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Advances of Optical Time Domain Brillouin Distributed Fiber Dynamic
Strain Sensing Technology

Wei Ruoxue, Liu Ge, Lu Hanglin, Shao Laipeng, Tang Jian, Hu Junhui’
School of Physics Science and Technology, Guangxi Normal University, Guilin 541004, Guangxi, China

Abstract Brillouin distributed fiber sensing technology can realize distributed, long-distance, high precision temperature,
or strain sensing and has a wide range of applications in large-scale infrastructure security monitoring. Traditional Brillouin
optical time domain analysis and reflectometry (BOTDA/R) must measure Brillouin’s gain spectrum by sweeping
frequency to obtain Brillouin’s frequency shift. The measurement process is time-consuming, and it is difficult to measure
the dynamic strain. To solve this problem, researchers have proposed various technical schemes and made significant
progress. This paper summarizes the recent progress of the time-domain Brillouin optical distributed fiber dynamic strain
sensing system, including the BOTDA/R dynamic sensing system based on the slope-assisted method as well as the
frequency-agile, optical chirp chain, and optical frequency comb techniques.
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Fig. 1 Schematic diagram of detection principle. (a) BOTDA"”; (b) BOTDR"™”
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Fig. 2 Principle of slope-assisted technique. (a) Scheme of slope-assisted method™"; (b) schematic diagram of double SA-BOTDA™;

(¢) measuring principle of large dynamic strain using BOTDA system based on multi-slope-assisted method™"
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Fig. 4 Dynamic strain measurement results at different frequency intervals™.

Measuring results of dynamic with frequency span of
(a) 80 MHz, (b) 120 MHz, (c¢) 160 MHz, and (d) 180 MHz, respectively; (e) local signals within solid red lines;(f) energy

spectrum when the frequency interval is 160 MHz

SBS
(a) el
Pump Probe i
FUT 4—!'— Ar
. > P — 18/
S ——
A — S s S S fo Sy

Filtering
1Q
demodulation

-
E
&
——
o

i kA A
Pump - Carrier Manipulated BGS

(b) 2/o

T .;
Xy 77

Pump - Sideband

<
4

KIS TR ()T 2RI B BOTDA SR EFE 5 (b) BGS TR # I g
Fig. 5 Principle of operation. (a) Scheme of coherent multi-slope-assisted BOTDA system'™; (b) principle of BGS shape manipulation””

1300009-5



Optical pulse
generator
A

coupler

F615F 138/2024 £7 B/BAEXBEFZHE

p

Sensor fiber

l Trigger [

Adaptive Local
Optical oscillator
7

A 4

—>{_coupler |->

Electro-optic
detector

v

unit

Processing

Bandpass filter +
Envelope detection

Reference fiber

K6 RHEHARTIABOTDR 48525 J g

Fig. 6 Experimental principle of introducing slope technology into BOTDR system'”

1.0F 1.0F
| (a) Experiment | (b) Experiment
0.8F Simulation 0.8F Simulation
£ - R=
5 ()
= 0.6F = 0.6F
5 X =
i 2
041 T 04F
[} ! m
02F 02F
00 L " L " L " 00 " L " L L
10.24 1032 1040 1048 10.56 10.64 10.24 1032 1040 1048 10.56 10.64
Brillouin shift (GHz) Brillouin shift (GHz)
1.0F = without perturbation| 1.0F
3 (C) ~———— Simulation 3 (d)
08F bending radius 8mm| 08F
= bending radius 2cm é"
I . @
&n strain 1000pe =
.50'6 B strain 2000pg % 0.6
2 | E
50.4 - :_;D 0.4F
L = |
02 0.2 linear re¢ponse region
— 1 i 1 i 1 i == 0.0 & 1 i 1 .: 1 z 1 :
1024 1032 1040 1048 10.56 10.64 1024 1032 1040 1048 10.56 10.64
Brillouin shift (GHz) Brillouin shift (GHz)

P 7 S [ B 0 42 i B it A 09— Ak BGS e B LI I RS 443508 (a) O um, (b) 5 pm, (¢) 8 pm A Y13 — 4L BGS;(d) Y
{5 B 8 pm B, 5k — A D AR S 220 MHz i 55 47 80 MHz 1 45 58 U8 % 25 15 19 )9 — 1K BGS
Fig. 7 Normalized BGS measured under different lateral offsets'"”. Normalized BGS with certain lateral offset of (a) O pm, (b) 5 pm,

and (c¢) 8 pm; (d) normalized BGS after passing through a bandpass filter with center frequency of 220 MHz and bandwidth of
80 MHz

07 vk 5 e G R iy B M 5k B JECEEGE L A TR 8 i
N o AEAR GE B RSB B DN R O kv, 2 DX T
BGS e — M 4 &k 3, 70 A5 5 Sy L B — B30 4 7 ik iy
0 8 TR A AL R B I A 5 DAL A 0 R Al Bl

1300009-6

7 1 B AR BRI SE L A2 B BGS i 5 4 R A

IR TT R R M — A AR i A X ' F R 2

T8 N AR HEAT SRR L R A — S A O R, 2R
{55 R 1A 58 N BT A R o B AR S B . 7RI



F615F 138/2024 £7 B/BAEXBEFZHE

Variation of the BFS

)

'
ik
]

Gain
Gain

Variation of the BFS

i Variation of the gain

7
Work frequency

A
Work frequency

V8 A e e iy Il e AR RTS8 655 25 0 Ak Bl B B AR 1 B AR () 1 8 AR I I B AR T2 5 (b ) AR 3 34 4 285 1 80 33
Tl B A J
Fig. 8 Comparison between traditional slope assisted technique and frequency equalizer slope assisted technique™. (a) Principle of

traditional slope assisted technique; (b) principle of frequency equalizer slope assisted technique

Tl LT, A543k il B 1 00 3 RS AR T BGS 1Y
B, T A M A0 A A A 2 ) R A . RS AE RR
W% 7 R AE 2 1. 94 km BURRG £F 19 A o U A5 T 2 1]
SRS m RN AS R 3108 pe JR B A 13,1 Hz
1) 3h 25 N AR, I BLAE 5 5 B RN R AR 22 [ R4 2k
PERE .

