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T HARRTERE, ASCE R GUT ST A, Ed e HE T AT
HSERIAE, R T MO R R, 2R R o AR
FME 3X3 HEE BRAEKTRRE IR, REIH R AL R E . A
TN T :

(1) WEIRHL & B3 (Ellipse Fitting Algorithm, EFA)F 5] X 1 BN
T T . EFA EARGLAR R S0 b R B 2 MR, F2EH
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RESEARCH ON OPTIMIZATION OF PASSIVE
HOMODYNE PHASE DEMODULATION ALGORITHM
BASED ON 3x3 COUPLER

ABSTRACT

Interferometric fiber optic sensors, with advantages of high
sensitivity, large dynamic range, and strong resistance to electromagnetic
interference, have many applications in the fields of perimeter security,
pipeline monitoring, and hydroacoustic signal detection, etc. Their signal
demodulation uses often the demodulation scheme based on the 3>3
coupler, phase generated carrier scheme, and synthesis of outlier methods,
and so on. Among them, the demodulation scheme based on 3>3 coupler
has been widely studied for its advantages of low cost, passive detection,
high sensitivity and large dynamic range. However, the splitting ratio and
phase difference asymmetry of the 3>3 coupler significantly reduces its
demodulation performance. This paper carries out a study on this problem
and proposes three enhanced demodulation algorithms through theoretical
derivation, software simulation and experimental verification. The results
show that the modified algorithms are able to compensate the effect of 3>3
coupler asymmetry and significantly suppress the system nonlinear

distortion. The main work in this thesis is as follows:
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(1) The additional phase-shift judgment module is introduced in the
ellipse fitting algorithm (EFA). EFA has a wider application in phase
demodulation algorithms and is mainly used to eliminate nonlinear errors.
However, EFA has an inherent disadvantage of not working properly when
the desired phase signal is small. The spectral ratio and phase difference
remain stable after the 3>3 coupler demodulation system is established.
The additional phase shift judgment module is introduced to solve the
problem of EFA failure when the stimulus signal is small. With a stimulus
amplitude of 30 mV, the modified algorithm total harmonic distortion
(THD) with the additional phase-shift judgment module reduces the THD
by 1.28% compared to that without the judgment module.

(2) The EFA based on Gauss-Newton iteration (GNI) algorithm is
proposed and applied to the 3>3 coupler demodulation system. The GNI
algorithm approximates the Sampson error by Taylor series expansion and
utilizes the approximation information of the gradient and Hessian matrix.
The demodulation accuracy and convergence speed are improved.
Meanwhile, combined with the additional phase shift judgment module,
the modified algorithm has a low THD with a value of 0.03% and a high
system dynamic range of 148.84 dB@1 kHz.

(3) A 3>3 coupler phase demodulation algorithm for three-way signal
fusion is proposed. The algorithm constructs a three-dimensional model by

projection and three-dimensional reconstruction techniques, and
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demodulates the signals using a three-dimensional spatial ellipse fitting

algorithm (3D-EFA). Compared with the NPS (Naval Postgraduate

School) algorithm and EFA based on the Least Square (LS) method, 3D-

EFA reduces THD by 2.09% and 10.35%, respectively, and achieves a
response linearity of 99.999%.

Pan Shumin (Control Science and Engineering)

Supervised by Ge Qiang

KEY WORDS: 3>3 coupler demodulation algorithm, ellipse fitting

algorithm, judgment module, Gaussian Newton iterative algorithm, three-

dimensional spatial ellipse fitting algorithm
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1.1 REMAREREEX

B IR AT N LR e RO R I PRI R e, AR IR I R A s — 2R, '
MR T A KRR TR &SI 752 L a2
i, SREF AR RS ARG . RBUZ R UM 5 T RS AL Bl
R EBCTE R U — . BEERARIIRE, T RDGL &R AL 2 A
SAF V2 N, R TR MRS M BT AR AL AL
2T A [ 5 1 P R s P2 AR T AR ARSI 7 Y R RS FE AR R T o DL PR A S A U 77
] r ANZER N ORI R ZE A o T R A SR S R TR A A
REZRMNE ., H, JT 33 M &R AR08 ToREZE, MAE
J% %% (Phase Generated Carrier, PGC)M MU i H i 8 TH HZE 2. R MR
T REHEWE L REMMERE, AT RIRRRG W EERE, EdEmM1
b, NTFEMR R 7 SR ekt EAE 2R T ORI TR 7T 6

3x3 A 4 10 25 W TE AR AR A R 52 2% P R 2R G SRR e SR U T L R A 34
51, SRH 3 X3 ARG 3R ARALR I 7 R A REUE & JCIRATI . 75 2 AH
P BRG] ARG AL O 2 B T AR U I s G TR
LA RS S B A7 T4 RS K R R T2 DL R A% ks 52 P25 4. 15 2%
AN AT T o e MEE AL, JE45 & SEIRIRIE, BUS T .35 BT 7L LR
21, fLgiidE T 3x3 MG BMCA TWAUR IR ZAPIM: Py R dEE
W ZE B} 9T 5256 = ?8)(Naval Research Laboratory, NRL) T 1982 4E4& i, %7 A
3x3 MG EAH A, I A ZE S RIEBUERE S, A RAM
5338 X AHFe(Differential Cross Multiplication, DCM) 7 i A B E 5. 55—
Fh 7 % 25 1 i 0T 5 A2 B P)(Naval Postgraduate School, NPS) T 1991 4E#2 11,
SEERARIAT A 3X3 MGt AR & ARRAE 5. AR,
TR AE IR A%, HLAURIR 3 X3 MG 2N =BG Sl T FARR S T Rx
PRI IXFOFRPE RS 5 Z A B A ACI R EUH S, HAHGZ 2 120008,
R 33 MESRANRE, M SBATEEMA R, RS RS RR. £
SEBRRE R, 3x3 Rl AR S AR KR, K AN o Bk 2 7 B S I O
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Ao BEAh, R RS G AT, SEABUE UL T WS iR 2 B 5]
MESHARR. NRIHERASFIERTER, FX XL N R RIFRAT T, If
S VR R L R AR T

1.2 ERSMAZEINR

ek, EAAEE-BESTHEET 33 MEamias%. BE
1982 4, koo & APOIgiii#ls Sheem!® MR i) 3x3 # & atfith RE =, -7 —
MIBERETR. SERPNAREERGAR, ZHRLFRETRBEETY
B A PR TC A, AT 3 S PR A A R R A R AL T B R . A% SRR BT
3x3 A AL T R R T R EZAGPIM . 5 FPE NRL 503%, FIH 3x3
M A B0 =M A, WEATHRIAAN ZE thaR BOE S5 5, SR HI > 58
SCMBRIE MR AT IARRS S 5o 26 —FPE NPS 5%, EXARHE A e =1 4
i, PRI HIARFE (5 5. NRL J7 R BRI, (HEHE— DX 3x3
M as M EL N B . AR F AR, IZERE SR N A B &
ZANRSEIUAE, AH TP e Th R R AR, B> B EVR e A
FRo AHELZ T, NPS J7 Sidid 25 = th AP S ERIERR S 5 M E R &,
Al REAME T P IR SR SR 15 5 508 . IXMRI T RIIXS 3x3 fh G
A AR AR IEA B 2K

N T T RAE G T R BRI, WEFCN SRR T 2 R ot A SR
1997 4, Zhao 55 NBOE 51 A\ cSodt (¥ B O 26 B i A B s g s bl 4Rk
TOHEH TR R 3x3 A G A S0E NPS 7. 2019 4F, RIERSE NBUKG 3x3 £
Gaf RS PGC MIASIEML &, B 5| NBCRIIHAL ARG 5, 30
R T 3x3 ME SR AR R BRI . 2020 4F, P EATHAE TAERIAF 705 B
T 55 NP Todd M DIRIR H: S IEVIVE, B ILTIN 3x3 #b & 4 A
BET, o T R 2 R O 22 S BUR M R LR . 2021 4, TR
LT e IR TF ARG, Zhong 55 NBUFEH | —Fiks NRL S0k 5 X% 2% 73 48
MARVEENEM A G WTTIE, M TRT 3X3 MEaAAHBOE ST R St
Fo ZTTIEA R R T IR SUEE SRR R, $Em 1R R5H
FeoE Mk K FE LA RON e FE I H At RE JT . R4, Ma %5 ARSI REHAT TSR,
AR RO Sy AR TG EAM AL ZAE 5 Z MBI B OG, T ER 1A

2



SRR 2 A 18 3

FRAG 50 B G I . 2023 4F, b ) K2 L PHAE AR 2 T b 2748
AMEIR ARG, 76 NPS SUAREAN FIRH T Sy 28 SOM RS, 4R SN
PRER A S T SO AR =S T, SEIARE BORSHE R AR

