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ABSTRACT:

The GaoFen-7 (GF-7) satellite is successfully launched on November 3, 2019, and its laser altimeter system is officially and firstly
employed as the main payload for earth observations in China, which includes two sets of laser altimeters and laser footprint cameras.
The Laser Footprint Image (LFI) is used to capture laser spots on the ground. In order to make up for the shortcomings of high cost
field work for the traditional laser altimeter ground detector-based calibration method, this paper proposes a novel laser altimeter
calibration method based on LFI. Firstly, the spaceborne laser calibration model and the Laser Footprint Camera (LFC) geolocation
model are established. Secondly, the image coordinates of laser spot centroid are extracted from LFI, and the ground location of is
obtained by ray intersecting with the reference Digital Surface Model (DSM). Finally, the centroid of laser spot is considered as
Ground Control Point (GCP), and the pointing bias of GF-7 laser altimeter is calibrated by the Least Squares Estimation (LSE). The
ALOS Global Digital Surface Model “ALOS World 3D-30m” (AW3D30) is used to evaluate the elevation accuracy of GF-7 laser
altimeter before and after the calibration. The results indicate that elevation accuracy of the GF-7 laser altimeter is improved
significantly after calibration. The proposed method can be effectively applied for high-frequency geometric calibration of GF-7

laser altimeter.

1. INTRODUCTION

GF-7 Satellite was successfully launched on November 3, 2019,
which is equipped with the Chinese first official spaceborne
laser altimeter system for Earth observation. The satellite
operates in a solar synchronous orbit at an altitude of 505km.
The two linear array optical cameras and two laser altimeters
mounted on the satellite can respectively acquire high spatial
resolution stereo mapping remote sensing data and high
precision laser data. They are mainly applied for 1:10000 stereo
mapping and larger scale geographic information update.

The GF-7 laser altimeter system employs dual beam laser to
measure the range from emitting point to the earth surface, and
each beam includes two laser altimeters, the primary and the
backup payload. Meanwhile, it equips with two LFCs and a
Laser Optical Axis Surveillance Camera (LOASC). The LFC
can take a panchromatic image, and capture the shape of laser
spot and the features of ground object (Tang et al., 2019b). The
laser altimetry system is mainly used to obtain accurate GCPs
and assist the optical stereo image to improve the elevation
accuracy of products. However, the pointing, ranging and other
parameters of the laser altimeter will change due to platform
vibration during launching, and environmental changes after

launching, which may reduce the measure accuracy of laser spot.

So, it is necessary to in-orbit calibrate these systematic errors
when satellite operates.

According to the different types of reference data, the in-orbit
geometric calibration method for spaceborne laser altimeter
mainly includes the ground-based infrared detector calibration,
airborne infrared camera imaging calibration, Corner Cube
Retroreflectors (CCR) calibration, attitude-maneuver calibration
and surface matching calibration. The ground-based infrared
detector calibration method has high accuracy, it needs to

design and deploy a large number of detector arrays before the
satellite flew across the test site, which consumes a lot of
manpower and is not suitable for high-frequency calibration
(Magruder et al., 2003a; Magruder et al., 2003b; Xie et al., 2018;
Yi Hong, 2017). Airborne infrared camera imaging calibration
require strict synchronous exposure of spaceborne laser and
airborne camera , and can only be implemented at night when
the moon is below the horizon (Magruder et al., 2010; Schutz,
2001). The CCR calibration method mainly relies on the
waveform to extract the echo energy, and the atmosphere and
reflectivity of ground objects will introduce errors (Ma et al.,
2018; Magruder et al., 2006). The attitude-maneuver calibration
method requires high-agility satellite platform, and will
introduce additional high-frequency attitude noise (Luthcke et
al., 2000; Luthcke et al., 2005). Terrain matching calibration
method relies on high-precision reference DSM, so it is
necessary to select special terrain for test (F. Martin et al., 2005;
Tang et al., 2019a).

