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Measurement of Group Velocities of Plate Waves and
Planar Source Location Using Fiber Bragg Gratings

Student: Chia-Pao Hsu Advisor: Dr. Ching-Chung Yin

Department of Mechanical Engineering
National Chiao Tung University

ABSTRACT

This thesis presents an investigation on an array of fiber Bragg grating (FBG) ultrasonic
sensors with wavelength-division-multiplexing technique for planar location of acoustic
source in an isotropic plate. In the experiments,.a laser-induced ultrasound technique is
used as a transient acoustic source to generate plate waves propagating in an aluminum
plate. Due to the diffracted acoustic waves;-axial strains are dynamically induced in the
Bragg gratings and encoded in the variations of-wavelength. A detection scheme uses an
unbalanced Mach-Zehnder interferometer as a wavelength demodulator and a
commercially available bandpass wavelength division multiplexer to measure the strain
signals from four element FBG array. The strain signal resolutions are influenced by
traveling distances, incidences of plate waves and employment of different phase shifters
in the unbalanced interferometer. These factors are experimentally investigated.
Determination of phase velocities and group velocities of the plate waves are carried out by
2-dimensional Fourier transform and wavelet transform techniques, respectively. The
detecting capability is limited in a small range of incidence angles of plate waves being
launched on to the gratings. A larger incidence degrades the precision in measuring group

velocity more than phase velocity.
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BRTHEER A2 -h/2<x<h/2 > =to<X <0 » T & & (X, =%h/2)

mw 4 Er W

0,=0,=0  X,=th/2» —0<X <o (2.1)

B3 1 hS- R S § P (time-harmonic) 715 exp(—iat) - 5§ 1 g 4

TN T AR P 2 G]—a— o 12K v 3 Hie(potentials)

¢(X1’X2) = F(Xz)exp(ikx1) (2-23-)

(X, %,) = G(X,)exp(ikx,) (2.2b)

HvY sk iR Hoddic F(X,) ~G(X,) # F 2dnficr Tk 8T 53 43¢
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2 _7712F(X2):0 (2.33)
dx;
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97606) _26(x,) =0 (2.30)
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m_{JWKﬁk>K (2.4)

iJk? —k? k >k
oS N, & AF B 0 50k X H E(single value)s® A0 A

Re(77,) >0 (2.5)

FE BTN IN(-h/2<x, <h/2)&53 7 5

F(x,) = Asinh(n,x,) + Bcosh(n,x,) (2.6a)

G(x,) = Csinh(r,x,) + Dcosh(r,X,) (2.6b)

He 5 ANB~C D3 Flce T Hadr 1A
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AR U, E A R
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— (2k? —kZ)[C sinh(z,X, ) + D cosh(z, X, )]} exp(ikx, )

Oy =(A+ 2#)V2¢ 24911 -V 15)
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2ikn, cosh(;,h/2)  —(2k* —kZ)cosh(n,h/2) |[A _o (2.12)
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Sk K (2.12) Y B R E R
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—4k*n,n, cosh(n,h/2)sinh(n,h/2) =0
F(2.12) 58 7 12 {8 3
2 1,2\
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A 2ikn, sinh(i7,h/ 2)

(2.13)-(2.16)4% T 45 fx, > o bk B2 F HAW LT & 7558 5 (215)4% ik
B ApiE B Y L& K 3Bl 473 4750 (dispersive equation) >
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U, (X, X,) ={m,Bsinh(n,x,) +ikC sinh(r, x, ) }exp(ikx,) (2.19)
FAE )S(211)7F 2R R E 0 T E DL RS A2
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(2.20)
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@ PEE AT S
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_ 903 s K Vs 2 K (2.21)
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F S S e 5 B Q(K,0) 5
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%Fdimdi RO F (R )hd i RypE L A 5D e ahk R
Vo 3F 3 L dpad BRE A s (dispersion curves) o B 2.2 3 HAEE FOHAL
POk R T LB o B 2.3 54 ek A F HAL(A)E A HA(S) ik 4p
BREFE R ALY R oo - @ T 0 RMOIE R O RF S AR 0
BRERARIE > A B iRy PR R o AR TR L S AR o

2.2 AR F OB ER
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= BRPRE AT B AR l) 1 T S F R to w BRAS
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M
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B3R }@y’l‘ﬁzﬁlﬁ»@ %%ﬁu'Fﬁ%ﬁfﬁ»ﬁ‘ff’&ifing OV IEE R B
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Q= i{\/(xo =% )+ (Yo - Vi)’ =V (t _to)} (2.27)

BY iz kG E R BP0 M i F i 2 o

To R EER D RSB BRy - 2R E
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R oo AL EY I H A2 175 &F iR (optimization) Az B 0 & (2.27) 50
2P Sl oo - )T LR HE AN P RSBk B
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Fh o 2R RS c FUHEMEEFR) B TGP RSk
B dRAUPE T et B o o] T L R H0H g o

