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ABSTRACT:

High-precision on-orbit geometric calibration of spaceborne laser altimetry data is essential to its effective applications. Firstly,
the existing calibration methods for laser altimeter data are analyzed. Then, a geometric calibration method based on curve
matching is proposed. Compared to the existing methods, the proposed method does not rely on ground calibration field. Thus, it
is efficiency in expense and time. Notably, three factors, i.e. matching method, initial control point selection and the step size of
matching step, which significantly affect the results of calibration are analyzed respectively. The analysis was validated based on
the original laser altimetry data obtained by ZY3-02 satellite. According to the results, the following conclusions can be drawn
preliminarily: (1) Both the correlation coefficient maximum (COR) criterion and the mean square error minimum (MSD)
criterion in the curve matching can be used to correct the systematic error in altimetry data. (2) The initial control points of the
selected track should have a significant change trend and the slope within the laser footprints should be less than 15< (3) Current
experimental data show that the best step size for matching search is 10 m. The relevant conclusions can provide reference for the

research of geometrical calibration and data processing of the same type of laser altimetry satellite.

1. INTRODUCTION

The ZY3-02 satellite was launched in May 2016, which
equipped with earth observation experimental laser altimeter
and effective altimetry data was obtained (Tang,2017).
Because of the vibration during launching and the change of
work environment, the pointing angle and ranging calibration
parameters of the altimeter were changed with respect to the
ground measured value. So that there are systematic errors in
the data(Yue,2014). According to the principles of the
spaceborne laser altimeter, there are mainly errors such as
pointing angle, ranging, attitude and orbit position during the
working process of the altimeter. The orbit position error is a
random error, which can be reduced by the precise orbit
determination. Most of the systematic errors are included in
the attitude, pointing and ranging deviations. The attitude and
pointing errors have a direct impact on the plane accuracy.
The ranging error will directly affect elevation accuracy.
Tidal and atmospheric delays in ranging error factors can be
eliminated by tidal and atmospheric delay correction
models(Han,2016).

Currently, the on-orbit geometric calibration method for
spaceborne laser altimeter can be categorized into natural
terrain calibration method and ground detector calibration
method(Yi,2016.Sirota,2005.Schutz,Martin,2005,Magruder,2
003). The natural terrain calibration method requires the
satellite to perform attitude maneuver or analyze the
waveform data to compare the known terrain to calculate the
calibration parameters. The ZY3-02 satellite only has the
ability to roll across trajectory and the attitude maneuver
ability is weak. The ranging system only provides the ranging
results and does not transmit the waveform data. Thus, it
cannot be calibrated by using the natural terrain calibration
method(Han,2016). The ground detector calibration method
requires a large number of outdoor detectors to capture laser
signals to determine the precise position of laser footprint
control points. Then, the calibration parameters are calculated

*  Corresponding author : crli@aoe.ac.cn

according to the difference between the laser footprint
original coordinates and the control point coordinates. The
accuracy and reliability of ground detector calibration method
are high. However, it requires ground calibration field and
time consuming and labor inefficiency. Therefore, some
scholars have proposed no-field calibration method for
spaceborne laser altimeter(Zhang,2017). Which means the
geometric calibration of the laser altimeter is performed
without ground calibration field to reduce calibration
expenses. Tang et al(2016) proposed a method to estimate the
pointing angle of ZY3-02 satellite altimeter based on pyramid
topographic matching, which provides support for the
implementation of subsequent ground detector calibration
(Tang,2017). Zhang et al(2017) used the known topographic
data to match the initial altimetry value to estimate the initial
direction of the ZY3-02 satellite altimeter. This method is
able to determine the position coordinates of laser footprints
and provide a basis for establishing laser geometric
calibration field.

