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Rigorous Sensor Model of Gaofen-7 Satellite Laser
Altimeter Based on Coupled Footprint Camera

Shaoning Li , Guo Zhang , Member, IEEE, and Xiufang Fan

Abstract—The Gaofen-7 (GF-7) satellite system adds a footprint
camera that shares the same optical path as its laser altimeter to
ensure consistent spatial referencing between the laser footprint
point and the obtained optical images. However, this introduces
additional errors between the two different loads while ensuring
the geometric relations of the laser altimeter and footprint camera.
First, the accuracy and error analyses of the laser altimeter and
footprint camera are carried out based on the working mode of
the GF-7 satellite laser altimeter and footprint camera in this
study. A rigorous sensor model of laser geometric positioning is
proposed based on the coupled footprint camera, which is achieved
for the geometric correlation of laser spots on the ground and the
focal plane of the footprint camera. The satellite laser altimeter
simulation platform was used to analyze the various error sources
in the geometric positioning of the laser altimeter, and GF-7 satellite
data were used to verify the proposed geometric positioning model
of the laser altimeter and footprint camera. The results show that
the positioning error of the GF-7 footprint camera is less than
5 m (root-mean-square error) relative to the dual-line array image,
which can provide ground control points for stereo mapping.

Index Terms—Footprint camera, Gaofen-7 (GF-7), geometric
calibration, laser altimeter satellite, rigorous sensor model (RSM).

I. INTRODUCTION

S PACE-BORNE laser altimetry technology is an active re-
mote sensing method for the accurate and rapid acquisi-

tion of surface elevation information. The distance between
the altimeter and the measured target was obtained according
to the time-of-flight of the pulse signal emitted by the laser
altimeter [1], [2]. In 2003, the National Aeronautics and Space
Administration obtained the laser data products derived from
the Geoscience Laser Altimeter System (GLAS) instrument that
flew on the Ice, Cloud, and land Elevation satellite (ICESat),
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demonstrating its unique advantages in the field of surface ex-
ploration [3], [4], [5], [6]. In 2018, the United States launched an-
other ICESat-2 satellite, which carried a photon-counting laser
altimeter system, the Advanced Topographic Laser Altimeter
System [7], [8]. The laser altimeter system of the Global Ecosys-
tem Dynamics Investigation was installed at the International
Space Station in the same year, mainly for the detection of global
surface three-dimensional (3-D) terrain and vegetation biomass
[9], [10]. The use of space-borne laser altimetry technology
began relatively late in China, and to promote its development,
some experts have proposed carrying laser altimeters and stereo
cameras on the same platform for stereo mapping [11], [12]. The
altimetry system has been joined by the ZiYuan3-02 (ZY3-02)
satellite launched in May 2016 and the ZiYuan3-03 (ZY3-03)
satellite launched in July 2020. The successive launches of
ZY3-02 and ZY3-03 satellites have confirmed the feasibility of a
laser combined with a three-line array camera for stereo mapping
[13], [14], [15], [16], [17], [18]. The Gaofen-7 (GF-7) satellite
was launched in November 2019 and carries two laser altimeters
with full waveform for global stereo mapping [19], [20], [21],
[22], [23], [24], [25]. From the abovementioned research studies,
the laser altimetry platform of Chinese satellite mainly adopts
the large-spot measurement mode, which is combined with the
optical camera on the same platform to obtain the data by a
combination of active and passive remote sensing payloads.