- BNROGEMLS N+1 B ERand 82 90 @22 4o
AT IR LA RS 5 b BRK ERAR R L =0 > FHERE o

A B Sl s AR gk R R (XY, ) p Flet Rt 2 en HAE - BE G 2 B

BRIz 475 0 § LA — ERRARIGEL o BA ke EHiTE 2 - B2 A7)
SENEC SRS S ST === S S R
SRz 247 il S - RS > Bgh Bt Y Bher H i oA eh-
BoARBRERGFH - B FIEES] BT L ATOEE PR RAL
F Bk SRR A - fﬁ%fre‘v’vﬁ?ﬁ%ﬁ s EAF L g h A fEH
§ EprAREAR ] o B P H AR Syl o 2 AL R B enadodiciE 2L T
P HRaRRA {2 %k o

P au Rl TRk A2 oo T O PR L R GG e ep
PR AL o iR i=A7e o RPIE P 2P R SficefcactAp b o o
BRAET AT - BB RET g7 HHEAZ 0 B Nz BR
PR T A B o

4ol 2.4 rom B = B R R E A W] 3 A 4% (0,0) ~ (0,45) 12 2 (45,0) mm >
AR AT AR (50,50)mm (2.27) 2 B iR Sofice 35 p A RIS E R R E il AR
FERF At o Nd: YAG § s el 5 — BE 5 g P EHF
B R EE R 0 At #100kHz ~ 110kHz 2 120kHz #7% i e i
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B 1.7775mm/ 15 ~ 1.8461mm/ 15 % 1.9097mm/ s > % 2.1 5 & » P & S0 gzt
B g pIZEE R o B 2.5 #77 5 d A%(-50,-50) mm F[(50,50) mm > # f§ 5mm
PR IR 0 R 441 B R o P RSl LR SIERI DR > Z B RS
| & 0 A W 23(50,50) mm ~ (-34.5,28) mm % (28,-34.5) mm - 1/ f§ H § 2
B UL ERE) B0 Al Ptz Bhin g o

B 2.6 #77F i fEgR Y 5w BRI E > A B 230 A 15(0,0) mm-(45,0)
mm ~ (0,45) mm % (45,45) mm » ;& & 1% 3K 5 A 45(50,50) mm > & 2.2 #3)
LA RS EGEE PR RIEER TR - B 27 407 A P RS dkhE R R
Bl % Rk B b T e %L ] A0 E § - B TR B & 45(50,50)
mm o

Ryt RS R AL HEY v B R RIE TS LR LATF PR
BIEYE 2 #P o
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,;}’.:—-ﬁ— ?'%Eﬁ?é\*%

AT A Bk R R P EERFE LA BN A A B RE
b £ en? de gk 0 A u] 5 1531Inm ~ 1551nm o ASE BHE Sk R ATk Gk e
E bt Bk KL 2 B RBHB I FE LR LR R CiEP ERFL 2
MZ kg + R fEA L en? LB 8 #ip L 4k 2 L B %
Lol 12 CWDM #-73 B F S E A 33 BARE o KB BEREEHEL TR
o Sk R DR Bk S o B R K Mo ] 3.1 AT o

3.1 R RAR AT SRRk St

AR &% 9 CWDM w @ sg 4 %] 4 1511nm ~ 1531 nm ~ 1551 nm 12
3 1571nm - C-band z. ASE sk ja#g % 4 f# % 1520nm & 1580nm - ¢ ** ASE
%k % 1531nm 2 1551 nm s € Ap 85 1511nm ~ 1571nm = > #7010 A FF
E St Eo5 1531nm 2 1551 nm ended 1T A SRR SR P R - ] 3.2 £
335 % -2 % - ERPIEEF B E S 15310m ~ 1551nm 7L 2% B o
d SR AREEF EREY e BRPIEE R R AR
BV R 2R B ST ER Y R R S R

AT R T LA L@ A F > 2« 5 400mm x 400mm - 35
E 5 0.5mm o AP < F 3 B 400mm x 400mm el A5 s sk e B R R A 5
ZERES e BR A C B34 2 35 ERE P A BE R HEBY -

B eipd R G F chddic o 3 R BEESTR R R - R0 AT
ToE LR N EE A 0 2 1064nm it K 2. Nd:YAG #% iR SRR PR ST
WhAe o RUERBRT Ao BREAWERRFIFRL - T HRXRETLHELE
AR R 2 HEE > VOUEPIHE R L B % c SEF AR T Rk
SRR v o 5 L W S (wave front)dsiE Sk i ergd A7 pF R GBRALMLE 4 o 7
TR ATl S L EL 0 BT 2 chdREs o F ST S AZf R &R Pon
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LRI 3.6 #7m c FHRER S A 50 BINA 0 T B SRR K AL kG
£ T: ) I

AFRE-HMFRAERFLEKE AB ALY HGPIB o+

¥ 4238 T R s & B (programmable power supply) » & - #4818 - =< -
i NA:YAG 3 8 s st g 4 "ifmped ik o ¥ b o A pd R 2 HE R D
BRI o NI-7344 i d 4| B &L F L 5 Lk S48 7 it LA RE
WEP AR Y > A2 RO EET E AR A GE SRR o kX IFR
B fhe BBk F Sk ik BB 0 5B MZ kBT
W ixkfED - L L E CWDM #-7 o Boa B o ke B dE = 7 R

B @3B A TR ADF FEBEL LB # (C k i) 3.7 A

A»

