 1) αi , the right ascension of
star i in BCRS at standard epoch tep; 2) βi , the declination of
star i in BCRS at tep; 3) μαi , the velocity of proper motion
in right ascension; 4) μβi , the velocity of proper motion of
declination; 5) μri , the velocity of radical proper motion; and
6) �i , the annual parallax of star i . According to the above
parameters, the standard direction of star i defined in BCRS
at tep is given by

ui =
⎡
⎣ cos(βi ) cos(αi )

cos(βi) sin(αi )
sin(βi)

⎤
⎦. (3)

Under the assumption that every star source moves at
uniform velocity, the star direction u�

i(t) relative to a fictitious
stationary observer at the origin of SOF at arbitrary time t is
derived from the “standard model”

u�
i (t) = 


ui +
�
tB −tep

��
μαi pi +μβi qi +μri ui

�−�i rsat(t)/Au

.

(4)

The triangular brackets �·� represent the normalization of
vector. Au is the astronomical unit. The triad

�
pi , q i , ui

�
forms a ternary orthogonal basis, whose directions are the
increasing direction of right ascension and declination and
the radial direction relative to the solar-system barycenter.
Therefore, pi = �z × ui � and q i = ui × pi , where z =
[0, 0, 1]T . The effect of radical proper motion can be ignored
by setting μri = 0 for nearly all star sources. tB expresses
the observation time after correcting the Römer delay [29],
which is given by tB = t + uT

i rsat(t)/c, where c denotes the
velocity of light. Thus, the Römer delay is up to 500 s at
most for LEO satellite. Assuming that the satellite observes
Barnard, whose proper motion is the fastest and reaches about
10.3"/year, the deviation caused by the Römer delay is up
to 0.163 mas, which cannot be detected by a remote sensing
camera.

Therefore, (4) can be safely simplified in most cases, leading
to

u�
i(t) = 


ui + �
t − tep

��
μαi pi + μβi qi

� − �i rsat(t)/Au

. (5)

2) Stellar Aberration: Stellar aberration denotes the phe-
nomenon that the direction of light source observed by the
moving observer differs from that observed by the stationary
observer at the same place. It is the result of the superposition
of velocity under the theory of special relativity [26], [27],
[30]. The stellar aberration effect involved in this article is
the deviation between the apparent direction ui,ob of star i in
SOF at observation time and the star direction u�

i observed
by a fictitious stationary observer at satellite barycenter at
observation time, which is caused by the relative motion
between SOF and BCRS. Under the theory of special relativity,
the transformation between the apparent direction ui,ob and the
star direction u�

i follows the Lorentz transformation and the
Lorentz factor is introduced as

γ = 1/

�
1 − βT β (6)
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where β = vsat/c. According to the Lorentz transformation,
the reference apparent direction ui,ob can be derived as

ui,ob = �
1+βT u�

i

�−1�
u�

i +
�
1 − γ −1��β�×��β�×u�

i

� + β
�
.

(7)

As for the satellite observer, vsat expresses the satellite
velocity in BCRS, which means that it is the superposition
of the satellite orbital velocity vorbit in the Earth-centered
inertial (ECI) frame and the Earth’s revolution velocity vearth

in BCRS. The orbital velocity generally measured by GPS
is about 8 km/s for the LEO satellite. The Earth’s revolu-
tion velocity estimated from the observation time is about
30 km/s [31]. The maximum velocity of the LEO satellite can
reach 38 km/s. Therefore, �β� is approximately equal to 10−4

and it is reasonable to consider β → 03×1 and γ → 1. After
the Taylor expansion of term

�
1 + βT u�

i

�−1
and

�
1 − γ −1

�
,

(7) can be expanded as follows:
ui,ob = u�

i

+ �
u�

i × �
β × u�

i

��
−

��
βT u�

i

�
u�

i × �
β × u�

i

� + 1

2
β × �

u�
i × β

��

+
��

βT u�
i

�2
u�

i × �
β × u�

i

� + 1

2

�
βT u�

i

�
β × �

u�
i × β

��
+ o

�
c−4

�
. (8)

Assume that the satellite velocity is about 38 km/s, the first-
order of stellar aberration reaches 26.1", the second order of
effect is up to 4.7 × 10−3", and the third-order may amount
to 1 × 10−6". Generally, the resolution of remote sensing
camera can reach the order of subarcsecond. Consequently,
it is reasonable to consider only the first order of stellar
aberration and simplify (8) as follows:

ui,ob = 

u�

i + �
u�

i × �
β × u�

i

�� = 

(I3×3 − [δa×])u�

i


(9)

where δa = u�
i × β and the bracket [·×] denotes the antisym-

metric matrix.

