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Full-Link Modeling and Analysis of Key Parameter Effects in a Zero—Difference Laser
Doppler Vibrometer System

Liu Jiahan, Shang Jianhua’

Donghua University, China Shanghai 201620

Abstract: Laser Doppler Vibrometry (LDV) technology plays a significant role in the field of structural vibration
measurement due to its non-contact and high-precision advantages. To quantitatively assess the impact of non-ideal factors
in actual systems on measurement accuracy, this paper constructs a full-chain mathematical model of a zero-difference LDV
system based on the principle of coherent detection. It systematically analyzes the effects of laser noise, optical mixer phase
error, balanced detector noise, telescope parameters, and the reflective characteristics of carbon fiber-reinforced polymer
(CFRP) on the accuracy of Doppler shift demodulation. Simulation results indicate that the phase error of the optical mixer
must be controlled within 0.2°; the total noise error of the balanced detector is less than 0.04%; the received optical power of
the telescope is proportional to the square of the aperture diameter and inversely proportional to the square of the measurement
distance; the speckle noise introduced by diffuse reflection from the CFRP surface can be effectively suppressed by increasing
the mirror reflection weighting factor. This paper establishes a full-link numerical model covering the light source, optical
path, and target reflection characteristics, revealing the quantitative relationship between the mirror reflection weighting factor
n and demodulation accuracy, thereby providing theoretical support for the design of high-precision LDV systems and the
non-destructive testing of composite materials.

Keywords: Laser doppler vibrometry (LDV); Zero-difference interferometry; Carbon fiber-reinforced composites (CFRP);

Parameter influence analysis

1 258

B 22 A IR A L5 2 2 ety o B AT
AR B RS B SO R e, SEBR A
REHORERERT T EE R . FERRAT 4 BRI S bR Se
BN TR, SREU T ERB R A REAE A
FIEENEREI GRS, LS e B B (e

MBI . ZRERC 2 ik, LDV YA
MRk FR PR Ot T Ao E 2.

LDV AGECFRIMERE 2 LTI IR R A
M. Se2fEsan PR IE SR . SRR . I8t
FZH e CFRP B IR R [ RS 2 52N B 25 R VA
B MAVIRERER SR ER AR, Gz 2pkk

65



HMEEARENA 3% 24

ISSN: 3060-9461(Print); 3060-9453(Online)

AN ARG S5 A TR, AT HEEENE 2
K LDV RS0, By se b a (iR, RGHT Lik
IR0 S W TR RS FE OB, b AGRRCE S5
AR R
2FER LDV RRRIBSHFER

PR £, (IO A BB v BRI
T, EHEe= SIS 1 SR ahis R
e ST 5 - B AR TE L

2v
fd=7cos0 (1)

A, A BEOERI, 60 AEOE ARSI SRR
AR TYMREIE BT RHAEEAR TR (6=0,
cos@=1) , ANARALA £=2v/ A , TBIEHAEHHNE M4
Wik, A RIE SRS AR RS

RGP FAIM R TAE R 55 BRI RIRE 5
MR, ERERERBOLRE R, TEREiR A L
58, FI LDV 245 RAM TR, AR
IR E BG5S SR RE AR LR,
ES S RS LA TR RS 5 . RIEARIRES
ESHIRECR, RN AINERN (FRERE) 5
LRGN (FEa% ) Y, BEENEASES . #F
BT, REASCRAZZARNGT R, A0
T LDV 2GR0 A 90° SAERes SR NES A
55 s 5L Lo SRS, Ht AT E
BNEF. BELMT A 0=0, SESLERYEIRE =422
LR L1, Aw=2mf, 1065 Q@ WEE%E
DR S B ERHIES

AR AR SRR 22 5 IS £ IR
ERMES 10 QW WHIKFIEAXAHE, Hyr&btit fAifix

Tk, PEMKEZ LI =0 /27 . ZEETLTH
I, WESIEEA RS —E G, ENKEESE
FEAR— 25 | AR, SEn s

BT FRIEH, ZASC7E MATLAB B FIEEEE R
LDV R ERA, A% mE 1 PR, BoE0t
7% LIRSS . LIRS, BB, bRES . SEHE
NSNSy Al =

RS RE HIRATE Zighy AW AR

BAEH

#F
A
RS FHEH B

H1 R EZXLDVARLEMIER

TR GE — 5% E 2 W TR 05 10kHz, R 58RI
A 1500kHz, FAEZEAF T HEMIAG R SIEEEEE 5
IEAIE TR IERfb:

3 R m UGS E MO
3.1 HFERIMESAMIRE

SLBR 90° SR AFEARGIIRE 8, HUAESIE
CHEHSIARRE . (FEREERZE 8 & £0.2° |
+0.5° | +08° , (FELERINZE 1 R,

PR FESERAHL, REEES |8 | EIMRIER,.
NRBENERER, RAEFMGHRE < 0.2° AIERSEEC2R
Higs, JEEIESRERMESIMERTE,

3.2 TR BRIR A

SRR INIZR G S E DD R 7 Sk S, (A
I 2 .