In this paper, we will make full use of the LFC carried by the
GF-7, and propose a novel geometric calibration method of
laser altimeter based on single LFC image. Firstly, the image
coordinates of the laser spot in the LFI is extracted, and then the
spaceborne laser geometric calibration model and LFC
geolocation model are established. The laser spot is geolocated
by the ray resection with single LFI and the reference DSM data.
This location of the laser spot centroid on the ground is
employed as GCPs. Finally, the pointing bias of GF-7 laser can
be calibrated. The ellipsoidal height of more than 2100 laser
points in the 153", 246M and 755" track of GF-7 satellite is
calculated and evaluated before and after calibration. The
validity of the proposed method is verified by the elevation
accuracy comparison between laser geolocation result and

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
https://doi.org/10.5194/isprs-annals-V-2-2020-113-2020 | © Authors 2020. CC BY 4.0 License. 113


javascript:;
javascript:;
javascript:;
javascript:;

ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume V-2-2020, 2020
XXIV ISPRS Congress (2020 edition)

ALOS Global DSM-AW3D30 (Takaku et al., 2016a; Takaku et
al., 2016b).

2. GF-7 LASER ALTIMETER SYSTEM

The spaceborne laser altimeter system of GF-7 mainly consists
of two sets of laser altimeters (dual laser per set, the primary
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and the backup), which include a dual-beam simultaneous laser
for earth observation, and an LOASC and a receiving telescope
with an aperture of 0.6m. The working principle diagram of GF-
7 laser altimeter is shown figure 1.
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Figure 1. Schematic diagram of the GF-7 spaceborne laser altimeter system

The spaceborne laser altimeter system of GF-7 consists of two
sets of lasers, which emit laser pulses to the ground at the
frequency of 3HZ to generate two beams laser defined as beam
1 and beam 2. And the zenith direction angle between each
beam and the satellite nadir pointing is 0.7 degrees. When two
laser beams of GF-7 penetrate the atmosphere and reach the
ground, two laser spots with a diameter of about 15m are
formed, and the echo waveforms of the ground objects in the
spot are recorded by sampling points. The basic parameters of
GF-7 spaceborne laser altimeter are shown in table 1.

Parameter Value
Number of beams 2

Laser Wavelength 1064 nm
Laser energy 100~180 mJ (adjustable)
Emission pulse width 4~8 ns

Laser divergence angle 30~40 prad
Receiving telescope aperture 600 mm

Pulse repetition frequency 3/6 Hz(adjustable)
Echo digitization interval 0.5ns

Laser emission efficiency 0.994

Laser receiving efficiency 0.790

Laser ranging range 450~550 km
Laser ranging accuracy <0.3m (Slope <159

Parameters LFC
spectral range Visible light: 500 - 700 nm
laser: 1064 nm
Instantaneous Field of View 6.4urad
Modulation Transfer Function
(MTF) >0.20
Pixel size 16.5pum
Image size 550>550 pixels
Field of View +0.1°
Optical aperture 600 mm
Digitalizing bit >10bit
Optical efficiency >70%
Principal distance LFC 1: 25802 mm
LFC 2: 2576.3 mm

Table 1. Basic parameters of the GF-7 laser altimeter

The LFC of GF-7 is a frame camera. The image size of LFI is
550 x 550 pixel. The image resolution is about 3.2m. This
image can record the laser spot and the ground objects
information around the footprint at the time of laser emission.
The two LFCs correspond to two laser beams. LFC1 serves for
Beam 1, and LFC2 is responsible for Beam 2. There are two
types of imaging modes: synchronous mode and asynchronous
mode (Tang et al., 2019b). The experiments adopt the
synchronous mode to obtain the LFIs. The parameters of the
LFCs are shown in table 2.

Table 2. Basic parameters of the GF-7 LFC
3. SPACEBORNE LASER ALTIMETER CALIBRATION

The laser spot and ground feature can be displayed in the same
image with the synchronous exposure mode of LFC. The image
coordinates of laser spot centroid can be obtained from LFC
image, which be converted to ground object coordinates by LFC
geolocation model. It is applied as GCP in GF-7 laser geometric
calibration model to get the optimal pointing.

3.1 Laser Spot Geolocation based on LFC

1) Laser Spot Image Centroiding of LFI

Firstly, laser spot is a blur ellipse composed of multiple pixels
on LFI, and its energy is reflected by brightness. The energy of
GF-7 laser spot has a gaussian distribution on LFI, as shown in
figure 2. The laser spot size is magnified four times by the beam
expander. The maximum scope of GF-7 laser spot is about 20
pixels on figure2 LFI. The actual diameter of GF-7 laser spot is
approximately equal to 15m (four pixels). Meanwhile, in figure
4, there is another laser spot on the image edge, which is
reflected by another side surface of the prism.
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Figure 2. The laser spot of GF-7 beam 2 on LFI

The grayscale weighting method can be used to extract the
centroid of GF-7 laser spot, which accurately determine the
image coordinate of the laser centroid. The grayscale weighting
formula is shown below.