B. Internal Calibration Model

To avoid the influence of attitude error, an attitude-
independent method of calibrating the internal parameters
(focal length and distortion) is proposed. The foundation of
attitude-independent calibration method is that the correspond-
ing star angular distance is invariant whether in the camera
coordinate system or in the SOF. It is worth noting that the
invariance of star angular distance is not suitable between
the camera coordinate system and the BCRS because of the
proper motion, parallax, and stellar aberration. Consequently,
the invariance is given by

cos
�
θi j

� = uT
i,obu j,ob = wT

i w j (10)

where θi j is the angle of two star vectors and wi denotes the
measured unit vector of star Pi measured in camera coordinate

with internal parameter error expressed as follows:

wi =
⎡
⎣ Xi

Yi

Zi

⎤
⎦

= 1��
xi − x0 − xi,d

�2 + �
yi − y0 − yi,d

�2 + ( fc − � f )2

×
⎡
⎣ xi − x0 − xi,d

yi − y0 − yi,d

−( fc − � f )

⎤
⎦ (11)

where (xi , yi) denotes the coordinate position of star i on the
image. The coordinates (x0, y0) are the principal point and
fc is the focal length. However, due to the imperfection of
optical system, the internal parameters will be deviated. The
deviation includes the focal length error � f and the synthetic
distortion

�
xi,d, yi,d

�
consisting of optical lens distortion and

principal point offset. The distortion error relates to the princi-
pal point offset (�x0,�y0), the radial distortion (k1, k2), and
the decentering distortion (p1, p2) represented by	

xi,d = x̄
�
q1l2 + q2l4

� + 

p1

�
l2 + 2x̄2

� + 2 p2 x̄ ȳ
� + �x0

yi,d = ȳ
�
q1l2 + q2l4

� + 

p2

�
l2 + 2ȳ2

� + 2 p1x̄ ȳ
� + �y0

(12)

where x̄ = xi − x0, ȳ = yi − y0, and l = �
x̄2 + ȳ2. The

calibration model is not practical because of the overparame-
terization and the strong correlation among some parameters
in some cases. Therefore, the aggregate of internal parameter
error includes the focal length error and the distortion error,
X I = �

fC , x1,d , y1,d, . . . , xn,d, yn,d
�T

. n denotes the number
of SCPs.

To suppress the influence of random error in star point
extraction, the SCPs from multiframe star images of the same
star region are used for internal calibration. After calibration,
the synthetic distortion value of each SCP can be obtained,
which should be expanded into a distortion model of full image
plane. The thin-plate spline is utilized to expand the model,
which has the potential to remove complex distortions [32].

C. External Calibration Model

The external installation matrix between camera and star
sensor is important for image position determination. However,
there is a deviation caused by stellar aberration in star sources
observation. Taking the stars for the celestial navigation,
the deviation brings the attitude error into the results outputted
by the attitude determination device. Because of its sensitivity
to velocity of satellite relative to BCRS, the attitude error is
inconsistent at each moment. Thus, the external parameters
also keep changing over time.

To decouple the deviation in external calibration, we estab-
lished the external calibration model based on the influence
of stellar aberration and the geometric relationship between
camera and star sensor. The external calibration model can be
represented by

wi (t) = uC
i,ob(t) = λRCam

SS (X E )Rcorr(δss)RSS
BCRS(t)ui,ob(t)

(13)
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where λ is the proportional coefficient and uC
i,ob(t) is the

theoretical imaging vector of star i in the camera coordinate
system at the time t , which should be consistent with wi (t)
in theory. RSS

BCRS(t) is the attitude matrix from BCRS to
star sensor coordinate system expanded by the quaternion
(q1, q2, q3, q4) of star sensor at time t and q4 is the scalar.
However, the navigation benchmark built into star sensor is
generally the standard direction of star sources in the absence
of perturbation from stellar aberration. It is reasonable to
correct the attitude data from star sensor. However, it is not
appropriate to rectify the attitude matrix from star sensor by
extending (9) directly, which is suitable for correction of star
direction vectors. According to the geometric meaning of the
cross product in (9), the transformation relation of attitude
matrix can be represented by using the axis/angle formula.
The axis is the unit vector parallel to δSS = zbore × β and the
sine of rotation angle is the norm of δSS, where zbore denotes
a unit vector aligned with boresight of star sensor composed
of the three elements in the last row of RSS

BCRS(t). Therefore,
the correct quaternion can be represented by

(�q1,�q2,�q3,�q4) = (δSS/2, 1 − �δSS/2�) (14)

where δSS = zbore × β and zbore denotes a unit vector aligned
with boresight of star sensor composed of the three elements
in the last row of RSS

BCRS(t). The correct matrix Rcorr(δss) can
be derived by the correct quaternion. RCam

SS (X E ) is the external
installation matrix from camera to star sensor, which should
be calibrated and is expressed as follows:

RCam
SS (X E ) =

⎡
⎣ a1 b1 c1

a2 b2 c2

a3 b3 c3

⎤
⎦ (15)

the aggregate of external parameters including nine elements,
X E = (a1, a2, a3, b1, b2, b3, c1, c2, c3)

T .