Based on the analysis of the existing calibration methods of
space-borne laser altimeter, this work presents an on-orbit
geometric calibration method of altimeter based on curve
matching. Notably the three factors which significantly affect
calibration results were analyzed. Firstly, the proposed
altimeter geometric calibration model is analyzed and
deduced. Next, the curve matching based geo-calibration
method is introduced. Finally, the three factors that affect the
geometric matching effect of curve matching is analyzed.
ZY3-02 laser altimetry O-level data are used to verify the
experiment. According to the experimental results, the
applicability of the two judgment criterions of best Matching,
the reference criteria of the initial control point selection and
the best step size of the matching search are given. The
relevant conclusions can provide reference for the research of
geometrical calibration and data processing of the same type
of laser altimetry satellite.
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2. METHODOLOGY

2.1 Geometric calibration model

The spaceborne laser altimetry system consists of multiple
subsystems, where the laser rangefinder measures the precise
distance of the satellite to the ground target, the satellite
sensor measures the attitude angle, and the dual-frequency
GPS antenna measures the coordinates of the satellite in the
WGSB84 reference frame. The distance measurement obtained
by laser rangefinder is converted to three-dimensional
coordinates under WGS84 reference frame by combining
satellite position and attitude angle. The geometric calibration
model of altimeter is given by Formula (1):
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[Xx v Z]%s is the coordinate of the laser footprint in the
WGS84 reference system; RSZS is the rotation matrix of the
spatial fixed inertial reference system to the fixed ground
reference system of the Earth; RSE is the rotation matrix of
the orbital coordinate system to the space fixed inertial
reference frame; ®, @, k represents the attitude angle of the
satellite body relative to the satellite flight orbit, which is
obtained by the satellite sensor; RE is the rotation matrix of
the laser scanning coordinate system to the body coordinate
system; [XE YE ZE]T is the linear offset from the center
of the laser scanning center to the center of the body
coordinate system; [Xs Ys Zg]T is the position of the
satellite centroid in the WGS84 coordinate system; p is the
laser ranging value corrected by atmospheric delay and tidal
error. The calibration parameters of the laser altimetry system
are set to attitude angle parameters (o, ¢, x) and laser ranging
parameters (kq, k), here k; is the ranging multiplier constant
which corrects the alignment error, k, is the ranging plus
constant which corrects the fixed error. Taking the above five
error corrections as unknowns, the laser geometric calibration
model is linearly expanded by Taylor's formula, and the error
equation is shown in Formula (2). In Formula (2),
[X v Z]%s is the real coordinate of the laser footprint in
the WGS84 reference system, [X Y  Z]Tis the measurement
of the laser footprint. The error correction is calculated using
the least squares original.
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2.2 Geometric calibration using curve matching

Because China's high-resolution remote sensing satellites
generally is a large platform and utilize three-axis attitude
stabilization system(Han,2016), during the on-orbit operation
of the altimeter, the pointing of the system is relatively stable
and the attitude error of the altimeter on the whole orbit
merely changes . So that the actual trajectory of the laser
footprint should be approximately parallel to the trajectory of
the system without error and the shape of the elevation curve
tends to be similar (Chen, 2018). As shown in Fig. 1 (a), the
red points are footprints calculated without systematic error
projected horizontally on DEM. The black points are the
actual position of the laser footprints on DEM. Fig. 1 (b) is a
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schematic diagram of the similarity between the original laser
elevation curve and the actual ground DEM elevation curve.
Based on the above principles, the initial laser footprint
sequence plane coordinates is used to search reference DEM
to obtain the actual position of the laser footprint as control
point for the calibration parameter calculation. The specific
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(b) Schematic diagram of elevation curve similarity.
Figure 1. Schematic diagram of laser point offset and
elevation curve similarity.

method is as follows:

1.Calculate the initial coordinates of the laser point,
obtain point set S(ByLyH,) and form the initial elevation
curve curve-0 by S(Hy);

2.The laser initial plane coordinate S(ByLy) is
translated along the DEM grid with a certain step size and
S(H) set is obtained by interpolation. Then, another n items
DEM elevation curves are formed: curve-1, ..., curve-n;

3.Match the original elevation curve curve-0 with the
other n DEM point elevation curves. The best matching DEM
point set is used as the control point of the initial laser
footprint to participate in the calculation of the calibration
parameters.
The O-level laser data contains errors such as atmospheric
delay and tidal error. Thus, data preprocessing is needed,
which is accurate atmospheric delay and tidal error correction
model are constructed to correct the original laser ranging
value. Using the corrected laser ranging data, satellite attitude
and orbit data and ground control points, the geometric
calibration parameters of the system can be obtained
according to the least square principle. Then, the parameters
are used to calculate laser footprint coordinates. The
elevation values obtained by interpolation of laser footprint
plane coordinates on DEM are compared with laser elevation
values to evaluate the calibration effect.

