553 B4 1 T % IR Vol.53 No.1
2024 4E 1 H ACTA PHOTONICA SINICA January 2024

5] 4% 3 : JIANG Yichao, GU Shaojie, ZHANG Gang, et al. Improved Phase Generated Carrier Demodulation Algorithm for
Laser Vibration Measurement| J |. Acta Photonica Sinica, 2024, 53(1):0114005
VB R A TR, AT IO AR T A R AR 6 A AR AR R AL [T ] #2024, 53(1) : 0114005

T [0 S5 0 B o7 FH F8 EAC g A A7 A O 2 D8 i
RV

B MBI KRR AR B R, 2R, AR
(1T AR E A TR, W] 241000)
(2 RHCTRR R BOL 5 SRR, JEl 241000)
(3 RO 5 BA B S B e B L3R 90 =, & E 230601)

W B ATHAMEERBEMATELA THAMNERRE, RATAEGEXE K AR A 2 H
— b BCHE AT A R Bk R SRk . 9 Dk R R ARIR L K S 1E 69 AR AL T ) A 2 AR e AU B 4 2R LA T
o5 A R iR £ 0 E R T AR EAP R AEL R R A, X P ARSRAE AR B = AR RS
JE W B A 35 AR, AR AT SR LT M B A 2 R e E A 2R E A AU B A 2k A T OB D B B
HFEHH ot L MEERBUARNGE , EARES SHEFF TR EZORE, FRERK
PR HE A A R B AR T A A AR A MR R A AW AEL K A, ERB AL AR R E
(0.8~3.4rad) FAEiAZ ST o915 b fr B K AAE R AT B9 AREZ 5 5 4 0.55dB A 0.03% . &%)
W B2 PR K T 99.99%, 30 A 8 B T34 103.9 dB @ 500 Hz, %%k % A A 1% B T4 4 20~
8000 Hz, Lt 4t £ M B M MR F FANW , Z A AN B ZWH TEXBEER AL, ZLIRT HEME
HREDES T Rk TR 85,

RIA O M IR R AR A R BRI S ARSI B s AR E e A B A R A dE R R A
FESES:0439 SCERFRIRAD : A doi:10.3788/gzxb20245301.0114005

0 3|5

ORI 9 A EL AT R R AR T N S A R S A AR S AR K sh M2 W i
T W T R 55 K 2 4 W A5 AR IR B TR B AR g D A AR 1) I Bh A5 S B A O T B AN A A AR
A&, R T H AR I 28 K T 28 06 B G R A8 A e Ak Sy Ha AR 5, SRS BEAT R 7 ik I Ak B, R T B S A A A8 Ak AR
RPRBNAE B o AL I J7 53 02 WO AH T 00 4 H R B O FOR 2 — |, 32 S0 46 2 2 filk I8 R b 22 filk I R v O 28
HEH . AE R 22 MR T R AN 36 ED 4S50 % DANDRIDGE A 5595 Wk 2 A% A0 037 A= B 2% I (Phase
Generated Carrier, PGC) ff# 1 77 28 B A R & ) A0 R 2k B2 e RVRE (40 JF 5 /N S50 e, © ok e i
MR AR 2 —" 0 R TE PGC 8 5 52 f DGR HE 8 8 I AR 7 18 3R AH 057 981 1 VR B2 ( C ) s 2 AN 28 1 1)
PR M RE oy o I AR LR 1R 22 S W i 8 7 28 09 RS E PR A VE R M o PR, R SO T DU AR I e D)
— ] LA i A et 2k B PGC i I 53k o

PGC it 8 J5 %8 352 R #0558 XAH 7 = ( Differential and Cross Multiplying , DCM ) Fl i 1E HJ #: ( Arctangent,
Arctan) %t 1E 3855 AR B2 28 AL E AT 4R B . PGC-DCM fift i J7 28 Xt C A Db 22 1 28 I8 AR 07 48 3R AUk, (5L 5

