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Fig.2.2 Reflection spectrum of uniform FBGs.
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TaT AN EVIal —a AL RO HI-DITIE, FBG 2EEOM/N K MIZoEIL, ThE
NOXEZ 2= 4—25 FBG &AL T, ZNOEEINIH#HFELIZbDEE 2 5. HifE T HENE
NO2=75—214 FBG O én, , dg/dz, x, o, & HITT N TERELTE 2, % FBG IZfARlo
INIA—=B 5 b2 5L, REDOEFTHE T a7 7 AV &> FBG ZHHL 5. 212, £ X
MBI DR Q.T)DMEHTENEDI, 2X2 [REITHIZHEDDLIENTE, ZNLEHNTGbES
ZEIZEY FBG &R D 2 X2 RIEATHNZRDDHIENTED. MAFMHIL, 7V —T 47 2% M
HOXBIZHELESGOHFNIEOREREZBEOEBERKEEZ R TITHICHENT
R, =R(L)=1, S,=S(L)=0ThY, AF#HETIXRO)=R,, SO)=S,LT2. Z0LX, k HFHODE
FHRIEE, /N EIZaEIL k& H O FBG DIREITHI T, # HWT,

3)+(3)

LREIND. 22T, T,

cosh(yBAz)—jisinh(yBAz) —jisinh(yBAz)
T, = ) & & A (2.17)
j—sinh(y;Az) cosh(yzAz) + j—sinh(y;Az)
7B B
Ve =K' —G7 (2.18)

TRIND. 12720, A2 1T Kk FHDOL=T74—ALFBG ODEXTHD. £7-, yld| o> x Zihlil=T&
TEH LD, KQANIZEY, 2 D FBG DIREITHNZRD, TNENEHITHbELIEIZLY
FBG ERDIRZEITHNEIGDILINTED.

£o T, FBG &1k DX(2.7) D fig At i 1%

{RMj:T(ROJ:TMTM_l---TZ'I][ROJ (2.19)
SM SO SO
E72%. FBG 2RO FE I H p=S,, /R, 1%, QLR GMHE#EHATHZLT,
TZl
p_T_u (2.20)

WX TRHAE T 2L TES.
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ZOrX, FBG O EIBITITHIREAHY, HEILTm2=T4—L FBG ORENITL—T 17
FEILL FIC72 55— REE G BER AL Le e D, R ER0, E— A BGmICB W TRITEE
BIFBENE L THROH > TWD7e), RENT LV —T 4 VR ERRRE IR LB E# L L TORE
DAL L7272 572D Ths. 1> THEIF M 1T

M <<M (2.21)
/’LD

Zeify T2 S 721 AUE 7R B 720 [33].

24 FBG Qt>YIitH

AT, 2=74—2A FBG OH, 77y 7 EIE, R (2.14)ICKVRDHIENTEHIEERL
7. F(2ATBNT, Sy Ny <<l THHIEMND, 7T 7RI, BIca7 OEDBITEn, &
T —T 4T DR ANZIVEELIEN DD,

EZAD, TNHDINTA—=ZIT 7 AN LHE MR E DR ELZ T HZ LIV ELT D7D
ZORRELTT I EEBEATHIEN MO TS, FBG 2RO EDEL Al, IREDEL
BEAT &T58, 707 B ROVTMNEIT

Ay =2[ Ay ONN A o ADer y OA ) ag (2.22)
a e AT e o

ERTENTED. X(Q.22)DH 1 HIFEICEDT I/ R 7, 2 HITREEICLS 7T
VW RV TR LTEY, Fig.2.3 ITREINDLIIZ, 77y 7 RIX FBG ICHIINEN D E IR B
AT U TRIBIZEAL T 5. — IR N ~=0 DRI 7 7 A3 FBG 7 Zv 7 F 7
1%, E|IZXILT 1.2pm/pe, iREZLIZH LT L4pm/K OIEEZ AL THY, FBG ORI K4
ETHIEICESTE, BEZHETLHIENTESLD, FBG B HELTOIS AN A HEIZ/2 5T
W5 [34].

2500 . ‘ . 300
T 2000 = 2507
g 5
£ E 2001
51500} @
& £
2 2180
] o
21000t 4
z 2 100}
] 5
g 500+ Eg 50 F
5 . ‘ —‘e—wave\emgtlh:l 550[nm] | +wave\ength 1550[nm] |
0 500 1000 1500 2000 % 5 10 5 20
Strain [ue] Tharmal change [K]
(a) Response to strain. (b) Response to thermal change.

Fig.2.3 Bragg wavelength shift due to strain or thermal change.
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25 FBG DESHELEHRSMEELUTDETHEH

FBG #F|H L=t T Tk, % FBG ZHM Oty T~y RELTHWTEY, Zhi
7748kl Jﬂ%@ﬁ«‘é_a_ctof, AT (S J5) D& Lo v Y AT DEREET HRF4E 8
T Tnad. Z<0 FBG 2% R I, [KaAN T~ A0 L 7V AT 2EFEBL T 57
W, K% 72 FBG £ O % EALHAN A RS T,

F7z, _na@%@tﬁzm%rfﬁb ER7: FBG W07 Iy 7l EnAizllET52LT,
FBG & RIiZH7=D DAY EEBLT O BT DL TS, KEiClX FBG B D%
HAL T &R R FBG #5454 Bl o3 D e 4T iR 52 5l > W CHERRL 5.

251 #9%HE FBGCtEUYBLUSEBM

FBG trH DL EALE MO T, kb iz &L T R 55 #1125 (Wavelength division
multiplexing: WDM)23%%. Z® 52T, Fig.2.4 O X5, AW E&éf?yﬁ?&%%%ﬁ?ﬁ
D FBG W 5L T, 4 FBG b0 S A R sk Tl L THIEL T\ D, JEIRIC
BOLIRZRWT, RFEDOWREAXTNTLZBI T DL T, £ % [F R ISHE 3 D4 58 6
[11-14]1%0, RO & AT 2GR ZF LT, SCIROM E2m oL, RO G E DR 2 kIc &
S>T4 FBG D7 T/ W R A ETHIEICEY, ARV T BT 5EBI[15]038: 5.

L72rL, WDM J5 0TI, FBG D2 B4k H078 I #5 1 I R oD 7 el 098z = w] 28 SR o0t 51 g L2
FOFIRSNDIENDTRL, BEOT Ty 7 RaFE> FBG N ELRLT0, ZOfER AR
M Lo TS,

INHORMBEEMRIRT D720, Fl— D7 Ty 7 K E 2R SHEEO FBG IZL5 % HAL il 3 k%t
SNTET. VRN E AST L FBG DAL E A S e OB RERATIC L0 43 B9~ 2 R 43 H1 2% 5 (Time
division multiplexing: TDM) 7 R k5% B AL I [16-18]. W & 7T IR DU & 27 T2 (2 F 5
L, ZHICIVAECLZROLEE S ONIE TR DE I EEZF LT 58 —ME 52810+
HIET, (B NENMBE IR, SHICEDOEZOEWE AT NT LA E D IR KO0
L, #7 =V WAITHIZETH FBG DI AT NT hA 3R b 57 L3 v RE 72 JE i B I8 i I 31
I (Optical frequency domain reflectometry: OFDR)IZE5 % BEAL T [19-21]. ZHEL1E 5k
EFUWSHE, ZOF WSRO E THLLE At — L AR EREICA KT At —L R
B %t oA #k % (Synthesis of optical coherence function: SOCF)ZF L C FBG DAL & /) i %179
% AL AT [23-30]72 X 23D, SOCF ZFIH L2V AT I OWTIEH 3 B CRELLHLA 5.

252 EHFSHE FBG U DETHEM

(a) Eabt—L MFEEICED FBG B

ER FBG ZFH Lm0 —flLL T, fkab—L b4 #I & (Optical Low
Coherence Reflectometry: OLCR) CEBMEEWEARIN T 5. KT —L U NCHE &3 E 3 #K
IR D ILVIENED N A 2 DI, —HEZROLEL, b~ HERERIZARL, DK
AR B E LT 2 S O F 2R LIS E J7 15 T s, fRae—L o MEITR DK
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: FBG1 FBG2 FBG3
Light —> /,‘)\ - - e

>
source @ﬂ/ - Ay A3

Broadband or
sweeping A, A Ay AgAd
2 >, Shift
. [e]
Optical o A /\ A
spectral
analyzing Detector Wavelength

Fig.2.4 Multiplexed FBG sensors by WDM method.