IV. ESTIMATION METHOD OF GEOMETRIC PARAMETERS

The calibration model is introduced in Section III for esti-
mating the aggregate of internal parameters X I and the aggre-
gate of external parameters X E . The calibration algorithm is
the optimization iteration method based on the least-square
theory. The internal parameters are calculated at first according
to the invariance of star angular distance. Then, the external
parameters calibration process is established with the corrected
internal parameters and the imaging model between camera
and star sensor.

A. Estimation of the Internal Parameters

After star recognition and the correction of SOM, we obtain
the reference apparent direction of star sources and the star
vectors measured in the camera coordinate system. Assuming
that the number of SCPs in an image frame is n and the
initial values of distortion errors are zero, the focal length is
initialized with the result via on-ground calibration. The initial
internal parameters are represented by X0

I = [0, . . . , 0, fc]T .
Then, the residual error equation in the kth iteration can be
set according to the least-square theory as follows:
rk

i j = uT
i,obu j,ob − wT

i

�
Xk

I

�
w j

�
Xk

I

� = uT
i,obu j,ob − Fi j

�
Xk

I

�
.

(16)

Equation (16) can be represented by linearizing

rk
i j =

�
∂ Fk

i j

∂x1,d

∂ Fk
i j

∂y1,d
· · · ∂ Fk

i j

∂xi,d

∂ Fk
i j

∂yi,d
· · · ∂ Fk

i j

∂xn,d

∂ Fk
i j

∂yn,d

∂ Fk
i j

∂ fc

�
�Xk

I

(17)

where rk
i j denotes the angular distance residual error equation

between star i and j in the kth iteration, i = 1, 2, . . . , n − 1,
and j = i + 1, i + 2, . . . , n.

As for one image frame, (17) can be expanded as

Rk = Ak�Xk
I (18)

where Rk is the residual vector of angle distance between
SCPs calculated by the internal parameters in the kth iteration,
Ak denotes the Jacobian matrix of internal parameters after
linearization, and �Xk

I represents the correction vector of
internal parameters in the kth iteration.

According to the least-square theory, the correction vector
of internal parameters in the kth iteration can be derived as
follows:

�Xk
I =

��
Ak

�T
Ak

�−1
Ak Rk . (19)

Then, the internal parameters can be updated after each
iteration until the module of correction vector is less than a
small positive number.

B. Estimation of the External Parameters

After calibrating the internal parameters, the precise imag-
ing model of camera is obtained and the external parameters
can be calibrated with the attitude data from the star sensor.
The calibration model of external parameters is represented
as (13), and the external parameters are initialized with the
on-ground calibration result X0

E . The residual error equation
of SCP in the kth iteration can be rewritten by (13) as follows:

Ek
i =

�
Lk

i
Mk

i

�
=

⎡
⎢⎢⎣
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1Ui,x + bk

1Ui,y + ck
1Ui,z
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3Ui,x + bk

3Ui,y + ck
3Ui,z

− Xi

Zi

ak
2Ui,x + bk

2Ui,y + ck
2Ui,z

ak
3Ui,x + bk

3Ui,y + ck
3Ui,z

− Yi

Zi

⎤
⎥⎥⎦ (20)

where ⎡
⎣ Ui,x

Ui,y

Ui,z

⎤
⎦ = Rcorr(δss)RSS

BCRS(t)ui,ob(t). (21)

The residual error equation of SCP in the kth iteration can
be linearized leading to

Ek
i = Bk

i �Xk
E (22)

where Ek
i is the residual vector of SCP in the kth iteration, n

is the number of SCPs, i = 1, . . . , n, Bk
i denotes the Jacobian

matrix of external parameters in the kth iteration, and �Xk
E is

the correction vector of external parameters in the kth iteration.
Equation (22) can be expanded by all SCPs in single image
frame and the correction vector of external parameters can be
obtained according to the least-square method as follows:

�Xk
E =

��
Bk

�T
Bk

�−1
Bk Ek (23)
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Fig. 4. Physic picture of JL-1 SP07 with camera and star sensor.

where Bk = �
Bk

i

�T
and Ek = �

Ek
i

�T
, i = 1, . . . , n. Then,

the external parameters can be updated after each iteration
according to the results calculated by (23). The update process
will be stopped when the module of correction vector is less
than a small positive number.