LR, E BT RRSUSAWHRZAOH, o, RR2IENH
RO LA B2 e PR32 B A 2 I /7 %8 . 2021 4, Zhang %6 A\ B
T T MRk K3 ME A ST R R/RZIERARER, SR T 3x3
A # A1 FRER I 28 (Photodetector, PD)AEBRARIRA P A 18 S R 3. PRI, 1%
TNER RIS G, RSN, I\ T EZ K] PDs, S AEAR R ESR A
AR . 2008 4, Liu 2 ANPEERF IR 404 529% (Ellipse Fitting Algorithm,
EFAVGHT & B AME 18 (M 5 ST OE, SRS EIRIAR S, i i e
FABLZE, AT RRAIS 1 X6F 33 Al as A ER I 25 (1 BEABAL OB o AR 1B UL & SR AE 353
G SRR T SRR R, BRSO BRI R A AR M R 1B, Jf
IR AR 3x3 FE-E SR AOG AR R K. 2019 4, L TR mme
SCEE NV 3x3 AR IS SRR A G TG, S8 T £
MABMNTW R/, FFHTH AR, X— IR T 3x3 Maaso it
MR FEAE SR, B T XA 2R E R . 2023 4F, HETERE
sRARSE NP T R e 3x3 #A 2R IR AHAE X BRI A R, % EFA SR I B E
MBS Z BT 2B H— AHABIEAL T, SEI G LR KT &8
WS S RS HEMR T . [RI4E, Fang 2 ANV2IGH WA IR 404 FE 7 A7 A B A A7 it
SIS 5 A TR L0 LU HTIROE, fERER LR TE S, BEK
K TOGIRRREME RS . 2024 4F, Liu 55 A\¥ERHA] EFA X 3x3 f &8 HRASTI(E
SHATIRFMA, KM ATAN(Arctangent) 5155 8] = NGRS S, FERH BT
Y, RO BR T AR 5 R N S S S I R A AL S . [RI4E, Zhong 2 A4
W =G T KRS AT IR S, RABILEHERE S 3x3 FE &% 5 brfa
Z B ERES, SR f/ME AT E R G 2 B0 O TE , AT SR AT BT IR A 1 4
R

EFAFS 4RI IE 22 43 2 15 8L A 5 Bk B8 1 AR 2R MR 2R B IR 2007 vk . AR
1M, SRFIAR A 0 e /IME BT 0, MRS AR ok IR AT, B
GG 75 R 25 AN REIRUOS), B S0, EFA ITESUE 2/ T B 1/4 A 5 B
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A REIEH TR, @i A8 b R e 450, 251 4 BT R 6 Ay s e [ 152591,
BE BB NBEE R RESE,  IX i R — SR R 1) AN A A S H > B = A
M FEAG UL & /NI B T HE IR ZE IR P BB . 2020 4F, Zhang 55 AP H 7 —Fh
TH BRI S Bh R IE NS 3x3 & AR R S E0hr B S I 7. &7 A IE I
¥ =ASTFWAS 5 B DO R SR S AR AR S HUIAL IE . O T R R0 &N AE A7
{55, Shi 2 ABUZEL 3x3 A4 38 A0 BFA #2107 —FARRS MR AR . v T b
EFA TE/MESIENL T LA RE, AR5 N TESMAR LR S], HAERE I Z
TEMEE S5 BAh, X 3X 3 R A AR RS I EFA A TIRAL, FRIKT
RGN R, e gk A AR o R RS B B SR L R B an T
2023 45, Wu &5 NFIE S A e M A & 2R MR LA T TS f, PR T —
EARMERS, HESHTWACH I NGREAECLIEEIHUE], S T i )
BIFEAEME ST RS VEE . SR, SOEE S IS0 7 2 5 NS AR AL
WK, XA ARG EREMBA . Fi& EFA ¥ TS /N 3k
(Least Square, LS)i%. A T #EEMHIRRE IERIAERE, B LA EFA #4758, 2023
%, Zhang S A$RH T MR/ e hEI G FEPTVRIEE T-HAE ) Taubin /b —
P& FIEP, M TG RIEET LS MMERILA BE, XU k85w T
FLANERE, Ree A BOBBRARLME R, SSOLEE AR . 2024 4F, Jiang 5 A
B3 W T B A [ 0L & B0 B 4% 1 5 75 (Renormalization Ellipse Fitting
Algorithm, R-EFA), J#id X EFA AT IEEBUME B AL, 9-4b 7 3ET LS ) EFA
AR B K 22 BB o T4, Gu 558 AP T 3% AR 2 RO [ 45 o 30 &
(Iteratively Reweighted Ellipse Specific Fitting, IRESF)& %, iZH LK B E
BRGBE FEA L G, BT s SR, AT 0 1 S R I AR
FE, SRT 3x3 MERRIAN TR RGBT . R O ZFERAH
AR SE TR A R AL BB AR 4RI, 2 3x3 RGBT FRIEXT RGe1:
R 10 7T A A R — AN A o (R . AEREE SRR, SN ok B A I
WAETTE, N 3x3 G SR S R R LS BRI i s, A8
BUR A G AR, o PR T RS PERE .

1.3 RUEEMARARSETRHA

ARIH ST 3x3 FEaR N ILIET ZM A BRIt . 230380 N
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TAEN, BARzHm .

1 & k. Hoe, NP ADCAE AR AR . BORRr il AR A%
IRGUR R R AT T RGEMEMR . 5, AR THET 3x3 WA SRR
VA SRE I R BT S BRI R, PEANER T N b TR AT ) AT
We BJa, WB T AL OIF NS, BT 3x3 A28 10 0IR = Z A0 0L ik
WA, FHEZEER T SJ W AR S BN, NESEFEITNREITEE
3

2 B TWADCAALIRE I 3 X3 MG AR A . B T T ADeer
PR IR VAL N AR S, JFPEANER VR4 3x3 MO as i EE, &
F5& NRL f1 NPS A SIL M AR I, feoh, H%E 3X3 #G eI Frbk ) i,
IRV EE BT IR g W oat | S EAE S = B S o - e S ) 1B e
AT T VEAHER TT

55 3 5 BT BIAR RS F WA = AU AR 3 X3 R A R AR S . FR A
F 44t (Gauss-Newton Iteration, GNI) Sy MBI LA 9%, FEn T
MBABE. 5, 2 33 MERARGE LG, JRMSHIREEEE. H
TR ESHEA G AR M, LS N T B AW, e T R E S
BN, AT RURG T AERIEAE SRV EFA SRR, i Ses % T %
BT TARBERUE . HX, GNI BE R RIE AR SRR, el
RAEAR G 5 B AR AR H o 7 H B AT SR IG I, 4 2 T s i A= s AR
SRR G 55 5 NRL SRR T 5/ i i B & A EAT X EE .

B4R BT ZBRESREGM 3X3MES IR, _E T MA T =RE
TR A1 3x3 B A A A AL AR U S, R = ok 2 R A R SO A L (Three-
mMmmmammm@REMgm@mm3umw)ﬁﬁ&%%? VR =4
R, MR TR SRR A IR AT 0 A, B =S S LA AR B R R
fERARDGE G A 28 P 3x3 MEHRSEINEIRUENE, ARk 1 E/MA
#A55 T 3D-EFA KAl @, thAh, it T X Estss, ik 3D-EFA 5 NPS 5
ELARET LS () EFA PEREZE 5, JEX R 25 AT 1 & S5 e i

W5 T M SRE. MO TAET T AR, 456 B
EANTFISEIREE R, RGUPHL 7T 3X3 M 310U ZE A AL AR B AR 11
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F 28 FHENAERER 3X3 BAHREARE

TWRDCAL KB R R IR BT INRE 9t AR, S E M,
FENCAAG R B P R R] T Z N o HOGER A RERE K 6L b B A A2 AR A B
HoeRARA, T TAEE SN P TR . Dy 7 S BILE w AER UR AR R AT EE K
WS, B KM AR . Hr, 2T 3x3 BEARMIEIRAEORE
N R IEIRFZMALRRE Tk, BAT SlrERe, s iRytishaSuE. R
PR Ay RIBUE, AR 5 sl ae et b it . AERENG T T AL
ALK AR SR, A T RME SRR T 3 X3 RG4S AR L A IR 1
A, #ETF T NRL 53k NPS Hkpfm i #ie A, WA 7V E S PR ERD
B o MO KRR ACR M. AN, S VTR
/N R M R UL 5 B

2.1 P BRI ERRIE

MR LT A L, SRR3R R BN BT e & &
Gt AHALUR B AR IR R G0 DA B RO AR AR R R G0, Hovl, AL 3 ] Y
ALK R G F EAFENURIRAL, RIS HEARE, #R: JeehEAm B
% T4 (Fiber Fabry Perot Interferometer, FFPI)SY. i 2F T k- 8% 4 /R T 354X
(Fiber Mach Zehnder Interferometer, FMZI)®2631 Sl £ 3 73 /R 38 F- 3 1X (Fiber
Michelson Interferometer, FMI)®4%51 [ S 4F 5 k% 44 35 T ¥ {X(Fiber Sagnac
Interferometer, FSI)%¢7],

FEMALRFI R BIR ARG T, U ZRAE TR, B, BER
WEET AR, WASEOCAKE L MG R o FEEE AR

1, IS RRARNL @ 84, AHALA AT AR IR AN
_ 2znlL
2

FEVUAS T ADCL AL RS T, FMI AL & s I AL R — N e &
#%, BASHER. AR, 5T/ REAER A, BEre 2T Ik, &
7 RUE RS SUR . ASOKFE T FMI B RER sl -F &, BEm T e
RSN EPR TV