Sensing
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B l_p a_ L L
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1
|
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I
1

|
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/
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processing PET Mirror |
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(a) 3D reflection spectrum distribution. (b) peak wavelength plot at each position.

Fig.2.6 Experimental results of OLCR distributed FBG sensing system[36].
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BABML CEXS BN LE T HONBERENELNEXOLRET T 5720, BB O
REIZ—ORENCIVFAE S H2LT, IR ITRDEI I HEE O RO O R 0 B i
RENCHE T HZENTTREICARS. Kot —L b TS HOERE, KO T A& 57200k
B (ae—L AR L) I, mm~pm A —F —EIEF TN, @ OZER S fiERE CO AR
HENAEETHDHEV) AR EL TEITFHIENTES. Fig.25 OVAT AT, TTHFEND
AF SN Kabe—L U MDA I T T—I28D, IT—ICED R N ATREARS IR L, B
TR THD FBG IHERSNIZIE B D 2 2125155, 37— 0512k~ TFBG O 7E i 5
ZIREL, FESE AT 04 (Acousto-Optic Tunable Filter: AOTF)D H i i & 247514
HZET, PIEHENOD P RAXT NI LZBPTHIENTED. IHIIIT—%fmo 528
TFBG 2RO E AT N LW ETHIENTED., ZOVAT AMIEDTV—T 0 7 O 5
PEDORERE R Fig.2.5@)ICRT . F2(@)DfE b, FBG WNONLE &E DAL E TRIHIS 7= A
RINT LD =7 FE 7y Lizb D% Fig.2.5(b)2~ 7. £ R FBG IZIZF v— 7D FBG /3
i ASHTED, 100mm (IG5 b5NZBICEDT T/ RS 7RIS TWDEZEN S )
5. ZOV AT KT 350um &) EZE [ 43 i BE T D 4y A I E 28 FEBLE ATV 5 [35,36].

(b) OFDR i2&% FBG 4 #ifl &4
OFDR DFIEIZ X D504 I 7E OBFFEGI 243 3%, ZOHFJEIT OFDR (2X%% il FBG £
PO THA L= E il %2 E R FBG TS LIZb DO THD. HIERILFig.2.6 DEIITie->THDY,
X4 D % PD(Photo detector), C I1ZH 77—, RITIAWIKI 7L 752 %FRK L CT\5. D1 THIESILD
JtER O
E(t) = E, exp(jeot) + E, exp{ j(k2nL + eot) }
={E, +E, exp(j2nLk)} exp(jt) (2.23)

DIHZ72%. K(2.23) &0, KIRDE W E AL T 5L, D1 T SILAIE 5 D58 IXIE %7
GRS T DI HN0, FOARFITIEIR OB EIZ A T 5. HIHIZHOWOR TWHE R TAEL —HF 0
JE I ARSI LR205, DI OESBEDOYarax8E2 N HELT, D2 OfF 528545, C3 D
#%121% 100mm O FE R FBG MRS TEY, D2 IZL> TZEOFWE ZERE T 5. Bohifs
TR LR O AL T 27 =V 2 B AR L C, AL ETIET 74 /T ih - T B
LI R () D AT LR ELNS[37,38].
D2 THOLNAE ZHMEE Fig.2.7(@IIIRL, ZOMRE7 —V B L TAXINT LN AR ELT
FRUTERE R Fig.2.7(b) THD. v 32l —ar b EBROMHE R IOV TRLTWAS. FBG 1T
ST Ty T W R DKL AT NI ADBFOITNDT DR TES.

26 FeEH

ARETIE, FTFBG OHAF I IZOWTIR N, E—RiESHRICLD FBG O 5 15 O fEAT
FEEIZOWTHBH L. 2L T, FBG 2 Wt v VY AT AD ST S %, ST b
HZ0NE, e oL EL IS, B om0 2 DI FEL, BRI L.
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Computer

7

A/D Converter
NIPCI6115

L

Fig.2.7 Sensing system with long gauge FBG by OFDR][38].
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(d) Spectrograms.

Fig.2.8 Distributed sensing results obtained from the experiment (upper) and the simulation

(lower)[38].
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F3E

ERAE—LABEBOEREZZRWV-ER
FBG ADT Sy & 5 7Bl & B i

3.1 [EL®HIC

ARETHE, ETHRW At —L AT OV T L7 (Z, FBG TR o 7o/ A Il E 1S40 A
R RN E Gy R AT TH DK e — L U 2B DA BIE DR EIZSOWTHBIL, JEIRICIEX
T JE B A A LT B IS A SN DN At — L ARSI O W T 5. Shlizohg
FIFL, FBG WD ST AT T LD 53 A I E $ 5 FIEIC W TR 2.

3.2 JHIAE—LRABE#

KETIIOA T E LR TR —L A OE 2D ERICHOWTORAZITY.
HDOFWEFITD7-DIZ, Fig.3.1 TREND VATV F G2 IR WD. IR 7
1Z/N—73F—(Half mirror: HM) T2 DD 1, 2 12306725, TRENO K ICE E S
72371, 2 TIREEN, HER &K EICRED, 7487 47274 (Photo detector: PD) TH Hi &
5. HHE 2 IZBWVWTHM DD DOREENIT —1 LD E 2=0LL, IT7—2 D[ {EZ 7 TKT
ZLIZT D ZolE, R 1 &2 D74 (Optical path difference: OPD)IZIT7— £ TOFE S DR
HEChb 2z L.

B 1, 2 Ank LI- IS PD ICEEL - L OB ROERMNT £ R E2TNENE(), E ()&
T5. ZoLE, PD THIHIEND N ORERIL,

E(t) = E, (t) + E, (t) (3.1)
EERIND. EM) ITEOLELE LIGICK L TERSNHAE R BECT, MHTE B LMEIEND. 20L&
JEHRE 11T,

N
' :E|El(t)+E2(t)| (3.2)

ERED. 22T, 2 0DRW ORI 5% ¢, = 2nz/c LT HE (T2 L n IR ORISR, c i3 E
ZERONHTHD), LS EQ) ZHWT, Et), E )%,

E()=AE®), E{)=AE(l-7,) (3.3)
LEFTIENTES. XEIATHWT, XB2)EEZH DL,

BRI N
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B 3E eae—L A OE L

:%<{ALE(0+ AE(-7)} {AE )+ AZE*(t—rd)}>

{5 e A (e s+ e s )
:AiTZ+72+A1A2 Rel(E" (E(t-,))}
=1 +1,+2{1,1, Re{y(z,)} (3.4)

LR LN TED. 2L,

_A _A 2\ _
=2, 1= <|E(t)| >_1 (3.5)
7(zs) = (E"OE(t-1,))
i"i'l%f% E*(E(t—7,)dt (3.6)

Thb. R(36)TEIND y(r,) 1T RALDBEMICEETD 2 SONEM O AR THY, HHE=
E—L U RBBEIEIE R, |p(r,)| <102 T, oy OISO |y(r,)| =1 &M =T KA 5 2 leat
—LUMEEN D, TR AR B EARICEIbOLE LIRS, #iCr, 20T, |r(z,)| =075
FotEERhArar—L UMV, ABEMEERENINTHY, 2 SO ORI T
R BIRNENSIZ LTS, ZOEHFE AL — L U AR OMSHE |y (r,) 1T e — L o A BI S L
FEIEAL, A T34 % (Degree of coherence)x & LT\ 5. LL F AR X T, Zhadab—L R JE LIE
SZLlTT 5.

Mirrorl
[
Pathl _
HM Mirror2
Light
Source

Fig.3.1 Michelson Interferometer.
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e e — L RBARUT B T D50 13, TR O fE I B

21,1
V= I\/E|)/(Td)| 3.7)

R, ~NT LA BRI L DT RS AU = OIRIE
Ap =211, [7(z,)| (3.8)
WZRVBLHI T HZENATRE THD.
Wiz, BEFEIe—L 2K y(r,) ERTADONRT = 2RI TAGW) EOBRICONWTR RS, &
ﬁ:})

E, (t)={E(t) (heesd) (3.9)

0 else.

