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ABSTRACT

Distributed optical fiber sensing technology uses optical fiber as the transmission
medium and sensing unit, and this technology can monitor the information in
continuous time and space. The distributed optical fiber sensing system based on
Brillouin Optical Time Domain Reflectometry (BOTDR) has good real-time performance,
accurate spatial resolution and measurement accuracy, and the system structure is
simple and easy to implement. The distributed optical fiber sensing system based on
BOTDR has gained wide attention at home and abroad, and it has become the main
technology in the field of optical sensing. In this thesis, according to the relationship
between the Brillouin frequency and the temperature and stress, a distributed sensing
system to monitor the change in temperature and strain is built based on the coherent
heterodyne detection. Through the pulse modulation experiment and the signal
processing algorithm, the signal-noise ratio (SNR) of Brillouin signal has been
improved greatly, and the spatial resolution and measurement accuracy of the system
have been also optimized. The main contents of this thesis are as following:

(DThe fundamental theory of BOTDR technology and the generation mechanism
of spontaneous Brillouin scattering and stimulated Brillouin scattering are described
briefly. The quantitative relationship between Brillouin signals' frequency and intensity
and the temperature & stress, is investigated. Direct detection and coherent heterodyne
detection are two main structural models of the sensing system. The system’s main
performance parameters and the factors that affect them are introduced in detail.

@The distributed optical fiber sensing system based on BOTDR is designed and
built. The performance parameters of the key components such as Brillouin fiber laser
and Erbium-doped Fiber Amplifier (EDFA) are specially designed and tested
experimently. According to the working principle of the acoustic optical modulator
(AOM), we analyze the effects of modulation pulse on spontaneous Brillouin scattering
in sensing optical fibers.

@ The influence of different pulse width and amplitude on the scattering signal in a
10km sensing optical fiber is analyzed. The temperature sensing experiment is carried
out with 380mV-300ns modulation pulse, through which the quantitative relationship
between temperature variation and Brillouin frequency shift is obtained. It’s obtained

that the Brillouin frequency shift coefficient of temperature is 1.2MHz/°'C and the
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system’s spatial resolution is 15m by this modulation pulse. According to a 2km sensing
optical fiber, the 600mV-100ns modulation pulse is chosen to carry out stress sensing
experiments, and the qualitative relationship between the stress variation and the
Brillouin frequency shift is obtained. It’s shown that the spatial resolution of the
system is 2m.

(@)As for the signal processing part, the signal’s SNR is improved by the average
cumulative denoising method. Gauss window function is selected to intercept the
information collected intime domain, and through short-time Fourier transform (STFT),
the information points in the frequency domain are obtained. The Brillouin frequency
along the sensing optical fiber can be achieved by fitting the points obtained from the
STFT. By increasing the length of the Gauss window function, the spatial resolution of
the temperature sensing system has been improved from 15mto 3m or even higher.

The experimental research indicates that an appropriate modulation pulse can
effectively avoid the generation of nonlinear effects and improve the SNR of the system
at the same time. The temperature and strain are detected, and the spatial resolution of
the system is optimized. The system has simple structure and low cost, and it will play a
more significant role in the practical application in the future by means of further
improving the system performance.

Keywords: distributed optical fiber sensing, pulse modulation, temperature and stress

sensing, algorithm optimization, spatial resolution
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Fig.1.1 Spectrum of three kinds of scattered light in optical fiber
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Fig.1.2 Schematic diagram of BOTDA system
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vg =t (2.1)
p

Hrr Va NI (WA EEA MR, n AR, &
RS HAEE DRI i@ a wredimes, HIrd % =144, Va 40084
5900m/s, 4 ABFERIBE KN 1550nm i, AT LR ASAT BEIKATAS ve=10.96GHz. U
SAENS HHINZAE N vo, FEH KA BIMEESS H, it Btz vo-ve, K
HrE v Bs AIEN votve.

AR ICET I E R IO B R exp (-tTs) IR, AT PN AE BT 5 B 44

£k A HRIE(2.2):

_ (v /2)?
96(Y) = o+ aver? P 22)

FEMRE N ve I B A BLIK OB EE TR gp, Ave JuAi MG 11—z —
WEE G BE, WA 2.1 s Ave=Ie/2m, I's 75 an BIEIEL X35m4 50t
2F, AT AL 10ns oAy, PRI —ROG AR R B R AT BIK U 58 2978 L+
MHz. X T A LB YRR E DI gp, B G MERIIT 2 R &
B MR . ANSDEBKRSEF IR R E, STl e) Agoter, JAME
WKy 1550nm I, A7 B A5 R AN 5>10 WL, DL E R FE R A A A
Ot HE NG ZR Tz /N TA IR A1 58 Ave BIAS B 0080 . A BLINY 25 R 2> b
BN IR B8 A AR T B o

N

1.0

0.5

Normalized Brillouin Gain

4

v | ,
10.96 f(GHZ)

B 2.1 A EIKIG 21

Fig.2.1 Brillouin gain spectrum

10



2 J:T BOTDR [0 A SR IEEOR M HE A B i1

2.1.2 %0 BiHEaST

H R AT BB R S AF A G 2 AR I B R 55 75 I 3 RN ST AR FLAE P 4 2R
T 2384 FL KB (Stimulated Brillouin Scattering, SBS) & A S 512 i 58 5 3 1
FINSCAHEAE MR . NIHOERE O IE, TR R rp &7 2 ) 5 AR
(A BN UG, OB 2B NGOG Th 2RI G s g, 45 1A% R A LI
B I TR B — B AR AR, S FASHOCR AT W RER T 4480 Wit FE0ZIX
AT BTSRRI, 72 A e B 528 e S g R e £ A S
YERIIREN, MIAE AL 0= — AR AF DS I Va2 3 3, [R5
W AT DLEAE A& — AT 2060, N S BOZRIR 6 TG E I K A=A RiAR AT 4
BT 2 88N, SR T 2B BN U Y.

FH T 75 i 302 BHON SR G [ i A A A FLR O G R AR T S ), TN
T[] 75 R gk — 204 P AR A B RO SO B 17 5 1) B AT LR A
OEINEE, e NSOGB R b Ot — P s, W EMAE R, A
(1 Re B0 e B4 BINBURDE B, TR sz ot INEU, BB 2.2, WROU
BTAERSNT: A AR OL TR S22 — AT, PPN T
P INSRE e, ISR P Nt e A U TE 2 B S T AN S
Tl NSRRI R SR T A R, 25 R R R AT IR
U, B R AR — R &

AT 5L P T e e s T ’JJ fféff J}?é i >

2.2 WA IR EUR 7~ = K
Fig.2.2 Diagram of Stimulated Brillouin Scattering

7] B AT BLHHOR AR, S BN RO =5 22 9 A BDEB R — a2
WG A =774 . ST BLINECH B BRAE T LA PRI TR GE 3 — & At e i
G 2 K AR N SDEII TR s R B IR e e 1 ThA T 4 TV 4 i sk
FAE I DR T 4a L AT NS 93 . ol DAMRRP T 3E 30, A2 FLIA
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2f, SBS BIfE 2 BEHE YLLK BRI hinm js/h ELEDE T — AN E

2.2 MENNERIEEMNTHNXER
AT FE MBSO ' AR 28 5 B 52 S A A RE S S 52, T YA S R 3 I
FH G A1 10 75 e PR AT 53 ) 22 R e g, iR AN 1 AR AR TR 4F B, 6
SRR b P P TR R S A AR, T S0 AT F PR R A g 1203
ANICRDEET B4 i 26 AR, ARYE 28BN, AR AT IR L
SOGHIRZE R BRSO BIAEE . 7 S O E e b g S g (P A3 )
PARIEIE Vo) AHOCEA, eah, A BLINBUR e AR A BUR e U /1 0 %, X
T A B R, B EE R AR, B0 =alT, SR
9 vo I, A BLPK B 6 BT v 2 B AR A vorve,  ROTFE S W 0 R IAE N
votve, v AIGAH AT HLIHARES -
v =2vg25in(6/2) = 2nVa/ko (2.3)
Hrp o ZEGDOGHEET M, BUE n, n ACHMEATZ, Va NEEGIEE,
c LI, HHERIEERRA
Va=y (1 - K)E/[(1+ k)(1 - 2k)p] (2.4)
Hrh E R IREEE, kK AEIRL, p NGHAERERE. HTHREE, Bl
PN B DA RO EF I S R A IR T FINAR ¢ BRI %, AT A AIic N E(T , €) -
k(T,e) « p(T,e) « n(T,¢), FRAAK(2.4), 1R vg AT ERN:

_ 2 [1-k(T, &)]E(T, ¢)
VB = Ao n(T, S)\/[1+k(T, £)1[1-2k (T, £)]p(T, €) (2.5)

N T IRIFCIR AT WL (520, 2 NAL e = 0, AAAT(2.5), 15340 HIH
AR R LA NE S YSE

_ 2 [1-k(T, 0)]JE(T, 0)
VB T 2 n(T, 0)\/[1+k(T, 01[1-2k(T, 0)]p(T, 0) 26

LR EWAAE N AT, FERMARRTEN T, ¥ RIS 5 E(T, ¢), k(T, €), p(T, ),

n(T, ) EZMPHURIT, H 2 —Hr Pl R EAS-
(E(T,O) =~ E(TO ,0) + E; - AT
k(T,0) ~ k(T,,0) + kg - AT 27
p(T,0) = p(T,,0) + pg - AT '
n(T,0) = n(T,,0) + ny- AT

A To HBH IR, BN 298K, AT EREHIX TS5 IR EMAE LR, Er ko pr.

nr Al R E . VAL, 2R0% B DA RO GCAR T B R R R4

BRI E)IFH TR, BT 19—

vg(T,0) = vg(T,,0)[1 + (AEy + Aky + Apyp + Anp)AT] (2.8)
H _ Er _ ktk(Ty ,0)[2—k (T, ,0)] _ __P1 __ M
o AEr 2E(T,,0) T [1-k2(Ty ,0)][1-2k (T, ,0)] Pr 2p(T, ,0) Nr n(T, ,0)
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NTy=20°CHf, K (Q.8)FHIZHSE AT LR, 15275858 1 ADLeth, A Bk
G P S Wk
vg(T,0) = vg(T,,0)(1+ 1.18 x 107*AT) (2.9)

M (2.9 AT LIS, BB, EARSZANERAR 244, A BN p sk =
FRIR AR R R AR R, £ EaHEN, FE&EREA 3G M &8 K.
fE 2,11 BT O, X T ) B A TEORET, SRRy 1550nm 1,
i B &40 10.8GHz. H3X(2.9)T LAt — 013 H, 7E LRI, Jbst
(L B AL 1K, A IRDGIS £ 8% 1.2MHz.

NERIERARFIAG BINARE K E &, IBHIREA R A, VSNHSHRE To
N 293K A, A EIKHANRS B v AN AR B & (R R AT RN N:

[1-k(Ty £)]E(T, ,€)
n(T )\/[1+k(T0 E)1[1-2k(T, ,£)]p(Ty ,£) (2.10)

%ﬁ%&%%?ﬁ¢ﬁﬁ,hiﬁﬁ&ﬂkﬁﬁ%%ﬁﬁ@%,@%*%HL%
RIS -

vg(Ty,€) = vg(Ty,0)[1 + (AE; + Ak + App + Ang)e] (2.11)
b By Kew po N 20 DR ECHE B mmw TR B DL T 6 2T 47 56 2R 11 25
¥, EATMA N ETERN: AL, = Ak, = —Keko O12-k(To 0))

2E(T0 0)’ [1-k2(Ty ,0)][1-2k (T4 ,0)]

A%=5%$,Mf-mm FERRDGA T, ALKy 1550nm i, K
AE, = 2.88, Ak, =149, Ap, =0.33, An, =—-0.22, AKX (.11)5Z] vg fil ¢ 1

KA

vg(T,,€) = vg(T,,0)(1 + 4.48¢) (2.12)
M (2.12) ] UE H,  FBOGET A B ARS & [F] S0 S AR B — Fh e AR
WRFR, BHAGIEHAR Ao=1550nm K, SeLF P2 HIN FaEA8 1k 103, 5lA2 M4 5
WA 2175 50MHz.

2.3 mEINNEFIREMNTRXER
N AR A S0 AT LIRS 72 A A A RISy, kA BLIH B e i s 2
A2, E Rayligh B 6 e am 2 SR 38 Al L, ] DLSALHE A RO s ) Rk =K
Pg = PoSaWv/2 (2.13)
Hr Py s NFHHIIR, W ARKIT 5, v NS ETE T H L REER, S N
IR S A R o A7 IR PR R 5L S A o 252 2R AN RN AR ()

BT AL, TS IR
2
{ > = (%2 /(4Aery) (2.14)
o = (2) (%) kT(n®p2,/pV2)
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R 14)H, AN RNFCEA, At NI A AR, K NBUR 2% 28 pp N
JAMIHE R ZIREFIN WS ECR: AT E n, SPFERE T, b
LM B py HLFH F EEA AL HTEE Vao

BRI 2SS T, SR n. FEIHEE Va b, fEINR T €
=0 AT, B THE [Pe(T)-Pe(0)/[ TPs(0)] AT LATH Hi A HLIH Y it b il & AR L 1) R
Ko BRI S GRICLTIT T n. FRIEIDEE Vas JCET MBI p KA
o FESN TR E R FE— [E B A AT, @IS T [Pe(e)-Pe(0))/[ePs(0)] 7T LAFS Al B
DK Bl S AR AR A R AR SCER TR B SE R A5 R, Y AR Y 1550nm i,
A7 LI AR AL R B0(0.3640.06)%/K , 87 F178 Mk ZHON(-7.741.4) <10 %/uel?,
ATOAE A BEINEUR G DI 2R BEIR B (ARG, 2 AR B i Ss , W] LA
ANTto T AT FRLIH SO G 00 H o AR [] B 52 3R BT AR (R R, T T LSRN
SRSEREE, SR G0N RN AR 1 ] e )

2.4 INGG

KREND T AL TR AERBUR IR, 735 NEAHOR B4 1 B & AR
L PRHUR AN 32 A BN B SO AL IR W T R R ] . BT T A kA
DA Hh AT BLIR G A A2 AN sk [R] Ah SR FE R AR 2 8] 1 o8 R Rk X, 19 246
HLPIR [F) R BN AR B R R, NS IRIE TT#5 8 BOTDR R4i1- &, i il
e 4e F A IRIEEH
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3 T BOTDR M AR FHIRIES 717

BT A IO 10 20 A SO EAR IR R G Rk BT Loy =Fh: B A LK
5458 52 5 (Brillouin Optical Time Domain Reflectometry, BO TDR) AR ) 734 30 & 55
T A BRI 23 4 (Brillouin Optical Time Domain Analysis, BO TDA)$ A f#)7>
R ARG HT A BB 4 #7 (Brillouin Optical Frequency Domain Analysis,
BOFDA)F AR Az & 5t. 7] BOTDA K1 BOFDA i ARAHLL, BOTDR HiA
X LS A A R RS BN S R R, RN BT RGUR SN
SERIBCRTT R, (BT AE TR i A .

31 RHEREM AN

FEH— TP OAX BOTDR HARER i 821, S BAR RN B R AT BN ECH [
eI IR S AR (OTDR) 4 A il R AT A5 . RAMIEA LI y: IR AN
BB T 5 AT AR IRSE £, A WS AU R I B A BIRGE S, i
SRR RARA &, SR SEIU G AR @ T AN AR WS I o 38 A B I B e A
kY B RF ) SE 38 R DA o e P BN ) A AL AR B, W] 3.1 o Al s )
PEER LATPUEE AR L=(cAty@n)sR i, Hd ¢ NEZSFHE, n NELFHrht
2R, At PR EEE N G LF B A SR AR ) TRTB% . AR & A B RO AR
FRE A D)2, BOTDR R4t 1Al 75 =G B Rk AR A6 U 5 b 07 2

ANIFRKHE
UL
N L T

L
h

o

i O Bih A
B 3.1 23 ) B e i g

Fig.3.1 The positioning principle of spatial location information

3.1.1 BEEHFME

BRI BOTDR R4 MM, JERAGIFARER I 3.2 Firk. Zit
2B KOG G, BIRAT BB BORLT, N SDRE R LR T L, S
AT B 388 T S 0 FR AT 850 05 B B BRI T i 1 R A B
S5 MR B sk, BRSOt B S HR A R T RO R A b B
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ZEAE&“ £$

)