(2-1)
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[l 2-1 FMI [ 4544 1

Fig. 2-1 The structural diagram of FMI
FMI 45K 2-1 FiR, FEAFEHEOLE. —4 PD. —> 2x2 fi & A0
PN 5 JiE §% i (Faraday Rotating Mirror, FRM). 068 & H e 2l #E A 28
Ja, BRI O, 7 AR B M S . P FRM S 1R
KEPDCRA MG AP ERA S, TR FMI. ARES #5010 H )G
WHEEM PD R0, FHHEMAAERES . FRM ES M ME 7 eed iz M
Az Rl 65 IR R — R R AR SR Rk, B ER B 4P XY

et SRS AR m AR Bl AT S B M 99 T2 2 1) R D

2.2 NRL &%

20 T2 80 “FAX,  SEE TR EX U 22 WF U S0 S M DS Y 1 fan Hh AR A TR R T
%, 1205 RE SIS EEOR, AR . NRL Hikiia iy
faiii, MM PDs, HIEMIEEE, MIA K 7 RGBT RA . A
XS NRL SR E BT VR, IR 3 X3 M e S Ho i R a5 R K52
M o

2.2.1 NRL FEE AR KR

[FoF1¢

T .
o] o .
2-2 NRL fif i 532 Jir BRHE [

Fig. 2-2 Principle block diagram of NRL demodulation algorithm
NRL FRi AR 2-2 s, JufE St mmRies s, 3X3 fadn
=AM H S TS S R R
V, = A[L+n, (t) [{1+vcos[ o(t) ]}
V, = A[L1+n,(t) [{1+vcos[ p(t)+ 0]} (2-2)
Vy = A[1+n, (1) [{L+vcos| p(t)-6 |}
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Hef, Ve M v o Eos =i E S HRIRME. A NERIRE R, @)
FRONHXT SR IE RS, v RSO I, o) AR IGHREN(E 5 SR AAR G224, 6
R 33 AR SIERMAZE. Bk, v 1, 08 2n/3. @R (2-2)iAT
CAPEEIIYE LR

V, =-B, (1+cosgp(t)) -
V,;=B,+B,cosp(t)*£B,singp(t) e
- 1 3 et
E$,&—Auﬂmm,&—3&,&—=?Bb&%ﬁm%%ﬁ%ﬁuﬁ%

WA R NTTETEN o2 rad MALZE, ¥ Vo B Vs 43 Jl3EAT A I AR,
53] M A1 N:

M:W+W:4&f8ﬁ%¢0» 24
N =V, -V, = 2B;sin ¢(t)
SSBIXS MAN N ATy, AR M RN
M =-B,sing(t
= —Bysing(t) 2-5)
N = 2B, cosg(t)
BT 5 28 SR JE HEATAIROE 5, FTRAF G R 4
D =MN —NM =4BB,p(t)cose(t)+4B,B,p(t) (2-6)
XD AT IES S, A4S
E = [ Ddt = 4B,B, sinp(t)+ 4B,B,p t) 2-7)

Bz M F N HER¥H, BEERFSTh o N E, B nTUREN

0. BEiF, D ERALLE NLL R IE:
D =4B,B,¢(t) (2-8)
E = [ Ddt = 4B,Byp(1) (2-9)

R4, BHEHEAINGNES E HEES TR ERIEH R
.

2.2.2 NRL SR AE SR
FT LabVIEW VP& #8 T LRMBIRSEERIFE RS, H TR A
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ZERMFEN . ETESRE Y, WETWChPIRBANGE S 1M ST
HiiE B =0, ZEMREN 0.8V, MAZE T A 2n/3 rad. FANEE 1V
EsZAE5, I HIAE 1 kHz. 5 kHz F1 10 kHz =AMSAEAZR S 470, @it
NRL SIS B BB TR ARRE A5 5, AN [RIAIER 25 A0 T 1 Bl 3 pl T2 L 0) 7 11
S ] 2-3 Fs . Wi 2-3(a)s (o) F(e)ir, BEE(E SHZM 1 kHz 327+ %2
10 kHz, WA EDEZN4EES . Sk oirsd RER, £ 1 kHz, 5 kHz
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Fig. 2-8 NPS demodulation schematic block diagram
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WM NG SR B C, RIS &, 2R RERTE
il & BT 8UE S Xov Xi 1 Xa:

X, =Bcosg(t)

X, =Bcos| p(t)-27/3] (2-12)
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He, A1v AR A NEIE, By Bo Al By N BETR(E, o) NG
, Ap1 A2 G S LA T HAEM AW 2n/3 rad FIESMEL RES , Aps 2
THRES B AR T B RAS -20/3 rad HIBISMES RS . IXEEAI AL R
TAEME S BT AR AT AMEE, DURIE AR 45 SR AR 14
LES AT I 2-8 FFFT/R Y NPS SLIARAE I, ] DOBLER B2 AR B 1 i it
AT B FR (S 5o AR1, IRERQ-19)H0HR, SLhRiA G S 2O R
FEXT AR, BRI E AR AL IE— B . XFE S A R S R
SR MR BRI S A (E S 22 5, T BB B0 HE o Y R R OG R AR, 3k
S R I R (P e

dn

13

pi

I

b

E

hall

&

2.3.2 NPS fEAEEGE S

(1) WEAEXSFR AT N MRS 50 b

A LabVIEW FAFHEE—ANET 3x3 SRR & 43K NPS A i Hv2As
B, P Z LR R PR AT IRAE . 7E 07 BT, RRINE SR N —A
WA 1 kHz. RN 2 VHIIEZSE . =BRESHEREAREN 1V, THiE
B WHEN 0.8V, PEEKIMAZEREN 120°, HIERERGRHMREREN
500 kS/s. [AIS, RN SEER TAEMEE e B gmg, S & amsE, Koo
NN o(0F 0 e 75 bR 22, AR Bt i) — AN S8 T 8, H TR
R MHTEENERE

o WHE N 0.001 B, {FESEREMNE 2-9 fix, R ENIEES SEES
W HA mE 8. TR 5N T mi@ e, frilmis 2 afFE—A
[# € ARDL A2 . SRER SRR MANESIMESIRIEN 2 V, &1 NPS HiE
filE 5 S SIRIE N 1.99854 V, 4Rz 0.00146 V, FITHEARH, AR
ZAH 0.07%, REB/N. fFRGIE S IEEIEA TR, X EWE R~
FRER T T R, RRAE RTCRE, REF TS S e B, J5A
(ERCECE RS/ =1

WE2-10 7R, ZETFRQ-10H AW =B ES, B ERREETHAS

16



SRR 2 A 18 3

i, FTPAVAEREE IR .. BT R =SS B B AR, B AT
BLoR R IGRIHS BRI o X B FRE B S e 2 = an B b, R =4
FEARFIR /NS AR [F A, ELIX Eetbf 72 23 [A) 2 8L 120° AOREAR 73 A1 o

41 (a 200000V — Interference signals
2 @
SVWWWWAAY
~2
5 0.000 0.005 0.010 0.015 0.020
g
< 4 (b) 1.99854V —— Demeodulated signal
2
SN
2
4
0.000 0.005 0.010 0.015 0.020
Time(s)

B 2-9 Han A S AARRINAE = B AR 4

Fig. 2-9 Demodulation results of output signal and measured signal

@ ®) Y o

0 0
00 05 L0 15 2.0 00 05 1.0 15 20 00 05 10 15 20
W) XMW xm

P 2-10 {12 RS 5 T BN 25 5% T ]
Fig. 2-10 Lissajous figures formed by any two signals

2-11 7R TEEARFFREE o 5T, BRGS0 S FRT R 1 43
R, B 2-11()F(b). (©)FI(d) (e)FI() 7 X MARHEZE o 24 0.001. 0.005 F
0.01 MENL . i B AR HEZE o IE Y 0.001 I, Z3d NPS Sk F{E
SYRME 099918 V, HERRAEAALL, #RIEHIIMZEY 0.00082 V, THEAGHIK
FHXSIRZE N 0.082%. =il A HIARAEZ o BCE N 0.005 I, Z3d NPS BikAb
HEME SIRIEY 1.00809 V, SESEMLEL, fRIEKWZED 0.00146 V, iT5H
t, FHXFRZEN 0.809%. i mEbrdEE o BB mE 0.01 i, &
NPS 52 A B (145 5 IRIE 2 1.00988 V, SHEREAALL, FRIE MW Z R4 0.00146
V, TFEH, EXHRZER 0.988%. XLLGERLERH, NPS BIETEA RS KT

17



TRUTAE R 2 A e

HA RIFM &Y. KBS REZE RN, S 8 0 2k 2R FE AR 15 58 &2
Fo EORMRRNS B BE N P G0 AR, AR ORI T R I . TESTE 7
I, FTLAOERE], AEFHEZE o K0T, SUkEMREKT208: 4 o N
0.001 B}, JEEEKFHN-117 dB; 4 o 24 0.005 B, JKMEEKFER-102 dB; 4 o A
0.01 I}, JEMEZKF4-95 dB. BB bk 22 B NI E A0 T, B
WY e T P AR RS S R T R, gD RRE T MR R 515 S
Z I ARG R R