3. ANALYSIS OF INFLUENCING FACTORS

The results of the experiments show that the calibration effect
of this calibration method is closely related to the selection of
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initial control points of laser footprint and other factors.
Comparing the effects of two different curve matching
methods, different strategies of initial control point selection
and different step size of curve matching search on the results
of geometric calibration based on curve matching, a better
calibration strategy is proposed to improve the effect of
geometric calibration.

3.1 Impact analysis of matching method

At present, there are two commonly used terrain curve
matching criteria: one is correlation coefficient maximum
criterion (COR). The other is mean square error minimum
criterion (MSD)(Chui,2011). there is not yet article to
compare and evaluate the application of the COR and MSD
criterion in the curve matching for geometric calibration of
spaceborne laser altimetry data.

The experiment uses the two methods mentioned above as the
criterion to get the best result of the curve matching. The
initial data of the laser footprint control point are ZY3-02
satellite 632nd, 654th, 675th, 702nd height measurement data,
the technical parameters of the altimeter are shown in Table 1.
The terrain data is ASTER GDEM V2 with a spatial
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resolution of 1”7 x 1" (approx. 30m x 30m) and an elevation
accuracy of 20m. Tables 2 is the list of calibration parameters
calculated according to the COR and MSD criterion.

Parameters Index
Laser beam 1
Laser frequency (Hz) 2
Track height (km) 505
Laser footprint spacing (m) ~3500
Footprint diameter (m) <75
Laser wavelength (nm) 1064
Ranging accuracy (m) 1 (slope <15° )

Table 1. ZY3-02 laser altimeter technical parameters.

From Table 2, it can be seen that the calibration parameters
obtained from the control point data of each track are
obviously different because of the difference between the
offset in X-direction and Y-direction respectively. Even with
the raw data of the same control point, different results are

Criterion | Track | X offset/m | Y offset/m Roll/< pitch/< yaw/ < kq ko/m
632 -536 85 0.020439 0.057277 0 0.996459 | 1448.406
COR 654 -490 76 0.022206 0.051242 0 1.012491 | -6688.545
675 -480 43 0.016597 0.051849 0 0.999917 -303.044
702 -457 -19 0.011020 0.050348 0 0.996342 | 1514.930
632 -400 186 0.028510 0.039932 0 1.002097 | -1415.231
MSD 654 -483 54 0.019603 0.051103 0 1.011979 | -6427.957
675 -481 43 0.016622 0.051959 0 0.999887 -287.872
702 -457 -18 0.011129 0.050320 0 0.996338 | 1516.646

Table 2. Comparison of COR and MSD criterion obtained calibration parameters.

obtained by using different optimal matching discriminant
principles. The offset in X-direction and Y-direction obtained
from the two matching rules of track 632nd are significantly
different, thus the calculated calibration parameters are
different. The position of control points obtained by COR and
MSD criterion is very close in 675th, 702nd data, it can be
said that the results are consistent under the spatial resolution
of ASTER GDEM.

In the experiment, the 665th and 703rd original altimetry data
were used to verify the influence of calibration parameters

calculated by different methods on the correction effect.
Table 3 is the statistic of the mean value and the RMSE of the
665th and 703rd elevation error before and after calibration.
According to the data in the tables, we can initially draw the
following conclusions: the COR and MSD criterion in the
curve matching can be used to correct the systematic error in
the altimetry data. The two methods have the same effect and
no significant difference. Both methods can improve the
accuracy of original altimetry data by more than 91%.

Validation Data 665th 703rd
Parameter Track 632 654 675 702 632 654 675 702
Before -344.65 | -344.65 | -344.65 | -344.65 | -342.60 | -342.60 | -342.60 | -342.60
MEAN COR 3.35 4.08 0.01 -3.47 3.39 4.20 -0.05 -3.56
MSD 6.12 3.43 0.06 -3.16 6.27 3.43 0.01 -3.25
Before 345.08 345.08 345.08 345.08 342.87 342.87 342.87 342.87
RMSE COR 7.78 28.15 6.41 8.29 9.76 22.79 5.70 10.05
MSD 12.33 27.03 6.38 8.16 11.28 21.60 5.71 9.94
Accuracy COR 97.75% | 91.84% | 98.14% | 97.60% | 97.15% | 93.35% | 98.34% | 97.07%
Improvement MSD 96.43% | 92.17% | 98.15% | 97.64% | 96.71% | 93.70% | 98.33% | 97.10%

Table 3. Error statistics of 665th and 703rd original altimetry data before and after calibration.