7T °

3.2 Mach-Zehnder -k %+ ik
3.2.1 Mach-Zehnder k& &+ % 2.4 iE f 72

MR B F R Ak BRIt @ A i p kR R B F kAR 2
AR RS ARE RN E Mk R PR S kR 2
%1 e d R FIT RRIMC) AR T o A H YRR A
ATTHRY 2 MZ LR F HRTLELRT AR ¢ 73 wLRmE B2
ARG ELRBEEL L, -

LAY BAEPE R 2 p iy B A ot n kL LA R E AT

B BB GANT AT e

i

sk
ES
£ o

2/mL
= — 3-1
4 p) (3.1)

FERE 2 MZEgT HkEd A 2skgdg s B(coupler)d &7 %k fz
2. A EREFE S P ER 4B 3.8 o o sk BT &k i & 3 #ic(transfer

function)® 2 Jonesmatrix & H ¥ - BXME B Ll2 2 L Lo > BEE
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22 kv Lo, BEFARZELL TG

s_{fzg? V%@%J : i=1,2 (3.2)

PR R A REkj=4-1 /Z%%lﬁ@% ki B e B
:4&@%&&%%@%1‘1&%M24%@.m@gz;»%%zmms
matrix 73k % -

RV UR R W

He s nik@drstF onL i MZREF ik kg » 152k2 ¢ vt
£ow®a={a,a,l: MZ—‘F,fFuiqﬁgl»%meﬁ)gr@ o Rk ki d 4m & ®
12 - %o w8 a={[I50f 1o 40 » L5 & > BIT 119 3]

27an

(o) i) e »

b,

27an

J\/072\/1_O‘1 Lo j\/071\/1_0‘2

l,=b b =1 {1 A - /5amé§£} (3.5)

b:mb}_{ﬂ+%w£§% (3.6)

oo PEXA T E A O

A=a+a, 200,

A :2\/0‘10‘2(1_051)(1—052)
FERFEL MZAGT HET R Ll LS kg R gt » ks
$E R AL RART ERMG  F0 L RRME Bl kL 5 s
0.5 B] MZ + (& cdk 52 & 3 S ficeh— S50 5
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1(1)= Al + k cos[w (1) + 4]} (3.7)

Y o gn MZ AT k2 e sl Eorpdlatn L p(l) 57 4
REE A s enfp n L > R 40T

_2mL

w(4)==

L=L,-L, (3.8)

B13.9 %770 5 & A2 % £ EFE MZ+ o thendde Sdic 2 2 dB 4 77 ek 3 B o
3.2.2 Mach-Zehnder & 5+ #F ik 2. k2 L+ 5

Bk MZ sk & Skt @ gk £ 5 A 0 ¥ oo bR AT AR R
(spectral width) = A4, - #E3# 5~ # 5 > W= 8 % (full width at half
maximum > FWHM) o 2% 2+ F &8 MZ Sk 88 3 & crdk 52 3 3 S0 ficdp 484 8
B2 k& > A3tk o Extg 3 cor 35

d >4A4, (3.9)
MRI310 56 T m kY ok K AR BAREEE SOl chL B

Ay ~ Ay o g3 Sofics m Bk 8 chjp 3K 5

2L omz—g (3.10)

TR A=A, — Al > BI(3.10)6n% 55 2 580 - 7 N RILT G

2L 2mL 1 :27an£1+A/11J (3.11)

(’%‘Aﬂq): Ao (1_M1j_ Ao Ao

Ao

FIm > ¥ A=Ay +Al > % ~(3.10) > PR Sl g B Bic s mHl o B
=3

>

v
-

b
Er
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2/mL ~ 2mL 1_A22 (3.12)
(Ao +AL) " A Ay
#-(3.11) 5% 2 (3.12) 5% - EiEEIEE 1P T
/12
d=-2%> d=A4 + A4, (3.13)
nL
#-(3.13)5% 2 » (3.9)78 e i ¥ U {F T
2
nL < & (3.14)
4A 1,

AT AT AR RCE R F Stk X F 9L 02nmo ¢ s £ A 8]
1531nm % 1551nm » #-%dcit » 38 (3.14) 4 B ¥ 12 B 3] MZ &8+ Wik 2§
3 RARA 5 2.9-3mmo ATt - MZ kg F ik 2. AR L K T 5 3mme ] 3.11
P AT RITSE - 8 MZ RS k2 kB 0 k24 5 0.809mm o [F
312 5 Ay WiTeh®s - 2 MZ KT R LHB  LmLL 5 3mm o

3.3 Mach-Zehnder =& & F 37 ik 2. 40 =38 ) BB
331 BT H Al E

AEFTHFNS - B MZ BT FERBRTRLE FAACAIE
B 3.13 5 MZ k5 + itk endpiz gk Soic » 74(3.8)7 4= & p(1) & MZ %
RFHRAEEFLZ H LA A0k T ED I S fcrhdsdedp B o
®313 ¢ > Fg=0 Rl » AHLT WA > A T IRIGH] 0 F A

EPRFITG=m/283/2 0 By ABAARPEE S D MZ B RE D

FIERF2 AR i 6 1 E T Ag= (M D7/ 25T - o Ap B B U4
B Ap =B o e 5 MZ 0 i R A S BRT LA
PO RTHAME RN e DL 0 AT REHE Y - BETH
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LA EALEeRIE - & MZ RS R B LA 2 4p e > Ry
dAp A VA ip Bz PR P o