0

2 (@) —— c=0.001 ) —— o=0.001
1 40
0 -117dB
80
1 120
s E
0.000 0.005 0.010 0.015 0.020 0 2000 4000 6000 8000
=2{ (@© — 0005 & Y@ —— 5=0.005
%1 I 40
2 z -102dB
g0 £ %0
g1 g
<, 2120
0.000 0.005 0.010 0.015 0.020 0 2000 4000 6000 8000
2 (@ ——c=0.01 —— c=0.01
1
0 /\/\/\/V\A/VVV\N\/\/W\/W\/\
-1
2
0.000 0.005 0.010 0.015 0.020 0 2000 4000 6000 8000
Time(s) Frequency(Hz)

2-11 NIRRT, NPS BIAMRH 4
Fig. 2-11 Demodulation results of NPS algorithm under different Gaussian noise conditions
(2) MEAHAEXTFR AT N RS 505 b
N T SR UENRAE SRR RO A 25 SR FEI, B2 T LabVIEW ~F & #5817 AR
PiEAERL . =AM 15 58 R

l,=A +B,cosg(t)
|, = A, +B,cos p(t)-27/3] (2-20)
|, = A +B,cos| p(t)+27/3]
WHEESHIZEN 1 kHz, REN 1V, ZBESHEREA =1V, 4=15
V, 43=08V; TiHEB =08V, Bo=1V, By=12V; FERINAL ZHE
BN 12005 {55 REER N 500 kS/s. WP 2-12 FoR, JBOR T EMEAE A FR & AF
T, 55 BN SRR B . AP 2-12(a)Hh AR B 03 T B 5 A 2 BEARLIE 9%
PR, RIH R AIELME R EARFE . X —BRIERE 2-12(b) A & o 15 2]

18



SRR 2 A 18 3

B DIE: BREESE SN, B0 AR o AR 2 A By, XA
ANRIBE AL B SRR AL, L7 A B D R A5 S5 R AE A AR AR -

g 21 (@ Waveform
= 1
=
T o
=
= -1
g
0.000 0.005 0.010 0.015 0.020
Time(s)
a2 0 -
= (b) Spectrum
= -40
2
= 80
=
E-120
-
0 2000 4000 6000 8000
Frequency(Hz)

B 2-12 EAEANKIFRSEAE T, NPS SRl 45 R
Fig. 2-12 Demodulation results of the NPS algorithm when the amplitude is asymmetric
KPR R, N 7RISR RN A 45 RS20, /£ LabVIEW ~F
& P EAR., —BESHE T ER:
l, = A+ Bcosg(t

|, =A+Bcos| p(t)+Ag | 2-21)
l, = A+Bcos| p(t)+Ag, |

RS S A% 1 kHz, TREN 1V, REHME A1 =4,=43=1V, B/ =
By =B3 =08V, WERKIHAAEDMEEN 150°F 100°; (55 KFEZEI 500
kS/so TEARNLAKIFRGEAE T, 155 BB IO TR A an il 2-13 From. 28U
TE 2-12, & 2-13 BT B EIER R I H BN B R R L, X R IE
FHAFEAR MR B, X T RES IS S IR I

~ 2 (a) Waveform
[
z 1
=
=
g -1
a2
0.000 0.005 0.010 0.015 0.020
Time(s)
- 0
% (b) Spectrum
s
-]
£ S0
)
-120
R
0 2000 4000 6000 8000

Frequency(Hz)
] 2-13 HIRL AT FRAAE T, NPS SIL g IR 45

Fig. 2-13 Demodulation results of NPS algorithm with phase asymmetry

19



SRR 2 A 18 3

FESKPRAE S AR RE A, RS AN X B AT AL A XS B 25 R RE ol o S5 Wi i A o
FERIRBER R . I, O 7 W OR IERA ROMRER , o 2500 B A A S 3t AT e A
Bk, PLIE ARIZ e AR B AR 2 R SR B AN R o

2.4 HEMSEZE

F T B AR AE R b i B B B B, DR I DL & 2 o S i o
R = A BT — 5. Bk, A 20 AL 70 AR SN ARSI N B
AW AR, MR 00 & SR OB SO ML IS T A . R IA A BRI S
e, AR OL T RZON F I RIE BT T AR/ ME s 3K 4 R T f
TARBAHIE B ME . B R SCE R R, B A SR R L ARSI
R Bk A A 2R ST M AR TR R B, ORI 22 4t L AR L A 18 7 56 Ak
HRGUMTERE.

R LT e/ SR BIRL A 5005, o T BLTE 530 R &b e 2 R
R R, (EAR S ALIRGUEAT B TN . T 3x3 # G AR A AL R T %
B T 33 MG EIEA R, ERPTEE S AR R W B AR — MR
B o A -5 AU 0 00 45 B R0 24 B2 B PR B JEAT S 5000 & T R R et
R, RIEREIPI IR G .

TEFEXTFRIN) 33 A 25 HPTHEAE SEAT 04T, P9 e i 1 A ARIA 50

{I1:A+ Bcoso(t)
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H, hfkZ2ERIWE, o b R2ZTHIEE, o2 ML LA L) A
2. I cos? () +sin® () = 1, #(2-23) AT AH o5 AL R
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4. B. C. D E NHRAMESE. B CRES —HEHIES Pi= (x,
yi)s ARIEE/N IRV R, L0 H AR R A DL SE IR A
F(A B,C,D,E) =zn:(xf + AXY, +By2 +Cx, + Dy, +E)’ (2-26)
=]

NI F &, TR FRSTURTN 0, B
OF _OF _oF _OF _oF

A "B o D E (&27)
] DA R T FE
;X?yf ;Xiyf’ ;X?yi ;Xiyf ;xiyi ;Xf’yi
Sxyd Dyt Yxyr DvE Dy [A] DRy
i=1 i=1 i=1 i=1 i=1 B i=1
ZXiZYi in Yiz inz in Yi in Cl=- les (2-28)
I:l I:r]]. I;l I:nl I:nl D I:l
PRI DR DN DI 1= DI 37
i=1 i=1 i=1 i=1 i=1 i=1
Z X Yi Z yi2 Z X Z Yi Zl Z Xi2
= =1 i=1 =1 i=1 N L i=1 |
A PAR RN
-
B
M,|C |=M, (2-29)
D
_E_
EIRYR=X:|]

21



SRR 2 A 18 3

=MM, (2-30)

1

mo O w >

AR STAR AL B, C. D EMIEA:
h=(2BC-AD)/(A’-4B)
k=(2D-AC)/(A*-4B)

1

a:[(hz+sz+hkA—E)/(1—A2/4B)T 2-31)
b:(az/B);
5= cos‘l(—A/Z\/g)

Ja, MWESFEIREWEZESE b kv av b A1 0o H TSGR P& 5
o

2.5 XE/IG

AR E IR RO AL s O HE AR TAR SR B REAT T k. B)S, A
BT 7 EE T 3X3 R A% 1 PR 22 MR A7 fif IR SE——NRL 5EAM NPS HL 1R
B, IHE B0 B SS, TRAWETT T RAELAAR L AR X ARV X i A 1 BE RO . i
Ja, A TS A A, R D TR [ [ UL Skt
177 VR AU A HE S

22



SRR 2 A 18 3

583 F ETHmMEBAEMSHFBIENAR 3X3 B
fREE

NTCAR 3X3 ARG AFAERARUEXH R VERERI 2, SR 1 — Ao R T
3x3 MG s AR LA S35 o A S0 I [ 400 & B398 1 2R AR T e/ —3feds,
N T PR 3x3 MG A iR AL A RGN TRk, AR B IR ORI T e A it
IEAFERIRER LG SRR AL 3x3 ARG SR SE D IZGEEE T UATEE &
BATHEE A T, BAWEEENR A TRESERG RN, S5E5HIEM
b, R SIRAE RS AN S 3h A&V T T S R B B LS, T REA A
FRL kiR 2. AR, MRS R — AN EA SR SR AAE 5 BN
I, BRI ESVARIEAT, HRBIT R Ak, AFR G 45 A
FasETE,  GINBRIIN A AR AR AR g pa A 1]

3.1 KIS FIEiRR AR EE

FEFRBL R R B A 5N DL 45 5925 o Ak P 36 () T-3045 5 I ELIRL 20 2
SR GUR] WL AAR L 22 0 i 22 AN P4 o RTT,  A AR ARALIZIE T 80N T /2
I, G I DL 65K VA IR AT, B IR 0L 5 5 RN HERff o IR AR L R ) A6 1
B FIEAE LR AL R BOR P B R H o DX — R, 4R AR
TR AHAS JA Wi 1) A AR 4 40 & B0k

3.1.1 ERREBSH

BRSSP A B 1Y) 33 8 15 45 At R S0k ) U ERAE JE 4 ] 3-1 s o O R
S B F 18 5o /R @ISR, it G RIS A o 3l i B R R
BT AT REE, JEARYE IRt AUAR AR FE AT AL . X T EARRY 3x3 A A
&, HRHE 3 EIEGE S HUR R S A AR B S S I RIE AT
S, AERPINEIE Z B AL ZE DY 1200,

