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Laser Doppler Signal Processing Based on Hybrid Convolution Window

Chen Hao', Zhang Da
College of Automation and Electronic Engineering, Qingdao University of Science and Technology,
Qingdao 266061, Shandong, China

Abstract Fast Fourier transform is a widely used method for signal processing in laser Doppler velocimetry systems.
However, spectral leakage and fence effects occur in asynchronous sampling, and its processing accuracy is low. A hybrid
convolution window based on the Nuttall window function and five-term maximum-sidelobe-decay window function is
proposed to improve the detection accuracy of the six-spectral line interpolation correction algorithm. The hybrid
convolution window can prevent the main lobe from becoming wide while ensuring good side lobe characteristics. The
improved six-spectral line interpolation can effectively suppress the negative influence of the fence effect in the parameter
estimation process and improve the analysis accuracy. The cubic B-spline interpolation is proposed to fit the interpolation
coefficients to eliminate higher-order equations, and a frequency correction equation for the improved six-spectral line
interpolation is derived. A dual-beam backscattering differential laser Doppler velocimetry platform is developed. The
simulation data and measured signals demonstrate that the proposed algorithm exhibits good frequency and velocity
measurement accuracy in the low signal-to-noise ratio environment.
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14 840 805. 75000 177.69600 27.56436 2.48270
15 900 902. 55010 247.39200 27.11180 3.56040
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Fig. 6 Relative error comparison of frequency detection in high

frequency range
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Table 3 Comparison of absolute errors of signal frequency
detection with different signal-to-noise ratios in low

frequency domain

Arithmetical mean of error /Hz

Frequency /

i, Re= Ra= Ra= Ry=
+5dB  —5dB —10dB —15dB
1 60 0.00010 0.19175 1.91040  311.33200
2 120 0.00013 0.35768 1.55472  307. 64800
3 180 0.00017 0.41007 2.97344 1847.73040
4 240 0.00027 0.74996 2.01240 1923. 08880
5 300 0.00017 0.56809 1.59552 1815. 69040
6 360 0.00028 0.41415 4.99992 1938. 87440
7 420 0.00020 0.73958 11.77808 861.35548
8 480 0.00025 0.90391 9.94064  870.19822
9 540 0.00035 1.19215 19.06470  745.90264
10 600 0.00029 0.93306 10.10534  731.23548
11 660 0.00043 1.18215 30.13222 583.45921
12 720 0.00035 0.93405 26.01698 472.77065
13 780 0.00038 1.12902 21.44346  588.97846
14 840 0.00042 1.11308 26.87693  950. 60786
15 900 0.00045 1.05872 30.75494  882.29743
—©&—Ry=+bdB —+— R_=-10dB
v e 8 =
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Fig. 8 Comparison of absolute errors of signal frequency

detection with different signal-to-noise ratios in low

frequency domain
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Fig. 9 Signal spectrograms with different signal-to-noise ratios
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Table 4 Comparison of absolute errors of signal frequency detection with different signal-to-noise ratios in high frequency domain