MZ k8 ReDFATRAES AP R FIF 7 @05 P R IRBIRS 2
BREFHTRIDPERMBIRLE  c BRTRAFELDTREF - g S
B2 A2 R BIEGMFRHF I Jeigst Wk L5 R T %k -
RTRELFEUER S Y RENFF AL &> A4 =4 Ag >

v

LT3 5

Ad=nKAL + AnkL = nkL(gg ; @) (3.9)
n

He k= 27[/1’89—AL/L1£§E7’05§§«» b A e B AP

FRRTFE % 2 B AN S B 5 R R KT o o

eI g X b R T ML 3 0 & (39)F MR G
A¢ =nkLeg, (3.10)
Le, = AL = A(22Nr) = 27NAr (3.11)

9 NG MZESEETRTF LB 15 REH 2

Ik

AT = dgg xV (3.12)
oy s REFE o (PREHAEL S 5) L BT Ffer V 5 %4 TR -

E’,Ec

A¢ =nk(27NAr)=nk272N(dg, xV ) = nk27d 5, NV (3.13)

d ;u?:ﬁ«}fg TEPEE TR S BB T VMG

2 RTEE 2 BRT ¥ #icd, =365x10 2 m/V o F % (TR R
BHIrH e~ H20Volt - Ap = Z AFI PP &5 7/2 > B-F 8t » 35(3.13)F
v w] R 8 ik £ 5 1531mm £ 1551 mm pE o 20Volt 3% 5% B #7 3 & B ¥Eeh
Bl#co ¥ o & 5 1531mm > N 5 571 @ ; ¢ <k & 5 1551mm » N 5 5.79
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Bl "t AR RZBTFIEAPEAF BB HK T 5 68 B 314 5 9%
SRTE - B MZRRF HREETRTFE 2 FWE -

B 3.15(a) 5 & A 2 $1% > 1551 nm K £ 84k 530 MZ =+ i ik % 3% 0]
A0 F b E il b MZ Ap5zigde Solicenjl i 28 > 772 24 14 3% 8 4p
FEL2 M E PN o B 3.15(b) 5 SR A F B kip ek B L S XA MZ
F My ke 14 ¥ Hp Ap 2k o

332 BT EZAp=AFE
F AR - e MZ BB TF k2 kAL 5 3mm > MRT BT

ARSI E o S FRE (bimorph)~ Z42 R Z R * AR BE R PIBF
@?¢%§~ﬁ%%?@§°%@JTﬁ?%é%ﬁﬁ@?%’6@uﬁ

A PRTHES L - BRTE *M?@év’ﬁ 3 e 3.15 #roT o
BFHFMARAE P TA PRI AP AT BT A Bod o KRT A
A AR T A fhe 5 e
<c,*xz%+d3lEZ -h<z<-c and c<z<h (3.14)
BRI Z TR REE YR, BT ¥ dkdy 5 B - phe ¥ 5
gxzﬁ —c<z<¢C (3.15)
YO

YA
gX:—— (316)
,0
B p A RTEH R F LT L TARRTREEZ Y v R

& o #3.16) % » (3.14)% (3.15)F M E | X % B g4 47
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_Y_Z_Yd31E EZ:—V_O, C<Z<h
yo, h-c
Y,z
Ox =y~ , —-Cc<ZI<C (3.17)
Yo,
—Y—Z—nglEz, EZ—V—0 -h<z<—c
P h-c

BT EARE Xy 5 5 S LR P R R SHER T X o
@':JF?' %’“’IF'M P"l%\/a

My=—J 2o, dA
h
_YbY o Yd31VObJ-ZdZ jzzdz
P h-c s p .
¢ Yd V b—C (318)
YbJ‘ 22d7 + %a1VoD jzdz
P h-c =
2b{Y(h3 ¢%)+Y,€° VeV, b(h= c)
3p
FRN S FEIRT R WMy =0 b LT S
1_ 1.5\3(d31\3/0 (h+cz .19)
p Y(h*-c’)+Y,c
BdEI)T @IRTE LT G b B
5x:$l'5Y G5V NN 0) o 7 ih (3.20)

Y(h®-c®)+Y,c?

FRLELT A5 3 MZ LR Hikena LA LR G Lo pla ¥ i iz
it s
A¢:$nkL1.5Yd31VOh(h+c) for 7—h @)

Y (h® -c®)+Y,c?

Pore R Bk =271y 0 Ay 5 KR o MZ BB F iR,
BT A G AR LA g B AR R g S
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3Yd,V,h(h +¢)

A¢ =nkL
/ Y(h® -c®)+Y,c?