Wk 3-1 Pz, J6Er FMI il i T #045 5400 PDs 13 2IRDE AR IR

[70],

23



SRR 2 A 18 3
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|, = A+Bcos| p(t)+27/3]
Hodr, 40 B S NWOCTIZAR R HE AL IF B BB T F ARG RCE,
(1) 5 RIS 2 AR S 1 (5 5

[ I
I[(J‘) : psttysllysUys0, :
| m ; sing (t) |
N ranslation ) Ellipse
It I I, kﬂ’kﬂ’or” ; > Update correction I
m | Rotation " [
| "y cosg (t) |
| ka,b,o,0, |
| LS |
[ |
| |
I_ ____________________________ |
I DIFF LPF |<:7
|
:<L| PF fe——] INT |«— SUB [T :
|

3-1 BEANARAS IR 33 H0 & A A A S0 1) SR BEAE I8 (DAQ:  Hidfi K4+ LPF: 1K
PR s DIFF: fsr#%: SUB: J8%ds: INT: flsrds: HPF: milJEykds)

Fig. 3-1 Schematic block diagram of the 3 x 3 coupler demodulation algorithm with additional
phase-shift judgment module (DAQ: data acquisition card; LPF: low-pass filter; DIFF:
differentiator; SUB: subtractor; INT: differentiator; HPF: high-pass filter)

SR, AESEBRR A, 3x3 A& as B AR, JF H e 58 4F5I N 74
MR . I (3-1) T AR E P AME 5 Bl A A 2 URT BUE S Rl R K
{ ,(t)=h+acosp(t) 52
1, (t)=k+bcos| p(t)-5 |
Hre, hMkRERME, oM bRTRIRE, 6/ () LOZ KA ZE. H
x My A L) L), WK 7R — OB AR .

x> + Axy + By’ +Cx+Dy+E =0 (3-3)
Hvr, A, B. C. DRI EZWRATLAESEL.
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M T LS 595k EFA K13 4. B. C. DM E. T LS 51 EFA iliid
B /IR 5 1t 288 R B (01 77 R0 SR SR UG B P00 5 S 400, 3K 6 2 B0 R 0 [ 1 <
Rl AR DL R MRS . FET XSS, X E S R AR iR
HATAMERIE B o 1A L Bk . 5 T SEOART SR TF S SR 35 M 2 B
bR o

MBS H TG MR ESE b kb oa b, 6 F1 0o 4RI SRAK
i, BB AR IE S how kov ao~ bo F1 Soo how ko FI Oro FAVET-RE A%
AR ik 72 o B 52 S

h=(2BC - AD)/(A*-4B)
k=(2D-AC)/(A*-4B)

1

a=[(h*+k?B+hkA—E)/(1- A2/4B)T (3-4)

b= (a?/B):

5= cos‘l(— A/Z\/E)

6, =1/2arctan [ A/(B-1)]

Hordr, 0, ZMREBIERARE, b A k23R x AR y BhEE B WAs , PR [
e AR FR AT DL AN B B . BRI B B2 AR C(h, k). H5 2855 tn i i
RS A e AR ARG I, R R ) D L RAE SR A JRAR AR BRI He X =
(x, M FTARDR X7 = (x", y") IR AR T

MEMEH &

X" cosé’r —sin@r X'
|: ni|: H 9 0 |: } (3'6)
y sin ; cos . y
3x3 WA — M SEE e e, B b 1011 RS e 22 50
MNFWAE S AL ZEAN 20/3 rad, (ERGE G, 2 GHEAIAAL Z e R KF
AR . FETIX 45, AT AR R P A B, SRk TR A 55
EAE/AME S N RIEIBAT IR G . G0 SRAFAE — X 0 T 5 s O PR s, ) E 2R
I KT nrad.

Wk 3-2 Fi7s, xov x0'~ yo R yo’ SEALESEEL . N (x0, yo)FH M (=x0, -yo)r&—%T
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KT R FR . A 3-2 AT DLW AR R, MEINES N AT M B, I,
A LHIWT AR iR T mrade WURZAEBE WK T nrad, S IEASAE 5 34T HAIE]
A FE, IR SR AT IR R IE . T S HOR I 10, & 45 R dE 47 5k
PSRBT . 750, KR AR AT SR [ RS IE S BOEAT R R I o FRATTHhAT 2 B s i
EHThAE . iR R AR AR, A AR BOR AL S . T
ey, BOASECEEAN by kb oas bR S IFIME hov kov ao~ bo F1 6o 43 AN
0.6336 V. 0.6181 V. 0.5237 V. 0.5235 V Fll 2.0671 rad. #fi[E#% IFZ M%) Fa
BPASEAE /AR A5 SRR I T B L, 7 T {38 CORAF 1 2 8K 5 iR
FRIE, (HILPERETRES A BT R . BbAh, i ) fk i ERs B KT n rad
RIS S, T USEHRG RS 1E 24

s A
AY(V)

=

JE o

\M('xof}'o)

~N
~N
N

N

N

N

~N

X(Vy

N(XO"YO)\\\

] 3-2 SIS s R 14 7 7 P&
Fig. 3-2 Schematic diagram of the arc length judgment module

H T EATRIBSZFIBENLAE G L) L()RIFEZett 2k B AT IS 70 A RRHE
o i, IERAE SR AR Y U A

cosg(t)=(1,(t)-h)/a
Sinq)(t)z{IZ(t)_k ( )

cosﬁ}/sin o
b a

o, cos (A sin (072 —XF RS LIS S o B JE BIXURAE 5 BB B
T EF I B AUEAE . A, IR L SR A A RO BR AR R . R
Ja PR 73 58 SRR BAE NS IR A5 S AT A I, I P v 308 00 O e o AU 7 kAT
TR, mEFILR

[71]

(3-7)

SRERS o(t)o

3.1.2 IWALIER
SR 3x3 R E s iR LR A DB AR RS H R, H S e B
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ki 3-3 fius. 1EMEE FMI B RE R, i@ H—A 3x3 MG 3. Mkt
BFIH A FRMs M. FRATMEA FRM SRAMEXCHT IR, AT 962 fl 4 30 32 1 52
Mo MESABOLE (RIO)KH AN 3x3 #E R WAL 1. HA
FRMs 77 7 82 3] FMI AL RE M S B K P . PS4 L BE #5 (Piezoelectric
transducer, PZT) F &R 3] 3x3 #E A Him 10 6. sb4h, —XF PDs
(THORLABS, PDB450C)ifid 3x3 &8 i 1 2 Al 3 #fUm ALl M
ANEE ) THE 585 085 K4 K (Data acquisition card, DAQ) (NI USB-6363)%
8, B ROE BTN T SR AR FE . B SRAE R GUR SRR E N 500
kS/s, KA REEE NS00k, BEJS, FIF LabVIEW F A4 HH i S5 0) kA5 1)
T HLE S AT AL B

BIRBFWA

W4 BN RN

i PIWAE |

JHIE 5 :
e RN |

g = 1 BB - [
fu 5 /b’\' T

3-3 (a) SKHAR EIAEE (b) B

Fig. 3-3 (a) Flowchart of the experimental setup (b) Physical diagram
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3.1.3 SEIRUCHFFNLESR

75 PZT LHEIARE N 1 kHz. $RIEN 2V IG5 . RG22 E e —

AN EEERA OREE, LA KT 2n rad. AR T0R(0.6322, 0.6170), i

AN 0.7976 rad. [EE ZH hov ko K1 6,0 73 MW E N 0.6322 V. 0.6170 V

0.7976rad. M 3-4(a)F & 3-4(b)RFEER T 2R K A . ZBHh

A= an B DU s e, KRA A AT x A y Bl b Wi 3-4(c)f
s hOA L (OBE S HERIE N — X IEAfF 5.

2

@ (b) 2|©

Original signal 1 —— After translation and rotation Corrected by EFA

| O OO

-1 0 1 2 -1 0 1 -2 0 2
X(V) X(V) X(V)

Y(V)
Y(V)
o
Y(V)

3-4 (2) THAE SRR (b) PR ANERS T 2R W (o) 12 05 2R
Fig. 3-4 (a) Lissajous figure for interfering signals, (b) Lissajous figure after translation and
rotation and (c) Lissajous figure after correction
AT WAESEIFRE T, BATHER T SHIE S . 727 5 R0 B
B2 hy kv a. by 5 6, ZIEEWE 3-5 Fis. RIBELL 0.2 V BB
LAV HEINE] 3.0 Ve SIRIERE N 1.4V A 1.8 VI, ZEFEMnE BTy 1/2 1
[ 5IFN 2/3 WAIEI . 7E 2.8 V INIRIE T, ZFEERMR T — e B bsER . A,
kv av by 6 1 O BIEIIME TN 0.6336 V. 0.6181 V. 0.5237 V. 0.5235 V.
2.0671 rad #1 0.7977 rad. XEFBMEANEAVIIGSHAFEAEARL AR EE D . X
Sb S HE AN (R R0 B2 T R I B s AR e P, 0 e AT TR B AR A A
sk, A, TSR MR IESEAFE. X2&H 3x3 fE e A
JCIREEE R . 3x3 FA# 2 —FhRE, — B RGN, HAGHAREAL
ZWEE. Fi, WK IES RN E .
i 22 0 FAE Ak % 2 B0 B U FE I Se it fads . 18 3-6 FRR I EL
Kz T 28 by kv av by 0 M1 O, UFRIHEZE . FEAFIRIET, 280 by k. a.
by SO AR UHEMZ /N T 0.004. W] AMLERS], X EE A bRAE (R 22 35550,
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REAFIRMERAE T, XS H I & o 545 R B AT B A e VE AT o] &g
.

