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Waveform frequency domain matching-based positioning method
for satellite-borne LIDAR footprints
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Abstract: The linear mode laser altimeter onboard China's satellite is primarily used to provide elevation control points
for imagery. During satellite operations, environmental variations can induce laser pointing offsets, which in turn in-
crease the positioning errors of the footprints, thereby directly reducing the elevation accuracy of the control points.
This issue is particularly pronounced in complex mountainous terrains. To enhance the reliability of laser altimeter obser-
vations from satellites in such regions, this paper proposed a new laser footprint positioning method based on waveform
frequency domain matching. This method utilizes high-precision terrain data for waveform simulation and determines
the position of the laser footprint by calculating the correlation between the simulated waveform and the waveform re-
ceived by China's Gaofen series satellite in the frequency domain. Additionally, systematic deviations in laser pointing
are derived from the joint computational results of multi-footprint frequency domain matching. Experiments were con-
ducted using in three regions: central Montana, western Wyoming, and eastern Utah in the United States. The results
indicate that the standard deviations of footprint planar offset distances, planar true north pinch angles, and equivalent
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laser pointing deviation angles obtained with this method are all superior to those achieved with the time-domain wave-

form matching method. The findings underscore the advantages of frequency-domain waveform matching in achieving

high-precision footprint localization, thereby providing a robust foundation for enhancing the utility of satellite laser al-

timeter observations in challenging environments and facilitating the correction of laser altimeter pointing errors.

Key words: spaceborne laser altimeter, frequency domain matching, China's domestic Gaofen satellites, footprint

localization, pointing error correction
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Table 1 Basic parameters of GF-7 satellite laser al-

timeter
Parameter Value
Orbital altitude [km ] 505. 984

Wavelength [ nm] 1064

Pulse width of the emitted wave- g

form [ns ]
Laser beam divergence angle

Cprad] 30~35

Telescope aperture diameter [ mm | 600

Sampling frequency [ Hz ] 26

Spatial distribution of laser emis-  Designed based on the Gaussian

sion fundamental mode
Laser emission and reception wave-

Measured
form
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Fig. 1 Experimental area
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Table 2 Footprints groupings

The range of foot- Northern latitude ~ Western longitude

Group
print indices range range

43.11562°~ 108. 277 06°~

A 54~302 . .
48.276 681 109. 962 04

42.114 70°N~ 109. 987 58°~

B 306~350 . .
43.03227 110.263 12

40. 090 00°N~ 110. 269 30°~

C 351~409 . .
42.093 85 110. 849 13
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Fig. 2 Flowchart of multi-footprint joint solution based on frequency-domain waveform matching
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waveforms at minimum value: (a) amplitude difference; (b)

Frequency-domain analysis of simulated and GF-7

spectrum difference modulus
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waveforms at minimum value: (a) amplitude difference; (b)

Frequency-domain analysis of simulated and GF-7

spectrum difference modulus
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Table 3 Footprint cross—grouping

The range of foot-
Group category Region(quantity) [ Count ]

print indices

Group 1 54~302 A(30)

Group 2 306~350 B(30)

Group 3 351~409 C(30)

Group 4 136~323 A(15)+B(15)
Group 5 325~385 B(15)+C(15)
Group 6 54~350 A(30)+B(30)
Group 7 136~385 A(15)+B(30)+C(15)
Group 8 306~409 B(30)+C(30)
Group 9 54~409 A(30)+B(30)+C(30)

H1 TGk FRAT A OG5 B AR B A < EL{EL™ , A
1 HURE R T 0 22 Y S a0 Y 5 1k A S A SCHR
W7 T AR A R AR E TR o TS R GE IR 22 AR R
(8] AN e A AR AR RS K — BRI 20 = A X3
(RIA DXHBEB X3 C DXk , U RO C IS 2 &
Je AR Ay i A e 2 Y AR e T T
- 1 i 7 19 AR LA K I ik 9 - 1 4l 2% 19 AN
SEBE(STD) o 1T 2 G815 22 75 Ji I [a] A e A 78
b, BEE b TR — B D 5 B A [ 19 e A%
PRt 22 vk i 5 1 i A 45 R B (2 T i
BV T i F B (%) (L, T e v 22 DU T LA o Al
WAL VE B T7 4 A 45 RN E BE o % 900G
FEENREAT A OO Sy A R FE 3. 9 4 2 S BV
T AR P S N5 R UL 8, X IEAR Tr 1], Y A IE



31 FRLSELIE 45 A T AU IS R WO i ED 2 (7 419

AeJrm.

P Tl 8 T, B AR O A A0 25 A5 B TN B 45 A
ANTR] AR /M IXCSRAE AR 2SS S 43 ) 4 B 9 2R A
T 2 AR IR 1 e /ML A A, 25 S SIS 26 A5 AH
K F B e S b S INME X3, i AR AR ZIME A
AT b XoF % 28 0 R B2 ) A0 /N DX Bk A 7 0 SR i,
W R A I B O AR R Ry F/IME AR AR o [R]I  B
TIRE P 1) o/ M A b 5 8 200 SR IO 2 B A AR (0,
0) MY IELR , WA - T B2 1E 25, TR Ih % % £k 5 E AL
J7 1) () & i1 40k - 1o DE A6 Sy, AR B8 B =G,
THR S RCHOGHE ) O 25 471 B2, 45 2R L3R 4.

