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Abstract The echo signal of light detection and ranging (LLiDAR) is nonlinear and non-stationary and is easily
disturbed by various noises. In order to filter out noises and extract effective signal information, it is necessary to
select appropriate methods for noise reduction processing. In this study, Poisson noise was added to the simulated
LiDAR echo signal, and then de-noising experiments were carried out by wavelet transform (WT), empirical mode
decomposition (EMD), variational mode decomposition (VMD), and their improved and combined algorithms.
Afterward, we selected the optimal de-noising method for LiDAR echo signal through comparative analysis. The
experimental results showed that the WT-VMD joint algorithm has the maximum output signal-to-noise ratio
(SNR) and the minimum root-mean-square error (RMSE) under different original SNRs, with a small smoothness
of the de-noised curve, and therefore it can restore the original LiDAR echo signal well and improve the accuracy of
subsequent signal inversion.
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Table 1 Simulation parameters of LiDAR system

System parameter Value
Pulse energy /p] 10
Receiver diameter/mm 200
Field of view /prad 200
Total optical transmittance 0.1
Filter bandwidth /nm 0.3
Range resolution /m 30
Detection quantum efficiency 0.1
Dark counts per second 500
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Fig. 1 Simulation results of cumulative pulse

signals with noise
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Table 2 Evaluation index of 10-pulse cumulative

signal after denoising

Method RMSE SNR /dB  Smoothness

Original signal 0. 5952 4, 3427 229. 0331
WT 0. 3431 9. 1280 76. 0482
EMD-PR 0. 2781 10. 9523 0. 4930
EMD-DT 0. 2569 11. 6395 6. 5856
EMD-IT 0. 2208 12. 9550 2. 2844
EMD-WT 0. 2781 10. 9530 0. 4928
WT-EMD 0. 2329 12. 4928 2. 0597
VMD-PR 0. 1434 16. 7026 0.4143
VMD-WT 0. 1435 16. 7010 0. 4079
WT-VMD 0. 1391 16. 9703 0. 4168
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Table 3 Evaluation index of 100-pulse cumulative

signal after denoising

Method RMSE SNR /dB  Smoothness

Original signal 2.2222 12. 9004 23. 1526
WT 1. 6279 15. 6037 11. 1812
EMD-PR 1. 2519 17. 8847 0. 4357
EMD-DT 1. 2836 17. 6673 1. 5045
EMD-IT 1. 1363 18. 7260 0. 6524
EMD-WT 1. 2519 17. 8848 0. 4357
WT-EMD 1. 2116 18. 1689 1. 5918
VMD-PR 1. 2309 18. 0314 0.4313
VMD-WT 1. 2316 18. 0266 0. 4248

WT-VMD 1. 0861 19. 1189 0. 4633
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Table 4 Evaluation index of 1000-pulse cumulative

signal after denoising

Method RMSE SNR /dB  Smoothness

Original signal ~ 6.2409  23.9313 2.9217
WT 4. 1941 27. 3835 1. 6554
EMD-PR 4. 3630 27. 0404 0. 9976
EMD-DT 3. 8825 28. 0538 0. 8848
EMD-IT 3. 7577 28. 3377 0. 8562
EMD-WT 4,1262 27.5251 0. 9582
WT-EMD 3.4990 28.9572 0. 8313
VMD-PR 3. 6385 28.6177 0.7929
VMD-WT 3.5971 28.7171 0. 7887
WT-VMD 3. 2952 29. 4786 0. 7903
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Fig. 2 Experimental results of de-noising of 10-pulse cumulative simulation signals. (a) Original signal; (b) WT;
(c) EMD-PR; (d) EMD-DT; (e) EMD-IT; (f) EMD-WT; (g) WT-EMD; (h) VMD-PR; (i) VMD-WT; () WT-VMD
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