Because traditional optical remote sensing images record the
reflection intensity of surface features whereas laser altimeter
data record the 3-D elevation of the surface, it is difficult for the
two to achieve consistent spatial referencing by image match-
ing. A footprint camera that images the ground utilizing the
same optical path as the laser altimeter was introduced on the
GF-7 satellite in order to construct a geometric registration of
the laser footprint and optical images by recording the laser
optical axis pointing. However, this process introduces error
transfer between different measurement payloads. To achieve
precise positioning of the laser footprint spot, researchers have
constructed a rigorous geometric model of space-borne laser
altimetry [3], [15], [16], but this model only transmits measure-
ment parameters from the satellite platform, and the purpose
of the laser footprint camera is neglected in the model. Based
on the measurement and working mode of the GF-7 satellite’s
laser altimeter and footprint camera, this study analyzes the laser
altimeter and footprint camera measurement error link transfer
and accuracy. In order to achieve the geometric correlation of
laser spots on the ground and the focal plane of the footprint
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Fig. 1. Schematic of the laser altimeter and footprint camera measurement
system.

camera, a rigorous sensor model (RSM) of the laser altimeter is
constructed based on the coupled footprint camera.

II. GF-7 LASER ALTIMETER SYSTEM

Because space-borne laser altimeter data are not used for
imaging, it is difficult to record the environment at the obser-
vation location in real time, such as with optical cameras. To
enhance the availability of laser altimeter data, a laser altimeter
satellite platform was designed with an optical camera having
the same optical path as the laser, namely the footprint camera.
A footprint camera can record the position of the laser emission
spot when imaging ground objects. The footprint camera is used
to calculate the laser optical axis by recording the direction of
the laser altimeter emission pulse rather than by directly imaging
the ground laser spot. The geometric relationship between laser
altimeter measurements and footprint camera imaging is shown
in Fig. 1.

The pulse signal emitted by the GF-7 laser altimeter passes
through a beam-splitting prism, part of the signal is transmitted
into the imaging focal plane of the footprint camera, and the
laser beam from the splitting prism is imaged on the footprint
camera. The other part of the signal penetrates the atmosphere,
clouds, aerosols, etc., to reach the ground and irradiate the light
spot on the surface, which is called the “laser spot” shown in
Fig. 1.

The footprint camera usually adopts a profiling array to record
the laser spot, and there are two ways to identify the mode
of laser emission pointing. The first is the mode adopted by
the ICESat/GLAS satellite, which uses an electro-optical sensor

Fig. 2. Data processing of the laser altimeter and the footprint camera.

with charge-coupled device (CCD) array detectors to record a
laser spot (40 Hz) with an array of80× 80pixels. The laser beam
is introduced into the star-sensitive camera to obtain the direction
of the laser beam in the International Celestial Reference Frame.
The other is that the GF-7 satellite uses a laser footprint camera
to record the direction of the laser beam emission in the Inter-
national Terrestrial Reference Frame, thereby determining the
position of the laser spot on the ground image and its correlation
with ground features. The GF-7 footprint camera implemented
complementary metal–oxide–semiconductor (CMOS) array de-
tectors to record a laser spot (3 Hz), and it mainly adopts the
synchronous working mode, which means it records laser spot
information while simultaneously imaging surface features.

III. METHODOLOGY

Fig. 2 shows the data processing techniques according to the
working mode of the GF-7 satellite laser altimeter and footprint
camera.

A. Rigorous Sensor Model

The coordinate system of the laser altimeter and footprint
camera is constructed, as shown in Fig. 3. The satellite body
coordinate system is known as O-XYZ, which is used to describe
each sensor’s position and the orientation of the optical axis with
respect to the coordinate frame. The laser altimeter coordinate
system OLas-XLasYLasZLas is defined as follows: The pointing
of the three axes is consistent with the body coordinate system,
the origin of the coordinate system OLas is located at the laser
pulse emission point, and the optical axis center of the laser
altimeter points to (ϕL,ωL). The focal plane of the footprint
camera is a planar right-angle coordinate system that describes
the arrangement of CMOS probe elements in the focal plane. The
footprint camera coordinate system OF-XFYFZF is defined as
follows: The origin of the coordinate system OF is located at
the center of the optical lens, the ZF axis is the main optical
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Fig. 3. Coordinate system of the laser altimeter and the footprint camera.

axis direction of the camera, perpendicular to the focal plane
and pointing to the ground direction, the XF axis is parallel to
the x-axis of the focal plane, the YF axis is parallel to the y-axis
of the focal plane, and the installation angles of the footprint
camera relative to the body coordinate system is (ϕF, ωF, κF).

