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Fig.1 The schematic diagram of reference-beam LDV
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Fig.2 Doppler frequency corresponding to different angles
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Fig.3 The relationship between normalized SNR and incidence angle
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Fig.5 The relation between the relative error caused by the velocity

measurement resolution and the launch inclination
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Fig.6 Schematic diagram of finite aperture error of detector
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Fig.7 Variation of relative error with launch inclination

2 it it

12332 (9) MIEL 5 R, S A 9 728 1 S B0
T BT R B 2 xR 22 AR, o I AR BRI TR 22
5B P RN 5 AT A S A e, 003
R0 AR X R 22 5 I 9 5 R AN TR 8 i, ]
VAT, e S A B0 22 A f 1 5 0 2 i) 452 R
B,

40% T T T T T T T T T
35% ~—6=65° i

30% | ~6=85° |
25%
20%

i<}
r 53%1
15% £ 240
10% F /m

) 1020 30 40
5% El/' Velocity/km-h'!

0 D
0 100 200 300 400 500 600 700 800 900 1 000
Velocity/km-h™'

Relative error

Pl 8 N[ 2 S A5 A e, 0038 53 46 15 g AR X 45 22 5 4 0l Y
Fig.8 Variation of relative error caused by velocity resolution with

measured velocity at different angles

S L1 I 40 B T 0, > 00 5 R /N B, E il
AR S 8 BT R, R S A Y R R A T
60°~80°Z [1] . {H 4 101 1t 34 J32 31 PRl A R I, R JH B —
(183 2 SRR £ RIS AR A0 3 44 D 1 [ i J2 A X 15 22 AR
R SRR . a2 (9) AT, 8 R SAE 2
AR 0T, T LA e e A SRR A 3R U R S £ ok
T L AH X R 22 R 5 e A R

2.1 TERIEEREME

TRIERAE R B RAE RN 100 MHz, KAt 80
16384 1F /N [7] 4 I 8 B BT, i /N SR A 00 36 14 8 Sl X
IVEA R LR N N 31BNt BB o
HERG R RAR X 1R 2E

2R F.A
e, = — x100% = -
\% VN cos6

x 100% =

A k2Vcos8
VN cos6 A
A2 (16) AT, IS 0 4 % 2385 S 8 AR X 2%
FEAU T RAE S, (HAESE PRI R, X 4
L AR FH X IO ) SR A A S Tk S B, DRI ] 1A
TE 5 B0 T X 8] P9 R T8 — RO SRR SR . g 24 5
(9) AT, 4 K BB — R I, SRAEA AR AR, S
FEXSURZEM/IN e B 1 1 /2 28 ZE B R oR A R B, R
T T DX PN, SRAE AR IV 28 /0 Sy i 3R i I )
ZW R PIAG, /D

2
X 100% = 25 % 100% (16)
N

2V axi COS O

F > 2x S cOsd (17
B Vi H05 £ AU ) BRI ACHENE
4Vmaxi 9 N oA U3 N
F= S A 5 R X2 T

LR
4Vmaxi
elzwxloo% (18)

A T B X ) £ A R B2 AT R A R S 1) A T 3
ZEBLRE . BN MAHXHRZZZLRANT 0.1%, AN
L N 1.8~500 km/ho S PRIEEN 2 500 km/h
R SRAE AT AT B Tt J2 2% 28 S Re SR A S L, e/ N R S0
FARE K 84.5%, W V0 =500 km/h FR AR (18) I 5.

4‘lmaxl
—— % 100% < 0.19 19
VminIN % A) A) ( )

S Vg A58 — A0 [X (1) 7 XoF b7 ) 5 /)N g 300 e
BE L AR (19) 7T, V,,=122.07 km/h, R, 45—
T DX [0] 2 122.07~500 km/h, 55—~ SR A [i] B A SR A
RN 100 MHZ: 2> Vo=V inint» 15 2158 A0 5 X 8]
AR LA T E N V,0=29.80 km/ho ARHE Viueo AT AR/
SRHEFN N 24.44 MHz, [7] BE0] 15, A~ 2 B2 Y L Y
PRI 32 X ) A AR 1 s o