3.2 Impact analysis of initial control point selection

It can be seen from the previous data in part 3.1 that the
effect of calibration methods correlates with the initial
control altimetry data. Therefore, this paper analyzes the
elevation distribution of the 632nd, 654th, 675th, and 702nd
track data and study the effect of the initial control point
selection on the result of the calibration method. Figure 2

shows the distribution of elevation and slope within the laser
footprint of the control points in each track.

According to the slope range of the laser footprints in each
track initial control point, the number and proportion of each
slope range are obtained, as shown in Table 4.
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Figure 2. Distribution of elevation and slope within the laser footprints.

Track\Slope 0-5 5°-15 15°-35 35°-55
632 62(52.99%) | 51(43.59%) | 4 (3.42%) 0 (0%)
654 27(23.08%) | 64 (54.7%) | 32(27.35%) | 1 (0.85%)
675 55(47.01%) | 58(49.57%) | 3 (2.56%) | 1 (0.85%)
702 63(53.85%) | 32(27.35%) | 22(18.80%) | 0 (0%)

Table 4. Statistics of Laser footprints slope.

According to Table 3, the actual calibration effectiveness of
control points in each track is 675 > 702 > 632 > 654. Laser
altimetry data generally have high accuracy in flat areas.
However, in areas with large slopes, the accuracy is slightly
worse, but elevation changes can clearly reflect the
characteristics of the terrain. From Figure 2 and Table 4,
96.58% of the laser footprints with slope less than 15<in
track 675 can ensure the high quality of height measurement
data. A small part of the data distributed in area with large
slope can highlight the topographic characteristics and the
topography has obvious changing trend. Therefore, the
combination of the data quality and topographic
characteristics is beneficial to obtain more accurate
coordinates of control points in curve matching. Similarly,
the topographic characteristics of track 702 data are obvious.
The 53.85% of the footprint slope is below 5<and the overall
data quality is good, which ensures the effective calibration
results. The slope of the control points in track 632 is below
15< which depicts excellent data quality. However, its
elevation change is unobvious and cannot better represent the
topographic characteristics of the data. Therefore, the lack of
obvious features in curve matching fail to get more accurate
control points, which makes the calibration effect slightly
worse. The elevation variation between adjacent points of

track 654 is very frequent and there is no general trend. 28.2%

of the laser footprints have a slope of larger than 15<and only
23.08% of the laser footprints have a slope of less than 5<
Therefore, the overall measurement accuracy is lower and the
calculated calibration parameters are not well satisfied.

From the above analysis, the calibration parameters obtained
by curve matching calibration method of track 675 are the
best. Because the slope of more than 96% of the initial laser
footprint control points is less than 15< which guarantees
better data quality. Although more than 96% of the initial
laser footprint of 632 track has a terrain slope less than 15<
The terrain has no obvious changing trend compared with

that of track 675 the calibration effectiveness is slightly lower.

Therefore, when using curve matching calibration method,
the elevation of the initial control points of the selected track
should have a significant change trend and the slope within
the laser footprints should be less than 15< This ensures to

obtain more accurate control points in curve matching, and
then calculate more accurate calibration parameters.

3.3 Impact analysis of matching search step size

Normally, the horizontal error of the original laser altimetry
is unknown and a large area is needed to search and match
the real position of the laser footprint. Therefore, an
appropriate matching search step size is essential to efficient
matching. In this work, by analyzing the changes of
calibration parameters and calibration effect with different
matching search step sizes, we can determine the appropriate
curve matching step size and improve the speed of matching.
In the experiment, ZY3-02 satellite 675th laser footprint data
is used as the initial control points and DEM data is still
ASTER GDEM V2. The search step of curve matching is set
to 13 grades from 1000 meters to 1 meter. The best matching
result is determined by COR criterion. Table 5 shows the
variation of calibration parameters with search step.