DI, E)F -T<t<ITOHFATITHY o7 E () 2 ERTHE, HEAEBBEHAIINTLFR (v)
D7 —Y BB LT,

E, (t) = jw F. (v)exp(j2zvtydy (3.10)
ERIND. FINUTKHE T HT7 =V =25,
F(v) = j“; E, (t) exp(~j2zvt)dt (3.11)
L%, #(3.10), (3.11)12kY, #(3.6),
H l % *
7(z) = lim— [ E'OE(t-7,)dt
e
:T"LQ?L E," (t)E, (t—7,)dt
—im 2 [ E 0] [* F @) exp{j2mvit—z,)ldv |at
_T%wTLO . L@ T (v)expi)2zv(t—z,)dv
-1 imTl ‘:Di E.* (t) exp( j27rvt)dt} F. (v) exp(—j27ve, )dv
T TR, .
= Tlm?_[iw F"(VF (v)exp(—j2zvz,)dv
W[ 1 2 _
= j_lel_lll?FT (v)| :leXp(—jZEVZ'd)dV
=" G)exp(-j2rvz,)dv (3.12)
LEXMZLIENTED. 1220, GW) IR O R R SEB H72 ST — AT R T A THY,
G(v) = lim =|F, ()° (3.13)
_T~>ocT T h

DIolzksng. ABL2)HEFEae— L ARBIILIROE R TR R D/NT — AT T L
D7 =V TEHIZES>THEZHNDIENDND.
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3.3 HIAE—LABEHBOERE

PHERL — YL, EABROEITHE, BIRE DB T 20 ER D5, 2Ok
PEEFIAL, HIREL CORERL —FE2AWT, HEABREZLEFTSEHZET, JEPRIC I A H
3 ZENTE, RIS I EZ DI D NRT = ART T DAL EICE KT HIENTE
%. B TR LIz e — L U AT IR DT — AT RT KET — Y A B OBIRIC
OIS0, FIEDJE I ZETICEY Fig.3.2 OINTEEON At —L o ABABE G KT HZLn
TES.

AREITIE, ERREAEEHETCLY, TAXEBIROae—L AR E AR THILEE
25, PRI R(B.14) D I H 72 1E 5% 5% 8 D &) 52 B 28 5 2 it 5.

f(t)=f,+ f,sin(2z f,t) (3.14)
ZIT, fy, £, XTSRRI A T O T L A B, A RIRE, 45T A e R
RIS I IR D S B IR O i b Koz,
E(t) =exp(jo(t)) (3.15)
ERBITHE, R OMNMEERT o) 13,

D(t) = I;Zﬂf(t’)dt’

t

’ f ’
= 27{ fot'— Zzzlf cos(2x f,t )}

2 0

=2rft —%{cos(Z;r f,t) -1} (3.16)
2

L7e%. Ai(3.6), (3.15), (3.16)00, A S DI at—L o AR,

(e = im 2 [ exp{-jo} exp{jot-5,)] dt‘

= Iiml aexp{j{—anord +%cos(2;rf2t)—%cos(27rf2(t—rd))}:ldt

T
-0 T ) )

.13 N A . T
= Tlm?-[—;eXp{sz_lsm(” fZTd)Sln[Zﬂ' f, (t—?"jﬂdt

ERDHND. ZZTexp(jzsing) D TRINDHUL, n IROF 1~y /LB, (2) 128D,

(3.17)

exp(jzsin @) = i J.(2)exp(jng) (3.18)

DI, 7—UTHIEBETEA0T, R (3.18)& DL, Ri(3.17)i,

ol £ _ .
Tlm?-.‘*l z I (Zf_lsm(” fzfd)jeXP{JZﬁnfz (t—?dj}dt

2 n=—x0

(3.19)

CEXMZDIENTED. ZOEE, n=0IAOHIZER THH1D, K(3.19)iF,
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|7(7d )| =

(3.20)

J, (Z%Sin(ﬂ' fzz'd)}

2

LROHNS.

Ro(3.14) D O 7R E LI R JE P B E TR L B STt = e — L o A BRI, Fig.3.2(c)im
ENDINT, FEWEIIE AR T L2 — 25 7%, K(3.20)1I2BW\ T, ab—L A%k
WO RDE LRSI, (X) DFETH 2B, 52 J)(X) MBI CHLZENBE —2 51D
IR Y |, ERDZEITE G 0D, =05 525 141%, J,(X) =1DfE1E x=0THDHILEND,
m AR LT DL,

sin(z f,z,) =0

f=— (3.21)
2

IZBWT, mROab—L A =N NAZ LN b5,

PL R, Kl ae— L o A A B IER ] o, OB EEL TH AT G A DB LE TH DN, Fig.3.3
DIDRTWEEEZ 2056, BIERFIICKEZEDOEE THLH20, ot —L o A AL
ZDORABELTEZETIENTED. A 2 LINITKIS T DB IR 7, LOMIZIE,

22=C1¢, (3.22)
n

OB RHY, ZnEX(B22D)IZRATIUE, mkDab—L AV —INBND I 1T,

mc
z= 3.23
2n, f, (3:23)

LERIND. 2L, clFHEZEROIE, n (ZEEEOHITRTHS.

WA, A HE F BV TZEM R ICRESTF LTI A=FThHLHaL—L AL —27D
B 4208 (Full maximum half width: FMHW)IZ DWW TR %, RO — 373, B —F
—RFTRIELTWIERETHE, ARENIab—L U AR EE THHIEND,
WYIRE L —L A= DORIIF — 12725728, 0 IROZTL—L U AL —ZIZOW T E TR
+53Th%. R(3.22)% R (3.20)If AT 5L,

Iy (z,)| = J{Z%sin(m)] (3.24)
2 C
L%, At —L A =7 O EREZ RO D22,
f. . 2xfnz 1
J{Zf—ism(%)jzg (3.25)

LA EERD, 2T IRV, Ib—L A — O R EREE Sz LT AL,

§7=2—"arcsin LJO‘11 = —° arcsin LJO‘ll (3.26)
2 f,n, 2f, 2 7 f,n, 21, 2

LD, 3,7 (Y2) =152 LV AR AT HZEITED,
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oz =

arcsin(ojf6 fzj (3.27)

zfn, 1

LRIND. - >, 054, arcsin(x) = x (x< ) OELEEFIHTHZENTEHDOT, Fl4

_ 0.76¢c
71N,

oz

(3.28)

LS TRDDHZENTED. RWFFRIZEBOTUT {138 GHzA — 4 —, {13 45+ MHz 4 —4
—ThHoHrDT, R(3.28) DI UTF 53T AL T HEAHLRL TR, ZOZEND, ab—L AL —7
O B A8 V8 BB T O TIRNE f, DI TKAFL, LB OBURIZHHZ LD DD,

0035
)
003
0025
3
<
5 =,
0 2 002
50015
[
3
505 001
(]
0,005
-1
0 20 40 50 30 0

0
0 -06 -04 -02 0 02 04 06
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o
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y deviati

&l

Fre

(a) Frequency modulation. (b) Synthesized optical (c) Synthesized optical
power spectrum. coherence function.

Fig.3.2 Shape of synthesized coherence function.

Mirror

Fig.3.3 Reflectometry using synthesis of optical coherence function.
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3.4 FEIAE—LURABEBMDEREIZLS FBG DR R
RYONSLBIEFE
ARETIFET, Z2FTHHALTEN W ae—L U 2O S RIEEZH W, F—KHEES
Ff> FBG 12k % EALEN[17-29] D HICOW TR AT 5. Seiliab—L o 2O A Kk
JOAEENTZae—L A =T DALEEELSEAIET, 1 KOKXT 743 EITEFNIZIE B
725D FBG OH) D, {LE D FBG % 1 DiRINUMENT 75203 TES. ARWFSE TIXZ O 1E 3

WNoOREEZFIAL, ER FBG WNEH OMU/NX [ D I AT T L& 54 BRI E 352 81240,
FBG L OHEBGHRERCIHIED DA v L v T3 DI RETD.

341 BRE-EFEHHE FBC ZELBIM

Je e —L U ZABO G RRIEEZHWER —7 7y 7R FBG ko hickag ity
VAT LDIARF A Fig.3.4 (TR T LRI ERAERICRY, KR THLpAIREML — 2 A4
—K(Distributed feed-back laser diode: DFB-LD)~®D{E N EIICEHZ0T, L—FOHH I
JE WA A LT N2 — IO at— L AR A G T S, JEIRNBH7261E 3dB

(ZED T, —HIEZROLEL TEEL A5 25 (Acousto-optic modulator: AOM)IZE->T
A0MHz DO 7 % T 5. bOo—HITE 5 tEL T, h—F =1L —F(Circulator)»H FBG 4l
EEHATEHBICARL, & FBG IRV S, BEY —FaL —XZ2H->T2 DHOAT T2k
WCEHEETWT 5. Z0L&Oab—L U AL, AOM ICXDE KB EICLD~TrE e —
FOIRIEEL TBIHIT5ZENTED. 74 M AT —RPOONEIRE N RRATANHITED, ~
TOEA RSy L, IR 2 (Square-law diode: SQD)ICLk o TAT X AL RSy DT —
BT 2HZET, at— L AR O ZRITHAI T DR ORIENFEBLIND.