20240279-5



ISk A2

114

www.irla.cn

% 53 %

R 1 PBEEXRBEFRAENERX E

Tab.1 The speed measurement interval obtained by

setting sampling frequency in segments

Section/km'h™  Minimum sampling rate/MHz  Incidence angle/(°)

122.07-500 100 84.5
29.8-122.07 24.44 84.5
7.28-29.8 5.97 84.5
1.78-7.28 1.46 84.5
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Tab.2 The velocity measurement interval obtained by

setting the incident angle in stages

Sectio/km'h™'  Minimum sampling rate/MHz  Incidence angle/(°)

122.07-500 100 84.5049
29.8-122.07 100 66.9064
7.28-29.8 62.24 Any
1.78-7.28 15.2 Any
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Fig.9 Comparison of relative errors caused by velocity measurement

resolution

MBS £ AN DXTALA Vi ~Vimaxr WSS £ 4005
DX TR Xof 0 F) R RS 35 22 Sy -
Fud ;

e :mxlooﬁ (24)
s Fy 5 i S0 DX TR) R R A A4 5 S
DX T 9 e SR A 0,0 FHSRASE 2 AT D

F.> 22Vmax/,»lcos€)i (25)

N (24) FIA R (25) 18

20240279-6



s Gk A2

11 47 www.irla.cn

4V ,.xi COSO; A
>

G T ViNcosg, < 100% = 26)
AVinaxi
S X 100%
HORE X 1 25 Ry e/ IMEL, B
e = 45—"}\/ x 100% 27)

H1 23K (27) 1AL, A [R]85 003 P 8 AR X0 i 2
2555 RAEII AR N A SHBUF TE I, -5 SR A i R ) 5

X ) PR 118 5 A 0 3 B S o R K 15 2 o s ) 444
TV /)N, 20 S0 BB 00 B 17 Ay X 1] ) e A e 2 A e
NV AT LA 3 B0 5 X R] P ) A R 2 9 LN
4 AV i
N~KmNoﬂ*ﬁﬁm%% TR (AR AR A
del _ 4Vmaxi 1
FIZA 28)

A (28) T, MALRE T e K SR VR AR 22 0
W0 3 S P, gt v AR o A 00 3k X ] A S R Y L

AT DX 6] PN Y B /AT IR 250 4/N, SRFESIR A &
AR R R B R AR G T TR U, AN M) 3

P IERAT AN R 22 . R, TEIE 2 B 14 Rk
AR B A 5 B R S, R R R X A S
B, H O I e RN R A A R R R

74 UL 39 X TR LR (A NS B X SRAE AT R B
A A 4 RGO, o] Ll s ek s b — 12
O T A2 A X 000 T 15 22 1) K
3 & i

SR LDV B & S0 25 i i A4S A0 1

R | A SN v AT RS R % S A AR T
u%ﬁﬁ%ﬁﬁﬁﬁ& fﬁ%ﬁA%ﬁmL >
FolE AR 2 K SO i FE B F T B

ﬁ%ﬂﬁ%@ﬁ%ﬁ%@ﬁ?m%w%@oﬁﬁi
03RS PRI SRS SR, AT AR AN [R] 0 38 X (1]
oy B R SR B BEBCE SRR IIR, 60 2 RS
FiRg e SR 1 ] AR T PRI B I ok 2, O BRI
BB T BB A SR A BB BRI AR Y
SERCE TR, 20 T 0 X1 LA A [T 3 XTI
B UAR I SRAE AT A A PEAR I, X T O 25 i)
AL ZE R BET DL SE PR T BA B2 S 0 X

(1]

[10]

[11]

[13]

202402797

S 3k

YEH Y, CUMMINS H Z. Localized Fluid Flow Measurements
with an He-Ne Laser Spectrometer [J]. Applied Physics Letters,
1964, 4(10): 176-178.

BOND R L. Contributions of system parameters in the Doppler
method of fluid velocity determination [D]. Arkansas: University
of Arkansas, 1968.

RUDD M J. A laser Doppler velocimeter employing the laser as
a mixer-oscillator [J]. Guided Weapons Division, British
Aircraft Corporation (Operating) Ltd, Bristol, 1968, 1(7): 723-
726.