0.66 2.4
—+—h——k——a——b—1—5——4,
2.1
0.641
g - - 1.8 =
3 e
15%F
2 0,621 — e e e e S
g 3
1.2
< E C o
0.52-
0.9
0.6
0.50

15 2.0 25 30
Stimulating amplitude(V)
3-5 AFFEIRAEIARE) Ay ks av by 6F1 6,
Fig. 3-5 h, k, a, b, 6 and 6, measured for different stimulus amplitudes

0.004

0.003556

o
o
S
@

0.002 -

Standard deviation

o
o
o
=

0.000558 0.000607

0.000-

K 3-6 hv kv a by 01O, [IbRIEZ
Fig. 3-6 Standard deviation of 4, &, a, b, 6 and 6,

N T SR AR ) WA R BAT S T ST RO AL, R PR SRR R S
R 2= 5% B 5 4 [ e 2 0R IE I AR % AT T LU, IR BIN BSOS PPN
FEEE R IERCR . B B ORI 0, 255 an BB e hr vtk A
wnlE 3-7 fiw, AZEREA RISy 1/4 BRI, @5 B i SRR & S50
IE 2RI B B 020 50 0.08 A1 0.21, 4ZgEin &y 172 FIN, Bl
I 0.04 A1 0.11. FSbA] WL, AT BIARES FI RS H ) 3 X3 R s A 1 5
PR IE G 2 i B A AR R B0 R . Z AR A SR i ThAE . MR A
RIS, A2 P A ARSI LR BE R AR AL e Bl . BEE AR B 3G n,  ZRp"
WMERT nrade B, KIES NRSEASEE 7R, MREIRRRR 78S 1k
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i3
| X_ o
(a) —— Corrected by proposed algorithi (b) —— Corrected by proposed algorithm
2 Corrected by fixed parameters 2 Corrected by fixed parameters
1 1
S S
>0 >0
1 -1
2 -2
2 1 0 1 2 -2 1 0 1 2
X(V) X(V)

3-7 PR SEE R IE 2R B TN 52 ZHO0RE 2= a0 (a) 1/4 [R5 (b) 172 5K
Fig. 3-7 Lissajous figure corrected by the proposed algorithm and Lissajous figure corrected by
fixed parameters (a) 1/4 arc and (b) 1/2 arc
FWAES LM L()WNE 3-8 fim. NEIFRTLIER], REWAME S
TENZ R E, HEATR B B AR B E R . X E R AT
T A AN TR % R A A 22 06 5 20 A AN 35 S B

14+ — L
- Iz(t)

=
N
N

Amplitude(V)
o =
(o] o

o
o

0.4 T T T T
0.000 0.002 0.004 0.006 0.008 0.010

Time(s)

3-8 TWAES L (O L(1)
Fig. 3-8 Interference signals /i (t) and £ (t)
3-9 BN TAEFHE SR RN, & BFA KRB, ARIEERE SEMH
FHIF BOMGIRI RS IE 250, 2SI AR R .. B s, ZiAESREEN
23 VI, IR 2IEE KT norad BIMEGL AHXHL, HEAE
o B B AR 2 50 mV I, TERGIR R /N T orade 2350l DU G AN AL (2
% TAE 2.3 VAT 50 mV 3100 B 261 S AS 2R ZERE i, Hoh it g2 AR IR
JEN 23V HIENR, MAEINERRELZ N 50mV BIER. 7T LLWES], KR
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MR SRR 73 XSk AF AR B, Ul ] BT A I THELAM R R L S B A . R
P A A S 22 5, (HOE IS S ORI A A, AT USRS AN R R i 5
T B AR KRR B RN [ U0 S S AR AR A TR R ) SR I Y, e
NFESROE T SR BRI, RS S IRIEECD BT, W
RES B DR e R S R AR AERA 1

15

—— Greater than w rad
1.0 — Lessthan w rad

0.5

1O

-0.51

Y(V)

-1.01

'1.5 T T T T T
-15 -10 -05 00 05 10 15

X(V)
Pl 3-9 AN [F) R B0mE B B2 4 ]
Fig. 3-9 Lissajous figure for different stimulus amplitudes

X i 2R G A S R R R T R PR RE EAT T L. 1] 3-10 R

T AEANIE F FI W RS F I W R A5 0L, s AR B 9D S AR IE AR B Y
ZEEE. BT PZT SIEMABAN RN, 25BN, MR AN
TSI PR AR 3 4005 2 B0 S (P A [ 322 /N T B I 0 e e AR I . 1] 3-10 ()i
ANy LTRSS IS L, AERIOIEE Y 30 mV I, AR AR A
BoRHRE N ZE, XRUESZ AIWEEL T, MRS FIETTER R
RIEfE . HEZT, K 3-10 0)ER JERFIMNEIER RGERIM, HhZEps
V] AR T30 SRS T b ke 2 Tt [ T 300028 1) — 38 43, o HE o B2 AR f % o 7E
K 3-10 (b) ™, JysEBUSTRRL L, EHKMEERIESHERE: A ks as DATS
43N 0.6271 V. 0.6174 V. 0.5152V. 0.5172V f1 2.0765 rad. XL8Z 5 1) L
SFFH AR I B v I S G ek, SRIREE SRR, UMM RN
I, AR BRI A B R AR 5 400 & SR A AR RS IR, 2 BRI R 2 .
FRSC, BRI T AR PR AR [ 405 B2 RO ZE /M 5 260 T, R ORI =k B2 119
RIERETT, MR ZE R & TR R R BARNERE . X — RIS | ELLF LTS
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B, BROIRA AR B AR S T 33 R A A AR LR R Sk o ) E

2 2
@) o (b) .
—— Without judgment module —— With Judgment module
So 4| 2o
> Y y > 0
14 : 1 e
2 -2
2 1 0 1 2 -2 1 0 1 2
X(V) X(V)

Kl 3-10 (a) A FIWTBLEL(b) 717 A HI WA S A [E 40L& SRR AR TR I 2R an

Fig. 3-10 (a) Lissajous figure without judgment module and (b) Lissajous figure with judgment
module corrected by ellipse fitting algorithm

B 3-11 X EG 5 AN A S AT SR A ) D S R 1y 9 A 58325 ) I Jpe T A 3t
W SIbrh, FRIME SRR EAE | kHz MIETZH, 155 K AE St i il 35
MEEEA 30 mVe MR, IEZTAF 5455 40 &1 52 B PR 5T 52 06 17 e I 1H) A2 1
AN 3-11(a) 7, R A R Im 0 IS B ) AR5 7 A4 B I Je B T 3 300 L S 25 ) 2K
Ho, fmes 7T EEMIEZEE . BIRES Sk H (Total Harmonic
Distortion, THD) F{Z44Lt (Signal-to-noise and Distortion Ratio, SINAD) #%F T
PPATT BRI W AR AT AT S T A e O MR R 400 45 55000 . THD 7 &I /2 (5 - il ik
JR A AR T SE AT 3 i A B, T STNAD NS5 25 58 115 5 1A 75 R 2% L A 43 A
F T RAE S BRI AT AR I W, AR R RS S
THD [%2 0.06%, TR I0A W SR 5%, THD B FER0E IiA 5] [
1.28%, RGWARLNEREAGE] TIRGFHHIH] . SINAD F & 45 Rt — B Rk
T AR RO . AT ISR ) 5B 43 SINAD 4 37.46 dB, 111 Fiyn#
WA () 535 U SINAD 275 & 64.54 dB. A I W BEBR ) S92 AN RERS FAAG
AR, I REAT R VA AR SR Y (2R . ek SR AE R AR IS e 7
AR KRBT R BE MRS, B iRmESHE.

K 3-12(a) JEIR T AETCHMINEUINAG 5 564 T RS 5 BOE Rt . i)
PeFON 1 Hz I, RGAJEMEAJY -110dB re rad/~/Hz (3.16 prad prad /+/Hz ).
W, RGO A EAME RGA GRHEREDS, [R5 B 50 R AR

32



SRR 2 A 18 3

YRS H . B D SR IE N 1 kHz WUlE 5 iR kAT, H
FRHE REMBNSTEE L ARG SR SRR EIA S 1%, RIAf A ik 3]
T RGNS ERR . WA 3-12(0)f, RS 5 1B UK L 2
1.05%F, 1 kHz (15 S HE{E N 15.64 dB. R, FR 4030570 B4 E N
125.64 dB @1 kHz &1% THD.