Coupler Circulator
—

DFB-LD — - =
B A Isolator v\ iDeIay
_E Line
Bias |qu.uuueend FG1 l l 3
: Tee §
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: 5 40MHz | AOM }1'
CG1 || CG2 i Coherence
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SQD ----- BPF ----@ ' LOSS

. Coupler ;
40MHz P . Sensing
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Fig.3.4 Basic setup for multiplexing FBGs by synthesis of optical coherence function.
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Fig.3.4 DXH72RIZEBWT, FBG DX #% R, BRI OMEL |, (5 HOMEZ 1, T2
L,
I, =RI, (3.29)
EVIOBIRD AL . NEBB)IZHKSNLIDIZ, BlISNLH~T nd (B — M5 5 DIRIE X

Ay =21, |7(z,)|
= 2L,VR |y(z,)| (3.30)

L7200, FBG DIEME KA RICH M T HZENS D, ~TaF LB —rD T —(3,
P o Rly(z,) (3.31)

L7220, FBG O/N\U — D R Lab— L U ABE D R OFEITHAI 5720, #lE TiE SQD (2&
STANTREALE = DONRT—|ZHAH D15 A28 2528 T, (B 5 fELIIRE TO R A
NI LERE T HENARELRD.

SR D I 5L % A E I AR T KV A STz Fig.3.2(c)D kAot —L 2 A — T DAL E DAL
E1E, R(3.23) TRINDIDITZEMJE WL f, ICKOHI#E T 52N TEDH. ZREITae—L Ry
— IO EE— BT HRIEEZFF o7 5 5D AT WL, E—MEHFELTBIISND. 2FY,
BENODO RS a2 TE B O nbab—L VA — I OALE NS S L TLD D Bk
HLUCTHIE T A2 M AT RIS/ D VIR0 D. FBG V0L ELDOGA, 9 ae—L Ay
— 7 DNLE A ExH G0 FBG ONLE A, HAD FBG b0 K YD 2| E TX 54k 8
295, WIZH(BL)IZBNWT f 1IZh7=5, KO E K EZEFT O LA A FBG O Ty 7
EE oW (8 TRl T528T, £0 FBG DY AT T ADTIR BT 52 L1 T
&0, ZOLEFEHFRENE =2 LD E M (K R) 25, BRO FBG O7 7y /R IZHT=5720
ECIRERE DORENAGA  L HA2L Y2RH S HILENTED.

Fig.3.5 [Z i abt—L U AR DO A RIEICEY, FBG DI AN AERIE LG G5 Do
L—ral i Ram 7. SHE O, FBG OES% 10mm, K FEEK 15%LL CTh%. /2 FBG O
ALEIX 10m O T NE—=RT77ARNDHIZHLREZ R EL TW5. Fig.3.5(@) XA FI ik
BofLERE, ab—L A8 =DM EEZZASETZE, ZROL FBG OO EEDF
WZED~T XA —MEHDORENEDINTEATLNER LD THS. 721ZLIKH T, 5k
RO LR IX FBG O7 7y 7 I BTk T DMK BRI K, ab—L U AL —2DOAL{EIXFBG A
FH ONLE THD 10.0m (kDA B2 B TR RLTWA. £72 Fig.3.5(b)idab—1L AL
—277 FBG OHLIZHLIREET, IO L R a2 eI LIZERICEONDE B IREDARILT
Lk, PEXIRD FBG DFEEED I AT T LA Lo O THY, MiZ NIEFIZL—HL
TWDZENGIND.

COEMNEIEMELLT, TLE B f ATR RIS LIRS 32281280, FBG DS A~
IRT 5, BEIOT I 7 E OB EGINCGELIENTE, BIRICEZHE T HIENTED.
BAE 1L 10kHz TO &3 % S AT o9 N EHRH ST H[26-28].
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014
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005

015

Power [a.u. ]

(a) 3D shape of coherence function as a function of 1°' coherence peak position and center
wavelength of modulated light source.

014t —5S0CF _
"""" Refle ctivity

012+ 1

010r 1

008} 1

Power [a.u]

0.06 1

004} 1

002 1

02 —0.1 0 01 02

Wavalength deviation [hm]

(b) Comparison of obtained spectrum by SOCF and reflectivity of FBG.

Fig.3.5 Simulation results of Square of degree of coherence based on interference between
reference light and signal light reflected by FBG.
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342 EKRFBGCAOHMNMNREBRFRARINS LD TBIEADIE A

AHFFE TIEZNE Tk X TE72 SOCF 12kL% FBG 0% HibHili%, £ R FBG NDT T/ %
B AEICIS A LTz, 72 E IR E AV 2R T 5. Fig.3.6 ICRRFBGIZLDS)
iRl OM &K &R T, £ S8 HCB WL, Figl.6(a)lilrd k912 FBG 1AM o+
PELLTHHL, £ORRIEab— L U A =7 O E 2RI~ 443 128, — %, Fig3.6(b) T
RENDINT, #fE AP ClE 10em BE DRSO FBG W THLE /5 fiE T 5720, ab—L
VAE— I DA ARNE D FBG ORIV 3 E W ENHIHEERS. FBG DR IZhI-oTakt—
LAY =Y DN EEARG] T 52T, FBG WOMU/NEH DI AR N 2EREL, 7Ty 7 ¥
BOAiERsitw BMNET 5. £, RO BB Y LT RRY, ab—L U A= DOHP AR
m—7% FBG fHIKNICA->TLD7®, ZORBEELZELR2TIUIRLR. ZIUT DWW TEE 4
EIZBWCHELGR RS,

I I | Wz »Z
Adjust coherence peak position to FBGs S Sweep coherence peak
Dead zone S
>
o e et 2
I, l, I, 2
o
\ | / £
> (] >

O

. z
Distance

Reflectivity  Coherence function
Reflectivity

Wavelength Wavelength
[ Length of FBG < Width of coherence peak ] [ Length of FBG < Width of coherence peak ]
(a) Multiplexed quasi-distributed FBG sensor. (b) Continuous distributed FBG sensor.

Fig.3.6 Concepts of quasi-distributed and distributed FBG sensor by SOCF.

35 F&H

ARETIEET, 2 KEMOTHORELRTHEIE CHONEa—L U ABHIZ SV T L
7= WIS, K me—L U ZABIE AR DT — AT NT LD T =) 2B TEHD LW 2
L, I E R Z T H LI, T =I5 OVl ae— L AR E ST 528N
TELIEER ATz, ZOIHIZE SNt ae— L U ABEBEMALT, Rl —7 Iy 7 K EE2A
THEHD FBG I2LH B v v TV AT AL EALEAT ORI OV THBIL, ZhaR R FBG
IR T DRSS AR R LT,
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KRR FBG &bl

4.1 [FCHI

ARETIE, EBRIZER FBG 2L 7 ~yRELIZERREMEL, St —L AR O
BRIECEDT T W Al E LR ETo7-. KRR TRV FELTHWSER FBG IE, &
£ 100mm, BEFEIT 0% EO =74 — L FBG 2L, THHEREL T, HIRDETL
B R B AT ZV B RSN DN a e — L U AR DO TEIR 2 R B A IR L, A& Tl ~7z
JIZ, ab—L A —7% FBG &R IZh7zoTRAI LR s, KROH.LEEEZ FBG D7 7/
W REAHETRAILZBRIC, OISR TWE SHELNL»ERIIE L. IHI, ERIZES>THD
T2 FBG DAXI KT LIRIZONT, v Ralb —ara G AT E 85 T o7,

42 EXRBBARBRERICLSDHATEERER

ARE T, TTPARFE TRV T ~YRELTHWAE R FBG O Hi 2R3, EHIZFBG
AL ERBAMEEL, BN FBG OAI NG A A ERIT o1 fE A R 5.