PENNEY C M. Differential doppler velocity measurements [J].
Applied Physics Letters, 1970, 16(4): 167-169.

FU Q, LIU Y, LIU Z, et al. High-accuracy SINS/LDV
integration for long-distance land navigation [J]. IEEE/ASME
Transactions on Mechatronics, 2018, 23(6): 2952-2962.

ZHOU J, LONG X. Research on laser Doppler velocimeter for
vehicle self-contained inertial navigation system [J]. Optics &
Laser Technology, 2010, 42(3): 477-483.

XI Chongbin, HUANG Rong, ZHOU lJian, et al. The quality
factor of laser Doppler signal enhancement technology based on
liquid lens [J]. Chinese Journal of Lasers, 2021, 48(7):
0704003. (in Chinese)

ZHONG Y, ZHANG G, LENG C, et al. A differential laser
Doppler system for one-dimensional in-plane motion
measurement of MEMS [J]. Measurement, 2007, 40(6): 623-
627.

DU Zhenhui, LI Shuqing, JIANG Chengzhi, et al. Small
vibration measurement using laser grating Doppler effect [J].
Acta Optica Sinica, 2004, 24(6): 834-837. (in Chinese)
MARTARELLI M, EWINS D J. Continuous scanning laser
Doppler vibrometry and speckle noise occurrence [J].
Mechanical Systems & Signal Processing, 2006, 20(8): 2277-
2289.

XIANG Z, ZHANG T, WANG Q, et al. A SINS/GNSS/2D-LDV
integrated navigation scheme for unmanned ground vehicles [J].
Measurement Science and Technology, 2023, 34(12): 125116.
WANG M, CUI J, HUANG Y, et al. Schmidt ST-EKF for
autonomous land vehicle SINS/ODO/LDYV integrated navigation
[J]. IEEE Transactions on Instrumentation and Measurement,
2021, 70: 8504909.

ZHU Y, WANG X, ZHENG J, et al. Using GPS time-
differenced carrier phase observations to calibrate LDV/INS

integrated navigation systems [J]. IEEE Sensors Journal, 2020,


https://doi.org/10.1063/1.1753925
https://doi.org/10.1063/1.1653147
https://doi.org/10.1016/j.measurement.2006.07.006
https://doi.org/10.3321/j.issn:0253-2239.2004.06.026

114

ISk A2

www.irla.cn

% 53 %

[14]

[15]

[16]

[17]

(18]

20(1): 405-414.

CHEN Lanjian, XI Chongbin, ZHOU Jian, et al. Research and
flight test on airborne laser Doppler velocimeter for unmanned
aerial vehicles [J]. Acta Optica Sinica, 2023, 43(17): 1712002.
(in Chinese)

XI C, ZHOU J, NIE X, et al. Dual-Doppler signal mixing laser

[19]

method of laser Doppler velocimeter based on Janus
configuration in land integrated navigation [J]. Infrared and
Laser Engineering, 2019, 48(4): 0417003. (in Chinese)

XI C, WANG Q, NIE X, et al. Online calibration technology for
a one-dimensional laser Doppler velocimeter based on a

strapdown inertial navigation system [J]. Applied Optics, 2022,

Doppler velocimeter [J]. Physica Scripta, 2024, 99(7): 075513.
61(5): 1229-1237.
CHEN Lanjian, XI Chongbin, ZHOU lJian, et al. Review of laser

[20] OREN M, NAYAR S K. Generalization of the Lambertian
Doppler velocimeter technology for navigation and localization
L. Infrared and Laser Engincering, 2023, 52(6): 20230143 model and implications for machine vision [J]. International
(in Chinese) Journal of Computer Vision, 1995, 14(3): 227-251.
PICCATO A, FRANCESE C, MALVANO R. A portable [21] <, 22500 WOGIE? [M]. JUat: BhA i, 1998.
rotating disk prototype for LDA calibration [J]. Flow [22] NIE Xiaoming. Research on laser Doppler velocimeter for

vehicle

Measur. t & Instrumentati sefl-contained navigation system [D].