T e
A IR UL
ERcpus: e L
3.2 BT EEAGIAK BOTDR £ 4¢ 7 LA

Fig.3.2 Schematic of BOTDR system based on direct detection

LA LN 6 A e 2% BRI . BT JE B OC SRR 5058, N T ERIE
RGMEIRRGRE, EoR RANDCHIE AN A miesE EAMKIFER . BTt
LIRS A SR, % RGN RENT A EINEUR Y Sh AR ATRI, R A A
XA BLIROE DR ) 2 A oS, JLP AT L ZBS AN TE, Rtk B Y BOTDR
ARG F LT XHEEBARIRIN  SEBR s i I & 3 6 B AR BRDE R DhER L,
Rl B3 b (Landau-Placzek Ratio, LPR), SKIs/IMEHFE . i A\ 40 4625 5% 24 R 5
R B I

H RH B e s A7 VAT BL-JH 2 (Fabry-Perot, F-P) i, hfif- & 1E
/K (Mach-Zehnder, M-Z) T3 AX R G AF AR hits S MiEIE Ik 5 (Fiber Bragg Gratting Filter,
FBGF)®°l, i Tl 1A P EF, TR T o) AFRRA:

1 LPR (T)
T= Lli- e ] +Tx 3.1)

AP Ky RIS R BUE s

LPR(TR) ------ ST EADG F AT RPOEHI TR B
LPR(T) ------ SR I 5 B Aot [F) A LG TR B
BT EHRARI ) R G A T R, SEIUARRIR, RS TERLF, (HAA%TS
A SR 6 A Dy A AR T8 AT ™4 10 BRA K o Pl EL RS I 21 e ) U k5 58 B
TS 5 A5 M LERRAE LU SC 2, T RO e i B A BLIH A4S 5 (1 20 =R SRR Bl
59, POy TR A BRME SR, HER ARG IR, 5—Jim,
Z IR G IR T Rk B 52 A BN B BIELN S 2F R 2R A e RN AU L%
Wt v L R B SURI N R B AU O, SR I RE R KR P A
Jeeliln s, AT AR GE KRNI S, (R RR ZORRR DG I DR R A — i
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(OGRS GRS s A LS BRI RS SRR R, N TR
FHRDCEESIT L, HEAARME SRR, TR R A A HI
SEHILTE (AOMHz ££4), J6IRN K 745 2k 5ot .
3.1.2 fHFHRMERME

FITR BRI T BOTDR B2 A5 AL A S H T2 R0 SR 77 3 - %
TR BAR R, RS HATE ST B B BT, 5B B S5 S
FFAST R T BRI, AT 34T TS S s SRR GHz 2R i s S 5
SR 25 T A, RIS 7 OHR I SR 0 M B TR, T A5 5 00 5 o e T A Ab 3
BRI, A RA MG S M, RO IR, WRES SR
AT LT, SR 2R SRR A TS Rl AR AR U A A LM e I S ok
s, SRS S S % P A

Pe=2,/PsPLo (3.2)
Herft Pg A1 PLo 43 BIA Brillouin Je MBI T4, EHRMI S I TAESE B A, TR
B R BB IR B RSN LG, Ak T 2 G 04 o A0S 3
F T AR TR NS 2 A, HEABTAT LA B NS AR (B, i AT LA
R RGN E T
FETHITAI RGESEH F TG =R BN E S T AR () b 22 45
ANIE S R A1 =P ) S AR
TR

Ik e ) 2

Vot vy

B

A

RYedb L

T

3.3 TSN E L R G K

Fig.3.3 System diagram of microwave heterodyne detection structure

AP SR ) R G F AN & 3.3 Fras  ZEHDE MO e &b & as 0 N L
MBS, SRR vo, REEHOGA kR i E R i Bk R E S AR OB ET,
AU BR ) B 5 AT RIS 54 vo ve I B, ve B BAT RIS S 1R . i
WA BLIKAE 5 A T B 25 e e i & S Bt A XCHETHR I 2R 2 AT 9000, 15 2IIRN ve
55 . MBETLN 11GHZ, X T RE-RRUZMAEL &, 2 FEHMK
PR PFHEATIR AN, AL SR R YR I 4, T LUK A LR A, X A0
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T BEAT VO 2540 G T LAAS B0 BN RS o 1277 58 KPR AR U PR AR 5 1 RORS 1
AT R R

oL

SR

e HUF
I

aom2 — EDFA I

V- Vg

KAEALHE

K 3.4 FOEHIRE AN ESS T R SE

Fig.3.4 System diagram of acoustic optical frequency shift self heterodyne structure

BT RO B AN ESEM R 3.4 B RSN E RG—FE, it
MO R IR R & a3 70 N BN ER G, BURBIN vo,  REEeZeid 7= e ke A il
& (AOM) I bk S AL RBOGET, B3 8 KA BIES, TEgds
JaHE S AOM2 PR . LIRS 5 248 F AAT NN P A RS 4108 11GHz,
N TAE LIPS RS SEBARIE, T {5 T2 6 6l AR 5
B 1A BELHATURS oA . el AR SR 7S O I 28 7 AR I AIES Y 110MHz 7245198,
PRI R A — S PRI RS A, 3l 0 AN SHE 53T R F S BOR, N
BB EA 1UGHz AWM . 7 Iehits R4t Zaeid b U Aire AR i
AT TR G T ) A5 4 RER R HH e B AT LN, O T ORAE RGERIRS R, EORAS
TS T HA AR P RE

ROk
AR O
N )
V£ Vg
It
+
VN o i ) 5 MR N ——
|
P T
llGH/Z\
V\ - Vn
A b

K 3.5 HOEHIE AN Z S5 RS

Fig.3.5 System diagram of Electro optical frequency shift self heterodyne structure
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BT OGRS I B AN ZE 450 RG] 3.5 AT « R G 4h M) [R] P G ARSI 45 46 288
el HOEHIRE KA 11GHZ A2 A5 IR 25 IR LG A% R SERF BOE15 5 1)
BiR%, ANIR] A2 LA 1)1 1 ' B AT BA— IR SE il 10GHz e A7 [KI35A% , - ARXE T A
fLICRE, PR ARG . (BN TAEBE ] MG S P Re &, RS R
I R R P N A T R, AR R AR AT T AR U B AN Bl T
IMHZ0, - [a] B e i 3 S (R IR PEBR T B (R

R FABTERIN V2 (0 225 56 A0 A LK B3 ok B R — A6, m] L eI
R M A iR 22, W IS S AR B, AT /IME 5 AL BEXEE . LE
BER=FARGE: I EG MBSO R AR 1)1 9842 11GHz LA L, g8fF iR
itm, (7] IR ZER IR PR AT i R A e VERT 0 s Jeliiteg | A2 454,

BN AT, IR GE L, SRR G O ARR, E
%:zﬁm% VERFRAR; HOCHRE BN E ST, AT EZ IR, bR RS, (=

F i B ORAE BB T I 1) 0 B R R R o L

32 ARG EEMESH
BOTDR RGtI{EMe Ll ShaSu Rl 2 8] 2 % DL IR N 1 Bk 5 2 R 4t
i B L hﬁ,xwﬁuirﬁéﬁﬁﬁ HE
3.2.1 15ket
fﬁ?BUmRmAﬁﬁ%%$:N%ﬁﬂiﬁ%ﬁﬁE%Lﬁ%%ﬁ%iﬁ
(A S, DRI 2R 4 A 3 e S g e e e 2 B RS A e A T AR S R
{EME L SRR, T DRSS M 4T 25 T4 22 16 1) 2R G215 1k L
SNRzlmogloﬂE- (3.3)
N a A LIRS DA R, P 48 1 ThER O G AT LN EUHE 5, g S Hfar
B, Af BRI 5. Hoh o g 4f RE RIS EET DU E NS, Ps i HUH
i RS 541 EDFA UK G T3, EDFA UK EEUE DS & . B A BIH
*ﬁ%%%ﬁv@%iiaﬁﬁﬁﬁk,ﬁﬁ%:$¢“ﬁiwﬁ@@ﬁﬁﬁﬂ
BRRT —T, B RME SRR K. 4G 80mR . st
RE GEAPRIEE B LF R I i E 2 S Rl 30(2.13) f (2. 14) R H
RV I FBE (1) 0 E R e B A B T R A LIRS 5 O R R A A A s L AR IE,
ﬂH&TuLﬁﬁm%ﬁﬁw%%ﬁ%mmﬁﬁ%%%%%%%%wo
3.2.2 Eh7AsTE
%%%m%%l%%%%%%ﬁm%ﬁﬁﬁ%ﬁwim%ﬁﬁ%,Eigm
BN HIE S ERR L RE, (5 MREOK, (55 R~ BOCA T I 2k K EE
BOHUEC, RGT R AN BOVE BB K. RGBS H AT A — AN g — 1
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RS, A TG M S HOC R T R T R R,