V. EXPERIMENTS AND DISCUSSION

A. Dataset

An on-orbit calibration experiment was carried out on JL-1
SP07, which was a high remote sensing satellite launched by
Chang Guang Satellite Technology Company Ltd. on Janu-
ary 19, 2018. It was in a 535-km sun-synchronous solar orbit
with a 97.54◦ inclination. The satellite was equipped with a
remote sensing camera and high-accuracy star sensors, which
were used to verify the performance of the proposed method.
The physic picture of JL-1 SP07 with camera and star sensor is
shown in Fig. 4. The star sensor onboard is the NST4S-A2 star
tracker manufactured by TY-Space Technology (Beijing) Ltd.
The NST4S-A2 star tracker is characterized by excellent
dynamic performance, high update rate, and high precision.
The GPS was used to obtain the velocity and position of
satellite, which is related to the space–time effects. The
detailed information of payload and star sensors onboard is
listed in Tables I and II, respectively.

In the process of experiment, the satellite attitude was
controlled to guarantee both remote sensing camera and star
sensor can detect the star sources as SCPs. Because of the
large aperture of camera, the ability to detect weak star sources
is remarkable so that the camera can capture the star with
about 12 magnitudes. Therefore, the Tycho-2 catalog is used
as the initial measurement benchmark in this article, which
stores the accurate astrometric data of about 250 million
star sources [33]. We captured 50 star images from Taurus,
Cygnus, and Polaris regions as test data. The several frame
data of SCPs were used to suppress the influence of random
error in the calibration. A description of star regions is listed in
Table III. To obtain the SCPs from star images, we conducted
the star identification with the Tycho-2 catalog. There are
about 22 SCPs from the Taurus region, 54 SCPs from the
Cygnus region, and 15 SCPs from the Polaris region.

TABLE I

PARAMETERS OF THE REMOTE SENSING CAMERA ON JL-1 SP07

TABLE II

PARAMETERS OF THE STAR SENSOR ON JL-1 SP07

B. Internal Calibration Result and Accuracy Assessment

Based on the SCPs obtained from star images, the internal
calibration was conducted. In order to avoid the influence of
the attitude error, we used the invariable star angular distance
relationship between SCPs in the camera imaging coordinate
system as geometric constraint, which realized the attitude-
independent internal calibration.

The full coverage of the SCPs on the image plane is the key
to ensuring the global optimization of the internal calibration.
However, it is difficult to meet the coverage requirements by
capturing SCPs from a single star region. Fig. 5(a) shows the
distribution of all SCPs from three star regions on the image
plane. The green points denote the SCPs captured from the
Polaris region. From Fig. 5(a), we can see that the number of
green points is relatively small and most of them are located
at the edge of the image plane. In a short period of time,
the internal parameters of camera are constant. Therefore, it is
reasonable to think that the internal parameters are consistent
during the shooting of three regions and use all SCPs from
three regions to conduct the internal calibration. As shown
in Fig. 5(a), the SCPs basically cover the entire image plane.

Another factor that affects the internal calibration accu-
racy is the star extraction error. The star extraction error is
inevitable and the magnitude of it is about 0.1 pixel. In order
to suppress the influences of star extraction, we adopted mul-
tiframe star images for internal calibration in JL-1 SP07 and
the final results are the average of the values obtained from
multiple frames.

To verify the performance of the proposed method, the first
40 frames in the 50 frames star images were used as the
calibration frames and the 10 frames were applied as the
accuracy assess frames. According to the camera attitude
calculated by star identification, the apparent directions of
SCPs were reversed to the theoretical imaging vector of SCPs
in the camera coordinate system. Due to the distortion of inter-
nal parameters, there were deviations between the theoretical
imaging vectors and the measured vectors of SCPs. Fig. 5(b)
shows the distribution of the average residual errors of all
SCPs on the image plane in accuracy access frames. After the
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Fig. 5. (a) Distribution of SCPs captured from three star regions by JL-1 SP07 at different epochs. (b) Residual distortion before internal calibration.
(c) Calibration results of focal length calculated by 40 calibration frames. (d) Residual distortion after internal calibration.