421 ERRFBGOEARSTEHMN

BN, RAFFETHEH T2 FBG OKI AT T A& R E LT, Fig.d.1 DXIIZ, [RHEOEIR,
P—Fal —H, AT T LT 7T AH (Optical spectrum analyzer: OSA)ZF]H L7 — k72 %
WCRVHIE LTz, R E O IRIZIZ L B DRI 7 A/ 818 %% (Erbium doped fiber amplifier:
EDFA) D A #X % (Amplified spontaneous emission: ASE)ZFI F L7-. B SV 7z & A~k
T L% Fig42 (R, 12720, 777 ORI Ok R 1552.34nm & L L L7 FH 6 B 22 & T
FARLTWS. BIEXRERD FBG BNEE 100mm 55720, KE KB L ORI T LDV A
RANUVROBIBIZIEF IR RDZENBEZOND. BITEMH HL T2 OSA L4y fif HE 23
0.01nm(1.25GHz) THY, FBG I AT T LD FEERIROV AR —7 72 EEER ] E S
TWRNWZENTAINDLD, RIFFETIX FBG £ENOLD I D ARI NG LA FEMIZMENT T2
ZEWHBTIEZRWE®, 2L EOARZET ARJEITE M T 5.

FERI=T 4 — 5 FBG O, Fig.2.2 DI DARI NG MIT Ty T REHOE
LT, EAMFINCYARa—T RNEND. Fig.d.2 ITRSNDALI T AOIIRIE, AR SRR A
HIT, A RO TITeW . OSA DR R ORANET AR NP R 2 72785
TWDAREMEDR S DN, A RITFROIIRITIR > TN END, FBG 1358272 =74+—2A FBG
TIHeL, 7I0 7 EN FBG 2R IChIzo TEILL T D EHERIENS.
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............
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o

-30 mhhhuﬁ : . : ! O|.|12L L

-0z -0 o 01
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Fig.4.2 Measured reflection spectrum of long length FBG.

122 ARENBEEIE—LLREROERMFED

FBG D7 I/ I £y Al BT h, £9Fig.4.3DXH7eR%Z FVT, 1555 AU & 3 228 3R
XA SN at— L AR DT IR 2 BRI E L=

JEPRNTIT P R TG &L T, DFB-LDZfE 9%, A#FFE THWZDFB-LDIZ “Ic”, “ls’,
‘GND’ @ 3 EMAEA THL—VThHD. I EMIZILE R 425 (Current generator: CG)IZ XV E
MEIREIEAL, I BRI/ AT AT +—(Bias-Tee)lZ LV, HitERETZ 77 aryo Rl
— % (Function generator: FG)HLD JE I A M DR M B EZ R LT-BIMAIEANTDH. ZOLE,
EFIENE f133ELL T, Fig.4.3 HOFGH LD s B OIRIEIZEK T T 5.

WEDOERL, FRROY —Fal —XOEZICHDIBILET 7 A/ O5EER L, =17 X 5 )
SO EEEBHEL T LT ST, BET 74T IOmMBREOLOEF AL, ARS
NDT NHE—JFIFR O ae— L AR D 1 IRE — 73 10mfHiLichhéE, B —raxy
ZONEN =BT DI E L. PO A R f, 22 S8, at—L A —7%&axy
ZONLEDJEL TR B T2 81280, AlREN TV ae—1L U AR O 281§ 52k
MWTED. Figad 77 7var Y =R —2DORFifE 5O —7 - — 7 (RIg D 2 fi%, LItk
Vv, £9°%) % 100mV, 500mV, 1000mV, 2000VEL7=LE DG at—L U AR $A R . 722 LI
B MEIXICERM A 130mA, IsEi 140mATHS.
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Degree of coherence [dB]

Degree of coherence [dB]

Coupler Circulator
DFB-LD =3 @
=] N
y'y A
c? E Isolator Delay
- Line
Bias <AC FG1 l
E Tee [Reference]| [Signal]| Coherence I l
- £ oc Peak .
: : 40MHz | AOM ?
CGl1 || CG2 l
Isolator
SQD ..... BPF t@
40MHz T

Isolator

Fig.4.3 Experimental setup for measuring shape of synthesized coherence function.

Degree of coherence [dE]

I
N
-k
(=]
(=]

720 740 760 780
Coherence peak positionn [om)

(@) V,,=100mV

720 740

|
(&3]

|
(o]

|
w

760 780

I
[
—
(=]
(=]

720 740 760 780
Coherence peak positionn [om)

(c) V,,=1000mV

800 300
Coherence peak pasitionn [om)]
(b) V,, =500mV
0

'm

& -5

o)

5}

jy

o

2

S -10¢

a

s

5}

o

o}

w15

@

[}

,29 L 1 1 1
800 Qo 720 740 760 780 B00

Coherence peak

(d) V,,= 200

positionn [om]

omVv

Fig.4.4 Measurement results of synthesized coherence function.
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Table 4.1 Relation among V_ , FMHW of coherence peak and f; .

pp’

AC signal amplitude: V,, [mV]| 100 | 500 | 1000 | 2000

FWHM of coherence peak [mm]| 198 | 38 19 | 9.8

Modulation amplitude: f;  [GHZz]|0.244| 1.27 | 2.55 | 4.94

ERICLY, ERBEHRIZ OV, &, ZOLECARENDH W TE— Lo ABE D H (206 55
LURHA AR5 3 F SN FHRIR 1, OBIRIE Table 4.1 O EHIARBIENDNG.

423 RXREOHDLEARE(ER)B5ICETLERREER

% 2 ORI TR 722512, FBGD /3 A 7R S AT T LA E 572012, KD s
JEWE (R f, 2575, ZHUXIcCEM~DEANEFZ 100mANS 160mADRH TEILEE S
ZHICEVITY. BARRMIER ERSITIEAR VA, OSA ETOEMICEY, K 0.4nmELE DiF 5] 28
ARETHDHIEN 30D, £, FBGR I AT NT LD 5y Aa il E I Je i h, DFB-LDO f f# 5| 0
FePEICBE 9 2 I LR AATH.

4 1Bl F L 7-DFB-LD O Hi 5% 6 58 B 13 RAKAFME A4 975720, IcER~DE A E R (L
I V) AE LS EDE, ZRI VR ORELE(LT5. ZhIky, TETllEShbs~Tnr
FAE—=RDOREBEL, TEMERFBGD R AT M LANHIE TERWIEN TIREINDTZD,
HEANBI LT A A E—MEFOBEORKREZREL, ZOFREHNT, 5% MEINDA
NUNT LORE FE RAME T HMNERSHS. Figa3DRIZENT, HIROEIRBZEHFE) T T,
fo OFf 51 OB A BV IRL, ZDLEFHILTYWHME B ORIE R R4 Fig.45 (7T, (a)ld#
D 1 TG B OBRERLIZZT7THY, (b)iX(a)z F¥ Uik KRE CHEILLZZ T
Thd. Lk, EBRIICHIESNT- AT R A4 CFig.4.5(b) THOI IR B K 72 FH LT
M LTk Ratm 72,

-1

-15 5

— z

& 5
= 2

=20 ¢ -5
g g

&g 10 T 5

el

N 7

-25 & -3

100 ) 5 -9

140 0 @@m -1 . . . : :
CU"TEnt iMicags 160 00 110 120 130 140 150 160
ﬂjectmn Ic [f’]m} Current injection Ic [ma]
(a) Experimental results of 9 times measurement. (b) Averaged and normalized data.

Fig.4.5 Experimental results of relation between 1. and heterodyne beat power.
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F R FBG (ZL200 A & 2 A7 LEBR O AL X % Fig.4.6 (23, EAMICIT Fig.3.4 [TR”T
VAT LERICTHY, Ao HO AR FBG A2 1 ADRE R FBG ICEXZ LD THD.
Fig.4.3 OEEIET 7 A/ NDHEIZ 1.5m FRE DY/ T AV (Pig-tail) 2 H T 5F N FBG ##ftLi=. &
BRIZHIE L7ZFE R T, ab—L A — 7O E D 8.93m (2dHhDHLE, FBG D AN URELE 23—
B L7z, K#SUClE, EBRAE R4 R T8, ab—L U AP — 7O X FBG AN HONT &
8.93m A FEHEL L7 7R A CHRRTHZ LT 5.

RIZ, DFB-LD @ I, &F LR OBRZH 5. Fig.4.6 OFEER T, JEAREETR 2T T
FOREOHZREL, TUME SZ2RET L. EERRICFBG NEEHESNTIZZELSMNTE, BNRD I,
ETHWEBOBBRORAELRL THD. FEBRFERE Fig.4.7 [TRT.