Arithmetical mean of error /Hz

No Frequency /MHz
Ry =+5dB Ry—=—5dB Ry ——10dB Ry ——15dB
1 60 0.41691 300. 48639 1509. 27371 454325. 23911
2 120 0.49814 338. 76866 1228.59782 1768065. 17692
3 180 0.92389 526.98932 1369. 85067 2385840. 38721
4 240 0.97161 405. 18828 9136. 98548 558740. 56227
5 300 0.63717 422. 34939 9411. 28992 521070. 28999
6 360 1.06819 516. 84130 9580. 61613 446435. 45613
7 420 0.79913 786.61318 6553. 47962 1287100. 12932
8 480 1.04420 531.24111 3526. 26674 1313235. 31676
9 540 0.97155 574.56118 3147.99428 935988. 91351
10 600 0. 58315 607.62123 6279. 61570 558740. 60196
11 660 0.89542 622.92420 9411. 28991 521070. 30481
12 720 1.10816 796. 86612 9580. 67975 446435. 60156
13 780 0. 84019 814.86427 8419. 41077 2101635. 54417
14 840 1.06821 612. 24224 2350. 84414 1313235. 31558
15 900 0.99453 612. 24617 2098. 62523 2385350. 23874
5 ARM LA A RS JEE H R
Table 5 Precision comparisons in low frequency range
Arithmetical mean of error /Hz
No Frequency /kHz -
FFT Method 1 Method 2 Method 3 Method4
1 64. 5264 4194. 14941 4.70772 1.93381 0. 32256 0. 14568
2 123.1934 4152. 20793 7.81245 3.47223 0.56742 0.27769
3 181. 8604 4110. 68583 8. 14860 3.98346 0. 84420 0. 30182
4 240.5273 4069. 57892 11. 63889 6. 20820 1.20541 0.50791
5 299.1943 4028. 88316 15. 33006 7.31160 1.59180 0.71136
6 357.8613 3988.59433 13. 71006 8. 38440 1.42384 0. 84032
7 416. 5283 3948. 70831 17.15013 8.40424 1.77663 0.76533
8 475.1953 3909. 22123 18.90783 10. 10342 1.96140 1. 00400
9 528.9795 3870.12924 20. 66472 12.84120 2.15043 0.99814
10 587.6465 3831. 42774 24.07887 12.97624 2.49912 0.95342
11 646. 3135 3793. 11352 22.45887 13.73043 2.33120 1.42140
12 704. 9805 3755. 18236 25.74423 13. 40101 2.67124 1.36353
13 763. 6475 3717.63057 29. 05551 14. 20563 2.84346 1. 29140
14 822. 3145 3680. 45421 32.28012 17. 21520 3.17943 1.43463
15 880. 9814 3643. 64973 33.88392 19. 57682 3.51544 1.75682
—o—methodl 4 method 3 &—method 1 #— method 3
g10°F —+ method2 —&— method 4 -k ——method2 —=— method 4
é e . R by E T e
g 10® ﬁ 102
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Fig. 11 Comparison of relative errors in low frequency range Fig. 12 Comparison of relative errors in high frequency range

1714008-9



F£ 6055 17H/2023 F£ 9 B/BAERBEFZHE

6 A YRR JE LA

Table 6 Precision comparisons in high frequency range

Arithmetical mean of error /Hz

No Frequency /MHz
FFT Method 1 Method2 Method3 Method4
1 54.7852 3808593. 75686 3997. 02938 2036. 72159 343. 86209 176. 33953
2 113.4277 3759765. 63471 6352. 98234 3237. 21821 546. 54333 280. 27863
3 172.0703 3710937. 53730 11860. 12172 5385. 60410 1020. 31929 523. 24066
4 230.7129 3662109. 38275 17203. 43953 6876. 16441 1480. 00178 641. 10807
5 289. 3555 3613281. 25344 14531. 78766 7404. 80062 1250. 16114 717.94732
6 347.9980 3564453. 13781 19756. 84712 10067. 27940 1699. 66994 871.62561
7 416.4063 3515625. 69218 24762. 72983 12618. 06748 2130. 32308 1092. 47338
8 475. 0488 3466796. 88477 22310. 24485 11368. 38211 2949. 41357 984. 27551
9 528. 8086 3417968. 75109 27215. 20969 13867. 75023 2750. 42503 1200. 67102
10 587.4512 3369140. 63511 29592. 98431 15079. 36627 2279.33724 1305. 57284
11 646.0938 3320312. 51726 34283. 78167 17469. 60345 2341. 30848 1512. 51978
12 704.7363 3271484. 38414 31970. 75250 16290. 97903 2545. 86703 1410. 47438
13 763. 3789 3222656. 25844 36596. 80313 18648. 22394 3148. 40145 1614. 56484
14 822.0215 3173828. 13282 38856. 96480 19799. 90684 3342.84141 1714. 27765
15 880. 6641 3125000. 11710 41117.10844 20951. 58540 3537. 28065 1813. 99008
% 0.00050% . W% 7 B %, Method 4 76 4b B £ 4] u:Lﬁ” (41)
LDV {55 40 BURE FE 1= BAT 945 (9 1k g 2sin ¢

K fy 2L WAL ;0 R R SR MM 1/2, 4

SCBCE N 2075 A OB, AR SCBCE N 632, 8 nm,
WAL 13 s, AT S 3 3 vy 1 AR T ROE -
Item Method 1 Method 2 Method 3 Method 4 SRR I LDV Y S0 B O U 1 R O

Low frequency  0.0044  0.00229  0.00043  0.00020 T4 HE R 50 50 [l f0 B ks 45 22 4y S P T4 TR