4 FTFHEZE R BOTDA/R &4
TEME 5 BOTDA 246, 5 Ot 5 458 W i 451 %
2 b A T 30 O TR o P o TR 2o
(a)

FUT Probe Wave
2

(b)

SRR @) I 1 2 S N U [ ) PPN -
Peled 45 fE 2012 4F 48 0 T % F 28 450 £ R 0
BOTDA £ & 40 , 2 00 BB 40 14 9 (a) B 75, 24 22 1l bk
RO R E N 3 3 AW G P ) 4 15500 5 B A R
I EHLAE — A5 R 0 R 22 5 8] 5 — AN 2 bk b A B
FEH 24 HR 00 ' 451 % [ 2 1, R FH AW G e s 4 45 4~

Jok e ) AT E AT SR, A5 R RE 52 B BGS fY PR

FAE ., WFR R, iZ 07 A5 100 mGEF FSz Bl T 4R sh
39 100 Hz F1180 Hz By > 5 25 7 728 F 5 Al il
RG2S B BERN 1 m, 55 K AR I 5B 4 800 pes

Pump Pulses
i ) s 1 1.0+ (1),:'-20 0.\.+29
1= 1= 1 """ NN W
One Temporal Frame | g5
I~ 1= 1 ~“VWWWWWWYWIW -~
— = 0.6 - wc_n (x)‘_+ﬂ
3 2 1 z=0 =L e ; ]
2 ' {
(C ) Z : .
o - 5 0.4 : ‘ "
{Design of sparse transform matrix Design of 1 1Signal reconstruction; = = A N N
i X=W§ imeasurement malri:i OMP [ i i N |
i Reference database W m—  J=DX=Q¥S = i 1 H
i S HM-O(KInN) | . ' '
! Wy oy Wy, “:’;m fﬁis;;m i n/ L 02 0-4Q ©.-3Q) hooee [ e430 o+
wy, Wy W, Bty bt S | L TR W, | ! H I H i l /
a W ey B TR N k ,/ [ . !
(i<M) .. 0.0 — e ~
Wy W Wyn 11 g =0V | Wt Warz W | ’ T v T ¥ T ¥ T ¥ T ¥ T

Frequency

9 TAERIL, ()3 FHAESH AR M BOTDA RGN 5 (b) ZBriag Wl (o) ARFERIE S E i
Fig. 9 Working principle. (a) Principle of BOTDA system based on frequency agile technique "’; (b) second-order sideband

modulation™”; (¢) process of compressed sampling and signal reconstruction™”

X 3 A BE AR R C B R AR B IR A RS
KATE 10~11 GHz{EH P, X B A AWG B 98t
TEREX A, W PR AWG T B L, N T
AR X AWG 1 58 (19 75 3K L 2013 4F , Dong Z L T
FE T 25 53 Bk vpoFn Z B i A R 09 P BOTDA &4t
wE 9(b) fras o 38 i A AR gl R il b T
S A, R A R U S MR o BRI AT BRI . %
J7 0T LLBEAR AWG — 2 1945 58 75 5K, 76 41k 3l 1 %2 4y
52 50 Hz #1133, 3 Hz I, 85 KW A8 43 531 29 24 2700 pe
12000 pe, 25 [8] 53 B3R N 20 cm, BF'S (9728 1k 89 b 1 22

0.7 MHz, %I 0 0 AR K BE R 14 peo 5348, 2017 4%,
Ba 28 T — BRI H O 3R 28 AT AW G OB I Y
FHEAR AT H A ) O R 28 7 AR B A 2 10 GHz B —
B 15, B R AW G 2F 47 50 E JK Bk A0 B8 40 5t Ak 1 15
WY 5 55 3 6 B A R 22 78 35 O6 SR Y BES, iE— 2[RI
THAWGH TR PR REN, ERAGLE
30 m K LR LS T R sh R R 11. 8 Hz 45 [A] 43
AR 1 m i KR 29 3000 e A4 3 245 8 28 I
SO S i i G LB R ) R ARk & e
B 5 B RE 2 T 3 T HE AR S R BOTDA & 48 19

1300009-7



F615F 138/2024 £7 B/BAEXBEFZHE

fiE. 20204, Chu %548 T — ol 356 T 1 4 8 30 B
AR AR P BOTDA B AR G . W 9(c) iR .
AT B 43 o AT B TR AR AR B Y [ 3 N 3 SR
T BGS W6 g %, 4R J5 R Bl BLAT % R A% FIE 32 DL
Bl i Bk o M # T BGSIE 5. TGk
BOTDA {2 14 J5 U $i 48 A1 [] — 25 K0 305 Biti AL AT R SR R
Jei T A ) 5 SR 0 T A A e K R AR 24 08 3200 pe, FR 3
AR 22 20 Hz, 1 35 A ¢ R 50k 0..9943 , i Bl #1145
RO HE BT I B R UG B 19 30260, 1% T Ik
AT DA 250 b 0 0 B A o, 2 05 2 A5 AR SR AR R

£ BOTDR J5 1 , Wang %78 2020 45 25 451 F7
ARG ABOTDRZIE R G 2, F H AWG 528 100 4
Ay i PR D) e, BN AR A Y R S (R
2 pse FE 175 m B G £F 5 A o 0 A5 IR 3h A R 43 51
6.82 Hz Fl 14. 77 Hz, %F W (49 [ 228 43 53 24 3000 pe Fl

AR bR IE2E R 1. 47 MHz, % 107 A6 17 A5 4 B 244 30 peo
5 TSR BOTDA/R R4

TEHE TR B AL R AL Z T, @i AWG
A RN S A 3R TR AT AR A A LA/ N AT A ) 45 ) e (1]
(] B, LA it b s 2 £ 8 B4 B A ok e 2R3 G 5 B A
A EAE Y T7 50, 58— BGS W44 i R AR A 5
LA Pkh . 20184F , Zhou &5 W T —Fi B Tl
e Wk 5 B T BOTDA AL R G , 3R I BE A 151 10(a)
7R o FEIZZRGE P BRI DGR th 200 B OB 7E I ek
A T R R R B 9 R AR Y R DA L A
2 A Ji i 5 2 DU 6 AR B AR T, T A — M AR A 4%
AR AR DN G B A B 45 15 B 8 G R UK b A A
BT 453 2 5E B 1) BGS . WEFE A5 R R, IR R g9 8l
TS [E Sy BRI 2 m, B R AR 24 0 500 pe, Ik SR