E2TB L8 m K A KRB 258 5 H (No. 2022AH050964), 4 # T8 K % 51 #F A A4 B0 )5 s 3 4 35 H (Nos. 2021YQQO57,
2022YQQO098), {5 B 1 K 55 8 ik J8& 1 4 #5206 % JF O A (Nos. IMIS202104, IM1S202212), F % H 48 B % % 4 (No.
51627804), [ ZK A2 £ ANH AL U 25551 H (No. 202210363096)

F£—1EF FH M jiang_yichao@foxmail.com

BIAEE 9Kk NI, 2g211987@163.com

Y %5 B H#:2023-05-22; R F H #:2023-08- 14

http: // www. photon.ac.cn

0114005-1


https://dx.doi.org/10.3788/gzxb20245301.0114005
mailto:E-mail:jiang_yichao@foxmail.com
mailto:E-mail:zg211987@163.com

T o AR

ZOCRAL BB . A Z T, PGC—Arctan f# i 7 58 W] LA e IR 348 3 59 52 0, A 55 32 C {8 fi 22 7 25 AR
{7 SR W FE I o 24 CH AW 25 2.63 rad BXAF7E 28 A A7 28 3R i, g R 8 M5 5 AP e T IR R B B S
IR L A R G IBCRE B o R T I BR AR LM K B 1R 22 H M PGC i IR Sk AT T S E#EBF % . CHEN
Benyong %" #2  T —Fh & T PGC-Arctan Fl PGC-DCM P Fh 77 & 19 32 sh & ¥ PG C g 98 5 vk, ] LA 2L
TH B C k% sh FnAE 07 28 0 23R 5 iR i AR etk 1 (RR RGN E 2% . H RIEH BN 78 PGC-DCM fift I 55
RS B BIAT B H A TR AR IE SR W R TORIRIE S A m . NIKITENKO A N4 % PGC-Arctan
iff VR SR R AT T CHE L 1N T R R A A IR R A AT LA B 0 A A7 SE R B R A AR PR FL . PVL
SEUHE PGC—Arctan ff P8 B8 TP AT 04 L AH BR RH BR AT 538 58 T BR T C fE A 25 5 R AR M R B
B2, DL 15500 35 J0 1 m) B 8 B i A7 R R g LR i AR 2otk 2 L o i 4F ok, el T4 T8 4005 530 T LA [m] R 9 B 4%
ol DR 2 5 S 1 =l 4 1 2 L,k oA ik 2 b 17 P AR A 0 S LAMCE R PERET . POZAR T 4542 H
Vo 106 0 AR R UL SR 1 R 22 TR AC O T A A R Ge i AR ek K BT i ST AR S B i =
BN 45 MABIR B AR IR 9 2 . 7RS4 R BE R R S R p e 1R 80 SR X PGC R i b e
22 43 ik 14 e L R 2 AT SR A T RUE TE 80N T IE SZ A AL RO T R AR L R 22 . W R B AR R
BT — M TP RRRSUEESEAN T PGC M 7 %, Bl K BFEAR T 19.25 dB, {5 Muils i b4 = T
17.16 dB, R M A B 3542 T, QU Zhiyu 55l F 3L 55 /N 3 vk 1 10 [0 40065 530 125 R EG 491 B 40 R 3 FAT B
WAL H XS PGC I8 HE 4T T 00l A AP UE 2R 8 T AR 78 S A AH AL 0 ) R B 3R i — 2B il T R G0 iy AR ek
S I E S S T LA B 61.57 dB. HOU Changbo 28" 1) F 5 357 — 25 15 3% 18 52 9 0% 4 [ 802 ol i
T PGC P8 501 50k BAT R HU e /s Ao A ikl 68 L i B S S gtk ik sh/h + 3 dB. i
LTI 2 5 S R A S AME A R I T PGC M8 7 48, S B0 T & 20 PR B 0 25 0 A AL B R
FEASE DA 5 WA /NS B0 LA 00 R A7 fire 8 o A G [ 40045 2 D0k B TR, s 3 SO R O
X BR T B W/ INME S R R RE T R R