(3.22)

AP BT PR Ehd, =-175x107?m/V > < 4 #Y =63GPa >
4 ot X T8, =120GPa > h=0.29mm > ¢=0.16mm o 3 #|4p = £ 'F#F
Bl o z/2 » #r b Sl ~ (3.22) » £@ 4 k4 £ B0 £ 5 1531nm pF ek
TR R % 3.59Volt - @) 3.17 7 1531nmz_ k4p & &k £ 2 MZ + 3 ik ek
HFEOR 318 F BT RUITMZ EEF HikAp=AFIF2 F HE B 3.19
= BT RO HE -

Bt NA:YAG #% 75 ¢ tgp e b e 47k > 3 12 Q-switch e # 2t
BT LB o F s o 57 ‘,‘;J'%;%wafgiﬁlj AELF e N TRengean o

Ak T B K B - M gk B (lowpass filter) » H £k #F & 5 5 700kHz »

AR BB AR 5 L s R Nd D YAG # g s e
SRR E o d WA NEGIRGE F R OM A D ] o R Jp ik B2 1S o
£ a2+ B (preamplifier)#-2n 5 & o

3.4 4p =3 4 B3 MZ F ik B 58

ARG A B RUBRTRERT FIEL MZF &P A FE > B
FR B o B 312 5 MBRT R IEL AR EAFFARFH > MZ
Renkdr £ 5 3mm> AR > KR FRERERT R Akl
ERTES G §E L ki Eaffd o

B13.11 5 BT F TS MZ RS Wik Ap =33 41 F i ¥ Rl > MZ
F o keEEAL N S 0.809mm o FiTEY o RREERT F 6B 0 d 3
Bchd FLERCL > FREFRTER O 0 kg A
KE312E2W31 URTR AP EAHIBAMZ R L2 e E )
éﬁﬁgiﬁ;1MBUN§E§éw&ﬁﬂ$¢ﬁ§£M§é1MB%E”
BRTEACAHP BT IoN 9 5-22dB> BT R 5-26dB > X it

A
B A Tch PR o FokY o ik B R L RE & MZ iR R
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1A AR BT 0 R B HMZ T Rk AL RE 0 b 144
TEERIT AR AL R S o B B R A R 0 R UELH F ot
R R 2 MRTE SAEAFEOMZ A RDEELFRE B 1/4
T AR BT R A T RE B R BB LY ) 0 IR
BEB X ik g o

URTESAEAFIEBAMZF H R - A FRAE L BEET R
FRTE PR F YA FRA AR EETER L AR iTERY
PHAY - BRI EFHLRAFPE > F 53 BERFDREFEA o
FARFIH R g S EREE MZFHERE O AL R 5
%ﬁW&%wou@*wkw&ﬂﬂﬁaMZJ%%’ﬁ@%%aw%w
WRTEGITEG 0 A ERFLIBREPENEL - Ko )F S L
BT

B 3.20 % 1531nm ek ksl £ SSBRT 2 2. MZ * ik ke 1/4 1%
Wipizgh o B 321 5 - ki SRR EETRT B 5 AR R E O MZ
FOHREFER c TS DA EAR]BEDOMZ F AR fEARGET 5
BARR BB R AR R T AL g P a2k o ] 322 G URT R
AV BHMZF kA0 RFw FiEiE 30 3] 80mm:- fF £ 5 10mm
TREPS R AR o BIB23 R BT F AAACAAESMZ T HRAA R
EETRASRAAA o KB T OURBRIURT ® L 4 B ] B MZ
F R AE A TR B FAGUEIRE R S > P SRR R T R AR 23R
FIBAMZ F R AT - 2 8 P R FRRHEY drRugl
PWEMBETRESPEAFEAMZFHREL AFRAGfEFA DL L o

3.5 B U FLOP AR BB A 47
NA:YAG 3 5 T 4 = anfledd k SRR » SR 5 = & e i@
wi’iﬂ%fﬁﬁﬁﬁm&%”*%%ﬂ°%v@*:&ﬁ:#%ﬁﬂ

1 ERMEACA iR R 0 TR ] R AT R RPRATA EE R -
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3514k tpd & R~ 47

A& oordy i ho M E 2 ¥ # 4k (2D Fourier transform) » i £ 2D-FFT o p*
B8z F kLS U B s 2 L 2 B 2 E R
8RR ArRp Pk A3 HE T R Bkt (wavenumber) s $& 3% {8 chdR by 5 4R
% f B ficoo

H(k, f)= [ [u(x e “dxdt (3.14)

dofe - PR iR #ﬁ#ﬁﬁ’:s%‘ CEABREZ IR
PR BLL P RS 0 MEELRM o WE AP R 8 3 B B4R § (Ssampling
windows)AZ si3t 5L 4 H ¥ #p {425 > gg_i; % > % & * 4o Hanning

window 30 #,c ¥ *§ L I f o

A e B TR RS AR e S e s > R e
RS ) SRR S E R4 REE e U
/% (phase spectrum method) ¥ s iz ¥ — ﬁ:,@ AEEehk A B 0 - i 2 F
R T B RO AR AR chdp iR

ﬁﬂ&ﬁwg%ﬁ%%ﬁ%ﬂ&Wﬁiﬁﬁﬁﬁé3&M5mﬁ
60~74.5mm o ke B FE o AR EE RSB 0 F A5 0.5mm
Jo— MBS BRAE S L 10MHz > P~ gk Bic s 2048 2L o 400 ~ 15° ~ 30° 2
450 » bt kg o £ BRI = e

352 ¥R AR ERIA T

&
(non-stationary)if 4§ & gk (7 o 2 ) L Sl F F M Kf#;\ ) i
chfr Sl H B AT AELITR & 403 T 4p M 1218 § (cross-correlation) » 7 #-