2500 pe MBS N ARG 5, REMZS 43 HE%F K 2 m, BFS Sy 31. 8 Hz 1) J B ML A 81 i ) 4
Pump . L y Chip Pr:be- SBS
(a) J'_:-_l"r._l_*l_l- 7/“"3_-
A A B?S A FUT = ' u.ﬁ .
o e N — - Rl pu‘;,p

(b) U=UHAY W)*T

Attlmet:

Chirped Pulse 7_wc/2 Zi 0 lessccceseccccseaasd
o= | . 1. -
) ‘_|f‘ I\_‘_‘;I\ ] -‘JAenustlc wave
» amplification <4— CW Stokes U >7
0 L

FE 10 WAMKEE BOTDA R EEM TAE I, () WH HkEE BOTDA Z 48 I ik JE 5 (b) WAk b BOTDA Z 48 il ik J 3
Fig. 10 Operation principle of BOTDA based on chirp chain. (a) Scheme of BOTDA based on chirp chain™”; (b) scheme of BOTDA

based on chirp

Wang 457/ 7E 2021 4F- 4 H 7 —Ff 35 T WA 0gk Jok o )
P BOTDA f& & 2o = J5 2 an & 10(b) BT 7R o
IR W BEK ok VR B S B A AR A AR S 2
] f16) S e 9 3R $ R X BFES 197284k o {5 S 19 B A 4E 3R
5 BFS A bz [l 0 B 45 5% BoR 5 5 i i 1] 4R 5
BFESAb AT A w B LR R . R T55 28 F A 1L
T AR 5 300 28 22 [) 118 XoF BE R 32 () 48 3R DR e 5 2 %
FLEE R AR NG S1EN S H 55 . 7ESL 5 R H
5 km ()5l ) 3E 35 51 G LT AL IR ET LA R AR I 20 5
B A A S B IR ARG TS PERL S5 m,
P s A % 10 Hz Ak 8h i B2 Ry 120 pe 19 9% sh F 44, 76
— A IR Bl JE 0 4G B ) P9 R 52 B 1000 YR i AR AR
LI b5 HE 254 8. 52 pes

1EBOTDR &% 7 Ifii , Ba 2™ /£ 2020 4F 42 1 T %
TR ik EE 1) BOTDR AL IR FR GE . A H B[] 58 2y
20 ns, 471 3% 55 B Sk 495 MHz (14952 15 455 =X T8 Bk 4 15 Sl 5
6, I A B T RS S %O Y 4 X 1 ) R

pulse “*

DA . BAAESIES BT N AR R KT 3200 pe, A5 [H]
SRy 2 m, RSN R N 31. 58 Hz I s & A8 {5 5

g,
6 FTH EK A BOTDA &5

[ T 56 T s R A G 1 WA WK A AT R A1)
T LA A AR R EL A 2 S 0 5 4 B B 6B 52
PAYRIN AL . 2011 4F, Voskoboinik 2515 2V Y 5 #5
6 VE ) B A R 7E 2 km Bl 20 m B G EF 4 ) S
P50 m A5 m YA RS Bl 4rFER & 1] fros . HAR
TG AR I 5 43 50 SR A8 S 18] B SR 100 MHz 19 ik ohol
FUH A (0] % 24 103 MHz 1Y 3% 220, B U bk o i 48000 2:f
FEAERCT XF BGS #EAT W [0] b Ry 3 MIHz 1001 i) 72
H o g 2 R A A T R /N T O A A G A R [ B
(100 MHz) . 2015 4% i 20" 38 53 A FH 22 240 AS [ 9
R [11] B 18 DI A 0 A R T Sk — 2B b g 3 SV R
2T GHz ¥ B

1300009-8



Probe tones
100 MHz
4>

Brillouin

E61EE 13H/2024 £ 7 A/BHEXBFEHRE
Pulsed Pump tones

(1P o (+1)P [+2)0

e

amplification

(2" G-1)» (+1)0 (i+2)"n

{{\vmmvpump-lﬁ\rm,=103 MHz

i

& 11

i i W
Avpymp=100 MHz

e BOTDA % 48 il 2 Ji 3

Fig. 11 Measuring principle of BOTDA based on frequency comb™”

16 3 T8 245 2 2 H (OFDM) £ R 5 BOTDA
E L I T i = -l 1 O W Y i S 681 T S E R
i [i1] 5 40 408 431 36 P8 B 22 [) 8 4500 %% i) B B 2 L TR I 5
FAE R GRS 8] 4 PR BES 500 A B 2 (8] A A .
BT A, 2022 4, Yan 250 B T — b 3k T A
R 4y 4 FH B9 BOTDA % 3 (SEFDM-BOTDA)
W 12778 o 833 %3 Zadoff-Chu 5 41 76 I 58 E I i

—REE T R Bk e, IF F S K S IE i SEFDM {5
SAE IR E A R EHZAT 5 80 Z 18] (1) 451 52 (4]
W5 OFDM {5 S R £ — . L %07 i) DLE R R
K5 BE I O T R AT 5 m 0 2 R) 4 B R . ST g5 SR n
FE12(d) Frs B R G 7E 10 km (B JEGE B N SE 8L T
3.1 m Y 23 8] 40 B A 1. 294 MHz B4 I &85 BE , J9F 1
BT IRSIR N 26 Hz (IS SR AE

% discarded s (a) (b)
A0 - :
e 26108 ZP discarded Padded
_{; i =i =1 ZETOS Ya
E— % Probe signal S Yo Yo
(N-2r-2L) zeros | N-point| Zero BIS L E E) and i
—— - addin; it Zel T Channel
: IDFT padding| ? /P pad:ri(;g ; N-point Fetiinae _H_(fL
:f”"”, Xpg-1 x he) Frit ML Estimation
s ; o' Padded ;
= discarded ZETOS ¥l
r zeros T
514, . 360 | g 1
= P —e— Original data
= ¢ S i =
=131 ( ) E 340 | Sin fitting
1)
£ 3
g 1 & 320 |
b =]
g 0.8-_ 2- 300 |
o
E 0.6 §- 280 |
g 04 - 260 -
0 2 4 6 8 10 0 50 100
Fiber length (km) Time (ms)

K12 SEFDM-BOTDA JEzl™,

SEFDM {55 5 (a) 7 A F1 (b)) i 8] Ji2 B8 5 (o) 0004 2 B DG 2T 1< B2 (728 4 5 () B B R 15

Fig. 12 Principle of SEFDM-BOTDA"". SEFDM signal (a) generation and (b) demodulation; (c) measuring accuracy change with
fiber length; (d) dynamic strain signal

Shy 2 il I B AR 199 235 18] 43 W R A BR ) )
M1, 2022 4 He % 7B FEAE S H AR 5B AR 45 4,
T REM AN P, EE A E 13 PR, AL $E
P 45 AR X S A A 1 AR A AT DR ) 8 K R A A R
WG £F () A BRI 51 Wk AHASE 4 5 X 6 A At
PEAT AL R ) AR S (R M L . B R GEAE 10 km B
FCEF b S B0 TR B I R R 40 Hez J5 I 1Y sh 3 B
AR, HAs [ 43R R 5 m.