D, = 0.5(Pp+Rg+Ts-Lc-Pa+SNIR/2-SNR,/2) (3.4)
X Pe—— NSk G A ) 2
Rs H & AT BN B R

Ts— A LM HUR E R L

Le—— &R G b 840 (11 AR FE S

Po— Dt HL AL H 28 1) R s

SNIR——15 5 I it Kb #E 5 FO45 e LL 38 55

SNR,——i /& 53 G i FEE A AR U B8 2 BT e B2 1 e /MBI L
H Pp.y Loy Pgv SNR, AT AN HEin] DU BN ES H, R 72 H A& BN
WA, ATLOE SCRFEROGE h3EAL B R AT BN EUR DGR D) 2 RS OE D2 1 E
. Rg Ml T 7l NI 1K ow:

Re = 101g 22 = 10lg (Sos=) (3.5)
Ts = 10lg (=) (3.6)
XEBHYH, S ALBIAACHIRETN, os NAT RN 220, (3.6)+ B AJE

PO, Ave AT ELIKHIUR B 171 58

2i5(3.4). (3.5). (B6)AILIRH, EfEmARAMSTEHE: AJLLEN RS
G BB T3, B BRI I SR A B 26 2 51 52 oA RN O, (6K
SR R IEL OB B & b, TR W RS a1t AR e R] DU I 52 FHE
e b 7 3 I — e B IAT S T A BRI = SO L S e b, X R IEATR
th, REW/NRGMES . SR R, AT PLSEIl X & 4 A0 1) 4
Fo
3.2.3 TE TR

TR HEE RGN N — MEE S, RRRIPE BG4 ERekill 20405
KA IR E KL . BT BOTDR B0 A1 2N R S Re 6 SCHUM B B B & AR
b2 ) S0 FARA AT R, 3 R PIT  ) E <m HL SI g X MO A B SEE PR RS, RS
2 B A3 b v, I B PR B A, S TR R, % B R K. R
RO A HEREN EE R RA . BEDEAIEBUE « B2BOTUXT ' ke ) i 5 85 18]
5 LR VR FH RSt TR LA S N S e Rkl (i ik 55142430, BB AR A L R
WMEPG, N HICFER R IR A N A, T BREAN T AN L
HIAB R TE], 3 AR RS N T B, REM D3 HF%E s vl i F g

s= ()2 (3.7)

v AR AL LT A AL R, bR B2 PO R DUOGET T S 3615 o 7E © (1
IR P, ARBOCAF P RN s —BOGLF W ATE IS AT SR SO e a5 —
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“ITZI 7 BARBE A Ko, s ZANEALBEHURGSTE “t 27 Z AN
HErmzhs,

BRI K EE © L 100ns B, RS HER s =10m, IO LT
P A P IR FEE IS A R T S Bk L % AT T 10m L P BT 2 B PR IR R R AR AR AL I
Yt B 10ns B, RERIZENDPERATIE 1m. SR FHIFE L 10ns, 3G
fikt ) e R HL BN T T AR I, S RO A BB SRR, 2
SR O N 2 B U RS P o (R 10ns 72 45 PR Jhk o Bk 5 3k 10160 1m 1 2 1]
K, B TR LN 0k B

IR/ N5 1 ok 5 2 SR T R 0 25 B o R e (R R B 5 v, {HA B A kot
ik 5 BE RN s KPR TR I AE S b 2 B2 J . ETIRE, R E RGNS
0. 1B A 280 OB S N S Bk rh A W E D28 . B m] IWLAE SRR AR S - R 15
AV R AN 0] 2y e A EP JE 1, RIUE R EE A E Mk v, il 3hAsyu A
7 18] 43 A5 B e o
324 RENTNERHEE

TEH:T BOTDR 153 A OB LT AR I R Ge 383 XU RISk 1 & A RS 5
(RARRS AT AN, AT DA R R B AN S AR B AR A A O, A1 A I PR 0 84 ) = s
S R XA BELOR AT RS BEAT 5 BT BB I B R AERRRE FE U4 . AR A B AT k4T 3%
TS, B P0G 2R Hh 0 AT 1) b i 22 T T 1 S AT L IR ATURS ) e 1) AN
s PEUSL, Rk AR R GE /N n] I (AT RS AR AL B, G0N dve. MR AT FLIK AR
(AN P e I P R R AR 2R B IS A 3R O T RNRLAZ 4 2R e

oT = iT (3.8)
de= 28 (3.9)

&gV

A Cr, NIREIE REL C., NNAHRS R Herb 22 G eI ] R A7 BL KA
MAA B dve X HIAE M LEANAT BLIH 1S 8 O e «

— _4vge _ Avge
dvp= e = e, (3.10)

H(B.10)H, Avee A2 SMAR LI s i HOBE 58, B2 AT BIHIG a3 s v (i s
TAFaHE ) ANGS R RS 3 B R, bk Gk E i KT T AR i,
SEAT BR8] 5 ARAT HL K A 2 G v A 2, TR A R A
Mo NI OG Bk T8 J N R IB A A A i, AT B AR AT LK Al
WL, SEA BLIK G 2R 1 B R B, I E DR B ), R ST RS R
2 BEZ B, SNRo AT SNRe 737308 R LG5 R ELAT 225 IR LE . BAR, R &
(RIIN A S = Bt AR SE (S MR LU N T 32 iy, AN L2250 L SNR 34 [F) ' HEL G 81
AT SEAR S, 2R OE B DG LR AR A Bl T R ST RS, AL Ak FR e
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EAEE .

3.3 N

ARFE A T ET BRI T AR BOTDR A0 2Ot LRI &R
Gi, HAER T = AEE AT BOTDR R4%: kAN ESM . BT H Rk
I E ARG FE T ROEIRE I H A 2S5 M . B =R S sE BT, 45
HEERP S %% H I OU R R I FEEAT TR LE

MINERARG I EENRSH: RGERIL. SIS0EHE L ERp PR EBE
AR EAG A T ARG . EEX R MERESHL T S RIS,
R TS AERES BT IR T %, Nt AR R GedT B SR
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4 3T BOTDR {73 AR K R GE A it S R BRI FE

4 EF BOTDR M HRNERR SRR TR B AR

4.1 £F BOTDR B H AR BR R G R IT

ASCRFIEEF AT RNE BOTDR 404 s 411 18k R Gk Se x4 i 4
RIS F3 P . KRS = A A S M A 20, AR SO i) 5 Gr e A 42
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Fig.4.5 Scattering signal spectrum when the incident wavelength is 1549.9nm
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Fig.4.11 Relationship between the modulation voltage and the insertion loss of AOM
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Fig.4.24 The linewidth of laser source(black line) through the Brillouin laser (blue line)
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Fig.4.25 FPE effect, and the oscillation frequency decreases from Vy1~Vq2 to Vi~V,
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B, BRHEE ZAURFERIE, 7E55 i 4LRAEP IS | DR X AT ARIR AN
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ERES i A0 j DG, Bk a(5.2) T LSS Ay
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P RIS A TP
T, 2=E (M + Ngj+-o+ Mij o+ Ny P=E(TE ndy) +2EQRS X5k nymy;)  (6.6)
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SNRy = =L = @L (5.9)
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AT — RS I ) FE A e, 45 3 BB IR A BRI e b S AT S, DRI R K
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A WG Z 1%, SRR R ] 20(2.2)30R, B AT DL & 2490
A R R 2
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Fig.5.2 Fitting the Brillouin spectrum with 27 points reflecting the frequency domain information
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Fig.5.4 Brillouin frequency shift along the sensing fiber when the modulation pulse width is 100,
300 and 500ns
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Fig.5.10 Frequency spectrum of signal at three different locations of sensing optical fiber
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Fig.5.12 Frequencies of Brillouin signals at different temperatures
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Fig.5.13 Linear relationship between Brillouin frequency and temperature
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Fig.5.15 Distribution of time domain information in the fiber when the modulation pulse is