WHY @A L Ap iR A FE Nk A FAVERT 2T 4 R fEe

|k A R R DR e 4T 2 2 i) B O LY
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B oo AR T UL T AT

CWT (a,b) :%T f (t)\y*(ﬂ)dt (3.15)
ay a
He > W) 52 ddic PR A4 SR AFR O R G
#c(scaling factor) » %-#icb & -+ pr R 28 ¥& (time-delay) - & ajg > 7 > 2 /] L en
WL 5 F 2 G e R L AL ST o A riaE g T
%@ﬂﬁ&ﬁﬁ$ﬂﬁ§mqﬁmwwﬁ%ﬁww%ﬁﬁ%&%%ﬁiﬁ
ik 20 5L pe B T pFE 5* (time-frequency domain) -
&%ﬂ%%i’¢%ﬁﬁ%@&ﬂ%me%i*%ﬁéﬁ” 3983
Gl B e A (envelop)'® BT D B A 3EAE Ik ¥ (wave packet)
FE R AR o FRANELL F AR I A R L
C R &4 &@mwwmwwm%f%pﬁﬂmg R AR o
For e o L Slicy &0 By BT - Morlet s #ic2 Daubechies
WREZBPATH LR E - AFF R GRORA EL A ) L Sl H g e

-
P(t) =g et 2 (3.16)

H¥ > @,=53x10%ad/sec - LM EAHE S 2 A L f =@, /27 - B 3.24

ST LB BT S BhE 3N s B INE 2 R 0 & RME R H% L S Behd

i > 5B A4 Sl o d TR BPIRL SR 30 RN AR T Sl
F 5 PR L Gl B ﬂﬁ% PR g R o T ] g R TR
e R B2 PR AR RS AR L

,@ﬁfﬁﬁﬁ&%rﬂwL*Wﬁﬂméﬁ&’B§Mwﬂmﬁﬁwﬁé
AN - BR AE R ERETLA SEPEEIAANEL o RS R
I REIT » 35 RS2 R ARG B PR > 5 B g
WL A G A EEEHIEL AX AR o A EE R R RIET S

C, (@)= Ax/ At (3.17)
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A ERIFER DT REF P R S AERY RET F
R EPIFEHREROREL o BP AR ¢ o BEL 30mm 0 HEEA
10mm 3] 50mm > & 3 4r 10mmFEE~4r AL 5L =% 0 3= B RIFEE R B i
FEHE o
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A4

oL * B3t
4.1 ek & pHE R 2 AR AT
411 #piE B £ R4 H7

AEAEFTE e T e L BT R R e o i B
0.5mm éngeis 528 5 > bR AEREITEE A o 0 VP RCR R AT ¢ F1 5
Bk o~ SR Dk & 2 BET o B RE A R DERR

#-1551Nm ki B R 5 AR BL ki cfhe 82 X BhE £ o » B4
Bo50°~15°+30°% 45° > #-pep 30 2 60mm B 450 ¢hH 4e o £ 0.5 mmEE
Bo— P MEL B30 A TR M F K A IOMHz s B £ FHRE R
= 2048 B 0 S T MACE A IR R A F R 0 B 41 B 42 B 43
2 B 4.4 % A w500~ 15" 23072 45° 3w o fEAc e BE L 30 2 60mm
35 L B e R s PR B S Ao Bl AR 0 SE R~ A R AR e o L
g e A e B R R R B A BERSREEYEN Ao o TR D] e L
RAG Gl o F AR UBLAR ] SR e ) B E WORE ek A

BB R he MBS - g 8 H e > T U E SR Apd B o
BB BB E RS R oB 45 B 4.6 B 4.7 2 B 4.8 #5F o 5
LB 502 15° > HpE 30mm s S B8 TG W Ms £ g K 5 300kHzZ
TF o BrEE A 60mmpF o Pt 5 200kHz 2T oo o~ 8+ 4 B 2 307 % 45° 5 ¥ -
#E 5 30 & 60mm mfﬁ‘ﬁéﬁmi’l‘ﬂpﬁvb e & e [fl i 300kHZ r1 T o 45k
BLenz MpPeid 2 EH O 8 e ATy Renfe G B 2
%%@E%Eﬁ%’ﬁﬂﬂ%“%%’ﬁ%ﬁw*ﬁﬁmﬁ%ﬁuﬁﬂﬁ
NApE R o LS G % CNd:YAG T 5 adetr 2 mt B2 > 20 %
IS G2 e efr LS E 2 a2 SR 2 B MRIPER T &R E
B B £ RSl o F Sk R AT Bk R AP R AR 5 4 )
% % 300kHz -
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412 ¥ B E R 4T

12 1531nm ki enin B S AR R B kR hfhe &2 X hE £ 0~ B A
B 50" ~15° ~30° 12 2 45° » Bogidf & 10MHz » TR 4 dc i 2048 £ o 424
BRI S HEE30MM AL w s @ oo HpEL d 10 2] 50mm > & H 4 10mmFE
B B o ELREE R BRIOERGIERL o %Y o )
PEAERE > FRAEIRDEI ] ABERIE R AR KRR
PZT 2 5 4p =R H1 B MZ * ik » 50 5B b ip £ Sk £ 2 ki
BLE T ER o