0.81 (a) —— Without judgment modul
0.4 SINAD=37.4559dB
THD=1.340309%
0.0
-0.4
S-08 @-
(<5} ~
S 0.000 0.004 0.008 0.012 0.016 0.020§ 0 2000 4000 6000 8000
5 =
< 0.8{ () —— with Judgment Module | £ _40] (@) —— with judgment module
0.4 SINAD=64.5367dB
-80 THD=0.059315%
-04 -120
-0.8 160
0.000 0.004 0.008 0.012 0.016 0.020 0 2000 4000 6000 8000
Time(s) Frequency(Hz)

3-11 AN[R) AR SR AR I 45 SR (a) B (D) AN BROIAR RS 1 I RER, - (o) (d) B INAH RS 0 g B
Fig. 3-11 Demodulation results of different demodulation algorithms (a) and (b) without phase

shift judgment module, (¢) and (d) with additional phase shift judgment module

— No stimulating

-1$10d B

)

g

§ 0 2000 4000 6000 8000
£ 40

& (b)15.64dB —— THD=1.05%

3 0

0 2000 4000 6000 8000
Frequency(Hz)

P 3-12 ZhaASTE R ()77 7 ) DB A R g 08 S50 6 e 75 i JER M (o) RT3 T P s A%
Fig. 3-12 Dynamic range (a) noise floor with judgment module demodulation algorithm and (b)

output spectrum with large stimulus
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N T VEA eSO S AR SRR X ME S I e AR, Bert T R A
X, HAE S HIRIEM 10 mV 536 E 100 mV. BRI E Sic BTG S
RAGET e AL RIE B SEE 1 kHz SN B0 i a5, T
NN 20 * g (ps/1rad) . SEEFEAT 7 OMSLIN &, IFTHSC 4 AR08 K~ 25 4E LA
PEARKENL R ZZ RS2 . & 3-13 SR 1 UBh IR A H AR e < A R 2otk ok R, L
LA TREN: v =0.50877x — 0.32767, RERFR>IEF] T 0.99993, FH
LNEFEmIE 99.993%. SN E AR EMEENE, WIMORIE T SEI0 R 1k
B . o8t Ja B SRV AT DL 35 R MR L AR A O R e 0, RS 5
I v PR 2 M e R o R R 2 M P S IR SRR T PR AR 2R e iR 2 T
T A R, DA AR AR TR I A8 o S 5 v DR LR S RE D

60

Output amplitude
Linear fit

(81
o

SN
o

N
o

y=0.50877x-0.32767
R?=0.99993

Output amplitude(mrad)
= w
o o

(=]

0 20 40 60 80 100
Stimulating amplitude(mV)

P 3-13 J I -5 o R (0 e Ok &1

Fig. 3-13 Linear relationship between stimulus amplitude and output amplitude

3.2 ETEM AN EAR 3X3 BEFMANE

FERTR TN, SIN T —Fh B s s i fig oA S0k, ek [ 400 5 St
17 7 A SRR I I W2 i A B A IR 2 5 12 B9, B FEAN [R] AL
RSN AR, R AR & SE T R I OB R R IE 24, XS G 1k
G G HHTRE; BN, RIS HT B LS S AEAT R . A% e RO R 005 Sk
Fedk T /N TARIASCELN, EER BIERRARAME R A 2T R TRVA IR
A SR I SR MO B 5 ARSI, AT SRS A R0, & 2 4. (H 244K
Yo PAEAE R R, AR S KPR B w2 . BT T RN
e MR R0, 5 VR RS EE SR T IR, 2 — 2Bt i — U $E sk T 3x3 4
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A A AL R AR TERE R A BT S AT 17T GNI SR I 1)
EHEIE, GNI BVEE— R UG, il R MER SRR ZESLIL, IR iZH
R AW A Sk, RIS a5 R B I RS E VER B 1 /ME 5 TR B SRR
A R EAN S, AN R R SR AT X L A, BRI A A R I ) Y
FREanE L RO E RS E . 7R 3x3 MG RS, GNI SLEAME
NRL 5050 LS FE B E mlAs I, IFHlARL iR E

3.2.1 EIRRESH

BT GNIBLA M IR & SR RE B A ] 3-14 Pos . BOCHORI 2DEETT
WAL KA o 3x3 FhE A 1040 A5 5 R B X RIES, SRR SRt
SERIONEE T 55 MBI RE R KA, JFRIE AT B clodt (AR A 7
AT AL

sing(t)

Ellipse
,,k, | Translation Update i

|
: ,
|
I,(t DAQ ; ’ correction
i - dose(t)
| b,0
| Fix Yes s Ky lly Dy
|
|

3-14 GNI fift A 5L L &
Fig. 3-14 Flowchart of the GNI demodulation algorithm

ST R 3%3 S48, (LR RSO B Rk i R,

|, = A+ Bcoso(t
|, = A+Bcos| p(t)-27/3] (3-8)
|, = A+Bcos| p(t)+27/3]

Hrf 4 F1 B2 SHAOCTIR KGR E S, (H B BHURT TR &R,
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o(O)RAFAELLE S
ORI, FESERRMRILARE S, 3x3 MG B EAAXARNE, I H B TR
(ORGSR 72 PRSI 2 AN S AR B S e 5 IR R, K2 HOR AT AU+
FERZE . ESEBRM AT, BT 3X3 MG RIANIRIE. AR si b 72 ik
F T INE AE DL K R RS2 Y, PD RS B T35 S 3R AT, Bk
l,(t)=h+acose(t)
{Iz(t): k+bcos[ p(t)-5]
Horb, Ak RETURFE, o M b RSHARIE, 0 =P N L()FT L) 18 IAH
fiZ2, o) BIEMEMLE SHIAELH MM ES . EXETHEFEE
T H AR I AZ I, MR cos? p(f) + sin® p(r) =1, R(B-9)H 5 W FEN:
x> + Axy + By’ +Cx+Dy+E =0 (3-10)

K, 4. B. C. DM E RMAMESH. LRI SBRN, RATMA GNI
BRI S H s ke av DA,

h=(2BC-AD)/(A*-4B)

k=(2D-AC)/(A*-4B)

(3-9)

1

a:[(hz+kZB+hkA—E)/(1—A2/4B)T (3-11)

b= (aZ/B);
5= cos’l(— A/2J§)

h 0k ERE R B () w5, DRI [5] E) A Co AR AR TR B RS B o AR 1
HUL AR N C (b, ko FATRZFE A2 LS S O (0, 0) O RIREIE . R 46
AT X = (x, ) e HOHTARER X = (x7, y)

X' X h
LJZM_M 12
4R 3x3 MG RFE G A Z B RS E 1, Sl NS
WAL, AR DRSS B /N A6 [ H00 B B39 R R 1) R 2, o SRAFAE — % 5%
TR AR, WM KT nrad. GNI SyRH THEEEHE, PR

R =S by ks av b AT o 30, CREAE ] S A U0 & 00 2 B0 AT A [ AL
1E. EFEVIIRS, BRASEEE N A kv av DRI SHIFIME hov kov a0 bo
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60, 53R ho=0.6336 Vs ko=0.6181 V. a9=0.5237 V. bo=0.5235V Fl 6y=
2.0671 rad. B, Prif iR 3X3 MEEAHF RSN DCM HikItia, A
FIWTHE AT DLGRAIE 3 X 3 84 88 i R BVETE /MBS R 5 S0 NI &k, )
IS A T D= A AN I I (18 KA RS SR SR A IR T R [ 2 5. R R IE 2 500
AR E YA TR IEIEANE 5

EFA B A FIBERRATA IR R Z R al, @ i R A PEy g R
IR S TSR ACEIA 5 T R0, AREE A AN SR IR T AL
EAGHE, REAEE, NS R E SR N, s
PR A AN 5 SR ZE AR K /NI P IR AR I - 7 R R 2R 2 I L REAE R
R — TR Z RN S S A . JUATE TR & = F IR, [H
b, JUALE T DME Sy 3x3 fb& 2R T 77 R I BAE T i

Chen % NUSVRFF 5t 1 AR 281 S5 /)y 3 In] f w sy 17 -4 - B A8 A B 1) A A
Moo TEMIIGM RIS LR, @ - WS ARS8 2 78 JLUOE AR A R i
S, SRS B HOE L EOE R . ZEERIH T R R RER I E (B
FE) FIZMr S50 CEARMFE . Nk, 8 kAeE fenf S B . GNI &
T UM BE B AT RS o, BA S i el GNI B0k R 2 A T
B ZHAbvh, 22— R UG 7k, HEEAHLH R R A 28 8 8 R ok &
AR LR VERR R 1) B o Ed 2 RN, WA A 1 S AR iR ZE M, AT A
A& S HeEin L LS. GNI BikmiE B Kl 3-15 frox. B
T

BEANEHEE 0 58 C (e, 2)s B3N x AN y AsbR, f C 2567 TR
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Fig. 3-15 GNI algorithm flow diagram
KRk
W =(x% y%, %y, y,1) (3-15)
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HoN =2 | 4 WP pgpi L WP pp| 326

(e (foree) ) (VB ((orep)

B E R RN :

b=VpM=ZZ{7%%?}i (3-27)
S p I TTFEN

p=p-H™ (3-28)