600mV-100ns, 450mV-30ns

FRIBOLLT R 2km, NORIEPTMHAERAE AR ENE S A ES, WH AFG K
Y AR fid A kb A2 40kHzZ, SREERIRAEARGZE 5GSals, W E I — A RIR
PR % 0.125M, X 0.12M. & 5.16 55— M@ A5 BB o, B R RAE s 8

56



5 ET BOTDR 73 AR 5 Gt 1A i LA SE AR S 36 K 7 A

MEE=IRENT LLE A0 BIWEUHE SR BOL A AR AN TZ, i BNE
SRR O 1.255GHz 247 . B 5.17 44 T HIE 58 600mV-100ns 44 &
A G5 A =4 R, MWEFRTCLEE BA R E, E—A g
£ 110MHz 4, 2R LEFE N IHHI2E (AOM) KRG 4IRS, 2 /N2
HIME S,

400
—~200 | s
- :
~ 0 3
H N
B o
nm
-200
-400 - - 6 - - - '
0 5 10 15 o o5 1 15 2 25
KEEREL x10% BER (Hz ) x10°

x10°

":; .
=+
Nt
ﬁﬂ
=
0 500 1000 1500 2000 0 500 1000 1500 2000
IEES (m) BERS (m)

P 5.16 il Bkt 600mV-100ns, it i B F3 R AT ELIRAS 5
Fig.5.16 The Brillouin signal without stress for 600mV-100ns modulation pulse

57



HPRKZEA 42267 1 3

2— —
2

)% [dBm

715

1 -
SR Tk

0 05 1
x10°

) 1.5 ’
% Hz 2 25

Kl 5.17 I ke 600mV-100ns, #EOGEF b AT BLIMAE 5 1A
Fig.5.17 Distribution of Brillouin signal on the whole optical fiber for 600mV-100ns modulation

pulse

5.3.2 RZZEFA Brillouin SR X &R

BT B MR OGHAT & B SR8, SO B A 5L MIUE 5 B8 A% [F) R AR
()5 ZAE E TER 4. ZE PR H KA 600mV-100ns I, GET R S 20m 22 45 1K
FERELL 5 IRKNASFIIR 7, WR BN BRCAER S 1~RiF 50 4L BG4 4 it
IR 1 J5, A BINME 5 1R LA RIRIE A B A tE sl &l 5.18 AR, X
KA B EHREAT LA 3, 153045 BG5S LR A, Wik 5.19 FR,
AT DL H R 52 8277 4E F 38 2, A BRI 5 1 O AR 294 1.255GHZ A2 44
e 2 BN IER, AT BLINE 5 O ms 2 1.53GHz. & 5.20 Box T E#BOL
o LA BRGS0 =4 0) i, R 5.7 ML, AT RLE Hia 20m #oAi B
G 5 IR B R R A T ks

58



5 ET BOTDR 73 AR 5 Gt 1A i LA SE AR S 36 K 7 A

%102

0 500 1000 1500 2000
K 5.18 JEhN A 1 5, A6 EIE S R oL
Fig.5.18 The frequency shift of the Brillouin signal after the Stress 1 is applied

9
1552107 : :

1 2 | | 1 | | 1 1 | |
200 400 600 800 1000 1200 1400 1600 1800 2000

FE S /m
K 5.19 JANRIAT 1 B, A B ORI LA it 2
Fig.5.19 The fitting curve of Brillouin center frequency for Stress 1
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Fig.5.23 Frequency and power distribution of Brillouin scattering signals in optical fibers with
different lengths (a) Sensing optical fiber is 50km and modulation pulse is 370mv-400ns (b)Sensing
optical fiber is 20km and modulation pulse is 420mv-500ns (c) Sensing optical fiber is 10km and

modulation pulse is 380mv-300ns

5.4.2 #H—H M1k 3R
TEIE T ARSI, ARG HIBNASTEE S 10km. 76 %] kit & 300ns-380mV 1)
SAER, KRR 150m R E IR K RN 95 CHE, IR AR A7 B M



HPRKZEA 42267 1 3

FHE ) 10%2) 90%5 B (LR K FE L) 37m, Wi 5.24 fiiu. 765 =% E 4R
e, RE RGN0 I EES B — R R R RE E, AR SR AR
S8 SR FH AR kb 55 4 300ns, ARG 20 s = (wv)/2, 316 b R S8R 45 8] 4 HE 2 R 30m.
B2 T A SEEG SR F I R BSOR A B8 AE 77 AR Tk sk TR I8 de /s B FHIE R Bns, JEH
AOM IR 2% 7= A2 [ SIS 5 tHAFAE — 8 B L VR [R], DRk 3 550 300ns 45 ikt
TEARIFAERFFHE AT, MRS ZE &Y, SECEE /PR HEIRE R,
[ 't FL PR 28 R R AR R A — s I R B, T B 1) 7 8] 43 % 28 L BB AE
N

x10

1.38

— e MM A
1.36+ | 1
T 1.34 | 1

X 1.32¢ 3 .

1.28 < §7m . | .

9850 9900 9950 10000
B /m

& 5.24 EH kP 380mV-300ns I,  F 41K 23 18] 43 %

Fig.5.24 System’s spatial resolution when modulation pulse is 380mv-300ns

REFRTE RGBS o E 2, 16 5 T BLs/IN i il Bk b (0 Bk 5, (H2 a5
PN e P, 2 S BUBK S S I T AR, BE AT B RS S AL A%
Wi, MJGE E BOIUH [BORAOA NG S A MR LI/, 4545 5 Ab BRI plidl K
POV e, It 52 0 2 49 A P L 77 0 B T

W5 HE 5 A PR SRR AL, LR R SR BT B B SRR T, KO
ARG AR, IER] TR BRCR . B SRR SRR B A EAE S AT R
(g S P AR G S SR e 3 Bl R 80— B BUR U R R EAT BB AT R I 8 S AR
e R AR R O R T AN TR A, SRR S e W R L, AR T I
BB IRAE

FEVRFE T vetr i G 0 N A5 S AT U, i A BE DR T AR EEAT A I e
LA K TR AR, AR SR A T IS ST I A 80 ) el

64



5 JET BOTDR 45 2At [ 5 453 1)l B2 A6 8 4% S K% 73 B

%, W Ul T ST P A i S R I A% TG 2T A5 S5 AR 2 T v DR K R
WA EOE L BB R RVE RS, SRS 5UMGHRSHE8EE, 3T
THEEAR G E R YT, B ARSI RER PR M, ARG S
HBRHER 2= 0T T (0 B2 23 A9 Bns 1 15ns B, 3 Ik HdE A BRAS HH AR IO
2] rp A LIRS 5 RO U 1] 5.25 Pl o A BLIK (55 (X RE AR 0 A 18] 5.26 B
M 5.25 #15.26 F R IR BEMLAE . e d KN )5, SERp iR
IR, (55 AR R B

O T T T T T T T T T
05 1.28GHz ——1.6km| |
’ —5.0km
Ak 8.4km| |
e -1.5¢ I\ i
m AN
S /A \~v—=v—*<—k .
= -2r = RN -
S I
juz=g T T
e 2.5+ o 8
\a
3 a
3.5+ ‘\,“ i
_4 [ [ [ [ [ [ [ [ [
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
551%/HZ X ]_09
(@
2 T T T T
— 1.6km
T — 5.0km|
8.4km
0 L -

SR /dBm

’\,/\:lm A |
2+ ‘\/:\ -
3+ \\\ -
_4 - \
_5 | | | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Bi% Hz «10°
(b)

P 5.25 (a) i & A B2y Bns I, JGEr A BLINAE 5 B0 (b) =l & B0 B2 15ns I, Ol
2 b NS 5 s
Fig.5.24 Frequency spectrum of Brillouin signals in the optical fiber when (a) the length of the

Gauss window is 30ns (b) the length of the Gauss window is 150ns

65



R ZE A 22 A8 3

><109

5000 10000

0 5000 10000 0
(a (b)

5.26 A HLH{E 5 (a) i &K Sns (b) il & K 15ns
Fig.5.26 Brillouin signals when (a) the length of the Gauss window is 5ns (b) the length of the Gauss

window is 15ns

FEAT BRI FE AR RSB0 b, 4 bk p X 380mV-300ns I, X 10km £ BOB T
K HEZE 95°C. Hig E ARG HRIy 30m, 554K, Bl
SO R T T PR AR s AR RIS BRI 8] & N RS E R  HR CREfy g
t=1/ct,), W 527 PR,