The spot of light where a laser beam illuminates on the ground
can be obtained by the detectors in the calibration field. The
actual pointing of the laser beam can be determined with respect
to the laser altimeter frame by on-orbit calibration. Meanwhile,
another spot of light splitting from the same laser beam is
caught on the footprint camera of the GF-7 satellite, and the
pointing of the split beam can be determined with respect to
the footprint camera frame by centroid extraction. Then, the
geometric relationship between the optical axis of the laser
beam and the laser split-beam is constructed by the coordinate
system of the laser altimeter and its coupled footprint camera.
But the two laser beams are not usually parallel, and there is
a slight angular deviation between the laser emitting beam and
the splitting beam in order for the footprint camera to record
the ground objects around the actual spot on the ground. Thus,
it can be seen that the imaged spot will not be the same as the
actual footprint on the ground plane. In order to determine the
slight angular deviation between the two laser beams, the laser
altimeter and footprint camera need to be calibrated at the same
time and in the same field. Here, the data processing flow of
on-orbit calibration for the GF-7 satellite laser altimeter and the
footprint camera is shown in Fig. 4.

The error transfer term of the laser measurement link mainly
involves errors in on-orbit calibration, footprint camera instal-
lation measurement, spot center extraction, etc. Thus, the laser
geometric positioning model based on the footprint camera is
constructed in accordance with the following equation:

P (X,Y, Z) = (OLas)WGS84 + L ·R (t)

·R (Las) ·R (F ) · U (L, S) (1)

where P (X,Y, Z) are the coordinates of the laser footprint
center on the ground; (OLas)WGS84 is the position coordinate

of the laser emitting point in the WGS84 coordinate system; L is
the laser range value; R(t) is the conversion matrix between the
body coordinate system and the satellite attitude measurement
coordinate system; R(Las) is the conversion matrix between
the laser altimeter calibration coordinate system and the defined
coordinate system; R(F ) is the installation matrix of the laser
footprint camera under the satellite platform; and U(L, S) is the
point of the laser split-beam optical axis in the footprint camera
coordinate system.

B. Geometric Calibration

The GF-7 laser altimeter and footprint camera are calibrated
at the same time and in the same field [23], [24]. The real-time
laser signals are obtained from the satellite by laying out detector
arrays on the ground. Four optical targets around the laser
detector arrays are used to collect ground control points (GCPs)
for calibrating the footprint camera simultaneously. Then, we
can get the precise optical axes of the laser altimeter and footprint
camera, as shown in Fig. 5.

In the data processing of on-orbit geometric calibration, the
energy distribution of the laser footprint is obtained from the
detector arrays on the ground. A Gaussian fitting method is
used to find the center of the laser footprint spot. Then we can
calculate the pointing of the satellite laser beam combining with
satellite position. There is a great deal of uncertainty between the
actual optical axis pointing and the optical axis pointing before
launch. To optimize the efficiency of laser altimeter calibration,
a calibration field on flat terrain where the laser beam is hitting
has to be selected according to the precise position of the satellite
and a rough pointing of the laser beam [14], [16].

A pointing matrix and a ranging deviation parameter are
adopted in the laser geometric model for compensation of rang-
ing and pointing errors. The calibration model of the laser spot’s
geographical location is deduced as follows:

P (X,Y, Z) = (OLas)WGS84 + (L+ dL) ·R (dϕ, dω, 0)

·R (t) ·
⎡
⎣ cos (ϕL) sin (ωL)

cos (ϕL) cos (ωL)
sin (ϕL)

⎤
⎦ . (2)

where (OLas)WGS84 is the position of the laser emitting point on
the satellite; L is the value of laser ranging; dL is the ranging
deviation parameter of the laser altimeter based on the calibra-
tion; dϕ and dω are the pointing calibration parameters for the
laser on-orbit calibration; R(t)is the attitude matrix to record

the attitude state of the satellite platform; and

[
cos(ϕL)sin(ωL)
cos(ϕL)cos(ωL)

sin(ϕL)

]
is

the pointing of the laser beam with respect to the laser altimeter
coordinate frame. The calibration parameters dL, dϕ, and dω
can be calculated if the geographic coordinates P (X,Y, Z) of
the laser footprint spot on the ground are obtained from the
detector arrays in the calibration field.