RS RIRZ AN T 0.0001, MISFEAIE; B0, HEisfTERX
FERIERE RERNTIO. Xk, FATRRE] T ZH a,b,c,d, e M £
It (WA L ()BJARZE R MG LS A . — BRI LS8 2, K AT
fRIE . IEAAE S HRE IE A — X A% IE A5 5
cosg(t)=(1,(t)-h)/a
sin (;?(t):{lzm_k - Il(tg_h cos&}/sin5 (3-29)

b

o, cos () sin g(r)72—XF ARV IERAE 5 . LRSI RIRLIEIE R, XA
SRIIEER T BN BTSSR IRE R, A5 25 P S B SO R 9T
Wo B, A8 28 XAHFRSEIE WAL IE 5 1 IR A5 S R IR BIES S . &
Ja, KATEE IR AR BR A B RURIUE T, it — s IR B

3.2.2 fhE S

AR IE A AR IR GNI BUEMR ARG AT AT . N T HEEL NRL &
. LS BAA GNISvE IR, I MATLAB ¥ {4 F1 LabVIEW T & X = Fh 5
PIHAT TR, B, RS —HIELES hOM L. B E 3% E 1
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SR AR ST LAAAR S5 R O BRI (B 2R 5% a0 T o« 785 A8 2 SRR ) 48
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ORI IE S5 BOIEE 2B E 3-16(c)Fn, R FRIE R BAL
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K 3-16 (a) JRAG1E S HIZR AR, (b) PR S A2 an A (c) Z8 GNI FERIERIZR i 4
Fig. 3-16 (a) Lissajous figure of the original signal, (b) Lissajous figure after panning and (c)
Lissajous figure corrected by GNI algorithm
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Fig. 3-17 Time domain waveform of simulation
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Fig. 3-18 Waveforms with a stimulus amplitude of 400 mV (a) 6 =0, (b) 6 =0.001, (c) 6 =0.005
and (d) 6 =0.01
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Fig. 3-19 Spectrum of three demodulation algorithms with input data of 1/2 elliptic arc and 3/4
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Fig. 3-22 (a) Original Lissajous figure and (b) Lissajous figure after correction using GNI

algorithm and LS algorithm
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Fig. 3-23 Demodulation results of different algorithms under the stimulus amplitude of 0.8 V
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Fig. 3-24 Fitted ellipse using LS method and GNI algorithm under (a) 1/6 elliptic arc, (b) 1/4
elliptic arc, (c) 1/3 elliptic arc and (d) 1/2 elliptic arc
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Fig. 3-25 Measured Spectrum (a) No Stimulus Amplitude and (b) Large Stimulus Amplitude
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Fig. 3-27 Demodulation results of different algorithms at 8 V stimulus amplitude
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BT A A e, R X AT Dy X = USWT, Hrp, SRS a R
(BRI FERE, U R R PIAERE . RIZOMRSE R, JEME X T B3R
Y =UTX =W’ (4-4)
TSR O RSB TR G T O P R e, R R = 4R B R
. Forh, Y FORSEIU A AR, MR R T R

A, =[[UT]M 1] (4-5)

XA AE R B T AR R E R RN, A RRR TR R 5 TRk
PR IR PRI 1 — B R A
AX® +Bxy +Cy* + Dx+Ey+F =0 (4-6)
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0O 0 0 O
[Rl...
A= 1 (4-9)
1
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AR A KR
A=AAAA, (4-10)
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[, TG, H—RERE T e SON:
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D, = D(i),(i=12,3)
A=\(T(D) +(T(i.2)) (i=12.3)

Ag, = arctan ——— ! (2’ 2) (4-12)
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T (1 1)
Ag, =arctan 1(( ))
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Az 8 A B, (4-13)
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ZH] 5 ROEVIR A ARG G, LU =815 5 1 EE SRS
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qlvl + q2V2 + q3V3

e, P BIANAE 5 (0BT S E VI RIERU K. SO 3T 33 i
SIET RIOVERE R R EHE, SHGERGH, IR TT ATk Ry .
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BCHERT 3x3 A SRR A 5 AR A g W R R (i SE B0 3 B AN 4-2 Fr
e ZTWRDGEE RG] FMI 858, oA d i —4> 3x3 fia 4.
T LU A FRMs. OG5 H B TO6 B el A i 33 Fi&
&, W MAOER, o — B R LT PZT MRRE, 5
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Fig. 4-2 Experimental setup (a) flowchart and (b) physical drawing
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HLERII 2% R AR B JEU0G T 015 5 OISR o AR I il U 21, =i
EHRIPIARIES Vis V2 M V3 FE S AIR IR AN ELUL B T 22 3 B L B 22 ek
EEWNEIER SHS RN B I 4-4 Fros . =4 R R [ 912 B
i S SRS A s 15 S AR AE AR AL L R AERS AR . XA AER AR ME R ] =
ME T Z ARG Z S A AL WS, WS BESESHE Vv, Vv Ml
VaVs) JEREAT VR ) LARTRFALL (O AM [ 328

56



TRUTAE R 2 A e

Ml 4-5 s, =ATHE SEZgES TR T %Rz hTES
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Fig. 4-3 Interference signals V1, V> and V3
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Fig. 4-4 Lissajous figure formed by any two of three signals
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Fig. 4-5 Spatial elliptic curve formed by three outputs
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Fig. 4-6 Projection of Lissajous figure
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Fig. 4-7 Standard deviation of p1, p2, p3, q1, q2, g3

4.3 SCIGTEE

4.3.1 NEIBHEZENBRER

RGP NRL 5k, LS HyEFRIDL K 3D-EFA MR ZE 5, B 4-8 @R
T7E 600 mV Al 1 VRIEIRIE T, SEVEMBRES I e R, sSting &
W, IS S R IR AE 20 0 600 mV Al 1V B, S 2R i [ A 43 ol S R
29 1/4 BRI 172 615 B JURATRAAE . 2R an BE R ILZ) 174 FEIERFAERT, NRL
k. LS BikULAK 3D-EFA WG 5 SOEBCRE 7308 9.64 % 1.93 %Al
0.03 %; FHEZFFWERIET BZEY 172 FiEK, =FMEER THD 75Kz
9.23 % 0.23 %41 0.02 %, XL Hr I, 3D-EFATE 1/4 1R F 50 T 4 NRL
SRR LS BB HIERTE T 9.61 %A1 1.90 %K) THD PEfg. 76 1/2 #E 5 T )
SAERTET 9.21 %A 0.21 %. FEalHh, BZEFEWEIEY 12 #iB9LN, 3D-EFA
JeIl th % H SINAD ¢ NRL Hyk4eTh 7 21.93 dB, # LS HikiRTt 1
54.46 dB. 3D-EFA J&id @0 RE#A 00 = 4k 25 [ AUF AR S8, A R00 iR 7 14%
GUAVEAE S S R P A 2 AR TR AR R S R IR . %5 E T

59



SRR 2 A 18 3

I8 TR S 2 B AR R AN AR 2R UR 22 0 A RRAE , SEBIL T XHE SR E RS
BARAE, MTEZ T T RGBSR ERG . SLIn45REY], 3D-EFA
FEICET T U0 A% S o ) B AT A R AR e iR 22, AR ZEAMERCRBAE 55
ERTE T AR, e DI E SR TR SRR S

40 40
o]l @ NPS-1/4 ellipse 0 (b) —— NPS-1/2 ellipse
THD=9.6422% THD=9.230%
-40 INAD=17.798dB -40 SINAD=20.689dB
-80 -80
120 120
160 -160
ol 2000 4000 6000 8000 ol 2000 4000 6000 8000
%\ 0 (c) LS-1/4 ellipse . %‘ 0 (d) ——LS-1/2 ellipse .
2 THD=1.926% 2 THD=0.233%
s 40 SINAD=32.471aB | T 40 SINAD=53.215dB
Z 80 Z 80
£120 F120
-160 160
0 2000 4000 6000 8000 0 2000 4000 6000 8000
40 40
0 3D-EFA-1/4 ellipse ol® — 3D-EFA-1/2 ellipse
0 THD=0.0257% THD=0.0178%
- SINAD=73.065dB -40 SINAD=75.149dB
-80 -80
-120 -120
-160 160
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Frequency(Hz) Frequency(Hz)

Bl 4-8 TEAS AR H NPS 5%, LS %A1 3D-EFA HSiiE ]
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Fig. 4-9 Demodulation results of different demodulation algorithms
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Fig. 4-11 Demodulation linear curve of the demodulation system
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SGERBERAs BT I S, AN, AR RO FIWTRIER AT 3D-EFA, A R4t
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1T 33 HE AR B R A SRR e HE A
Table 1. Performance comparison of different demodulation algorithms based on 3x3

coupler

RS EEBRE =]

A new demodulation F R R K
technique for optical fiber

interferometric sensors with

[3>3] directional couplers(se!

Improved demodulation 2.198% 29.79 dB
scheme for fiber optic
interferometers using an

asymmetric 3>3 coupler!3

Improved, operationally- 1.411% 36.09 dB

passive interferometric
demodulation method using
3>3 coupler 33

Improved DFB-FL Sensor 0.053% 60.52 dB
Interrogation with Low
Harmonic Distortion Based on

Extended Kalman Filter[3"]

Improved ellipse-fitting phase R Rt
demodulation technique to

suppress the effect of light
source intensity noise in

interferometric system[?l
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