9 9
<107 ‘ ‘ ‘ 13810 ‘ ‘ : S
138" ]
1.36 N 1.36¢
134 ST
g 132 ] g 132 |
1.3+ 21 ' 13" //
128" " | om- -1 128 s wm |
9700 9800 9900 10000 “9870 9880 9890 9900 9910 9920 9930 9940
BEES/m HEES/m
(a) 13ns (b) 14ns
9 9
14 % 10 14 x10
3 1.35 £ 135
s 813

22m ——

30m -

1.25 ‘ ‘ ‘ : ‘
9940 9870 9880 9890 9900 9910 9920 9930

1.25 : ‘ ‘
9860 9880 9900 9920

2 /m 2 /m

(c) 15ns (d) 20ns

66



5 JET BOTDR 45 2At [ 5 453 1)l B2 A6 8 4% S K% 73 B

9 9
1410 1410
J\g_u.ssf .35
K 13 SRES
_— 15m-— ~3m-—
1.25- 30 122 ‘
9880 9890 9900 9910 9920 9930  “9885 9890 9895 9900
FRES/m PR E/m
(e) 30ns (f) 150ns

B 5.27 (a)~(f) AN [F) ik st 6] R G000 2 (8] 4 2
Fig.5.27 (a)~(f) Spatial resolution of the system for different pulses

M 5.27 AT LATE Y, KR (el A A, At e v i A R B R e
SRR RAE IR BRI (S S R oD, R CHEAT AT B P 2R S IR
s LRI, X KR 22 8] DL AR FE AR 20 3 2 o MBI () T A
4ty 13ns I, RGEHEE D HEREAE 219m,  [FIRHE H AR EIRE S 5
O WAL — DN BORHIVE B BE,  TOIEME R 5 D . IR & Ge o 2
TRE RN o S BOE AR 8] RGN, RIS 5 I (A ST A ) i
I, AFLAE AR GUR R S R KR ST, (RN JOL6 HE A BRI 1 rh iR
B IAER o 24 kR i (8] B0 150ns I, R G R AS1A] 0 HE R ATA 3m, LEEER(H 30m
S 710 45, i HLEE— PRk a], R GT A  HE R AR

R 5.27(@) . kI (B 13ns I, A5 5 B S A S R Y ©ANRE
IER AR, AT . fE)~(DF, R % AR, ATLVE ARG 2 6] 7
Rk A 18] 5 —FhER PR S LU SR 2, KR I TRI AN JEOR ) XA, sl 7y
HERATNFERI X,

9
138 210" :

1.36

1.34

1.28F —

1.26

9880 9885 9890 9895 9900 9905 9910 9915 9920 9925 9930

PR /m
] 5.28 i B AR IR SIS R PR K R [R] 2 30ns HEATHHE A0 3, R 25 [R] 43 HE RN 15m
Fig.5.28 15m spatial resolution for 30ns pulse in the data processing of temperature sensing
experiment

67



HPRKZEA 42267 1 3

ARSI BRSPS (8] g 30ns AT il & B ) AR SRS G (KU AL B, RIS T IR
FEAG RS (fEBOGLT 10km) RGEH) 28] 73 #% y 15m, ai&] 5.28, LS (I
il bk >y 380mV-300ns, &7 A 7r 30 30m) 2T+ 1 Wif. B jRIERSEL (f%
JBOBA 2km) BI7S 8] 73 H % 0 2m, LRERRAE GRAHIAK PRy 600mV-100ns, #ig =7
[ 4> #HE 29 10m) $& T+ 7 5 £ o an Rk FENk b st [A] 4 150ns B2 5 s, BIR RGN
TR PR ES R SHEE— DA, (HR 75 2B R AR TR . AR SEIR %
P AL R A T EHL A AFIA 16G, ki i [A] 35 2/ 150ns B AN Ab B — 308 75 B2 AT
—/NIF A, TSRS R B 2 R, TAEEOR K. SEPRfE LT iR R
e PR 2 [B) 43 22 ] R B S s MR RE A T SRS B

5.5 I\&h

REERAT T RGP REe, SEILT 2T 10km AR O £F (13 A& BRI
2km FEEF PRI AE RS, I g A FE R R A B B AT A0, A5 R
AR AR [ AT B 26 &R

OXFF 10km K AL IEACET, FEREAT TS AR BSLE6 2 A, Soidid b A8 18 i ik v
(125045 2 A [R] S22 Mg (B 00 kot o (AR IO 28 BUR R R 15 5 BE A R I
EUELL, NOARRE 5 D& K= AR Rt v . it ik 38k £ 380mV-300ns
(38 1l ik, X6 10km 625K 3 (¥ 150 m igE A7 FHR 5256, 43 ilid AR %2 60°C . 70°C
78°C. 90°C. 95°CHIAT HINAFE, 13 HIRERAMmERMB I ERERR.

@K 2km KA AT B AR RS, [RIARE Sl s i o il ik S B0 e % 60
I ke S 20, AR5 25T 600mV-100ns (I Ik, X 2km SR A s 20m i
AT AR SLES, 4 Al s FOMPAS [FAR BE B 7 A BLUE 5 A Rg, e M 2 A B g [+
BRI R R

@i 5 FET I KA B I 345 BT A B . 15 JEiRHL 500 HEHE AT R NP
i Fng, BEEE S IEME L. R T R B2 ORI 1 I B S
B AT R AR, KR B A (S B A TGS, SR BOLA &
AR AT BRI . SR SR I B O T R, W BURRSE S R R A
[E173 7% 28

@M T AR R AL, et TR RGVERE 7 %8, R — P S8 20km,
50Km Zh 785 ¥t [l P e AR AR [ B 4 AT v R B AT T A

68



6 B4 TARRES

6 RN TIERE

6.1 B&h

ISR ICETAL AR AE SR R B, 2 M TR . NAE, dfids. o
B ISR S BN, S HRE ARG SE: 2 S PE,
ENASTEFE, WA AR TR IR . S T4 A RO LA R R I 2R
AL BTN TARE B, A LR, IS S A R
VS P B S0 e o 5T 5 i O R 1 4 A 36 445 R R 4511 5, BOTDR
BN B — 3 AT S T B AT AR 1 2 ) 4 S A RS I R 4 i
HBAFE . AL EBENES:

OEAS 5T S0 T 6 2P 1 R AT LN RS2 8 I B 7= AR AL,
AR R AT LIRS B 0 SIS A DR A R, AT T R A ELIR U 0 47
SRR 38 [ 41 S 3 3 R RS 11 5 D5 2R 41k B T- BOTDR 401 21 K 2R 45 1 520
s BEAND T B IEAE T HERIE I T % 1 i AR
o SRR RGN L EAESECE . (EMI. SATER . FRS Y. R
RIASJI G RE S, AT ——{F T VRGN IR I 0T T S SR R SR R, s
AL S 7 G 45

@B T 3T BOTDR MM R, RGUR AT USRI 77 2.
T NG R 5y B B, LR 2 IS CAOM) I Bkt HE A A K
FerF, 7ok R AT HLORBO . R BRI A LR S8 A A L,
A FEL Y 28 S PRI S 413U 1B N B OB SR AT SRAR AL TR . AT A
T RGP ETERME. BT 20m A1 100m FIARE K H045 IO, i
S K T AN 01 52 A O B . 2 RO BE L R
BE . WORLH PR B DU IS0 BRI SRR e VAT T AT AT B ik
PET 20m K BB . BT T BEDR AR SE, BRI MR T 1% EDFA I
KR, 2 G He AR 2 SR e e AT IR 5, Arseib ik, AT T
AOM HKHI 26, SpHr4aH: B DIZE A, RIS LTS Ik
MIhEE R, B e R R

@K 10km K- ) F6 LT, B S b AT AR 1 206 , 196 458 4365 110 Bk 5 AT A2
18 RGNS . 2 ] 4 28 DA I e RS R 04 L BT SR 380mV-300ns [
VARG, AT LR AR SE . WS R RDEE R A NS B R L, AR A
R S e R X TR AR, 2k 600mV-100ns I8
ik, X 2km f RS EF A 20m M LAAS FIRLBE IR F7, 45 A SN ATRS 5 A