C. Pointing of Laser Beam

The optical axis pointing of the laser split-beam was obtained
using the spot-on image of the footprint camera. The traditional
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Fig. 4. On-orbit calibration processing of the laser altimeter and the footprint camera.

Fig. 5. Calibration of the laser altimeter and the footprint camera.

center extraction methods of a laser spot include the Gaussian
fitting algorithm, the ellipse fitting algorithm, the intensity cen-
troid method, etc. [25], [26]. The accuracy of the laser spot’s
center will be greatly affected by the strong reflection intensity
of ground objects on the footprint camera image. To improve
the extraction accuracy of the footprint spot’s center, a Gaussian
fitting method based on intensity weighting to solve the position
of the footprint spot’s center is used in this study. Assuming
that the size of the footprint spot image is M × N pixels and the
intensity value of each pixel is I0(i, j), the initial center position
(L0, S0) of the footprint spot is first solved using the traditional
intensity centroid method, as shown in the following equation:⎧⎪⎪⎨

⎪⎪⎩
L0 =

M∑
i=1

N∑
j=1

i · I0 (i, j) /
M∑
i=1

N∑
j=1

I0 (i, j)

S0 =
M∑
i=1

N∑
j=1

j · I0 (i, j) /
M∑
i=1

N∑
j=1

I0 (i, j)

. (3)

The intensity value of the spot image is then recalculated
by distance weighting using the Gaussian function, and the
Euclidean distance d from the pixel intensity value I0(i, j) to

the initial center position (L0, S0) is used as the weight value to
calculate the intensity value I(i, j) of the new spot image, as in
the following equation:{

G (d) = e−(
d
σ )

2

I (i, j) = G (d) · I0 (i, j)
. (4)

Next, the center of the spot (L, S) was obtained by Gaussian
fitting to the new footprint spot image as follows:

I (i, j) = A · exp
[
− (i− L)2

2σ2
1

− (j − S)2

2σ2
2

]
. (5)

where A is the amplitude value of the footprint spot, and σ1 and
σ2 are the standard deviations of the footprint image’s line and
sample, respectively.

Using the geometrical parameters of the footprint camera, the
pointing of the laser split-beam optical axis can be solved as
follows: {

U (L) = arctan (L · μ/f)
U (S) = arctan (S · μ/f) (6)

where μ denotes the probe element size in the focal plane of the
footprint camera and f is the focal length of the footprint camera
imaging.

D. Geometric Positioning

There is a slight deviation in the plane if the position coor-
dinates of the laser footprint center on the ground are projected
directly on the footprint image. The positioning model of the
laser beam mentioned above is used to establish the correlation
between the laser spot’s center on the ground and the spot’s
center on the footprint camera image, and then the image co-
ordinates (L′, S ′) of the laser spot’s center on the ground are
solved using the position (L, S) of the image, as shown in the
following equation:

(L′, S ′) = U−1
[
R−1 (ϕF , ωF , κF ) ·R (dϕ, dω, 0)

·R (ϕF , ωF , κF ) · U (L, S)
]
. (7)

A rational function model is used to locate the optical image
rather than the rigorous imaging model on normal. The geo-
graphic coordinates of the ground point and its corresponding
image point coordinates are fitted with a ratio polynomial, as
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Fig. 6. Simulation images of the footprint camera.

shown in the following equation:{
x = f1(lat,lon,H)

f2(lat,lon,H)

y = f3(lat,lon,H)
f4(lat,lon,H)