7 HA B 2 AR I T ik

B T AR B BB O LI B  JLA
R 2 81— B 7 40 3 5 A £ BT L A
00, 20214 Zhou S Ut T —F T AL T

IV B BOTDA IR A 4 (DWI-BOTDA) |, 4 1l J5 B
WP 14 Ca) F1(b) JiF 7%, 308 2k K A7 978 ) 25 6 8 00 0l 7= A
AR MOE, Hoh A AR DWT A T35 0 4R 30 5
R A — RS O EAE A4 R BOTDA &
£S5 § B WP ) Bt A S o = AN 1 D T S L Ul e
B DWI I & 19 sh & & 5 BOTDA & iy sh & $
P — —XF R o ] 14 (c) Ry F5 450 RN 68 8 4 % 4 51
24.8 Hz F149.6 Hz W s 8 S I & 45 58, ol LLA
DWI i £ 25 5 5 BOTDA ] 42 25 S 3L AR A A, 5 2
DWIBIE 5 B A T & B R 20T LUk 1) 10 kHz, M
207 AT LA SRR i AR sl A N AR I & . R DWI-
BOTDA S T R AE# 10 kHz 25 8] 43 PE % 2 m AL %
BT 2 km () 3h 2500 4

1300009-9



F615F 138/2024 £7 B/BAEXBEFZHE

a
A Finer DOFC

0 9 st 5-km fiber PZT with

15-m fiber

2nd 5-km fiber [

Frequcncv (GHz
=
oo

= =
S ~l

0 2 4 6 8 10 0 O,II 02 03 04 05
Distance (km) Time (s)

FE13 S5 B R FEM i R BOTDA 752 (a) REEHMIFE I ; (b) L1 BGS 155 5 (o) 3R 2 X Il BF S Wi i 7] (1 25 4k,
Fig. 13 Scheme of fast BOTDA combined frequency agile technique and optical frequency comb technique'™. (a) Detection principle
of the system; (b) BGS of the fiber; (c) BFS change with time in vibration region

(C) — BOTDA — DWI/
(a) , - § 128 ' = 1250
. Th % apr S 625 125 =
AF e T o ' 2 "

% Sensing fiber 0 01 02 03 04 05
Y] ,chsssiny 5 03485 f | - v
& E oazal LS 125 2
tAmplitude """ Loaded dynamic strain g oMW RTRT TR ur» Wi i W wWo 2

0 0.1 IJ 2 0.3 0. 4 0.5
/\/\/ e Time (s)

(d) |- BOTDA & DWI|
4 80

¥ T
E 2 ——g0 =
5 0 i ! i 4
0.25 0.252  0.254
"g 0.1 RMSE: 0.0019 rad 80 E
= 0,055 et e 40 T
| Three-tone 3 strain uncertainty: +1.37 pe 2
i 025 0252  0.254
Time (s)
(e) — BOTDA — DWI|
—— 1] 24.8 Hz
.a.. Dynamic strai
,u"lll Amplitude o TosoNoe measured by D -;
! = ] ]
; PD7 ) s 8
/ | : .,
3 |
; o

Dynamic strain
Inverted Brillouin l.oaa e o measured by BOTD/

FBG
—— - .,.Taenu? G 0
t ‘ 0 50 100
r ' W—t ’—H-m_n Frequency (Hz)

K14 DWI-BOTDA $h & EFR 4", (a) DWIHI(b) DWI-BOTDA M £t J5 # 5 8h 745 828 £ (o) BB () SRS 5 5 (D IR 3115 5
345 2%
Fig. 14 DWI-BOTDA dynamic sensing system'”. Measurement principle of (a) DWI and (b) DWI-BOTDA; dynamic strain in

(c) time domain and (e) frequency domain; (d) mean square deviation of vibration signal

1300009-10



8 éﬂ: ln

At R A ZOC A AR G T XL+ R ZE B
ﬂ:ﬂﬁﬂ’h‘tﬁﬁ TA A R N AR O B OS5 15
AR AR AN L, B UL RE T A ) R

f?!ﬁ’?ﬁﬁ KA o R B £ AR B R G 45 M i
L 7 T PR PR AL A LR HG 3l A A2 E A
DR BRI % 17 5 B0 R o AR A HR 23 18] 73 B R i L

JE T B R PR BE AWG M & 5t OF BAR I ik B
FEH, BRG] T R B SR A A B B R A g R
PR EUR 5 A 2 [ SRR A SO B8 2 ) A L 24
W WK 5 R A2 Bk J3E PR 2 [ sy (ELR R LA
g RS R A 0% . BEE AR SHIR AT, 25 Rl AR
Z 1] B AR EL Rl G A B, A1 HL R O I sl o0 A A% R
Ge oz A S AR MR R Bl 23 [ A 7 1) 2 K R O
FL AR B S AL o DR, S IR s AT B PR o3 A A% I

AR R IR R il 52 it 22 4 W 0 7 A A A S T ) P

[HEe
& % x #

[1] Wang Q L, Bai Q, Liang C S, et al. Random coding
method for SNR enhancement of BOTDR[J]. Optics
Express, 2022, 30(7): 11604-11618.

[2] PengJQ, LuY G, Zhang Y Y, et al. Distributed strain
and temperature fast measurement in Brillouin optical
time-domain reflectometry based on double-sideband
modulation[J]. Optics Express, 2022, 30(2): 1511-1520.

[3] Zhou X, Wang F, Liu Z, et al. Hybrid B-OTDR/
@-OTDR for multi-parameter measurement from a single
end of fiber[J]. Optics Express, 2022, 30(16): 29117-
29127.

[4] Liu S Q, Shao L Y, Yu F H, et al. Quantitative
demodulation of distributed low-frequency vibration

based on phase-shifted dual-pulse phase-sensitive OTDR

with direct detection[J]. Optics Express, 2022, 30(6):
10096-10109.