TABLE III

INFORMATION OF STAR IMAGES

TABLE IV

EXTERNAL CALIBRATION RESULTS IN QUATERNION FORM

estimation of internal parameters based on the 40 calibration
frames, the results of focal length are shown in Fig. 5(c). The
focal length calibrated can be obtained by averaging the results
of 40 frames and was 3223.816 mm. The accuracy of focal
length was about 12 μm. As for the calibration of synthetic
distortion, we could estimate the distortion value of each SCP
and average the distortion values calculated by 40 calibration
frames as the calibration results. In accuracy assess frames,
the results of internal parameters were reversed to get the
measured vectors of SCPs calibrated. The distribution of
average residual errors of all SCPs after calibration is shown
in Fig. 5(d). The average residual errors were reduced from
about 4" to less than 0.1".

The root mean square (rms) of residual errors between
the theoretical imaging vectors and the measured vectors of
SCPs calibrated was used to assess the accuracy of internal

calibration, which was given by

RMSI =
��n

i=1(arccos(W T
i uC

i,ob))
2

n
(24)

where n is the number of SCPs and uC
i,ob is the theoretical

imaging vectors of SCPs calculated by (13). The accuracy
of the internal calibration was 0.052" or about 0.15 pixels
according to the angular resolution of single pixel, which
illustrated the effectiveness of the proposed method.

C. External Calibration Result and Accuracy Assessment

Different from the internal calibration, the external calibra-
tion of installation matrix between camera and star sensor
does not need to integrate all SCPs from three star regions.
The SCPs from single star region can be used to complete
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Fig. 6. (a) Included angles of optical axis between camera and star sensor calibrated by the DCM and the proposed method respectively. (b) Residual errors
of included angles calculated by the proposed method. T, C, and P denote Taurus, Cygnus, and Polaris, respectively.

the external calibration. According to the external calibra-
tion model represented by (13) and the estimated method,
the external parameters can be calculated. In order to express
the result conveniently, the external installation matrix is
expressed in the form of quaternion instead of cosine matrix.
The calibration results from three star regions are shown
in Table IV, where q4 is the scalar.

The calibration results of the proposed method were com-
pared with those of direct calibration method (DCM), which
was mentioned in many papers. The DCM directly applied
the attitude data outputted by star sensor and the imaging
information of control points. Then, the imaging geometric
model of SCPs was established, based on which an iterative
method was used to implement the external calibration.

The attitude cosine matrix and quaternion cannot intu-
itively express the calibration accuracy of external parameters.
We utilized the included angle of optical axis between camera
and star sensor to evaluate the method accuracy because it is
constant basically in short period of time. In this experiment,
the maximum time interval among the imaging epochs was
about 6 h. Therefore, it was reasonable to think that the
included angle of optical axis was consistent in the process of
imaging. Fig. 6(a) shows the included angles of optical axis
calibrated by the DCM and the proposed method. We could
see that the maximum deviation of included angle calculated
by DCM was up to 21.6". For JL-1 SP07 who conducted the
experiments, the deviation could cause about 50-m positioning
error at the process of Earth observation, which is unac-
ceptable. The great deviation was mainly because the DCM
did not consider the influence of stellar aberration. As for
the proposed method, the included angle calibrated from
three star regions was consistent with each other basically.
In order to further illustrate the calibration accuracy of external
parameters with this method, the residual errors of included
angle of optical axis between camera and star sensor are shown
in Fig. 6(b). It is worth noting that the external calibration
mainly eliminates the systematic bias in the installation matrix.
The rms of included angles mainly contains the attitude error

of star sensor. Consequently, the range of included angles is
used to assess the accuracy of the calibration method. It is
clear that the error of the external installation matrix is within
±1.4", which can demonstrate the superiority and effectiveness
of the proposed method.

VI. CONCLUSION

Our purpose of the geometric calibration method based
on star sources observation is to actualize the high-accuracy
autonomous calibration of internal parameters and external
installation matrix even when the availability of landmarks
is hard. Combining with the space–time effects and optical
imaging in star sources observation, the “camera-star sensor”
joint calibration model is established for geometric calibra-
tion. As the on-orbit experiment results shown, the internal
calibration eliminates the imaging distortion providing the
precise mapping relationships between the imaging points
and the apparent directions of targets in inertial space. The
external calibration compensates for the systematic error in
the installation matrix guaranteeing the correctness of camera
boresight relative to inertial space. On the basis of geometric
calibration, the high-accuracy image positioning can be real-
ized and form a solid foundation for space targets tracking.
Our method has been verified and applied on several satellites,
such as JL-1 SP07, JL-1 SP03, and Shiyan 6-03. However,
limited by the attitude accuracy of star sensor, the results of
external calibration are effective but not stunning, as shown in
Fig. 6(b). Therefore, the next step in this research is to fuse
attitude data from more devices, such as gyros, to obtain more
accurate platform attitude.
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