. (8)

where x and y are the pixel coordinates of the footprint image;
fi(lat, lon,H) (i = 1, 2, 3, and 4) is a polynomial function of
the geographic coordinates lat, lon, and H of the laser footprint,
where the polynomial coefficients are given as follows:

fi (lat, lon,H) =
3∑

i=0

3∑
j=0

3∑
k=0

aijklat
ilonjHk . (9)

The coordinates of the laser spot’s center on the ground
can then be calculated using the rational function model, and
the inverse form of the rational function model, by which the
laser spot’s center on the image is established in a geometric
relationship to the laser spot’s center on the ground, can be
obtained according to (8), expressed as follows:{

lat = f5(x,y,H)
f6(x,y,H)

lon = f7(x,y,H)
f8(x,y,H)

(10)

where fi(x, y,H) (i = 5, 6, 7, and 8) can be used as a cubic
polynomial with respect to x, y, and H, as described in (9).

IV. EXPERIMENT AND ANALYSIS

In this study, the RSM validation of the satellite laser altimeter
based on the footprint camera was performed using simulated
data and GF-7 satellite laser altimeter data. The simulation
experiments were carried out to distinguish the effects of various
types of errors, including the optical axis of the laser beam, laser
spot’s center on the calibration field, and the positioning of foot-
print spot. The experiments of the GF-7 satellite laser altimeter at
Qingdao and Tianjin were used to verify the positioning accuracy
of the laser spot relative to the stereo camera.

TABLE I
SIMULATION PARAMETERS OF THE GF-7 LASER ALTIMETER SYSTEM

A. Simulation Experiment and Analysis

1) Simulation Data: The high-resolution airborne data in
Songshan, China implemented by airborne photography were
employed in the simulation experiment, including the orthoim-
age and digital elevation model. According to the design param-
eters of the GF-7 satellite laser altimeter (as shown in Table I),
a satellite image was simulated in an area of 20 km × 20
km experimentally, and the resolution of the simulated image
was consistent with the GF-7 satellite images. A pair of laser
altimeters were simulated to obtain the laser waveforms and
footprint camera images, and a total of 16 laser pulses were
emitted in the area within the satellite image area, as shown in
Fig. 6.

The simulation software integrated satellite and laser altimeter
data processing were constructed according to the design of the
GF-7 satellite. The error parameter terms of satellite and laser
altimeter are listed in Table II.

The measurement error of the satellite platform included the
orbit and attitude measurement errors. In the data processing,
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TABLE II
ERROR PARAMETERS OF THE SATELLITE PLATFORM AND LASER ALTIMETER

precise orbit determination (POD) of the GF-7 satellite was
adopted to calculate the position of the laser spot on the ground.
The measurement error of POD was less than 0.05 m (1σ), and
a random function was adopted for the orbit measurement error
in the simulation processing. The ranging error is mainly due
to the waveform decomposition and the random error of the
instruments’ measurement. The maximum measurement error
of laser ranging is no more than 0.5 ns in the calibration field
for the echo waveform with only a single peak. All the random
errors of the satellite platform and laser altimeter are at normal
distribution. The attitude simulation data of the satellite platform
were then simulated with errors based on the orbital position and
velocity and combined with the attitude stability of the satellite
platform. From the laser positioning model, it was observed
that the platform attitudes affecting the positioning of the laser
footprint points were mainly the roll and pitch angles, whereas
the positioning error caused by the yaw angle was negligible.

2) Calibration and Precision Analysis: The most effective
method of obtaining control data for on-orbit calibration is
to deploy laser detectors on the ground to obtain the precise
positions and energy distributions of laser footprint spots. The
accuracy of the laser spot position obtained by the ground
detector is mainly due to the interval and consistency of the
laser detectors. To optimize the efficiency and performance of
the laser detectors, the calibration processing of the satellite laser
altimeter is simulated to determine the accuracy of the laser
footprint spot’s control data, and it can provide a reference for
geometric calibration of the GF-7 satellite laser altimeter.