[5] LiS, XuY P, Feng Y R,

signal measurement based on multi-coset sampling in

et al. Broadband vibration

phase-sensitive OTDR system[J]. IEEE Sensors Journal,
2022, 22(2): 1295-1300.

[6] Murray J B, Redding B. Combining Stokes and anti-
Stokes interactions to achieve ultra-low noise dynamic
Brillouin strain sensing[J]. APL Photonics, 2020, 5(11):
116104.

(7] BERKE, WRpid, X084, 55 . RS0 R 1k S i A
PRG350 S 2 AR 3 B e 3 A3 K 73 (] 43 5
(7). Je2p2adi, 2023, 43(14): 1406004.
Huang Q M, Chen Y K, Liu X Y, et al. Fast positioning
of Brillouin optical time domain reflectometry frequency
shift and of spatial resolution using
MaximumSeeking method[J]. Acta Optica Sinica, 2023,
43(14): 1406004.

(8] R, JeJivr, Sukvk, 4. i

enhancement

SIS A5 52T 4 B

(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

(22]

1300009-11

F61E5E

13 #7/2024 &£ 7 A/# X EXBFFi
JH AR B 0 AR 4 B BF AT [T). 0 5ot B T 2
2022, 59(21): 2106003.

Wei T, Long W J, Wu B B, et al. Simulation research

on distributed optical fiber brillouin scattering strain in oil

&
&,

and gas pipelines[J]. Laser & Optoelectronics Progress,
2022, 59(21): 2106003.

Mizuno Y, Hayashi N, Fukuda H, et al. Ultrahigh-
speed distributed  Brillouin  reflectometry[J].  Light:
Science & Applications, 2016, 5(12): e16184.

Zhang J Z, Wang Y H, Zhang M J, et al. Time-gated
chaotic Brillouin optical correlation domain analysis[J].
Optics Express, 2018, 26(13): 17597-17607.

Mizuno Y, Zou W W, He Z Y, et al. Proposal of
Brillouin optical correlation-domain reflectometry (BOCDR)
[J]. Optics Express, 2008, 16(16): 12148-12153.

VAL, B TH, WRg A, 45 5L T SO b I 11
A BL K G A 5 U HOR D). O, 2023, 50(13):
1306005.

Jiang Y K, Lu Y G, Yao Y G, et al. Brillouin optical
correlation-domain  reflectometry  based on large
modulation center frequency[J]. Chinese Journal of Lasers,
2023, 50(13): 1306005.

Schreier A, Krebber K. 63 km BOFDA for
temperature and strain monitoring[J]. Sensors, 2018, 18

(5): 1600.
Minardo A, Bernini R, Ruiz-Lombera R, et al. Proposal

Kapa T,

of Brillouin
(BOFDR) [J].
30001.

Dong P, Xia K W, Wu B B,

monitoring method for ground settlement using pulse pre-

reflectometry

24(26): 29994-

optical frequency-domain

Optics Express, 2016,
et al. A quasi-distributed

pump  Brillouin optical time domain analysis[J].
Measurement, 2020, 151: 107284.
C A, Korobko D A, Zolotovskii I O,

et al. Application of dual-frequency self-injection locked

Lopez-Mercado

DFB laser for Brillouin optical time domain analysis[J].
Sensors, 2021, 21(20): 6859.
Liehr S, Borchardt

fiber optic vibration sensing using convolutional neural

C, Miinzenberger S. Long-distance

networks as real-time denoisers[J].
2020, 28(26): 39311-39325.

He Q, Jiang H, Wang Z Q, et al. Spatial resolution
enhancement of DFT-BOTDR with high-order self-
convolution window[J]. Optical Fiber Technology, 2020,
57:102188.

Fu Y, Zhu R C, Han B, et al. 175-km repeaterless
BOTDA with hybrid high-order random fiber laser
amplification[J]. Journal of Lightwave
2019, 37(18): 4680-4686.

Wu H T, Guo N, Feng D Q, et al. Enhancing spatial
resolution of BOTDR sensors using image deconvolution
[J]. Optics Express, 2022, 30(11): 19652-19664.

Bernini R, Minardo A, Zeni L.
measurement in optical fibers by stimulated Brillouin
scattering[J]. Optics Letters, 2009, 34(17): 2613-2615.
Maraval D, Gabet R, Jaouen Y, et al. Dynamic optical

Optics  Express,

Technology,

Dynamic strain

fiber sensing with DBrillouin optical time domain


http://dx.doi.org/10.1364/oe.456620
http://dx.doi.org/10.1364/oe.456620
http://dx.doi.org/10.1364/oe.445143
http://dx.doi.org/10.1364/oe.445143
http://dx.doi.org/10.1364/oe.445143
http://dx.doi.org/10.1364/oe.445143
http://dx.doi.org/10.1364/oe.463127
http://dx.doi.org/10.1364/oe.463127
http://dx.doi.org/10.1364/oe.463127
http://dx.doi.org/10.1364/oe.453060
http://dx.doi.org/10.1364/oe.453060
http://dx.doi.org/10.1364/oe.453060
http://dx.doi.org/10.1364/oe.453060
http://dx.doi.org/10.1109/jsen.2021.3126901
http://dx.doi.org/10.1109/jsen.2021.3126901
http://dx.doi.org/10.1109/jsen.2021.3126901
http://dx.doi.org/10.1063/5.0024121
http://dx.doi.org/10.1063/5.0024121
http://dx.doi.org/10.1063/5.0024121
http://dx.doi.org/10.3788/AOS230560
http://dx.doi.org/10.3788/AOS230560
http://dx.doi.org/10.3788/LOP202259.2106003
http://dx.doi.org/10.3788/LOP202259.2106003
http://dx.doi.org/10.1038/lsa.2016.184
http://dx.doi.org/10.1038/lsa.2016.184
http://dx.doi.org/10.1364/oe.26.017597
http://dx.doi.org/10.1364/oe.26.017597
http://dx.doi.org/10.1364/oe.16.012148
http://dx.doi.org/10.1364/oe.16.012148
http://dx.doi.org/10.3788/CJL230529
http://dx.doi.org/10.3788/CJL230529
http://dx.doi.org/10.3390/s18051600
http://dx.doi.org/10.3390/s18051600
http://dx.doi.org/10.1364/oe.24.029994
http://dx.doi.org/10.1364/oe.24.029994
http://dx.doi.org/10.1364/oe.24.029994
http://dx.doi.org/10.1016/j.measurement.2019.107284
http://dx.doi.org/10.1016/j.measurement.2019.107284
http://dx.doi.org/10.1016/j.measurement.2019.107284
http://dx.doi.org/10.3390/s21206859
http://dx.doi.org/10.3390/s21206859
http://dx.doi.org/10.1364/oe.402789
http://dx.doi.org/10.1364/oe.402789
http://dx.doi.org/10.1364/oe.402789
http://dx.doi.org/10.1016/j.yofte.2020.102188
http://dx.doi.org/10.1016/j.yofte.2020.102188
http://dx.doi.org/10.1016/j.yofte.2020.102188
http://dx.doi.org/10.1109/jlt.2019.2916413
http://dx.doi.org/10.1109/jlt.2019.2916413
http://dx.doi.org/10.1109/jlt.2019.2916413
http://dx.doi.org/10.1364/oe.459519
http://dx.doi.org/10.1364/oe.459519
http://dx.doi.org/10.1364/ol.34.002613
http://dx.doi.org/10.1364/ol.34.002613
http://dx.doi.org/10.1364/ol.34.002613
http://dx.doi.org/10.1109/jlt.2016.2614835
http://dx.doi.org/10.1109/jlt.2016.2614835