BORIFR R DD 2 A 5 BHEIERE APFIERS & 0 B FIEH L kR
Efpeni g 5 A R p LR T ke 2 BEHRE TR LR G S ¥
#RERE o

V, (@) =% (4.1)

gmg,@4m,@4na§$u29wg»%aaom1y‘mW4y,u
FHIEYR G 3 o R E R E R ILG Y R o8 F aRE A FIE e A
% A1—A4 -
FER e AT T 5 IR IFREF » B & B chl 4] o 457
o s Bk ATREE T ehfr B > B X dREF ALY 0.15Volt> @ 07 % x
Stedr 2B 2 B X dRMET i 2.5V0It o F 3R MR | B 8 S0 crdk bR AR

B AR ROl o R 2T A g A
k1 & R F] o

KHEREREERAEIEL LAY FR o LG HIERE P AFE
B b i 05 % B8 b & B 307~ HEE 40-60mm o F A AR R R OB R G
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221 Z BRRIER S B SR E

X (mm) Y, (mm)  Vo(@) (mmigs) At (us)
0.0 0.0 1.7775 39.78
45.0 0.0 1.7775 28.2697
0.0 45.0 1.7775 28.2697
0.0 0.0 1.8461 38.3
45.0 0.0 1.8461 27.22
0.0 45.0 1.8461 27.22
0.0 0.0 1.9097 37.03
45.0 0.0 1.9097 26.31
0.0 45.0 1.9097 26.31

422 w ipR P BE S e SR I

X (mm) yo m)  Vy(@) (Mmis) At ()
0.0 0.0 1.7775 39.78
45.0 0.0 1.7775 28.2697
0.0 45.0 1.7775 28.2697
45.0 45.0 1.7775 3.98
0.0 0.0 1.8461 38.3
45.0 0.0 1.8461 21.22
0.0 45.0 1.8461 21.22
45.0 45.0 1.8461 3.83
0.0 0.0 1.9097 37.03
45.0 0.0 1.9097 26.31
0.0 45.0 1.9097 26.31

45.0 45.0 1.9097 3.70
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fxh Theory  Group velocity measured at field distances from epicenter
(MHz-mm) (mm/zs) 30mm 40mm 50mm 60mm 70mm 80 mm
0.01 0.632 0.32 0.35 0.38 0.39 0.42 0.39
(48.2%) (43.8%) (39.7%) (38.0%) (32.3%) (37.7%)

0.02 0.871 0.64 0.65 0.70 0.71 0.73 0.76
(26.8%) (25.6%) (19.1%) (18.1%) (15.8%) (12.8%)

0.03 1.055 0.91 1.01 0.94 1.02 0.98 0.98
(13.9%) (4.06%) (10.7%) (3.53%) (6.95%) (6.98%)

0.04 1.205 1.26 1.20 1.25 1.18 1.19 1.18
(4.30%):%(0.16%) (3.44%) (2.21%) (0.99%) (2.35%)

0.05 1.333 1.53 1.36 1.40 1.31 1.34 1.32
(14.4%) (1.95%) (4.82%) (1.56%) (0.33%) (1.10%)

0.06 1.446 1.68 1.52 1.47 1.44 1.41 1.41
(16.0%) .. (5.05%) (1.95%) (0.51%) (2.52%) (2.69%)

0.07 1.546 1.79 1.68 1.57 1.52 1.47 1.46
(16.0%) (8.87%) (1.44%) (1.95%) (5.04%) (5.68%)

0.08 1.636 1.86 1.78 1.68 1.58 1.56 1.43
(13.8%) (9.02%) (2.65%) (3.61%) (4.83%) (12.4%)

0.09 1.718 1.80 1.85 1.72 1.60 1.66 1.73
(4.84%) (7.91%) (0.39%) (6.78%) (3.27%) (0.96%)

0.10 1.793 1.68 1.92 1.74 1.60 0.32 1.77
(6.47%) (7.01%) (2.90%) (10.7%) (82.1%) (1.28%)
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fxh Theory  Group velocity measured at field distances from epicenter
(MHz-mm) (mm/zs) 30mm 40mm 50mm 60mm 70mm 80 mm
0.01 0.632 0.30 0.35 0.37 0.38 0.40 0.42
(52.6%) (43.4%) (39.9%) (39.7%) (35.6%) (31.9%)

0.02 0.871 0.60 0.63 0.65 0.67 0.72 0.74
(30.8%) (27.3%) (25.8%) (22.5%) (17.6%) (15.0%)

0.03 1.055 0.91 0.98 1.00 0.96 0.97 0.97
(13.9%) (7.50%) (5.35%) (8.67%) (8.32%) (7.69%)

0.04 1.205 1.23 1.16 1.17 1.22 1.16 1.15
(1.75%) (3.59%) (2.57%) (0.96) (3.65%) (4.29%)

0.05 1.333 1.43 1.35 1.33 1.37 1.31 1.31
(7.33%) [(1104%) (0.52%) (2.63%) (1.62%) (1.52%)

0.06 1.446 1.58 1.53 1.46 1.47 1.45 1.46
(9.00%) «(6.05%) -(0.69%) (1.89%) (0.55%) (0.93%)