B FAR(FELE R AR, PR ARNIZE = S,
Mg PR IL AV E N R EIEHITE 0.04% DUN, RGEE(M
R FE AL PERE

F190° NRIMARBAIRZE & MY

FATIRE & +0.2° —0.2° +0.5° —0.5° +0.8° —0.8°
IR -fd +50Hz +50Hz + 100Hz +100Hz +200Hz +200Hz
R2 FEGERN2RHINE S 220
SR IIER R 75 Fe 2k T 7 kg = P P R S
PREf-fd (3+0.5)Hz (2.9+0.01)Hz (3+0.5)Hz
F3 EiIRESHIM
FUREED D=0.02m D=0.03m D=0.05m
RE-fd +50Hz +20Hz +10Hz
FERRS £=0.05m £=0.10m £=0.20m
RE-fd + 100Hz +50Hz + 100Hz
MR ESd d=1m d=2m d=3m
RE-d +50Hz +200Hz +500Hz

66



HMEEAENA 3528

ISSN: 3060-9461(Print); 3060-9453(Online)

F4 CFRPHER =M AR & 8BS0

CFRPRENR 52 s BT

B e AT (Bl H+E R

BREffd + 1000Hz

+2000Hz +2000Hz

3.3 EimiESHEMm

DS E B IE RO IR, i A% (G0
LS ERE . A platfUiAEZ D SR £, &
BES d =/MZOSEL, B EEOLR Pr SR ERZ D
A REL, SERE d TR

EEFEFREZ D A 0.02m, 0.03m, 0.05m; £EiH
£40.05m, 0.10m, 0.20m; MWEFE d 4 1m. 2m. 3m,
ZERNZE 3 FoRe

R (FELE R AR, FUSEUR, SOt ,
fRHRZE BEEIR, SEISETER R A B BT
KIEX (A, RS2 REHEE T, JRKSREERE
T, BREEAR, BSRIEIRRE; REMEEEARE
ST, SRS LDV IS R RIMNTIN 2, S5
W R R B
4 CFRP R g4 &0 517

CFRP A BRI [ SRS 5T, 2R BRI
SIS X AR, RO RION BRI S 518 R
BN RIS R R IART 1, 18 RATE sl #EE
SIABENIEE SHEMSRAE . ARERREMREN R
YR, 5 SR SHTE R 7

P P R

- s __s

""PTR+R R (2)

b, POABIHIR IR P, MIBRHNIIE; P, A
[REEIE ROABRERARE; R, HAREE, 7 BRR
Bk T R R . (FE RS A B R 47
G IR =FhiEN, SR 4 R,

M ERGELSGERAA, BRFsEESR T HE
S, HERFNSETCESFEAEE, S RN #HE
Do Qa3 AL S S et TN N3 NP s OO A

B HEN O AR n TRBIERZERTR, B
& o IKRRERZERR TR, PR sEem R E R
T m B4R CERP FH LDV BN A SR, (E5L
YRR BB, Rl | IR S R R b
BT 28 n H, MImERESHET . hHEee S
SN
5 45ig

R EEZEN LDV A5 e fERECEER, £ T
MATLAB {5 2G0T CHRIRESAROIRZE | PR

MR | RERtEiSE M CERP [ SRS 2238 s g RS
FERSENR, EELERINT

(1) WHRIMEAR IR SRIREZE IR, At
FRALRZE < 0.2° HlCERM=ETE;

(2) PERRNZEAE DR AT, EIRE < 0.04%,
AR ARILR 5

(3) Bmtghalf) R 5 ER T RIERL . SillE
PREFITRR I, FRERAE TR AR LB TR 5

(4) CFRP S PHERBLA S S 518 S &,
BRI BEBSIRES . SR NP ER T 1 AJF
e Rlli=gi

ARG R A E R, EEY v S
FBEEEAR R, A LDV Rkt ZEUIRLN CFRP
TEAREMSE HRIe 5 TR, ARKITRSEIRIIE, ¢
HE FENFE R R, P B R e A I S RS R
ERMERTE .

B2k

[1] Rezaei F. Laser doppler vibrometer and accelerometer
for vibrational analysis of the automotive components during
simulink simulation for validation[A]. arXiv, 2023.

[2] Wang C, Zhu L, Fu H, et al. Dynamic modeling and
ADAMS multiphysics—coupling simulation of complex surface
rotating ultrasonic testing device[J]. Measurement Science and
Technology, 2025, 36(11): 115017.

[3] Sohn H, Dutta D, Yang J Y, et al. Automated
detection of delamination and disbond from wavefield images
obtained using a scanning laser vibrometer[J]. Smart Materials
and Structures, 2011, 20(4): 45017.

[4] Goyal D, Pabla B S. The vibration monitoring
methods and signal processing techniques for structural health
monitoring: a review|[J]. Archives of Computational Methods in
Engineering, 2016, 23(4): 585—594.

[5] Shang J, Liu Y, Sun J, et al. Five—channel fiber—
based laser doppler vibrometer for underwater acoustic field
measurement[J]. Applied Optics, 2020, 59(3): 676—683.

TEE I XUEERR (2000.10.10) , #, &, Hilf
BN, BIERTRAELERR, PPRITIA: SIS RS

*EIEE . e,

67



	零差式激光多普勒测振系统全链路建模与关键参数影响分析
	刘佳函  尚建华*
	东华大学，中国·上海 201620