To validate the simulated calibration processing, a set of laser
footprint images was collected in the laboratory. The laser spot’s
energy distribution obtained from the laser footprint images was
used as a benchmark. Assuming that the diameter of the laser
footprint spot on the ground is 15–20 m, the sampling value
of laser detectors was performed according to laser footprint
images, and the consistency ratio of the detectors is adjusted by
increasing the random error to the sampling value. Thereafter,
10 000 sets of laser spots on the ground obtained by the detectors
were simulated under each set of variable conditions (different
intervals and different consistency ratios of detectors). Then, the
position of each spot’s center is calculated and counted, with the
interval of the laser detector on the calibration field set between
1 and 15 m, and the results are shown in Fig. 7.

Fig. 7. Calibration error of the laser footprint spot.

Fig. 8. Simulation images of the footprint camera.

It can be concluded from the simulation experiment results
that the farther the distance between the adjacent detectors, the
worse the extraction accuracy of the footprint spot’s center.
Besides, the extraction accuracy of the footprint spot’s center
is also limited by the consistency of the detectors. Due to the
impacts of the detector errors, such as the factory calibration
of the detector, the detector attitude, and dust pollution on
the sensor during the calibration, it is difficult to ensure the
consistency ratio of the satellite signal received by the detector.
Therefore, to improve the geometric accuracy of the laser optical
axis, the interval between adjacent detectors should be as dense
as possible, considering the cost of the calibration experiment.
In order to ensure that the pointing accuracy of the laser optical
axis is no more than 1.0 s (positioning accuracy of the spot’s
center is no more than 2.4 m), it is needed to make sure that
the consistency ratio of the detectors is not less than 90% and
the distance between two adjacent detectors is no more than
8.0 m. The result of this simulation experiment will support the
calibration of the GF-7 satellite laser altimeter.

3) Positioning and Precision Analysis: There is a random
deviation in the pointing of the laser beam if the laser altimeter
emits the pulse signal. The footprint camera can be used to
establish the geometric correlation between the imaging of the
ground objects and the position of the laser footprint spot. In this
experiment, we simulated the laser spot on the footprint camera
images (see Fig. 8). The areas imaged by the footprint camera
contain roads, buildings, water, cropland, and other objects.

The simulated footprint images were processed to obtain
the positions of the footprint spot’s center from the two laser
altimeters. A total of 16 laser spots were compared with the
simulated reference values to analyze the distribution of position
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Fig. 9. Laser spot center errors of the synchronous footprint camera.

TABLE III
LASER FOOTPRINT POSITIONING ERROR (M)

Fig. 10. Calibration field of the GF-7 satellite. (a) Calibration field. (b) Laser
detector. (c) Optical target.

error for the laser footprint cameras, as shown in Fig. 9. The
maximum spot-center extraction error in the footprint image
was +0.762 pixels, and the minimum error was −0.732 pixels.
The average values of the center position rank error were−0.034
pixels and −0.165 pixels, and the mean square errors (MSEs)
were 0.314 pixels and 0.338 pixels, respectively. If the laser
beam hits a strongly reflecting surface, such as a building, the
intensity value around the spot on the footprint image is close to
saturation, resulting in a large error in the extraction of the spot
center position.

In this study, the accuracy of the laser geometric positioning
model based on the footprint camera was analyzed using a
link simulation of star–ground integration. The position of the
laser footprint spot was determined by the geometric positioning
model of the laser altimeter, and the positioning error results of
the laser beams were obtained as shown in Table III.

From the simulation results, it can be seen that the relative
pointing deviation between the laser optical axis and the optical
axis of the footprint camera is approximately 1.5 in after the
geometric calibration. The MSE of the plane positioning of the
laser spot can reach within 4.0 m. The results of the current
study show that the positioning accuracy of the satellite laser
spots on the calibration fields is better than 5.0 m, and the
vertical accuracy of the laser altimeter can reach 0.10 m [20],
[25]. According to the simulation conditions, the laser spot
positioning error caused by the orbit and attitude measurement
errors of the satellite platform is approximately 2.0–3.0 m. The
positioning accuracy of the GCPs on the GF-7 calibration field
can reach approximately 4.0 m. This positioning accuracy is
essentially consistent with the simulation results of this study.
The simulation result also proves that the geometric positioning
model for the laser altimeter and footprint camera is feasible
in this study. The positioning accuracy of the footprint spot’s
center mainly depends on the attitude and orbit measurement of
the satellite platform, geometric calibration, and spot center ex-
traction. The subsequent validation experiments were conducted
using the laser spots, footprint images, and stereo images of the
GF-7 satellite.