WANG Qi, GAO Chunfeng, ZHOU lJian, et al. Calibration

,2014, 38: 54-61.
National University of Defense Technology, 2024. (in Chinese)

The influence of incidence angle on the performance of

Laser Doppler Velocimeter

XI Chongbin'?, ZHOU Jian'**, NIE Xiaoming'?, WANG Qi'?, JIN Shilong'?

(1. College of Advanced Interdisciplinary Studies, National University of Defense Technology, Changsha 410073, China;
2. Nanhu Laser Laboratory, National University of Defense Technology, Changsha 410073, China)

Abstract:
Objective The reference beam Laser Doppler Velocimeter (LDV) boasts advantages such as high accuracy,
wide range, rapid response, and non-contact measurement. It is extensively employed in the measurement of
physical quantities like solid surface velocity, vibration, displacement, as well as in integrated navigation systems.
The reference beam type LDV measures sensitive velocity components parallel to the direction of the outgoing
light, where the angle between the outgoing light of the LDV and the moving surface constitutes the emission
inclination. Evidently, the magnitude of the velocity component to which the LDV is sensitive will hinge on the
magnitude of the launch inclination, thereby influencing the system bandwidth. Additionally, the transmission
angle also impacts the signal-to-noise ratio of the Doppler signal and the velocity measurement accuracy of the
LDV. It can be discerned that the launch angle will have a significant impact on the performance of the LDV. To
enable the LDV to select a rational launch angle, the effect of the launch angle on the performance of the LDV is

analyzed and discussed in this paper.

Methods

simulation. The relationship between the emission inclination angle and the signal frequency is obtained by the

The influence of the launch angle on the performance of LDV is analyzed through theory and

principle formula of LDV (Fig.2). Based on the irradiance formula when the laser incident on a surface with
different roughness, the signal-to-noise ratio variations corresponding to different emission angles are acquired
(Fig.3). Additionally, the impacts of launch inclination on velocity measurement errors were analyzed, including
errors caused by velocity measurement resolution (Fig.5), the finite aperture of detector error (Fig.2), principle

formula approximation error, finite transit time error and laser divergence angle error, etc. The errors caused by
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velocity measurement resolution were identified as the main errors (Fig.7).

Results and Discussions According to the relationship between the frequency of the Doppler signal and the
transmission angle (Fig.2), to reduce the signal bandwidth of the LDV, a large transmission angle should be
selected as far as possible. Meanwhile, the signal-to-noise ratio of the Doppler signal also increases with the
growth of the transmission inclination, and this growth trend gradually slows down when the transmission
inclination is greater than 60° (Fig.3). Therefore, to enhance the signal-to-noise ratio of the Doppler signal, the
transmission angle should be greater than 60°. However, increasing the launch angle will augment the velocity
measurement error, especially when the launch angle is greater than 80°, the velocity measurement error will
escalate rapidly with the increase of the launch angle (Fig.7). Based on the outcomes of the simulation analysis,
the method of setting the launch angle or sampling frequency in segments is proposed for different measuring
ranges and measuring accuracy requirements, and the steps of determining different measuring ranges are
provided. Compared with unsegmented measurement, segmented measurement can significantly reduce the
velocity measurement error of the system (Fig.9), and the equivalence of the segmented setting of the launch

angle and the segmented setting of the sampling frequency is elucidated (Tab.1-Tab.2).

Conclusions  To reduce the system bandwidth and enhance the signal-to-noise ratio of the Doppler signal, a
large transmission angle should be selected. However, an excessively large launch angle will give rise to an
increased velocity measurement error of the system. When choosing the actual launch angle, a balance should be
struck among several factors, and the launch angle is preferably between 60° and 80°. When the range of velocity
measurement is overly large, to concurrently meet the requirements of the signal bandwidth and velocity
measurement error, the method of setting the transmission angle or sampling frequency in segments can be
employed. It holds significant guiding significance for the structural design and practical application of LDV.

Key words: optical measurement; incidence angle; Laser Doppler Velocimeter; signal quality;

signal bandwidth;  velocity measurement accuracy
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