F615F 138/2024 £7 B/BAEXBEFZHE

(23]

[24]

[25]

[26]

(27]

(28]

(29]

[30]

reflectometry: application to pipeline vibration monitoring
[J]. Journal of Lightwave Technology, 2017, 35(16):
3296-3302.

Peled Y, Motil A, Tur M. Fast Brillouin optical time
domain analysis for dynamic sensing[J]. Optics Express,
2012, 20(8): 8584-8591.

Wang B Z, Hua Z J, Pang C, et al. Fast Brillouin optical
time-domain reflectometry based on the frequency-agile
technique[J]. Journal of Lightwave Technology, 2020, 38
(4): 946-952.

Zhou D W, Dong Y K, Wang B Z, et al. Single-shot
BOTDA based on an optical chirp chain probe wave for
distributed ultrafast measurement[J]. Light: Science &
Applications, 2018, 7: 32.

BaD X, Wang BZ, Li T F, et al. Fast Brillouin optical
time-domain reflectometry using the optical chirp chain
reference wave[J]. Optics Letters, 2020, 45(19): 5460-
5463.

Voskoboinitk A, Yilmaz O F, Willner A W,
Sweep-free distributed Brillouin time-domain analyzer
(SF-BOTDA)[J]. Optics Express, 2011, 19(26): B842-
B847.

Soto M A, Ramirez J A, Thévenaz L. Intensifying the
response of distributed optical fibre sensors using 2D and

et al.

3D image restoration[J]. Nature Communications, 2016,
7:10870.

Meng Y J, Zha J F, Liu Y X. Intensifying the SNR of
BOTDA using adaptive constrained least squares filtering
[J]. Optics Communications, 2019, 437: 219-225.

Li B, Jiang N J, Han X L. Denoising of BOTDR
dynamic strain measurement using convolutional neural
networks[J]. Sensors, 2023, 23(4): 1764.

Soto M A, Bolognini G, di Pasquale F, et al. Simplex-
coded BOTDA fiber sensor with 1 m spatial resolution
over a 50 km range[J]. Optics Letters, 2010, 35(2): 259-
261.

Zhou Y, Yan L S, Liu C, et al. Hybrid aperiodic coding
for SNR improvement in a BOTDA fiber sensor[J].
Optics Express, 2021, 29(21): 33926-33936.

Liu S S, Zhang X C, Zhang Y T, et al. Numerical
investigation of golay coding Brillouin optical time-
domain analysis system based on n-phase pulse[J]. IEEE
Sensors Journal, 2022, 22(3): 2190-2197.

XK, B, B, S ST A LUK 65 -0 AR 0N 1 G
iy DPP-BOTDA f& J& 7 [J]. #0t 5ot 7 5 it J&
2023, 60(9): 0928005.

Liu Q, Huang J, Liang H, et al. Coded DPP-BOTDA
sensor based on Brillouin gain-loss effect[J]. Laser &.
Optoelectronics Progress, 2023, 60(9): 0928005.

Zheng H, Zhang J D, Zhu T, et al. Fast distributed
Brillouin optical fiber sensing based on pump frequency
modulation[J]. Applied Physics Express, 2018, 11(7):
072502.

Wang B Z, Fan B H, Zhou D W, et al. High-
performance optical chirp chain BOTDA by using a
pattern recognition algorithm and the differential pulse-
width pair technique[J]. Photonics Research, 2019, 7(6):

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

1300009-12

652-658.

Voskoboinik A, Wang J, Shamee B, et al. SBS-based
fiber optical sensing using frequency-domain simultaneous
tone interrogation[J]. Journal of Lightwave Technology,
2011, 29(11): 1729-1735.

Jin C, Guo N, Feng Y H, et al. Scanning-free BOTDA
based on ultra-fine digital optical frequency comb[J].
Optics Express, 2015, 23(4): 5277-5284.

Xu P B, Dong Y K,
distributed Brillouin optical time domain analyzer[J].
Optics Express, 2017, 25(13): 15188-15198.

Motil A, Danon O, Peled Y,
independent double slope-assisted distributed and fast

Fang 7, et al. Single-shot

et al. Pump-power-

Brillouin fiber-optic sensor[J]. IEEE Photonics Technology
Letters, 2014, 26(8): 797-800.

Ba D X, Wang B Z, Zhou D W, et al. Distributed
measurement of dynamic strain based on multi-slope
assisted fast BOTDA[J]. Optics Express, 2016, 24(9):
9781-9793.

Hu J H, Xia L., Yang L., et al. Strain-induced vibration
and temperature sensing BOTDA system combined
frequency sweeping and slope-assisted techniques[J].
Optics Express, 2016, 24(12): 13610-13620.

Yang G Y, Fan X Y, He Z Y. Strain dynamic range
enlargement of slope-assisted BOTDA by using Brillouin
phase-gain ratio[J]. Journal of Lightwave Technology,
2017, 35(20): 4451-4458.