Circulator
Coupler I~
DFB-LD — &
) A Isolator y/\ |
E : iDelay
. ; : Line
: Bias |quueuuiend FG1 l l
: Tee 3
x [Reference]| [Signal]| FBG
: 5 ‘“ 40MHz | AOM | }
CG1l || CG2 Coherence
Isolator Peak 1
A ' Bending
SQD et BPF @ o . Loss
LOMHz P Sensing
Isolator ' Arm

Fig.4.6 System configuration for measuring Bragg wavelength distribution within long length FBG.

_10,

_, 204

E —

hef £

L =i

g 5

100 H‘D 12|0 WéD H‘ID WE;O 160
Current injection Ic [mA]
(a) Experimental results of 15 times measurement. (b) Averaged data of results (a)

Fig.4.7. Experimental results of FBG spectrum obtained by interferometer. Relation between
I. and heterodyne beat signal power.
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(a) Result by OSA. (b) Result by interferometer.

Fig.4.8 Comparison between spectrums measured by OSA and interferometer.

Table 4.2 Comparison of wavelength and 1.

@ @ @—0
(@ Wavelength  [nm]| 1552.353 [ 1552.469| 0.116
(b) Current injection [mA][ 130.5 147.5 17.0

Fig.4.7(b) CABIZIE R B 13:0(3.31) T/RL=EDIZ, FBG DI E AR MT AL DR
272> TWDIETTHY, ZhE Figd2 ® OSA IZEDRH AT T LAO R ERE R LT 5.
Fig.4.8 IZHEE DO DARI NI AKX % F 5T 5. OSA IZLD5E R (a)E, THHIEDHE R (b)D 2
SO =70, QMO K, BIEOZEICLV I L7 R % Table 4.2 \ZR3 9. Ziudkb, KEOH
D ERSNCBNT, HEEENET I OFIZIE 6.82om/mA OBRAHY, 2K THK 0.41nm
DO BIEBHELN TWDI LRI,

424 ERFBGOREREARINS LS HBTEER

422 HiCAMRLI o —L U 2B A AW, ab—L A —27 %K R FBG WNIZFHEL,
SO PLEREMEILT, FHRDOASTET L2ME LT, Fig.dd O(a)~(d)EFERICV,, &
100mV, 500mV, 1000mV, 2000V &L CHEERL/-EEDOHIE 5 R%E Fig.d.9 (R, 7771 XH 0
KR ELabt—L A =DM BT T2 5 HEALZ 3IRTTTERRLIZbDL, ZD7T7%EH B
SRIEMO 2 FEARRT D, EUS BREIRIE R RL, 2 BREShZ~TaZd e —h
NI =D —bestE LT, (B30 ICRKRINDIEH e ~Trd A — DRI L F LI T
FLTWA, T — LU REEIC AL Thdhb.

EBIZ, ab—L U AE—ZOALE N FBG N 30mm, 70mm (ZHDEEITHLINDART KT WOy Ah
DRTERER%, %V, 122V T Fig.4.10 1R
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Fig.4.9 Experimental results of FBG spectrum distribution measurement.
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Fig.4.10 Shape of spectrum obtained at 30mm and 70mm position in FBG.
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Fig.4.9 LV Fig.4.10 @ (a),(b)DLEHIT, ab—L o A —Z D RME R EL, 22/ 40 R GEN
RWGAIL, FHAICEBOTE =20 1 DOBRGFIETHHIROAT T ARBLHIS D, Lol
— 5T, (©),(d)D LT, ab—L AL — IO AEIENEL, 22 REEN @D L, MIZT Ty
TIEAETESRENKEUERTL, =22 2 D2IFETHRIR DA N ANELHI ST,

ab—L A= OEREAN FBG D2 E IV H438Eednl, AT T LIRS, /A HlE
OB &S TRUZBNER RO FHLITRARY, ZOARINTNZLED FBG OU/NXB DT Tv 7k
ROREIIAARETHD.

4.3 RARIGFSLBRICETEIER

FEER T, AXTITLBIRIZ 2 DO —=IRBNLZENMERINZD, £TZOJRKRIZONT
EMERINCE 25, HERD % fA FBG kY& en LT,

O =L AL —ZDO¥ERENE WD, AR a—7% FBG fEIC A - TL5.

@ I OEFIRIER K E N2, /T — 2T T AOBEI IR,

@ FBG DEENEWIZD, KEARTET AOH AR,
LWV JAEZE T HIENTED. ZNHLOHBIZOWT, 1 DT OBLET 5.

431 aAE—LYRE—9DOH4A4KO—7

Fig.3.2(c)lZR L7z, JEIR O IE LM A R BA T I LV E RS ot e — L o A H o ate
—L VA —ZAFITIE Fig.d.11(@) D EHI272> TV D. UL, T at—1 > 2B B it
i |y ()| TV, EHE e —L U AR y(r,) TEE T DL, Fig.4.11(b)D LI ITIRIF 23~ A F A2
STND. BV DL, Rt —L U AEBONHEN e/ a2 S T8I 7 7215 7L TS
ZLITRD. EHINAEN 27 L A R —T Do —L U A E Fae— L U AR — 7 D) 40 28—
TUMBELRELS, B TER.

FBG OEITREROEA TIZ 7 DN 7 BT D54, Fig.4.12 [ R T KE AT
LDINTT Ty 7 E OIS ETHZETLIENMmE SN TVSH[32].
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(a) Absolute value of coherence function. (b) Shape of 0™ bessel function.

Fig.4.11 Shape of synthesized coherence function around coherence peak.
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Fig.4. 12 Reflection spectrum of FBG include a © phase shift at the center [32].
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Fig.4.13 Research on dynamic grating generated in EDF by SOCF[40].

-32-



¥ A4E ERFBGICEA) A w4

F7o, o — L U AR OB R IE LI AT T AO BRI OWTORF IS, AT A
RN 7 7 A 25 (Erbium doped fiber: EDF)ICKDX AT Iv 0 7L —T 4 T O EN DD, ZOWF5E
1% Fig.4.13 DX FHRIZEY, BRMSNTNIENGD N A 251243 1F EDF O] 7 b AS L,
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THIE T D780, BERELZITIIRORVD, ZEBETICIERLEERESN, 5iTbnic2 o0
MO THICID BT RIBE 2 S/ L —T A I NE DI I B2 A T80 32l —ig
NCEVFHFE TS, AWFZEOFEER TIiX 100mm @ FBG %1 i L TWAD T, Fig.4.14(a),(b) D L5732
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Fig.4.14 Reflection spectrum of dynamic grating generated by SOCF. Light source is
sinusoidal frequency modulated.
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EFRIENE fCED B ETENTDE, Fig.3.2(0)DEH 7/ ST — AT T DN G RS, £ DH;
WE 2f, L. ZORMEAERBTHOZAV, IOV THRICHRFEL72b D% Table 4.3 (277

FOIZOWTE, KEINCE-STHETHIENAHETHY, 10mm, 20mm, 100mm O 3 FEXH
DREIODA=T 45— FBG LA EIUTOE, JH TR A TR dn 732.0x10°, 1.0x107°, 5.0x10°°
D 3B DGE ORI ROV TR L7 A Table 4.4 1233, 72720, RO RO HALI
pm THERLTW5.

Table 4.3 Relation between modulation amplitude f, and band-width of power spectrum.

Ve [MV] 100 500 1000 2000
f1 [GHZ] 0.244 1.27 2.55 4.94
Band-width [pm] 3.9 20.4 40.9 79.2

Table 4.4 Band-width of FBG dependent on length and refractive index modulation amplitude.