Za: Zb:w(s,t) f(x+s,y+t)
g(x,y)=="=1F—
> > w(s,t)

s=—at=—b

Where g(X,Y) is the LFI coordinate of laser spot centroid;
w(s,t) is the image grayscale value at position (s,t) ;
f(x+s,y+t) represents the row and column coordinates at
position (S,t) ; a, b are half of the laser spot rectangle row and
column.

Secondly, since the optical axis of LFC and laser are not
parallel, so the original position of GF-7 laser spot in the LFC
image is not the actual position. The converting formula
involving the original and actual position of the laser spot can

be obtained by the laboratory test, and its measurement error is
better than 0.2 pixels. The formula is given below.

P(x,y) = Py(x0,¥9) + Ad cos a )

()

Where P(x,y) is the actual position of laser in LFC image;
P(x,¥0) is the original position of laser in LFC image; Ad is
the distance between P(x,y) and P(xg,y,) measured in
laboratory; a is the azimuth angle between P(x,y) and
P(x4,y9) measured in laboratory.

2) Geolocation of Laser Spot
Based on the imaging theory of the area-array camera, the LFC
geolocation model can be established, which is shown as below.

X, ] [X, tan[y, (s,)]
Y, [Z| Y, |+ ARG Raoy (pitch, roll, yaw) - REQY | tan [y, (s,1)] | (3)
25| L% -1

Where (s,1) is the detector location in the image coordinate

system; ¥, and ¥, are pointing angles of each detector in

CMOS (Complementary Metal Oxide Semiconductor) camera;

BOD
R

CAM is the rotation matrix from the LFC to satellite body;

(pitch,roll, yaw) is the attitude of the LFC; RISY is the

ITRF
ICRF

from the ICRF to the International Terrestrial Reference Frame

attitude rotation matrix; R represents the rotation matrix

(ITRF); A is the scale factor; [X, Y, Zz] represents the
coordinates of the projection centre in the ITRF.

3) Laser Geolocation based on DSM and Single LFI

When the image coordinates of the laser spot centroid in the
LFC image are obtained, the actual image coordinates can be
acquired by the formula (2). With the image coordinates of the
actual laser spot and the internal and external elements of the
LFC, the ray equation of the laser spot is founded by formula
(3). The ray is intersected with the DSM data, and the
geographic location of the laser spot is obtained by iterative
estimation. The specific steps are shown in the figure 3.
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Figure 3. Schematic diagram of laser geometric positioning of
single footprint image assisted by DSM

1) Setting the maximum elevation and minimum elevation
range according to reference DSM. Assuming the average
elevation be zapprl, we can get horizontal coordinates (Xa1, Yar)
by the intersection of ray equation with an elevation plane
zapprl.

2) Interpolating the horizontal coordinates (Xa1, Ya1) into DSM,
then new elevation plane Zappr2 is generated.

3) Repeatedly, new horizontal coordinates (Xa2, Ya2) can got by
intersecting zappr2 and ray equation. Then, the next elevation
plane is obtained by interpolation with DSM.

4) The geographic location (X, Y, Z) of the laser point can be
obtained by iterative estimation.

3.2 Geometric Calibration Model of Laser Altimeter

According to the geometric relationship between laser, satellite
platform and earth ellipsoid, the spaceborne laser geometric
calibration model is established by using satellite attitude, orbit
and the geometric relationship between laser and satellite
platform, its matrix form is shown below.

Xspot [Xs ]
Yoo | = | Y| +RIGERe
ZSP"‘ ITRF Zs ITRF 4
AX o cos fcosa “)
o [AY,E,] +po(t){cos,6’sinaJ
Azfef BOD si nﬁ BOD

where (X Yot Zepot Jre 19 the location of the laser footprint
in ITRF; (X,,Y.,Z )i is the position of the satellite centroid in
the ITRF; RISY is the rotation matrix of the satellite body

coordinate system in reference to ICRF; Rt is the rotation
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matrix from the ICRF to the ITRF; (AX,,AY,,AZ, . koo is the
offset between the laser emission reference point and the centre
of the satellite mass in the satellite body coordinate system;
p(t)is the laser range; @ and £ are the pointing angles from
the laser altimeter to satellite body frame.