AR SR M — T ) RO I R I B S PG C IR B AR Al 22 A R A A 5 AR B R A (B R
LG R B2 U6l /I 2 T KO A 2 e o AR TR AR R DL R T A A/ AR I A b | AN IR 24 RO B L, sk
B A 2 AR AL R AU 2 i B0 B R A TSN RCR S . A IO = A D B S T H 4 B 2 ] AR
AL IS ], 00 DR AE /NG 51 D0 T A T8 4005 48 2R 00 e A, o IR A% 0 0 [ 900 5 B30k A i 28 o YR AR {1 e
R T B A AR R IR 25 I IE B AE T, e kAR AR I3 R R AU B Ak B S R I S — X 58 42 IE 38
BA5 5l LS S i 08 A5 5 rh i AR et O 3

1 EESHE

1.1 EAREE

T o) 38406 0 41 1 P ) e ik PG C i I8 305 QR 14 1 T 7 , B3k A v A0 28 08 T A5 5 B fm — > It = # D
il {55 , B EE 2% (Digital to Analog Converter, DAC) #iy H J5 1 Fi 78 1 B 8 BE 2% ( Piezoelectric Transducer,
PZT) 2 Eififie 8 5 3 B M2, #E 1 404 51 A — AR KA 09 AE 7 22 4k o 5 0t [ B, &1 308 38l 38 2ot 3K 2
PZT1 5 St 4 M1 IR 3l , i i 8400 W B 4R 3 15 45 o 38 5 2R T 85 At 09 T 95 D 10T da 4800 %
(Photodetector, PD) # 4k 4 H, A5 5 I 9l B B0 5% e 2% ( Analog to Digital Converter, ADC) R4 , R4 (5
SRk A B PGC #8551 |, 453 76 32: 2% (Multiplier, MUL ) i@ 38 )% %% (Low Pass Filter, LPF) (&t & in
AR R R 1 . DCM il 38 18 U 2% (High Pass Filter, HPF) A ¥ 5 |, e 2% H 5 0 5 5 e MR A 56 i 3028
G55 (1)

WO B e bk PD IS L 5 5 T LR R o

I1(2)=A+ Bcos[Ccos(wyt+0)+ ¢(1)] (1)

A, AR BIE 5 i A OB ZA OG0 H AL, e Ah , BIE 5 HOE T WAL B IR A RCR ARG CEEBIA IR, o,
SRR 0 SR B AHLIER 5 0(0)=0,(0) +¢,(0) +¢(0) , B S5IRNGEFEEH X EGE S o (1) K
A 1 5 R AL AR AR @, (0O FEREE I Bl (1) o

0114005-2



o 2R A5 TRT 1) VOGN IR N T A A A7 A O e 0 Bk

{ Michelson
[ interferometer Smus
I
: pzT2 >
I ‘:In
. M2
| pac |
= e g SRS e e - W
[ & [wa
: i; + Iteratively
§ VAV reweighted
| — ellipse
I E}(—“ specific
| A fitting
I

\ Triangular wave

W1 W gtk m A oy Rt PGC AT R oy TR A
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Improved Phase Generated Carrier Demodulation Algorithm for
Laser Vibration Measurement

JIANG Yichao', GU Shaojie', ZHANG Gang’, XU Linguang’, GE Qiang’,
WU Xugiang’, YU Benli’
(1 School of Electrical Engineering, Anhui Polytechnic University, Wuhu 241000, China)
(2 School of Mathematics Physics and Finance, Anhui Polytechnic University, Wuhu 241000, China)
(3 Information Materials and Intelligent Sensing Laboratory of Anhui Province , Anhui University,
Hefei 230601, China)

Abstract: Phase Generated Carrier (PGC) demodulation algorithm has been widely used in laser coherent
vibration measurement and gained widespread interest due to its high accuracy, large dynamic range, good
linearity, and low hardware overhead. However, the PGC demodulation technology is always accompanied
by nonlinear distortions induced by phase modulation depth deviation, light intensity disturbance, carrier
phase delay, etc. Therefore, an improved PGC demodulation algorithm is urgently required, which can
effectively suppress the nonlinear distortions.