It can be seen from Table 5 that with the decrease of
matching step size, the calibration parameters are gradually
approaching the 1-meter parameters, and no significant
changes occur when the step size is less than 10 meters.
Because the X-offset and Y-offset of the laser footprint are
very different between large search step size and small search
step size, the resulted calibration parameters calculated differ
dramatically. When the step size decreases gradually, the
offset in X and Y direction tends to be consistent, so the
calibration parameter tends to be stable.

The ZY3-02 satellite 665th altimetry data is used as
verification data to evaluate the calibration result. In the
experiment, the calibration parameters obtained with step size
from 1000 meters to 1 meter are used to calibrate the original
altimetry data. Table 6 is the mean and RMSE of elevation
error before and after calibration with different step sizes. Fig.
3 shows the elevation error and computation time variation
tendency. It can be seen from the Table 6 and Fig. 3 that the
mean of elevation error has almost no change when stepping
to 10 meters, and the RMS has no obvious difference when
stepping to 80 meters. The time spent in matching process
increases as the step decreases. The computation time of
stepping to 10 meters is two-thirds of that of 1 meter, but
there is no obvious difference in the accuracy of their results.
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Therefore, on the premise of ensuring the calibration effect,
when the spatial resolution of DEM is 30 m x 30 m, the best
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step for matching search is 10 .

step Roll(° ) Pitch(® ) Ky ko(m) X offset(m) | Y offset(m)
1000 | -0.000031 | -0.000128 | 0.996682 | 1333.91 0 0
800 0.019764 | 0.088273 | 0.993066 | 3163.87 -800 0
500 0.012341 | 0.055123 | 0.997939 696.87 -500 0
300 0.040543 0.0256 0.995495 | 1935.13 -300 300
100 0.012341 | 0.055123 | 0.997939 696.87 -500 0
80 0.011846 | 0.052913 | 0.999176 70.49 -480 0
50 0.017866 | 0.053885 | 0.999262 26.54 -500 50
30 0.015161 0.05217 0.999236 40.21 -480 30
10 0.016266 | 0.051923 | 0.999749 | -219.87 -480 40
8 0.016266 | 0.051923 | 0.999749 | -219.87 -480 40
5 0.016818 | 0.051799 | 0.999796 | -243.50 -480 45
3 0.016487 | 0.051873 | 0.999787 | -238.95 -480 42
1 0.016597 | 0.051849 | 0.999792 | -241.63 -480 43
Table 5. Comparison of calibration parameters at different step size.
Step size 1000 800 500 300 100 80 50
Mean of residual before calibration -344.65 -344.65 -344.65 -344.65 -344.65 -344.65 -344.65
Mean of residual after calibration 9.85 20.43 5.40 13.01 5.40 1.70 1.61
RMSE of residual before calibration 345.08 345.08 345.08 345.08 345.08 345.08 345.08
RMSE of residual after calibration 12.40 22.08 8.35 14.65 8.34 6.66 6.37
Step size 30 10 8 5 3 1 -
Mean of residual before calibration -344.65 -344.65 -344.65 -344.65 -344.65 -344.65 -
Mean of residual after calibration 1.23 -0.05 -0.05 -0.40 -0.34 -0.22 -
RMSE of residual before calibration 345.08 345.08 345.08 345.08 345.08 345.08 -
RMSE of residual after calibration 6.49 6.33 6.33 6.28 6.32 6.30 -
Table 6. Step size change and calibration effect analysis.
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4. CONCLUSIONS

Step size(m)

Figure 3. The elevation error and computation time change trend map.

By analyzing and comparing the impacts of different curve
matching methods, different initial control points and
different search step sizes on the results of curve matching
geometric calibration, the following conclusions can be
drawn preliminarily: (1) The COR and MSD criterion in the
curve matching can be used to correct the systematic error in
altimetry data. Those two methods have the similar effect and
no significant difference. Both methods can improve the
accuracy of original altimetry data by more than 91%. (2)

The elevation of the initial control points of the selected track
should have a significant change trend and the slope within
the laser footprints should be less than 15<when apply curve
matching calibration method. This results in more accurate
control points and better calibration parameter calculation
results. (3) When the spatial resolution of DEM is 30 m x 30
m, the best step size for matching search is 10 m. We hope
more accurate DEM data can be obtained to verify and
further analyze the influencing factors for curve matching
based geometric calibration method.
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