According to formula (4), the distance error between laser
emission reference point and laser spot can be expressed as:

al-AX —AY, -AZ
p= ( ref 2+ bl .ref )z +(cl i ref )2 _po (5)
cos fcosa cos f#sina sin g
a " Xspol - xs
Where, | by |=(RIFERISE )| v, -, ., P is the ranging
G Zspo( - Zs \TRE

value calculated with laser pulse transit time.
According to formula 4, the error equation is derived as:

V=AX-L (6)

Where A:(g—’; S—Zj, L=p,, X=(da dp).

Lastly, according to the criterion of the least ranging error from
the emission point of the laser to the ground spot, the GF-7 laser

=
2
e
[«
S
=3
e
—
%
%
N
-
%
=
N
o
w
<@

e
Actual spot 5
?l Original spot

pointing bias are solved by least squares estimation, and the
weighting matrix here is an identity matrix.

4. EXPERIMENT
4.1 Test Data

For the GF-7 satellite, the laser altimeter operates about 8 tracks
a day, and each track lasts at most 15 minutes. So far, hundreds
of tracks of laser data had been downlinked to the ground. The
terrain of the test area should be flat and there is no cloud over
the area to ensure that laser footprint can clearly display the
information of the ground objects and laser spots. Therefore, the
laser data of the 755™ track passing over South America on
December 23, 2019 was selected as test data. And the effective
laser data of the 755" track is shown in the figure 3a. The
cloudless LFI in 755" track of GF-7 satellite is selected as
calibration data, which located on farmland in Reconquista
Argentina (Figure 3b). The calibration data includes two set
laser data (laser data of beam 1 and beam 2) and a pair of LFC
images (LFIs of beams 1 and 2), and both of their time codes
are 188518622.33s. The time code is the accumulated seconds
since January 1, 2014,

Illusory spot

Original spot

Figure 4. Laser data and LFI in the 755" track (Imaging timecode:188518622.33s)
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The 755, 153 and 246™ track laser data are used to verify the
laser elevation accuracy before and after calibration. The related
information about these three tracks of laser data is shown in
table 3. The number of effective pulses is the total number of
laser pulses minus the number of points of the laser without
echo. Several laser points whose echo backward from the cloud
layer are defined as invalid data, and the laser points after
excluding invalid points is used for test.

Pointing bias
Beam Aa I° AR I°
Beam 1 0.01244 -0.01549
Beam 2 0.08892 -0.02248

Track Total Effective | Test laser
Beam .
number pulses pulses points
153 Beam 1 436 314 210
Beam 2 436 256 187
246 Beam 1 342 293 293
Beam 2 342 292 292
755 Beam 1 928 703 604
Beam 2 928 685 579

Table 3. The statistical information of three track laser data

AW3D30 DSM, whose elevation accuracy is 5 meters (Takaku
et al., 2016a), is used as reference terrain data for laser elevation
accuracy verification before and after calibration. The image of
AW3D30 DSM is shown in Figure 3, and its latitude and
longitude range are 29° —30° S and 59° - 60° W.

<

e ¥
Figure 5. AW3D30 product covering Laser data of the 7551
track

4.2 Result and analysis

Considering the misalignment angle between GF-7 beam 1 and
beam 2 is unstable, the pointing bias calibration of the two
beams are treated independently. Firstly, for beam 1, the image
coordinate of initial centroid P, (x:430.557,y:264.489)(unit:
pixel) on the LFC image as shown in Figure 3 (b) are extracted ,
and actual centroid image coordinates P(x:267.649, y:254.344)
(unit: pixel) are obtained by formula (2).

Then, we substituted P into formula (3) to get initial geographic
planimetric coordinate (B: -29.488714, L: -59.920395) (unit:
degree) of laser footprint centroid while the AW3D30 data
covering this laser footprint was selected as reference DSM.
The ray equation in formula (3) is intersected with the reference
DSM by iterative estimation to obtain the optimal geographic
coordinate (B: -29.488883< L: -59.920461< H:54.15m) of laser
spot, which is expressed in WGS84.

Lastly, the laser optimal location is taken into formula (4),
based on the satellite attitude and orbit data, the GF-7 beam 1
pointing bias are calibrated based on the tidal and atmospheric
correction. Beam 2 is the same as beam 1. The pointing bias
(de,AB) between initial and calibrated pointing angle are shown
in table 4.