Length [mm] | dn=2.0%X10"° | dn=1.0X10"° | dn=5.0x10"°
10 161.5 160.5 160.2
20 82.7 80.7 80.2
100 26.1 19.1 16.8

Table 4.3 BE W 4.4 1503 nDX91, HEKD FBG £ 8w 3T Hanb FBG D XH1Z,
AR 10mm, 20mm THY, J& I EAE FIRIE f, 23 0.244GHz X° 1.27GHz D LHIZab—L AL
—J7OHEARNED FBG 2RIV E</5% A6 2%, FBG O LU HH I 23 & Il B A T kv &
FRENDIEIRD /AT — AT v WO LD 43 L2 TWVA.

fth 5 ¢, REFZEDLIICEE 10mm O FBG (ZxfL, J& 452 FH4ENE f, % 2.55GHz, 4.94GHz
EVo - BAI, ab—L U AE =IO EEIEN FBG 2R IV + 0 E R0 I0ICR ELZSL AT
ISP DNT = AT T LD TN, FBG DA IR IV A Ao TNDHZEN 50D,

INBEZBELE LT, o —L U A O G EIEE RO LR EORSIZEY FBG @
RE AT T 22 RETHREF 2RI HKLTZH D% Fig.d.15 (TR T. (E 505k E IR
DT — AT T D FBG D PH AT NT LENT, By LI O THY, (a) Tik FBG K4 Hy ik
MNT = 2T LT KI0H A 551D, KPR O H.L B RIS 215 5 s E ORIL FBG
DI AT T DO IR Z LR LU T2H D272 5. #iI2(D) TIE/ ST — AT T LD 7 BIEN =0,
L B2 5 L7 E & DI BRI OBIfRIZ/ T — AT T LD R E KM LTI-b DT/ 5.

FEBRIT 1,28 4.94GHZ &, JEPRD/RT — AT NT AR IRNEZ O EZERAE R Fig.4.10(d-1),(d-2) T
BHIsHZ 2 O —7 ORI IXZEH 71.6pm, 78.4pm THY, Table 4.3 D 79.2pm L7215
IEIZIR > TS, ZOZEND, S AHIE ER TBLNS NI AT T A, DR —ZART |
TLEDIIRE KB TNDHEE X HND.
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Fig.4.15 Relation between center wavelength of modulated light source and signal light power.
In the case of quasi-distributed FBG(short) sensor and distributed FBG(long) sensor.

4.4

FLSHAEOEBHY I SaL—ay

A2 DR E S AT LMZHONWT, BRI R ELZE2ITI720
TILEAESE LT, REICIEvIal—iaric
HEDT Iz —a il B FEBRE R LRI,

25 HiL

NRINT LGN, ThERTRT 5.

44.1

PMBIEISAL—

avDRHE

HRAE—L U ABBDERIEICESRRFBGARY

T, BB ROIIaL—var T
FAWFREIZOW TR 5. $AIRT L0
IZBWT 2 SO —27%H T AR A

e ae—1L U ABHUE, K(3.6)DITHIRD A BB CERINDL AR AT, Fi2, K
(3.12)TiX, HIRD T —ARINT LD T — VBRI IS TH G 2bNHZEER L. 22T,

ZOJFEE VT, i ae— L U RBAE O A L O R,
FHDOTHICEDA~T X NG EN, ED XD

-35-

ZtE FBG TRHFLTEIE
CEALT BT OV TR T 5.



%43 RBR FBGIZEAS MM

EP, BIBKE M) LEBEEQ O 2 o TFHIcETaRE%0 TRk T 5. Bllshsek
&R
E() =E,0)+E,®) (4.1)

LRIND. FHLIEOREZA(BA)DINTFB LIZBRICH AL T HIEIT 2 SOOI A
FHBABE R TR T ZLNTE,

r, =(E®-E' ) (4.2)

EEREIND. ZIT, TH T2 00O NIKDFE IR BARI T LEab—L o AEDRELRIZ OV TRLIR
95, FTHNE2)EMRME SO TEXE T L,

r, - Ij@% [* E®-E @t (4.3)

ERIND. W OEND, EsLERE B EREZS T =XIROINNC, HOEH T omEgHE
WE B THhHoebiE, KEZ BRI RE R v =kAav 1255 T,

E,() = Y F, exp(j2m) (4.4)

DI, 7=V TR BB L7 N TRER TE . A ORMIIE Av ZORM T2

1
Av=2 4.5
vz @9

L. £, TV F,
F, = %ji E®exp—2mt)dt  (i=12) (4.6)

LD 2 bR, R(4.3)ICA@GA)ERATBE, T,
r, = @33 ji E,(t)-E, (t)dt
= IT'IDTi ¥ (z F. exp(JZm/t)j (g = exp(jZﬁvt))* dt
= i Fy Ry 4.7)
LRIND. T2IEL, BEARBEGR exp(j2rkAv) DHEE TH 5,
1 (m=n)

ITimTif%[exp(jZﬂmA v)]-[exp(j2znAv)] dt = {0 (m=n) (4.8)

ZRIALZ. K@) TESE RiE, REA2IICEFALTRY, THoat—L U AFICHEIT5
2D EFHBE RS T, 2 B I B Ik CRBLTHELL FOIATDHZLEEMTHS.

r,= Lim% [* F0)-F e (4.9)

ML EDJFEE A T, FERRITE 50 FBG ORI LIZL TEH A IZOWTEZRD. 5k
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BIZB W TR A2, MAHEERZ & OB RIE OB FE K FE2 R(y) 158, FEHD
JE P e AT N T I F, (v) 1
F,(v)=FR()-R() (4.10)

LERINDHOT, X(4.9)1F
r =|imlf F0)-(R(0)-R()) dt
A L 1
- 1 % ®
= Lugg? J._%G(v) R (V)dt (4.11)

EREND. 221, GW)ITHEIRD /T —Z~RT T L THD. UL EOFER LY, IR DT =227
T DG 5 DI 1T 2 FE TR IR D R ST FB AT Teb D& A B TR 75248 T,
FHWHOK 3 ERODDHZEN AR THHIENF 25.

WA TR B DR E RIZOWTHA T 5. Fig.d.16 OIIE TR TZIIHBEROEHEK
S R(V) 1, FBG £ TOBRIET 7 A /I LA A5 ¢, (v) & FBG O SRR O K& 3 p(v) D
Blzrv b zons.

R& LBIET 7 AN OEE T 22 T DAL B ¢, (v) 1

0,(v) = exp(-j2L) = exp(—j“’”% Lj (4.12)

ThD. 12120, ng (TBIET 7 ANDFE IR, IO ERER THS.
%72, FBG OFEFIRIE DL HE p(v) 133K(2.12)°(2.20)I2L0RDHZENTES. 72771, A
TIEERORE, o MK, 2 2 ELLIZEE, exp{j(ot-p2)} ELTHS>THDDIZXIL,
5 2 BTk~ FBG OFIIZHBNT, BT exp{j(Bz-ot)} L TRIFE SN CDTw, HH#
FRNT RN LTEBR DAL DS AT OBIRIC72 > T A ZEIZERE LT b7z, Ki(4.11)
CILARME B = R(v) DOIBENHNLNTNDTZD, K(2.12)%0(2.20)1I2 kYR H 7= FBG DIEIE X
FR(CADPBEITIEZITRoT0D) I, K(4.12)D 4% o, (v) T HZLIZE> TERHAE IS,

Phase rotation of delay fiber : ¢,(v) FBG amplitude reflectivity : p(v)

“eccoc s ecccscscscscscscsccccccccccccce )

Reflectivity : R (v)=g(v)p(v)

Signal : F,(v)=R(v)F,(v) Reference: Fy(v)

Fig.4.16 Amplitude reflectivity of signal optical path including delay fiber and FBG.

-37-



¥ A4E ERFBGICEA) A w4

442 IERREEERBMER SOCF IZLBnwmAlEYIaL—o3y

SR L[RER 00 TR SR R A e B R T IS KD e m e — L o AR 0 A piciE & VT, 100mme o
2=T4—ALFBG DM EEIToT- A DY Iab—avk, jiffi TRk 7z FE 2 AW TiT-
7o BIET 7 A /SO R ST 10m &L, JHHTRZFHIRIE An 13 Table 4.4 & |1 TR 78— F HR v
50x10° ZE FH L7-. IR OZEFIRNE f, 2 200MHz, 1.0GHz, 2.0GHz, 5.0GHz L& (L3 H7/-L X,
FBRAE RPN E DINTEAC T DN EF R LIS A Fig4.17 IR T ZOLEHRENDHaE—L
A =7 O AE 2R ITZ NI, 242mm, 48.4mm, 24.2mm, 9.68mm TH 5.

f 23 200MHz D EX1, BLISNAART T LD D FBG D T AT T AERIER O R &
LTWbHDIZxL, FBG DA E AT SN IR DT — AT T LPFEHE LD f, 28
1.0GHz DEEFIANRINT LN 2 DO — 2 & OB N HILL TS, E5HIC 28 2.0GHz LL ki
AL, BEMORE ALXTNTLN 2 DO —7E2FEOTBRITRS>TWAIERNDLNY, ZEFHIRE
f, NKRELARY, ab—L A= O EERIENEL R DE, ©— TN 2 DIFIE T HARTNT DOy Hi
DS NDZENHEFRICH iR ST,