KI8(a)., (b)), (e)maas: A X s il 23 i 25 25 21
43 (20.9876, 10.0419) m, B X 3 ity & fin 45 5 Ny
(20.9620, 9.0074) m, C X B B 2 45 B H
(19. 0345, 13.0122) m; X FE 8(i) ,A . B.C =1 IX

~

b

B 5B N4 58 (20. 0053, 10. 9890) m. i 545
AN —5, B IXAIXS A X, IE 47 1045308, AUE IEAL
Jr 1 ErR AR T m R AL C XA X A X, IE 2R 77 1)
FETEZ) 2 m RS, BT 1 AEAE 2 3 m IS . C
D8 25 A6 A B XA, D PR € X B 7 R
MAEHE RO R BN 2

FH ] 8 R34 AT A0, 4T 3R 4 rp 45 4 i e/ M Ak
FRAE, AR 7E ] 8 AT 2 F IR B A A X Bk . i 458 X
B MARAS B AL B AL FR 5 T30 SR B AR AR 1) i
BFEREFRUEZ Jy (1. 014, 1. 490) m, - 1 1 7% FE 25
(bR IE 2520 1,011 m, -1 1E Jb I f 19 A ofE 25 R
3.57° AERHO LS 10 i 25 A BE AR 22 R 0. 417
3.3 SHHENBEELEERIILESH

w51 T R, PCC & UL A IR U L 7%
AT DMEN R EVE LN EE RS E2/E TR IIE
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Fig. 8 Results of multi-footprint spectrum difference modulus matrix overlay: (a) footprint 54-302; (b) footprint 306-350; (c)
footprint 351-409; (d) footprint 136-323; (e) footprint 325-385; (f) footprint 54-350; (g) footprint 136-385; (h) footprint 306-

409; (i) footprint 54-409
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Table 4 Analysis of multi—footprint spectrum difference modulus overlay results

Coordinates of the mini-

Planar offset dis-

Planar northward

Equivalent laser pointing

Figure
mum value [m] tance [m] angle [°] deviation angle [”]
Fig. 8(a) (20. 9876, 10.0419) 23.27 64.43 9.49
Fig. 8(b) (20. 9620, 9. 0074) 22.82 66.75 9.30
Fig. 8(c) (19.0345, 13.0122) 23.06 55. 64 9. 40
Fig. 8(d) (19, 8.0072) 20. 62 67.15 8. 41
Fig. 8(e) (22.0186, 11.0279) 24.63 63.4 10. 04
Fig. 8(f) (20.9713, 9. 0344) 22.83 66. 69 9.31
Fig. 8(g) (20.9774, 10.0097) 23.24 64. 49 9.47
Fig. 8(h) (19.0471, 10.9832) 21.99 60. 03 8.96
Fig. 8(i) (20. 0053, 10.9890) 22.82 61.22 9.30
Mean value (20. 558, 10.457) 22.811 63.31 9.30
Standard deviation (1.014, 1.490) 1.011 3.57 0.41
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Table 5 Analysis of multi-footprint PCC overlay results

(20.0136, 9.0153) m, (16.0451, 11.0308) m,
(18.0218, 10. 0088) m, #H Lk Kl 8 (a) . (b) . (c) .
(i), Bl —3 ., AHER 1, 3R 4 H R R(EALR,
WITE I 9 (Al KA DX 5 3% 5 v B dRc {4 A, 347
P 8 R /M DX 3, T Ve I T 35 T TR A s D e
D5 T DS IR0 B A e A B E 6 DR

W35 4 F13R 5 B BLOC T W AP 7 VARG B AR e
PR 53T, Lk 6.

LS B A e U AP b 105 4R A5 ) FE ER A
ST A PCCAF H B A ~F- Y — B, TR T
1Y) 45 1o 2 L T AR DX, SR I AR S5 ik i 48 SR 2 1F
WA A o [RIEE A SO 3 4R 45 11 T I B8 1 25 A
HE2E PR AR ME2E RGOS ) = A B AR
HEZE I L PCCARAS B (B /N, SRR SO 645 4
S5 BN 72 BE L PCC Ao () B AR VR 52 56 IX 35

Coordinates of the minimum

Planar offset dis-  Planar northward Equivalent laser pointing de-

Figure value [m] tance [m] angle [ 7] viation angle [”]
Fig. 9(a) (19. 0090, 8.9756) 21.02 64.72 8.57
Fig. 9(b) (20.0136, 9.0153) 21.95 65.75 8.95
Fig. 9(c) (16.0451, 11.0308) 19. 47 55. 49 7.94
Fig. 9(d) (17.0147, 6.9864,) 18.39 67. 68 7.50
Fig. 9(e) (21.0109, 11.0185,) 23.72 62.33 9.67
Fig. 9(f) (19.9941, 8.9979,) 21.93 65.77 8.94
Fig. 9(g) (19.9888, 9. 9871) 22.34 63.45 9.10
Fig. 9(h) (18.0147, 10.9913) 21. 10 58.61 8.90
Fig. 9(i) (18.0218, 10.0088) 20. 64 60. 95 8. 41
Mean value (18.79, 9. 668) 21. 172 62.75 8. 66

Standard deviation (1.536, 1.256) 1.491 3.65 0.61
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Fig. 9 Results of multi-footprint PCC matrix overlay: (a) footprint 54-302; (b) footprint 306-350; (c) footprint 351-409; (d)
footprint 136-323; (e) footprint 325-385; (f) footprint 54-350; (g) footprint 136-385; (h) footprint 306-409; (i) footprint 54-

409
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Table 6 Stability analysis of matching methods

Frequency—domain

Result parameter pcC
matching
Mean planar offset distance [m ] 22.811 21.172
Standard deviation of planar dis-
1.011 1.491
placement distance [m ]
Mean planar northward angle [ °] 63.31 62.75
Standard deviation of planar north-
) 3.57 3.65
ward angle [°]
Mean equivalent laser pointing de-
1 pomne 9.30 8.66
viation angle [ "]
Standard deviation of equivalent
0.41 0.61

laser pointing deviation angle [ "]
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