69



HPRKZEA 42267 1 3

By bESE B e b SRR B I B3 S AT A B . 3t BT ey AR R
TR L. i % 2 7 B M B 2 VOBIUR A B R 0 (5 0, 0 e (8
AR, B R L OGS B A TR, A OB ZT R AL A AR
2 o DI K 0 B B BB, T UK KR B R R 2 I

v LTk, A OISR T 9T BOTDR (1405 AL A SE, #EAT 7 Bk 19236,
S o P S 7 R 19 L T A L MRS R B RIS T R, S BLT RGN
SN EE RN S 5 A S, S 0B A B KK AR B T RS A )
=3

62 T—FI1ERE

O F e T A LR O S (T R b, DA 7 R Gt T FEE 87 A7

@ B R R U RS 775 A 0 A A 2 A, ot 7 A3 8 A 5 B 2 %
S A ARG R 7 5 2R 0 7 B0

OF IS B A, H S AR Rk B AT WS R A4 — A2 B (L
A LRI, R SRS 5 I RUSEAR () 28 56 2R L B3 [RIR BE RIS AR (1 55 R
S 2 G R A R 1 [

@I x B G0 RE  UE % R B BT AR A 3R THRAE B3 S 514 1L,
TR T+ R G 3h A5 T

70



;oo

B

ARG, SRR, RRIRIE B 72 A ORI R AR A RO LR R, &
RO A TIAN G, (HEE 22X X BUN G . O ST %,
K TAE S ARFHE X3 A A R RO Fa a, IR B — 22 7k m) ALK,
BD B 1Rk W SRR T R B R IR T AE ARty N X
EAR G AL ARIAE AR BN R, A A Ak BE ) AU TSN S B Ay R
RZEIRAE H A 3% B T UA BB R, AEBXAD T AL 2 1057 I I 21 21 g
SRR FWEE. PIR=F G0, A XZEIRIE RO REARK, BN
KIZE i bR Ul 2R A BUAR !

TE M6 R R A2 0T, XEWIZE I, B4R AR AT Fe A 391 1) 3o B 45
SPAFER) . R S = I A S AL, R A R T BRSPS
L Bk, BmIH. M. & s, DAME DRI BRI
M e ) SRAOVR T AR B . —SE I OSBRI A7 AHAL, JATH K2 K134 R1Z,
BURMTHTFRAAR, — DI o B, R FRAI S NN AR B — BRI SE AT S

S0 B AT Z AR VP B ORI 2 N2 B ) 456 % SR 3% |

71



HPRKZEA 42267 1 3

72



RPN

22 30Hk

[1] H. Ohno, H. Naruse, M. Kihara, A. Shimada, Industrial Applications of the BOTDR Optical
Fiber Strain Sensor[J]. Optical Fiber Technology, 2001, 7(1): 45-64.

[2] FERAH. SaeFAT B EEAR AR 73 AR [F I RGwoT, Wl Anie s, dbl iR,
2007.

[3] Z Amira, B. Mohamed, E. Tahar, Monitoring of temperature in distributed optical sensor:
Raman and Brillouin spectrum[J]. Optik - International Journal for Light and Electron Optics,
2016, 127(8): 4162-4166.

[4] M. C. Farries, M. E. Fermann, S. B. Poole, et al. Distributed temperature sensor using
holmium-doped optical fiber[C]. In Proceedings of OFC, Reno, NV, USA, 19 January 1987.

[5] A H. Reshak, M.M. Shahimin, S.A.Z. Murad, S. Azizan, Simulation of Brillouin and Rayle igh
scattering in distributed fibre optic for temperature and strain sensing application[J]. Sensors and
Actuators A: Physical, 2013, 190: 191-196.

[6] A H. Hartog, A distributed temperature sensor based on liquid-core optical fiber[J]. IEEE J.
Lightwave Technology, 1983, 1(3): 498-500.

[7] A H. Hartog, A. P. Leach, M. P. Gold, Distributed temperature sensing in solid-core fiber.
Electronics Letters, 1985, 21(23): 1061-1062.

[8] M. K. Barnoski, M. D. Rourke, S. M. Jensen, et al. Optical time domain reflectometer[J].
Applied optics, 1977, 16(9): 2375-2379.

[9] H. F. Taylor and C. E. Lee. Apparatus and method for fiber optic intrusion sensing: U.S. Patent
5,194,847[P]. 1993-3-16.

[10] Y. Q. Li, J. Wang, Z. Yang. A method for improving BOTDR system performance[C].
Photonics and Optoelectronics (SOPO), 2012 Symposium, Shanghai, China, 21-23 May 2012.

[11] A. Moatil, A. Bergman, M. Tur, State of the art of Brillouin fiber-optic distributed sensing[J].
Optics & Laser Technology, 2016, 78: 81-103.

[12] 35 R, 3 A5, Jaer B or A A B OGLF REOR ] Jb 724k, 2011, 40(9):
1429-1432.

[13] Y. Q. Hao, Q. Ye, Z. Q. Pan, et al. Effects of modulated pulse format on spontaneous Brillouin
scattering spectrum and BOTDR sensing system[J]. Optics & Laser Technology, 2012, 46:
37-41.

[14] T. Zhu, X. Xiao, Q. He, et al. Modulated pulses based distributed vibration sensing with high
frequency response and spatial resolution[J]. Optics Express, 2013, 21(3): 2953-2963.

73


http://www.sciencedirect.com/science/article/pii/S1068520000903444
http://www.sciencedirect.com/science/article/pii/S1068520000903444

HPRKZEA 42267 1 3

[15] X. F. Zhang, W. J. Hao, Q. Zhang, et al. Development of Optical Fiber Strain Monitoring
System Based on BOTDR[C]. Electronic Measurement & Instruments (ICEMI), Chengdu,
China, 16-19 Aug. 2011.

[16] Gk, AbhZEA AT BLIH 3 A B 2T B RN AL SR S A5 S AL BRI 7, AL A8
AL AR, 2009,

[17] Y. Sakairi, S. Matsuura, S. Adachi, Y. Koyamada, Prototype double-pulse BOTDR for
measuring distributed strain with 20-cm spatial resolution[C]. SICE Annual Conference 2008,
Japan, 20-22 August 2008.

[18] #{#FHK. AT BOTDR i B M N ARAL R R G RSB BORDT T, WAt s, Hedbm ik
%, 2010.

[19] E. Brinkmeyer. Analysis of the backscattering method for single-mode optical fibers[J]. Journal
of the Optical Society of America, 1980, 70(8): 1010-1012.

[20] S. Heckmann, E. Brinkmeyer and J. Strecket. Long-range backscattering experiments in
single-mode fibers[J]. Optics Letters, 1981, 6(12): 634-635.

[21] REGHE. A7 B I B >0 IR A B /W A SCH R 7L, 22, H
TRHLKS,  2006.

[22] Y. Q. Hao, Y. L. Cao, Q. Ye, et al. On-line temperature monitoring in power transmission lines
based on Brillouin optical time domain reflectometry[J]. Optik - International Journal for Light
and Electron Optics, 2015, 126(19): 2180-2183.

[23] T. Blachowicz, M. Grimsditch, Scattering: Inelastic Scattering Technique — Brillouin[J].
Reference Module in Materials Science and Materials Engineering, 2016.

[24] Y. Q. Hao, Q. Ye, Z. Q. Pan, et al. Analysis of spontaneous Brillouin scattering spectrum for
different modulated pulse shape[J]. Optik - International Journal for Light and Electron Optics,
2013, 124(16): 2417-2420.

[25] H. P. Gong, P. C. Yang, H. Wuliji, et al. Gain characteristic of spontaneous Brillouin scattering
in 50 km single-mode fiber with a Raman pump[J]. 2015, 126(20): 2731-2734.

[26] JA&xth. 3T 323 N EUN A OB R G LRI FE, e g, [
PR AROR R, 2012,

[27] D. Zhang, H. Z. Xu, B. Shi, Brillouin power spectrum analysis for partially uniformly strained
optical fiber[J]. Optics and Lasers in Engineering, 2009, 47(9): 976-981.

[28] (1R, D ATFOCL AL KRG RBEAT T, A0S, F/RIETERS:, 2010,

[29] Y. C. Xiao, X. Wang, Y. D. Zhang, et al. Bandwidth reconfigurable microwave photonic filter
based on stimulated Brillouin scattering[J]. Optical Fiber Technology, 2015, 21, 187-192.