45 FEDH

ARETIE, BR FBG (L n il kL v/ VAT M ae— L U AR O A kb %

HHL, FBG OIS AT T Loy il E ZAT o 7ot R/ R LTC. £ OBRICBIE SN AT T
LR DO E RN T, WSONDJRERZ 2, ZNENIC DN TELEEITo7-. b, HJIE
VAT LOEEE R ICHER T ATO DO R AR ED I Iab —2ar B FETTHDICEEL, D
JRE 2B LT, £, EERIOGR OB E R OREZ KRELThozbED v Ialb— gy
FERATRL, FERRE RSO E SN B RSN DI LA BRI TR LT,
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Fig.4.17 Simulation results of distributed spectrum measurement within long length FBG.
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Fig.5.1 ICHREZE T ER T L= T REAY = ar FIEOMELZ R, BRI T 26 0H 0 JE
W E M DOA(3.14)%

£,(t) = sin(w,t) (5.1)
EEXE T 2L, @) TR AN EO %S, EHRRIE fICX0EBELIZb O THY,
f, :@, w, =2xf, (5.2a),(5.2b)
1
ThD. ZOLE, 1) DN EEIE,
t:iarcsin(fd) (5.3)
@,

ThH2bN5. SHIT, K(B.3)DW o E LI, &2 M JE I B 18 0> 18 188 Ry 12 Fe Il L 7= i >R
DHZENHRD. IESXEA O JE B EFICIVE RESND, BB T 5T —ZAXTNT LD
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G(fd):@ﬁ: —rE (5.4)
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£oTC, Fig5.2(0)D IR H UL T UIAR DRI = AR T B H ST DB 25, g KET
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Fig.5.1 Apodization scheme by intensity modulation synchronized with frequency modulation
of light source.
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Fig.5.2 Shape of synthesized power spectrum of light source.
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Fig.5.3 Intensity modulation synchronized with frequency modulation of light source and
synthesized power spectrum calculated by simulation including FFT .
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Fig.5.6 Simulation results of distributed spectrum measurement within long length FBG using
apodization scheme by intensity modulation when f; = 5.0GHz.
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Fig.5.7 Simulation results of distributed measurement within long length FBG having Bragg
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54 TFHRFAEL—3aVEBEAIZKD 5 HAIEEER
541 NFAE—LABEHDOEERMFER

FT, MELRMLE AL Fig.5.8 OEBRICIVEGHRINLI K2 —L U ABEKOF R E
BIELT-. fiEiCo 28 0.4 FEE THIUE, +03 B4 E N RE THDHZEN DN -T2D T,
Pth DEBR T o 7 0.4 BRELRDIDTTHREA L —a 2728107 5.

58 ZE TR S DO IR EE OB ZE (k% PD &4 Ao —F I K0 BLHIL 7258 03, Fig.5.9
DI oTEY, K(B.7)THAE LB ELETIE NIRRT S TWDIEDRHER TEDH. IHIT,
ZEFRNE f, % 5.0GHzEL7c LX B SND I 2 — L U 2B DR I1F Fig.5.10 D X9 178>
7o, Ab—L A =IO ERMEIL 19.5mm 725 TS, a2l —ar DIy, o 730.45
BEOTRIAB—arBnhosTnbEibid. ab—L VA8 —70 1 DO —2712iE r D
M7 NI, 2 D HOE—7BYARa—7 &8 2 5 -20dB 2 E 12 S Tns.

- 47 -



W5 TR AY— a8 AITI DR E R R

Coupler CIFC/URﬂor
DFB-LD = X @ =
: : 4 Isolator Delay
: ; E Line
Bias
Tee [*% l ‘ Coherence § l
H [Reference]| [Signal] Peak

‘FGl Sync FGZ‘

SQD |+ BPF +@

=

40MHz ‘ AOM ‘

Isolator

Coupler
40MHz

Isolator

Fig.5.8 Experimental setup for measuring shape of synthesized coherence function using
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Fig.5.10 Experimental results of apodized coherence function.
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Fig.5.11 System configuration for measuring Bragg wavelength distribution within long
length FBG with apodization scheme using intensity modulator.
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Fig.5.12 Experimental results of measuring Bragg wavelength distribution within long length
FBG with apodization scheme.
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Fig.5.13 Obtained shape of spectrum at each position within long length FBG.
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Fig.5.14 Experimental results of peak wavelength distribution along FBG.
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Fig.5.15 Assumption of Bragg wavelength distribution of long length FBG used in experiment.
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Fig.5.16 Comparison between experimental and simulation results of distributed spectrum
measurement without apodization.
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Fig.5.17 Comparison between experimental and simulation results of distributed spectrum
measurement using apodization scheme.
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Fig.5.18 Comparison of reflection spectrum of whole long length FBG.
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Fig.5.19 Experimental and simulation results in the case FBG direction is reversed.
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(c) Shape of obtained spectrum around heated region.

Fig.5.21 Detection of Bragg wavelength shifted region from 30mm to 50mm position.
Left: experimental results. Right: simulation results.
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Fig.5.22 Detection of Bragg wavelength shifted region from 60mm to 80mm position.
Left: experimental results. Right: simulation results.
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Fig.6.1 Change of spectrum shape due to refractive index modulation amplitude dn.
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Fig.6.3 FWHM of spectrum obtained at each position along long length uniform FBG.
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Fig.6.4 Relation between spatial resolution and FWHM of obtained spectrum.
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Fig.6.5 Relation between FBG length and FWHM of reflection spectrum.
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(b-1) Shifted region = 10mm. f =5.0GHz. (b-2) Shifted region = 10mm. f, = 10GHz.

Fig.6.6 Examples of measurement results for confirming the trade-off relation between spatial
resolution and sensitivity.
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Fig.6.7 FWHM of obtained spectrum at each position along long length FBG in the case that
FBG has Bragg wavelength shifted region in the center.

[[ Part of coherence peak width is filled with Bragg wavelength shifted region. ]] I[ All coherence peak width is filled with Bragg wavelength shifted region. ]]
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Fig.6.8 Explanation of spectrum width when Bragg wavelength is shifted in the center of FBG.
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Fig.6.9 Experimental result of peak wavelength shift along FBG.
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Fig.6.10 Simulation results of peak wavelength shift along FBG.
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Fig.6.11 Comparison among simulation results of peak wavelength shift along FBG with
different refractive index modulation amplitude dn.

- 67 -



B 6w wrT U AT AOMERE M

6.43 ARIFSILOF{ERIE

WA, RBES AT DADIRE 2L 2512012, TI9 7 W RS AAREICLVELN - E RS 5
Fig.5.12 IZBW\ T, & H i THII S D AZ T A0 FWHM % Fig. 6.12(a)lZRL, 32l —ia
ATEVELNT ARG R (D)2 R T, 50mm HS TELIS A AT T L0 FWHM 13325k 5 2R TR
33.5pm, v 32l —TalfER TR 3L.1pm EWHERHEL TV,

ZOFEFIZONTH, ZHETERBRIZ dn ICEDHER R ~DEBIZOWTRFET 5. dn 24
(LEBTHADARIIT L FWHM O3 Fi 22 —ar LIz B3 Fig.6.13 O XHI-> Tk
Y, Fig.6.3(d) CELN MG B LRI, BLHISNDARIET LD FWHM O dn ~DK FPE IR
LWz D,

120

120
100t 100l
80r 80+
£ E
E 80} £ 60¢
=) =
el 0
= 4ot = 400
& &
20t 20t
R T —————— ]
205 005 o 015 02 20 005 o1 015 2
FWHM of spectrum [nm] FWHM of spectrum [nm]
(a) Experimental result. (b) Simulation result.

Fig.6.12 FWHM of spectrum obtained at each position along long length FBG used in the
experimental setup.
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Fig.6.13 FWHM of spectrum obtained at each position along long length FBG with difference
refractive index modulation amplitude dn.
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Fig.6.14 Distributed spectrum measurement with frequency modulation amplitude f, =10GHz.
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Fig.6.15 Distributed spectrum measurement with frequency modulation amplitude f =10GHz

in the case FBG has 10mm Bragg wavelength shifted region in the middle.
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