Zhou D W, Dong Y K, Wang B Z, et al. Slope-assisted
BOTDA based on vector SBS and frequency-agile
technique for wide-strain-range dynamic measurements
[J]. Optics Express, 2017, 25(3): 1889-1902.

Zheng H, Feng D Q, Zhang J D, et al. Distributed
vibration measurement based on a coherent multi-slope-
assisted BOTDA with a large dynamic range[J]. Optics
Letters, 2019, 44(5): 1245-1248.

Yang G Y, Fan X Y, Wang B, et al. Enhancing strain
dynamic range of slope-assisted BOTDA by manipulating
Brillouin gain spectrum shape[J]. Optics Express, 2018,
26(25): 32599-32607.

Liu G, Lu H L, Tang J, et al. Large dynamic strain
range slope-assisted Brillouin optical time domain
reflectometry based on a graded-index multi-mode fiber
[J]. Optics Express, 2022, 30(21): 37281-37292.

Liu G, Zou D J, Wei R X, et al. Large dynamic strain
measurement via slope-assisted Brillouin optical time
domain reflectometry using a frequency equalizer[J].
Optics Letters, 2023, 48(6): 1407.

Dong Y K, Ba D X, Jiang T F, et al. High-spatial-
resolution fast BOTDA for dynamic strain measurement
based on differential second-order
sideband of modulation[J]. TEEE Photonics Journal,
2013, 5(3): 2600407.

Chu Q, Wang B Z, Wang H N, et al. Fast Brillouin
optical time-domain analysis using frequency-agile and
compressed sensing[J]. Optics Letters, 2020, 45(15):
4365-4368.

Ba D X, Zhou D W, Wang B Z, et al. Dynamic

double-pulse and


http://dx.doi.org/10.1109/jlt.2016.2614835
http://dx.doi.org/10.1364/oe.20.008584
http://dx.doi.org/10.1364/oe.20.008584
http://dx.doi.org/10.1109/jlt.2019.2950451
http://dx.doi.org/10.1109/jlt.2019.2950451
http://dx.doi.org/10.1109/jlt.2019.2950451
http://dx.doi.org/10.1038/s41377-018-0030-0
http://dx.doi.org/10.1038/s41377-018-0030-0
http://dx.doi.org/10.1038/s41377-018-0030-0
http://dx.doi.org/10.1364/ol.404229
http://dx.doi.org/10.1364/ol.404229
http://dx.doi.org/10.1364/ol.404229
http://dx.doi.org/10.1364/oe.19.00b842
http://dx.doi.org/10.1364/oe.19.00b842
http://dx.doi.org/10.1364/oe.19.00b842
http://dx.doi.org/10.1038/ncomms10870
http://dx.doi.org/10.1038/ncomms10870
http://dx.doi.org/10.1038/ncomms10870
http://dx.doi.org/10.1016/j.optcom.2018.12.073
http://dx.doi.org/10.1016/j.optcom.2018.12.073
http://dx.doi.org/10.3390/s23041764
http://dx.doi.org/10.3390/s23041764
http://dx.doi.org/10.3390/s23041764
http://dx.doi.org/10.1364/ol.35.000259
http://dx.doi.org/10.1364/ol.35.000259
http://dx.doi.org/10.1364/ol.35.000259
http://dx.doi.org/10.1364/oe.440675
http://dx.doi.org/10.1364/oe.440675
http://dx.doi.org/10.1109/jsen.2021.3135302
http://dx.doi.org/10.1109/jsen.2021.3135302
http://dx.doi.org/10.1109/jsen.2021.3135302
http://dx.doi.org/10.3788/LOP221263
http://dx.doi.org/10.3788/LOP221263
http://dx.doi.org/10.7567/apex.11.072502
http://dx.doi.org/10.7567/apex.11.072502
http://dx.doi.org/10.7567/apex.11.072502
http://dx.doi.org/10.1364/prj.7.000652
http://dx.doi.org/10.1364/prj.7.000652
http://dx.doi.org/10.1364/prj.7.000652
http://dx.doi.org/10.1364/prj.7.000652
http://dx.doi.org/10.1109/jlt.2011.2145411
http://dx.doi.org/10.1109/jlt.2011.2145411
http://dx.doi.org/10.1109/jlt.2011.2145411
http://dx.doi.org/10.1364/oe.23.005277
http://dx.doi.org/10.1364/oe.23.005277
http://dx.doi.org/10.1364/oe.25.015188
http://dx.doi.org/10.1364/oe.25.015188
http://dx.doi.org/10.1109/lpt.2014.2302833
http://dx.doi.org/10.1109/lpt.2014.2302833
http://dx.doi.org/10.1109/lpt.2014.2302833
http://dx.doi.org/10.1364/oe.24.009781
http://dx.doi.org/10.1364/oe.24.009781
http://dx.doi.org/10.1364/oe.24.009781
http://dx.doi.org/10.1364/oe.24.013610
http://dx.doi.org/10.1364/oe.24.013610
http://dx.doi.org/10.1364/oe.24.013610
http://dx.doi.org/10.1109/jlt.2017.2748568
http://dx.doi.org/10.1109/jlt.2017.2748568
http://dx.doi.org/10.1109/jlt.2017.2748568
http://dx.doi.org/10.1364/oe.25.001889
http://dx.doi.org/10.1364/oe.25.001889
http://dx.doi.org/10.1364/oe.25.001889
http://dx.doi.org/10.1364/ol.44.001245
http://dx.doi.org/10.1364/ol.44.001245
http://dx.doi.org/10.1364/ol.44.001245
http://dx.doi.org/10.1364/oe.26.032599
http://dx.doi.org/10.1364/oe.26.032599
http://dx.doi.org/10.1364/oe.26.032599
http://dx.doi.org/10.1364/oe.469702
http://dx.doi.org/10.1364/oe.469702
http://dx.doi.org/10.1364/oe.469702
http://dx.doi.org/10.1364/ol.483971
http://dx.doi.org/10.1364/ol.483971
http://dx.doi.org/10.1364/ol.483971
http://dx.doi.org/10.1109/jphot.2013.2267532
http://dx.doi.org/10.1109/jphot.2013.2267532
http://dx.doi.org/10.1109/jphot.2013.2267532
http://dx.doi.org/10.1109/jphot.2013.2267532
http://dx.doi.org/10.1364/ol.397884
http://dx.doi.org/10.1364/ol.397884
http://dx.doi.org/10.1364/ol.397884
http://dx.doi.org/10.1109/jphot.2017.2690319

F615F 138/2024 £7 B/BAEXBEFZHE

[55]

[56]

distributed Brillouin optical fiber sensing based on dual-
modulation by combining single frequency modulation
and frequency-agility modulation[J]. TEEE Photonics
Journal, 2017, 9(3): 7102908.