FT AR AU [ P A RN R 22 4

Table 7 Relative error averages in the low and high frequency ranges

High frequency ~ 0.0055  0.00273  0.00048  0.00024 PR IR R BV S A EH AN 150 mm 194
J& Ay b RSB A Sk . k AR
5.2 XWLDVIESLE SR T 9 1005 56 TR A L O o I B 2 1
T LDV {5 5 b B b B b R FIBOEHC- XU O sl bl . S5 L b o8 B 58 L BT bl B e 5
B AG SR S u Z RN s
APD detector

APD: avalanche photo diode

collecting len:

dispersion
\Y prism
/\ He-Ne laser souce
} reflector 2
rotating disk focusing lens reflector 1

& 13 SRIA LDV Jt2445H
Fig. 13 Optical structure of LDV adopted
JEUE K 0.8 mW He-Ne #0t#% (HNLSO08R-EC, APD W) EBESHAN R 8N o 4@ 3 1 Ji e 3 6 Hh O
Thorlabs, & ) , Ot K K 632. 8 nm. A A G4 L, 4 7% % (UCD-IPHO00-1.100-ARW , Posital , {# & ) fill
AT E R 20°, JER IR 2 HAT af PR B 2 AR R g AR 120 RS IR 2208 £0.0878°, e fE [l Ak
Ji #h £ (9 B APD (APD430A/M , Thorlabs, 38 [ ) . A2k FJE7 py e s A4 0 1) 4 A 00 L A 1 20 Rk
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#£8 APD430A/M FEHSH
Table 8 Main parameters of APD 430A/M

Output ) Input optical
Wavelength ) Active area
bandwidth /. power range /
range /nm diameter /mm
MHz uW
400-1000 400 0.5 8-80
v=wer, (42)

s w R e s R B R AR

FIFE 14 Frs B S22 B, 3k45 T 1541 LDV {7
T AR O R R AR 23 AR (e S8
(1) 3pt A A A ) DA (A1) 31530 s [ 48 1 7
K EES R N 10 MHz, FET S %0k 1024, K 158 —
BEW AR5 o 4Ry 2 A0 R I 4 X iR 25 X He

FO PR A X R 22 % B AR A 16 FT R

01 O P 16 075, 4 60 J7 b 5200 455 5 A4
{9 35 Nuttall %7 09 75 3 22 4 {8 . 950 MSD % 1 75 3%
4 K0 O B8 B2 2 T T =0 BB AR 1R A

K14 LDV ZLH%eE
Fig. 14 Experimental setup of LDV
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Fig. 15 Measured signal sequence
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Fig. 16 Comparison of relative error of speed
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Table 9 Processing results of measured signals

N Reference Arithmetical mean of error /(m-+s ')
0
speed /(m-s ') Method 1 Method 2 Method 3 Method 4

1 0.5415 1.58518 X 10 * 8.67780X 107 1.88374%X10° 1.15203%X 10"
2 0. 5898 1.79469% 10 * 9.70299X 10 ° 1.93083% 10 ° 1.18081x 10 °
3 0.6377 2.15047x10* 9.78912X10° 1.91513x10°° 1.17123%X 10"
4 0.7056 2.60572x10* 9.86931X10° 1.93083x 10 ° 1.18080x 10 °
5 0.7683 3.14231x 10" 1.03356x 10" 2.15460x10° 1.19047%10°°
6 0.8675 3.67119x10* 1.12973x 10" 2.58036x 10 ° 1.26724%<10°
7 0.9369 3.10047 <10 * 1.25720X 10 * 2.78561 %10 ° 1. 3680010 °
8 0.9897 3.36604X10* 1.31654x10* 2.89313x10°° 1.77600X 10
9 1.0425 2.69283x 10 * 1.17746 <10 * 3.56754X10° 1.96536X10°
10 1.0832 2.67506x 10" 1.04587x10* 3.69357X10° 2.15417X10°°
11 1.1238 2.56270x10 * 1.07916 <10 * 4.29600x10 ° 2.21475X10 °
12 1.1605 2.71244 10 1.36797x 10" 4.76400x10° 2.38255X 107
13 1.1972 2.48648 %10 * 1.43981%x 10 * 4.76400% 10 ° 2.38213X10 °
14 1.2492 2.39082x10* 1.57070x10* 4.77600X10° 2.38846X10°
15 1.2971 2.51415x10°* 1.70160x10"* 4.81200%10°° 2.40676>X10°