In this study, we propose an improved PGC demodulation algorithm based on low frequency
modulation and iteratively reweighted ellipse specific fitting, which suppresses the nonlinear distortions in
the laser vibration measurement. The ellipse specific fitting is realized by introducing a 6X6 ellipse
constraint matrix in the direct least square fitting of ellipse, which avoids getting a hyperbola solution,
consequently. The iteratively reweighted ellipse specific fitting uses iteratively reweighted optimization
technology to improve the precision of the ellipse specific fitting and reduce the weight of the outlier data, it
has the advantages of ellipse-specificity, high robustness and high precison. In the imrpoved demodulation
algorithm, the iteratively reweighted ellipse specific fitting is used to correct the original quadrature signals
into a pair of perfect quadrature signals, which eliminates the nonlinear errors. Furthermore, to overcome
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the drawback of the ellipse fitting algorithm that it fails to work correctly under small phase signals, a low
frequency modulation with a large amplitude is added in the carrier modulation and it guarantees the ellipse
fitting accuracy regarless of the desired signal amplitudes. Finally, differential cross multiplying is used to
extract the desired phase shift signal from the corrected quadrature signals.

The simulations of ellipse specific fiting and iteratively reweighted ellipse specific fitting are performed
and the results show that the iteratively reweighted ellipse specific fitting is superior. Then the proposed
algorithm is verified in a Michelson inteferometer and the experimental results show that the Lissajous
figure of the quadrature signals without a stimulus is observed to be a 1/4 ellipse arc, a 1/2 ellipse arc, a
3/4 ellipse arc and a full ellipse when the amplitude of the low frequency modulation is set as 0.035 V,
0.085V, 0.013 5V, and 0.185 V, respectively. Then, a 1 kHz stimulus with the amplitude of 100 mV is
set, it 1s found that the fitted Lissajous figure deviates from the standard circle when there is no low
frequency modulation while it overlaps well with the circle when the low frequency modulation amplitude is
larger than 0.085 V. Thus, the accuracy of the ellipse fitting results can be gurantted by introducing a
appropriate low frequency modulation. The frequency spectra of the demodulated signals under the low
frequency modulation of 0 V, 0.085 V, 0.0135 V, and 0.185 V are compared, nonlinear distortions are
well supressed when the low amplitude is larger than 0.085 V. The demodulation algorithms based on
ellipse sepcfific fitting and iteratively reweighted ellipse specific fitting are also compared in the experiment,
the Signal-to—Noise~And Distortion ratio (SINAD) and Total Harmonic Distortion (THD) of the
demodulated signal based on iteratively reweighted ellipse specific fitting are improved by 1.99 dB and
0.27%, respectively. The demodulated signals of the improved algorithm at the phase modulation depth
range of 0.8~3.4 rad show a high stability, the mean SINAD and THD are 42.99 dB and 0.44% with the
corresponding standard deviations of 0.55 dB and 0.03% , respectively. The stimulating response linearity
of the system is better than 99.99% and the dynamic range reaches 103.90 dB @ 500 Hz & THD=1%.
The operating frequency band of the system is 20~8 000 Hz and two vibration signals are successfully
demodulated in the experiment.

The improved PGC demodulation algorithm has a promising application prospect in the field of laser
vibration measurement because of the advantages of high precision, good linearity, strong robustness and
high computational efficiency.

Key words: Laser vibration measurement technology; Phase generated carrier demodulation algorithm
Low frequency modulation; Iteratively reweighted ellipse specific fitting; Nonlinear distortions
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