[30] K. Koizumi, Y. Kanda, A. Fujii, H. Murai, High-speed distributed strain measurement using

74


http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6030004
http://www.sciencedirect.com/science/article/pii/S0030402612005359
http://www.sciencedirect.com/science/article/pii/S0030402612005359

RPN

Brillouin optical time-domain reflectometry based-on self-delayed heterodyne detection[C].
2015 European Conference on Optical Communication (ECOC), \alencia, Spain, Sept. 27-Oct.
1 2015.

[31] Y. Ding, B. Shi, D. Zhang, Data processing in BOTDR distributed strain measurement based on
pattern recognition[J]. Optik - International Journal for Light and Electron Optics, 2010,
121(24): 2234-2239.

[32] PhLAAs. AT BB I 70 A O LR AR R AR I B B R 78, WA se, b
AR, 2014,

[33] Y. Z. Zhang, Z. Y. Xu, R. Wang, H. Zhou, Simultaneous Strain and Temperature Measurement
Using a Brillouin Scattering Based Superstructure Fiber Grating Filter[C]. ICEMI '07. 8th
International Conference on Electronic Measurement and Instruments, Xi’an, China, Aug. 16
-July 18 2007.

[34] 5KIEAR. T4 HNBUN RSB M AOCE R G A, 203, B Rl H
K%, 2013

[35] Z=i&. BOTDR 7341 ROGLF A% S 5 AL BOCEERORA 78, A2 Arie g, #elli R, 2013,

[36] 5. AT BOTDR i MR ALK RGUE T B EORB T, Wil fngse, o
JIR%:,  2010.

[37] Y. Q. Hao, Q. Ye, Z. Q. Pan, et al. Design of Wide-Band Frequency Shift Technology by Using
Compact Brillouin Fiber Laser for Brillouin Optical Time Domain Reflectometry Sensing
System[J]. IEEE Photonics Journal, 2012, 4(5): 1686-1692.

[38] #&¥%F. AhZEALI BOTDR RGTH I FASHEABE T,  fitssAnigse,  Hdbd ks,
20009.

[39] Z 5. AhZERTI BOTDR i MR AALIKEARR T,  WiL2ehniese,  #Ibm IR,
2010.

[40] Y. G. Lu, Y. G. Yao, X. D. zZhao, Influence of non-perfect extinction ratio of electro-optic
modulator on signal-to-noise ratio of BOTDR[J]. Optics Communications, 2013, 297(15):
48-54,

[41] C. L. Li, Y. G. Lu, X. P. Zhang, F. Wang, SNR enhancement in Brillouin optical time domain
reflectometry using multi-wavelength coherent detection[J]. Electronics Letters, 2012, 48(18):
1139-1141.

[42] F. Wang, W. W. Zhan, X. P. Zhang, Y. G. Lu, Improvement of Spatial Resolution for BOTDR by
Iterative Subdivision Method[J]. Journal of Lightwave Technology, 2013, 31(23): 3663-3667.

[43] Y. Koyamada, Y. Sakairi, N. Takeuchi, S. Adachi, Novel Technique to Improve Spatial

Resolution in Brillouin Optical Time-Domain Reflectometry[J]. IEEE Photonics Technology

75


http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=7318283
http://www.sciencedirect.com/science/article/pii/S0030402609003465
http://www.sciencedirect.com/science/article/pii/S0030402609003465
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=4350396
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4563994
http://www.sciencedirect.com/science/article/pii/S0030401813001661
http://www.sciencedirect.com/science/article/pii/S0030401813001661
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=2220
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=50
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=68

HPRKZEA 42267 1 3

Letters, 2007, 19(23): 1910-1912.

[44] Q. F. Shang, J. Liu, Y. Q. Li, Influence of Temperature Gradient on Measurement Accuracy of
BOTDR System[C]. ISA 2009 International Workshop on Intelligent Systems and Applications,
Wuhan, China, 23-24 May 2009.

[45] H. Kwon, S. Kim, S. Yeom, Analysis of nonlinear fitting methods for distributed measurement
of temperature and strain over 36 km optical fiber based on spontaneous Brillouin
backscattering[J]. Optics Communications, 2013, 294: 59-63.

[46] L. F. Qian, D. Q. Fen, H. Xie, J. Q. Sun, A novel tunable multi-wavelength Brillouin fiber laser
with switchable frequency spacing[J]. Optics Communications, 2015, 340: 74-79.

[47] G.KW. Gan, K.S. Yeo, F.R. Mahamd Adikan, Y.G. Shee, Four-wave-mixing-assisted Brillouin
fiber laser with double-Brillouin-frequency spacing[J]. Optical Fiber Technology, 2015, 21:
198-201.

[48] Cesar A. L&pez-Mercado, Vasily V. Spirin, Sergey |. Kablukov, et al. Accuracy of single-cut
adjustment technique for double resonant Brillouin fiber lasers[J]. Optical Fiber Technology,
2014, 20(3): 194-198.

[49] D. Mallek, A. Kellou, H. Leblond, F. Sanchez, Instabilities in high power fiber lasers induced by
stimulated Brillouin scattering[J]. Optics Communications, 2013, 308: 130-135.

[50] E . B AT 1 ) B R S 2 KA LR G L O S AT 7T, 2R,
FigRE R, 20138,

[51] R, FT-Ai LN HUH B 2 B KO BOLa L i 2O 7T, B2,
ferpRHCR S, 2011

[52] X%k, EEREGIAEIRIEOGIE 5 AP 5 AT D CLHROCA BRI SEIGHT 7T, it
3, RERSF, 2013

[53] Fanhl, fi 788, sAaseE. wEke e M A BT EOG & i o 5 PR Rt 7T 0] ST 980,
2013, 24(10): 1885-1887.

[54] X%k, THEM, EICHE, HHENI, HRGE. BT REOGL 04 4 58 AT BLIHE 4%
Hee[I]. dERk, 2013, 33(10): 1014003-1-1014003-5.

[55] SKBEHE, ik, RIRTE. A RPDCEF AL BOG S BOR K ER]. 405N 5HO6 TR, 2008, 37:
59-63.

[56] A28, WUREM, T, BAE, TLEsE, BTN AT KBOG S O & AT TR E A
HMNHE] FE#EE, 2010, 37(4): 902-909.

[57] X. H. Feng, L. H. Cheng, J. Li, Z. H. Li, B. O. Guan. Tunable microwave generation based on a
Brillouin fiber ring laser and reflected pump[J]. Optics & Laser Technology, 2011, 43(7):
1355-1357.

76



RPN

[58] R. Parvizi, H. Arof, N.M. Ali, H. Ahmad, S.W. Harun, 0.16 nm spaced multi-wavelength
Brillouin fiber laser in a figure-of-eight configuration[J]. Optics & Laser Technology, 2011,
43(4): 866-869.

[59] B, B TBOR SR BT S kBt 7T,
[60] R. G. Wang, L. Y. Zhou, X. P. Zhang, Performance of Brillouin optical time domain

LA, EEEE TR, 2015,

reflectometry with erbium doped fiber amplifier[J]. Optik-International Journal for Light and

Electron Optics, 2014, 125(17): 4864-4867.

77



HPRKZEA 42267 1 3

78



	封面 
	中文摘要 
	英文摘要 
	目录 
	1 绪 论 
	1.1 课题研究背景及意义 
	1.2 分布式光纤传感技术的分类 
	1.3 基于布里渊散射的光纤传感技术 
	1.4 本文主要研究内容及创新点 

	2 基于BOTD R的分布式传感技术的基本理论 
	2.1 光纤中的布里渊散射 
	2.2 布里渊频率同温度和应变的关系 
	2.3 布里渊光强同温度和应变的关系 
	2.4 小结 

	3 基于BOTD R的分布式传感系统的原理与分析 
	3.1 系统的实现方式 
	3.2 系统的主要性能参数 
	3.3 小结 

	4 基于BOTD R的分布式传感系统的设计及关键技术研究 
	4.1基于BOT DR的分布式传感系统的设计 
	4.2 种子光源 
	4.3 声光调制器（AOM） 
	4.4 布里渊激光器 
	4.5 掺铒光纤放大器 
	4.6 小结 

	5 基于BOTD R分布式传感系统的温度和应变实验及分析 
	5.1 系统的信号分析处理流程 
	5.2 温度传感实验与分析 
	5.3 应变传感实验与分析 
	5.4 实验问题分析 
	5.5 小结 

	6 总结及工作展望 
	6.1 总结 
	6.2 下一步工作展望 

	致谢 
	参考文献 