B. Experiment of the GF-7 Laser Altimeter

The GF-7 satellite was launched on November 3, 2019, and
the main payloads on the satellite are a dual-linear array camera
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Fig. 11. Calibration results of laser calibration detectors. (a) Primary data obtained from detectors. (b) Linear regression analysis of detectors. (c) Calibration of
radiation consistency.
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Fig. 12. Fitting results of laser calibration detectors. (a) Laser altimeter 01.
(b) Laser altimeter 02.

and a pair of laser altimeters to acquire high-spatial-resolution
optical stereo images and laser waveforms. In June 2020, the
Land Satellite Remote Sensing Application Centre of China
conducted calibration experiments of the GF-7 satellite laser
altimeter in Inner Mongolia.

1) Calibration of Laser Altimeters: After predicting the po-
sitions of the laser footprint spots on the ground, an appropriate
field near the center of the predicted spot was selected where
the detectors were installed. The length (along the direction of
the orbit) and width (vertical the direction of the orbit) of each
calibration field were approximately 400 m × 150 m, and the
interval of adjacent detectors was set between approximately 5.0
and 8.0 m. Four optical targets were set in the four corners of
the laser calibration field, and the geometric parameters of the
footprint camera were calibrated simultaneously. The calibration

field, laser detectors, and optical targets of the GF-7 satellite are
shown in Fig. 10. The calibration field is a flat area in the Gobi
Desert without any vegetation.

It is difficult to ensure that the laser detectors are pointing
directly at the satellite when a large number of detectors are set
up in the calibration field. The consistency ratio of the detector
terminal also varies, resulting in inconsistencies in the intensity
of the laser signals obtained by the detectors. The inconsistencies
will directly affect the extraction accuracy of the laser footprint
spot’s center. The effective signal threshold of the detector was
adjusted downward during the experiment, and it can record
the changes in the intensity of solar radiation in real time. The
primary signal of the three detectors is shown in Fig. 11(a).

We can see that the changes in the solar radiation intensity
will cause fluctuations in the signal intensity recorded by the
detectors in Fig. 11(a). Assuming that the intensity of the solar
radiation irradiating the detectors at the same time is consistent,
the relative consistency ratio of each detector can be checked.

Within the effective signal acquisition range of the detectors,
the signal intensity of different detectors varies linearly, and
the consistency check model was obtained using the linear
regression model, as shown in the following equation:

y = A0 · y0 +K. (11)

where y0 is the signal intensity of the reference detector, A0 is the
primary coefficient of linear correlation, and K is the coefficient
of the constant term. Here, the detector of No. 201055 was used
as the reference benchmark. Then, the coefficients of different
detectors are obtained, and the linear regression analysis of
detectors is shown in Fig. 11(b). The detectors are checked for
the relative consistency ratio between the different detectors, and
the results are shown in Fig. 11(c).

First of all, the false trigger signals from the detectors are elim-
inated in the data processing of the laser altimeter calibration. To
ensure that the relative consistency ratio of the detectors is not
less than 90%, the valid signals from the detectors are screened.
The position coordinates of the laser footprint spot’s center are
obtained by Gaussian fitting, as shown in Fig. 12. The geometric
calibration parameters of satellite laser altimetry can be solved
using the laser spot center coordinates as control points.