1714008-11



I S B &5 SRS AR 4B 45 SR (L3 Ao R OHRE o A T L 1)
Tt , v] DL HE— 20 4 S PR A S IR A B U B R
T £ L ARORG BB . SC 6 Kb B b A S R AT R 22 K 2
k1 0.00146 % ~0. 00213 % , 55 3CH#k [ 20 ] 119 52 56 K i K
JEEHH EG G RS 2 4 R 2 A B

6 4% 1w

ARSCOHT T A% A B BUET A A0 R L A T
FPUT Nuttall % o E0H FLI MSD £ 2R B AT IR A B L
T, PR UE R G 14 55 9 R 1 11 ] B 2 B8 4 32 e AN 2o 9, i
G A i U B RS O A T — A ek it
4 7S i 248 A (B30, 00 D 4 ot 0 o A =X o
AT A5 T A DX R T AR AE IE 3 R T i
T 7 40 B 470 1 2R 00T A v RO R I IR A 2 =R
FE B F 3 18k 006 4 18 2R 50, I 1 5 0 kol 7S 1S 2 4
MR IEARX ., S ERIE, Z kR ERAE T
WOt Z2 5 (5 5 A BRAGRE B o S8 b 3 b £ - A6 AH
X iR 2 KL R 0. 00146 % ~0. 00213 % , 46 K B A5 1
5 BN S 5645 5 110 b PR R B 35 F DU 300 Nuttall %5 F0
I MSD B B9 TR A 6 BLUE A Bt 7S 3 28 4 18 75 e 235
A 2R 48 U AT B T RE

Z % x M

(1] ZweW]. A3 4408 =30 R RO 3R B D].
Kb HPRHE AR R, 2014: 2-3.

Nie X M. Research on laser Doppler velocimeter for
vehicle self-contained navigation system[D]. Changsha:
National University of Defense Technology, 2014: 2-3.

[2] Reigms, #oR, g, & B FRIRSEENEEE 8

i 5 il TR T AR R [J]. P OB, 2021, 48(7):
0704003.
Xi C B, Huang R, Zhou J, et al. Quality factor
enhancement technology of laser Doppler signal based on
liquid lens[J]. Chinese Journal of Lasers, 2021, 48(7):
0704003.

(31 XU, 4t e . WOt 2 38 bl 0l A0 i1 50 33 43 A7 £ R
[J). o4 SO TR, 2012, 41(6): 1462-1470.

Liu F, Jin S L. Frequency analysis technology in laser
Doppler velocimeter[J]. Infrared and Laser Engineering,
2012, 41(6): 1462-1470.

(4] A8 BREV S . — Bl mohE ST L (H FE T 8% 5 1A 3
oy Hr k] i RGO S, 2019, 47(11): 9-15.
Hua M, Chen J Y. A high precision approach for
harmonic and interharmonic analysis based on six-
spectrum-line interpolation FFT[J]. Power
Protection and Control, 2019, 47(11): 9-15.

[5] Yao W X, Teng Z S, Tang Q, et al. Measurement of
power system harmonic based on adaptive Kaiser self-

System

convolution window [J]. IET Generation Transmission
Distribution, 2016, 10(2): 390-398.

(6] Zk, £iFx, £4EPK, % . T Hanning Al Nuttall /1)
A B B B A 7 ik [0, R BHBE 24 4t , 2018, 39
(12): 3363-3370.

(10]

[11]

[12]

[13]

[14]

[15]

[16]

1714008-12

F£ 6055 17H/2023 F£ 9 B/BAERBEFZHE

LiY, Wang HY, Wang W Q, et al. Harmonic analysis
method of hybrid convolution window based on Hanning
and Nuttall[J]. Acta Energiae Solaris Sinica, 2018, 39
(12): 3363-3370.

Fan L, Qi G Q. Frequency estimator of sinusoid based
on interpolation of three DFT spectral lines[J]. Signal
Processing, 2018, 144: 52-60.

Jn T, Chen Y Y, Flesch R C C.
method based on

A novel power
harmonic analysis Nuttall-Kaiser
combination window double spectrum interpolated FFT
algorithm[J]. Journal of Electrical Engineering, 2017, 68
(6): 435-443.