Table 4. The pointing bias of GF-7 beam 1 and beam 2

The 153", 246 and 755" track laser data are employed to
evaluate the laser elevation accuracy before and after calibration.
The elevation difference values (Delta_H) between the laser and
AW3D30 DSM are calculated before and after the calibration.
The results are shown in figure6~11 below.
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Figure 6. Elevation difference of the153™ track laser data
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Figure 7. Elevation difference of the 153" track laser data
(Beam 2)
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Figure 8. Elevation difference of the 246™ track laser data
(Beam 1)
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Figure 9. Elevation difference of the 246" track laser data
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Figure 10. Elevation difference of the 755" track laser data
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Figure 11. Elevation difference of the 755" track laser data
(Beam 2)

The result indicates that the elevation accuracy of GF-7 laser
altimeter after calibration is significantly improved compared
with that before calibration. The laser elevation error of some
tracks is more than 100m without calibration. There are
constant values at the beginning of figure 8, 9 and 11. The
reason for that is the terrain of these track beginning is flat, and
the terrain gradually turns into mountains in the satellites flight
direction. The same horizontal position deviation of laser
footprint in flat area will cause the less elevation error compared
with that in mountainous area.

In order to quantify elevation accuracy after calibration, the
mean and Root Mean Square Error (RMSE) of elevation
difference before and after calibration are shown in table 5,6.

755 12.86 3.06 3.23 241

Mean 7.79 11.87 2.68 3.19
Table 5. The mean and RMSE of GF-7 Beam 1 elevation

difference
Before calibration After calibration
Track number Mean RMSE Mean RMSE

/m /m /m /m

153 7.28 63.66 3.02 5.06

246 1.86 17.93 0.03 2.04

755 20.29 5.12 3.03 2.45

Mean 9.81 28.90 2.03 3.18

Before calibration After calibration
Track number Mean RMSE Mean RMSE
/m /m /m /m
153 6.16 24.55 4.35 4.95
246 4.34 8.01 0.46 2.22

Table 6. The Mean and RMSE of elevation difference (Beam 2)

According to the above results, before calibration, GF-7 laser
beam 1 elevation accuracy is significantly better than Beam 2.
After calibration, the elevation accuracy of the GF-7 laser
altimeter has been improved by more than four times. The
elevation accuracy of beam 1 was improved from 7.79 m +
11.87 m to 2.68 m + 3.19 m, and the laser elevation accuracy of
beam 2 was improved from 9.81 m + 28.90 mto 2.03 m + 3.18
m. From figure 6-11, we can see that the elevation accuracy is
relatively stable after calibration, and its variation tend fluctuate
gently. And the elevation difference of the laser points is
relatively large before calibration in above figures. The main
reason is the pointing bias can still introduce the larger
elevation errors in mountainous terrain.

5. CONCLUSION

In this paper, we propose an in-orbit pointing bias calibration
method for GF-7 laser altimeter based on single footprint image.
More than 2100 effective laser points of the 153", 246™ and
755M track were employed to validate the calibration accuracy.
Taking AW3D30 data as reference DSM, after calibration, the
elevation accuracy of GF-7 laser beam 1 and beam 2 were
improved by at least four times compared with that before
calibration. And the GF-7 laser elevation difference changes are
quite stable after calibration. The results show that the proposed
calibration method is effective and feasible.

Although the elevation accuracy of the GF7 laser has improved
significantly after calibration, the GF-7 laser maximum
elevation error after calibration is still close to 5 m from table 5
and 6. On the one hand, it is related with the elevation accuracy
of reference DSM. The AW3D30 had been used as reference
DSM, its elevation accuracy is within 5 meters. So, the
calibration accuracy is limited by reference DSM. On the other
hand, AW3D30 is used for accuracy evaluation, and the
elevation accuracy after calibration is close to ALOS 30 DSM
accuracy.

In the future, the LFC parameters will be calibrated, and based
on which the test result with proposed method will be better
with higher-accuracy terrain data. And, the location of the laser
spot on the ground will be measured by RTK to evaluate the
absolute elevation accuracy of GF-7 laser altimeter. Meanwhile,
as the calibration times increases, the stability of laser pointing
with time will be analysed.
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