0.07 1.546 1.69 1.65 1.57 1.60 1.57 1.56
(9.18%) (6.78%) " (1.51%) (3.38%) (1.64%) (1.15%)

0.08 1.636 1.76 1.72 1.67 1.69 1.65 1.62
(7.76%) (5.18%) (2.31%) (3.29%) (0.76%) (1.15%)

0.09 1.718 1.85 1.78 1.76 1.81 1.74 1.65
(7.70%) (3.79%) (2.29%) (5.30%) (1.22%) (3.88%)

0.10 1.793 1.95 1.85 1.83 1.90 1.82 1.74
(8.93%) (3.12%) (2.24%) (6.17%) (1.77%) (2.86%)
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fxh Theory  Group velocity measured at field distances from epicenter
(MHz-mm) (mm/zs) 30mm 40mm 50mm 60mm 70mm 80 mm
0.01 0.632 0.29 0.35 0.40 0.40 0.29 0.51
(53.5%) (43.5%) (35.8%) (35.7%) (53.8%) (17.9%)

0.02 0.871 0.54 0.59 0.65 0.71 0.70 0.76
(38.5%) (32.5%) (25.7%) (18.9%) (20.0%) (12.4%)

0.03 1.055 0.91 0.93 0.93 0.94 0.93 0.96
(13.8%) (11.7%) (12.1%) (10.9%) (11.4%) (9.14%)

0.04 1.205 1.06 1.15 1.18 1.15 1.19 1.12
(11.9%) (4.79%) (1.75%) (4.27%) (1.41%) (7.41%)

0.05 1.333 1.29 1.30 1.33 1.34 1.28 1.28
(3.25%) [(2132%).(0.36%) (0.24%) (4.34%) (4.39%)

0.06 1.446 1.44 1.44 1.45 1.42 1.34 1.44
(0.71%) #(0.20%) -(0.04%) (1.55%) (7.52%) (0.59%)

0.07 1.546 1.59 1.55 1.56 1.50 1.41 1.55
(2.77%) (0.12%) " (0.66%) (3.14%) (8.55%) (0.10%)

0.08 1.636 1.71 1.63 1.64 1.60 1.68 1.65
(4.54%) (0.11%) (0.48%) (2.13%) (2.88%) (0.96%)

0.09 1.718 1.81 1.75 1.73 1.71 1.78 1.71
(5.15%) (1.77%) (0.88%) (0.45%) (3.48%) (0.26)

0.10 1.793 1.91 1.90 1.87 1.80 1.84 1.72
(6.31%) (5.91%) (4.12%) (0.57%) (2.72%) (3.81%)
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fxh Theory  Group velocity measured at field distances from epicenter
(MHz-mm) (mm/zs) 30mm 40mm 50mm 60mm 70mm 80 mm
0.01 0.632 0.13 0.24 0.27 0.35 0.25 0.42
(79.2%) (61.6%) (56.4%) (43.5%) (59.8%) (32.8%)

0.02 0.871 0.53 0.37 0.44 0.42 0.55 0.68
(39.6%) (58.0%) (49.8%) (51.9%) (36.6%) (22.1%)

0.03 1.055 0.73 0.38 0.92 0.91 0.90 0.93
(30.9%) (64.3%) (12.8%) (14.0%) (15.1%) (11.9%)

0.04 1.205 0.95 1.11 1.06 1.10 1.11 1.07
(21.6%) (7.70%) (12.2%) (8.75%) (7.91%) (11.6%)

0.05 1.333 1.02 0.15 1.26 1.26 1.25 1.24
(23.8%) [(88.7%) . (5.28%) (5.76%) (6.18%) (6.84%)

0.06 1.446 0.13 0.16 1.36 1.34 1.31 1.35
(90.7%) (88.8%) -(5.83%) (7.64%) (9.32%) (6.43%)

0.07 1.546 0.13 0.17 1.43 1.43 1.25 1.43
(91.3%) (89.3%) " (7.38%) (7.58%) (19.5%) (7.59%)

0.08 1.636 0.13 1.56 1.58 1.52 1.58 1.48
(91.9%) (5.06%) (3.25%) (7.18%) (3.21%) (9.38%)

0.09 1.718 0.13 1.71 1.78 1.59 1.60 0.37
(92.4%) (0.46%) (3.38%) (7.27%) (6.64%) (78.3%)

0.10 1.793 0.14 1.80 1.84 1.64 1.63 0.37
(92.2%) (0.42%) (2.70%) (8.68%) (9.01%) (79.3%)
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Gratings f xh Theoretical Measured Error (%)

(field distance d) ~ (MHz-mm) TOF (u8) TOF (18)

1st 1531 nm 0.05 29.99 29.60 1.31

(d = 40 mm) 0.06 27.66 27.13 1.90

0.07 25.88 25.78 0.40

1st 1551 nm 0.05 59.99 48.96 18.38

(d = 80 mm) 0.06 55.33 45.93 17.00

0.07 51.76 41.56 19.71

2nd 1531 nm 0.05 42.42 50.19 18.32

(d =402 mm) 0.06 39.13 47.94 22.52

0.07 36.60 43.20 18.02

2nd 1551 nm 0.05 67.07 75.61 12.73

(d = 80+/2 mm) 0.06 61.86 72.85 17.78

0.07 57.86 63.92 10.47
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