MRfl, E4Epe, FiE =, % 3 TIR A 6 T U R4
I FIT S HE AR 7 1 3 A T 20 A AL R D] R T R
B A #h A4, 2020, 32(8): 1-6.

Chen Q, Wang W Q, Wang H Y, et al. Combined
optimization algorithm based on mixed convolution
window four-line interpolation and improved all-phase
harmonic detection[J]. Proceedings of the CSU-EPSA,
2020, 32(8): 1-6.

SRR R . ) AR G R ORI U s S S B [D ] i AR
MR TR, 2018: 22-28.

Zhang H Y. Method and realization of interharmonics
detection in power system[D]. Harbin: Harbin University
of Science and Technology, 2018: 22-28.

PR, WIEAN, KENEAE, AF TR pR ORI 2k A
BRGSO 0], O R R S, 2019,
47(22): 78-88.

LiZH, Hu T H, DuY W, et al. Harmonic detection
method based on the theory of windows and spectrum
line interpolation[J]. Power System Protection and
Control, 2019, 47(22): 78-88.

AR, B — Bl R T U BT R R 2 A
FE]. T HOR 224, 2018, 33(3): 553-562.

Wang B S, Xiao X. A high accuracy multi-spectrum-line
interpolation algorithm for harmonic analysis[J]. Transactions
of China Electrotechnical Society, 2018, 33(3): 553-562.

XNZAS, skEK, W, A BE T SR SR LA A 0
K RE B0 E L J7 35 U Ot & 24 4, 2021, 41(12):
1212004.

LiuJ, Zhang G, Feng X P, et al. High precision centroid
location algorithm based on cubic spline fitting and
interpolation[J]. Acta Optica Sinica, 2021, 41(12): 1212004.
RS, WL, e, 5 JET ARG R oL =
fr B e &% bR A J7 vk 0] o [ EOG 2020, 47(9):
0904003.

Cui H, Guo R, Li X Q, et al. Calibration of laser
triangular displacement sensor based on nonlinear fitting
[J]. Chinese Journal of Lasers, 2020, 47(9): 0904003.

fe G BE L AT . K TR B B B R A il 2 U ek
L] AL IR SE , 2019, 36(9): 2840-2844.

Gao M T, Feng L.
algorithm based on genetic algorithm[J]. Application
Research of Computers, 2019, 36(9): 2840-2844.

TRIBZR . ) R G IR S AT S (D). AR - v [ g
K2, 2020: 60-61.

Zhang X D. Research on harmonic detection algorithm in

Improved B-spline curve fitting



R X
power system[D]. Xuzhou: China University of Mining
and Technology, 2()20' 60-61.

IRy, B EAS, TR ok 2 i
&= ﬁ]@l;lﬁ-ﬁuﬁﬁﬁm MG 2%, 2019, 40(5): 853-
858.

Lu Z G, He P, Zhi L J,
measurement model based on least square polynomial
fitting method[J]. Journal of Applied Optics, 2019, 40
(5): 853-858.

MU, REN . /D ZIRE A S R LA 6
MR AR 2248 IEXT Lo #r [T, SO A, 2015, 36(6): 72-76.
Hai X, Zhu Z J. The comparison between the least

et al. Laser triangulation

square method and cubic spline interpolation in errors of

colorimetry temperature measurement[J]. Laser Journal,

[19]

[20]

1714008-13

F£ 6055 17H/2023 F£9 B/BAERBEFZHE

2015, 36(6): 72-76.
BCIAR, JEBA, RIL— . 5Tt JPS 5 = B &
T H A B AR MR B R D] LB T KA iR (A AR
), 2022, 39(2): 189-195.
Zhao W D, Tang G J, Song J Y.
algorithm based on improved JPS and cubic B-spline
interpolation[J]. ~ Journal of Anhui University of
Technology (Natural Science), 2022, 39(2): 189-195.
P BE T 223 BN A A S R 'ﬁ%?ﬁ@ﬁﬁ
/M)Tﬁ[ I & HF BRI, 2019: 33-5
Zhao H B. Research on speed signal deleclion and
effect[D].
Qingdao: Qingdao University of Science &. Technology,
2019: 33-55.

Path planning

frequency algorithm based on Doppler



	1　引言
	2　窗函数的选择
	3　改进的六谱线插值算法
	4　三次B样条插值
	5　仿真实验研究
	5.1　模拟LDV信号的处理
	5.2　实验LDV信号处理

	6　结论