Wang Y, Chen L, Bao X Y. Single-shot chirped pulse
BOTDA for static and dynamic strain sensing[J]. Optics
Letters, 2021, 46(22): 5774-5777.

Voskoboinik A, Willner A E, Tur M. Extending the
dynamic range of sweep-free Brillouin optical time-
domain analyzer[J]. Journal of Lightwave Technology,
2015, 33(14): 2978-2985.

Yan Y X, Wang Y, Zheng H, et al. Dynamic BOTDA
based on spectrally efficient frequency-division multiplexing
[J]. Journal of Lightwave Technology, 2022, 40(13):
4451-4457.

He H, Zhao Z Y, Fu S N, et al. High spatial resolution
fast Brillouin optical time-domain analysis enabled by
frequency-agility digital optical frequency comb[J]. Optics
Letters, 2022, 47(14): 3403-3406.

Zheng H, Yan Y X, Wang Y Y, et al. Deep learning
BOTDA for
measurement[J]. Journal of Lightwave Technology,
2022, 40(1): 262-268.

Masoudi A, Belal M, Newson T P. Distributed dynamic

enhanced long-range fast vibration

large strain optical fiber sensor based on the detection of

spontaneous  Brillouin  scattering[J].  Optics Letters,
2013, 38(17): 3312-3315.

LuY G, Qin Z G, Lu P, et al. Distributed strain and
temperature measurement by Brillouin beat spectrum[J].

IEEE Photonics Technology Letters, 2013, 25(11):

[59]

[60]

[61]

[62]

[63]

[64]

1300009-13

1050-1053.
Peng ] Q, Lu Y G, Zhang Z L, et al. Distributed
temperature and strain measurement based on Brillouin
gain spectrum and Brillouin beat spectrum[J]. TEEE
Photonics Technology Letters, 2021, 33(21): 1217-1220.
Li B, Luo L Q, Yu Y F, et al. Dynamic strain
using small gain
scattering in STFT-BOTDR[J]. IEEE Sensors Journal,
2017, 17(9): 2718-2724.

Wu H T, Guo N, Zhong Z X, et al. High-performance
distributed dynamic strain sensing by synthesizing
¢-OTDR and BOTDR[J]. Optics Express, 2023, 31
(11): 18098-18108.

Ba D X, Quu L. Q, Chu Q, et al. High-resolution and
large-strain distributed dynamic sensor based on Brillouin
and Rayleigh scattering[J]. Optics Letters, 2022, 47(22):
5777-5780.

Koizumi K, Kanda Y, Fujii A,

distributed strain measurement using Brillouin optical time

measurement stimulated Brillouin

et al. High-speed

-domain reflectometry based-on self-delayed heterodyne
detection[C]/2015 European Conference on Optical
(ECOC), September 27-October 1,
2015, Valencia, Spain. New York: IEEE Press, 2015.
Esmailzadeh Noghani F, Tofighi S, Pishbin N, et al.
Fast and high spatial resolution distributed optical fiber
sensor[J]. Optics &. Laser Technology, 2019, 115: 277-
288.

ZhouY, Yan L S, He HJ, et al. DWI-assisted BOTDA
for dynamic sensing[J]. Journal of Lightwave Technology,
2021, 39(11): 3599-3606.

Communication


http://dx.doi.org/10.1109/jphot.2017.2690319
http://dx.doi.org/10.1109/jphot.2017.2690319
http://dx.doi.org/10.1109/jphot.2017.2690319
http://dx.doi.org/10.1364/ol.441815
http://dx.doi.org/10.1364/ol.441815
http://dx.doi.org/10.1109/jlt.2015.2406392
http://dx.doi.org/10.1109/jlt.2015.2406392
http://dx.doi.org/10.1109/jlt.2015.2406392
http://dx.doi.org/10.1109/jlt.2022.3156374
http://dx.doi.org/10.1109/jlt.2022.3156374
http://dx.doi.org/10.1364/ol.458100
http://dx.doi.org/10.1364/ol.458100
http://dx.doi.org/10.1364/ol.458100
http://dx.doi.org/10.1109/jlt.2021.3117284
http://dx.doi.org/10.1109/jlt.2021.3117284
http://dx.doi.org/10.1109/jlt.2021.3117284
http://dx.doi.org/10.1364/ol.38.003312
http://dx.doi.org/10.1364/ol.38.003312
http://dx.doi.org/10.1364/ol.38.003312
http://dx.doi.org/10.1109/lpt.2013.2254709
http://dx.doi.org/10.1109/lpt.2013.2254709
http://dx.doi.org/10.1109/lpt.2021.3112761
http://dx.doi.org/10.1109/lpt.2021.3112761
http://dx.doi.org/10.1109/lpt.2021.3112761
http://dx.doi.org/10.1109/jsen.2017.2657119
http://dx.doi.org/10.1109/jsen.2017.2657119
http://dx.doi.org/10.1109/jsen.2017.2657119
http://dx.doi.org/10.1364/ol.474935
http://dx.doi.org/10.1364/ol.474935
http://dx.doi.org/10.1364/ol.474935
http://dx.doi.org/10.1109/ecoc.2015.7341700
http://dx.doi.org/10.1109/ecoc.2015.7341700
http://dx.doi.org/10.1109/ecoc.2015.7341700
http://dx.doi.org/10.1109/ecoc.2015.7341700
http://dx.doi.org/10.1016/j.optlastec.2019.02.033
http://dx.doi.org/10.1016/j.optlastec.2019.02.033
http://dx.doi.org/10.1016/j.optlastec.2019.02.033
http://dx.doi.org/10.1109/jlt.2021.3068071
http://dx.doi.org/10.1109/jlt.2021.3068071

	2　动态应变测量的限制因素及解决方案
	3　基于斜坡辅助技术的BOTDA/R传感系统
	3.1　基于斜坡辅助的BOTDA系统
	3.2　基于斜坡辅助的BOTDR系统

	4　基于捷变频的BOTDA/R系统
	5　基于啁啾链的BOTDA/R系统
	6　基于频率梳的BOTDA系统
	7　其他动态应变测量方法
	8　结束语