The main way to get the GCPs for the satellite laser altimeter is
from the detectors on the calibration fields. The amount of GCPs
required to verify the measurement accuracy of a satellite laser
altimeter is very small. As it is difficult to separate the measure-
ment error of the satellite platform from the positioning error of
the laser spot, most of the GCPs from the laser detectors on the
calibration fields are used to calculate the optical axis of the laser
altimeter with respect to the satellite coordinate frame. To verify
the positioning accuracy and stability of the laser altimeter, the
coupled footprint camera is used to determine the geometric
relationship between the optical axis of the laser altimeter and
the dual-linear array cameras. The geometric parameters of the
optical axis between the footprint camera and laser altimeter
after calibration concurrently are invariant in a very long orbital
period. The accuracy of the footprint camera can reach within
0.2 pixels after the geometric calibration using the optical targets
[27], [28]. The positioning accuracy of the laser spot can be
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Fig. 13. Error distribution diagram of laser footprint images. (a) Qingdao experimental area. (b) Tianjin experimental area.

obtained within 4.0 m after the geometric calibration based on
the simulation experiment. The errors of geometric calibration
for the laser altimeter and footprint camera are independent of
each other. Then, the following experiment is conducted to verify
the relative positioning accuracy of the footprint camera to the
dual-linear array cameras.

2) Verification of Positioning Accuracy: After determining
the geometric relationship between the laser altimeter and the
footprint camera, verification is focused on the positioning ac-
curacy of the footprint images relative to the dual-linear array
images. The validation experiment of cameras on the GF-7
satellite was performed in Qingdao and Tianjin, China. Four
frames of footprint camera images in each of the two regions
were verified for positioning accuracy using dual-linear array
images as the reference standard. The relative positioning errors
of the footprint images were determined by image matching,
whereas the join points between the dual-linear array images

and footprint images were used as checkpoints. The results of
the experiment in the two study regions are listed in Table IV,
and the error distributions for the relative positioning accuracy
of the footprint images are shown in Fig. 13.

The experimental results show a positioning accuracy of 3.172
m for the footprint camera images relative to the dual-linear array
images in Qingdao and a positioning accuracy of 3.326 m in
Tianjin. It is shown that the average positioning accuracy of 3.25
m for the footprint camera images is relative to the dual-linear
array images. There are some mismatch points that are deleted
in the image matching. We can see that the maximum error and
minimum error are less than three times the root-mean-square er-
ror (RMSE) in Table IV. According to the geometric positioning
model of the laser altimeter, the positioning error of the laser spot
relative to the dual-linear array image mainly includes two types
of error: the calibration error of the laser altimeter and footprint
camera, and the relative positioning error of the footprint camera
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TABLE IV
POSITIONING ERRORS BETWEEN FOOTPRINT CAMERA AND DUAL-LINE CAMERA

and dual-linear array camera. These two types of errors are
independent of each other. So, the relative positioning accuracy
of the laser spots can be determined according to the theory
of measuring errors. Considering the laser calibration, platform
stability, and data processing errors, the RMSE of the laser spots
can reach approximately 5.0 m relative to the dual-line array
images. The laser altimeter of the GF-7 satellite can provide
elevation control data for high-resolution stereo mapping in
areas lacking GCPs.

V. CONCLUSION

In this study, the error transmission and accuracy of the mea-
surement link between the laser altimeter and footprint camera
of the GF-7 satellite were analyzed, and an RSM of the satellite
laser altimeter was constructed based on the coupled footprint
camera. Validation experiments were conducted using simulated
data and GF-7 satellite data, and the following conclusions were
obtained based on the experimental results.

1) The error source for laser spot positioning is analyzed in
the simulation experiment, including the satellite platform
and geometric calibration. The accuracy of GCPs from
ground detectors is limited due to the detector interval
and the consistency ratio. The accuracy error of the laser
spot’s center on the footprint images can achieve 0.3 pixels
using the improved algorithm in this study.

2) The positioning accuracy of the footprint camera on the
GF-7 satellite is better than 5.0 m relative to the dual-line
array cameras, and it can provide elevation control data
for stereo mapping in areas lacking GCPs.
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