Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

EINSAMERIE R E SRR PRI N A
AR RAEE BE ERT KK

Principle of Brillouin dynamic grating and its applications in optical fiber sensing
Dong Yong-Kang Zhou Deng-Wang Teng Lei Jiang Tao-Fei Chen Xi
5| F1% |2 Citation: Acta Physica Sinica, 66, 075201 (2017) DOI: 10.7498/aps.66.075201

7 £ )13 View online:  http://dx.doi.org/10.7498/aps.66.075201
214 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/17

AT RERH B BB S &
Articles you may be interested in

T4 R 2 FLOGET B XS R 2% Il 73 TR 2%
Dual-core terahertz polarization splitter based on porous fibers with near-tie units
PP A% 2017, 66(2): 024209  http://dx.doi.org/10.7498/aps.66.024209

e T o) 2 v I B AR 2R 9 0 B B PR ok 0 7
Imaging spectral bandwidth criterion equation of channeled modulated polarization imaging system
Yy 22422016, 65(7): 074210  http://dx.doi.org/10.7498/aps.65.074210

S5 I B O 2 TBOR B A B2 R
Plasma density effect on backward Raman laser amplification
YE = 4.2015, 64(10): 105201  http://dx.doi.org/10.7498/aps.64.105201

— b A A A AL R XU S ZrF4-BaF -LaF 3-AlFs-NaF ol 7k it 41
Highly birefringent ZrF ,-BaF,-LaF3;-AlF3-NaF photonic quasi-crystal fiber with twin grapefruits holes
YE % 4.2014, 63(14): 144202  http://dx.doi.org/10.7498/aps.63.144202

— TR XU TSR AR T AT
Investigation of a new kind of high birefringence photonic crystal fiber
YH % 4:.2013, 62(8): 084215  http://dx.doi.org/10.7498/aps.62.084215


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.075201
http://dx.doi.org/10.7498/aps.66.075201
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I7
http://wulixb.iphy.ac.cn/CN/abstract/abstract69194.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract69194.shtml
http://dx.doi.org/10.7498/aps.66.024209
http://wulixb.iphy.ac.cn/CN/abstract/abstract67034.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67034.shtml
http://dx.doi.org/10.7498/aps.65.074210
http://wulixb.iphy.ac.cn/CN/abstract/abstract64057.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract64057.shtml
http://dx.doi.org/10.7498/aps.64.105201
http://wulixb.iphy.ac.cn/CN/abstract/abstract60801.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract60801.shtml
http://dx.doi.org/10.7498/aps.63.144202
http://wulixb.iphy.ac.cn/CN/abstract/abstract53250.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract53250.shtml
http://dx.doi.org/10.7498/aps.62.084215

ISSN 1000-3290

YIELR

Acta Physica Sinica

2017 £ %666% E7H
Http://wulixb.iphy.ac.cn

PEMEZES
R ER F IR 5 R

Chinese Physical Society
Institute of Physics, CAS



¥ OB x IR
$F£66%F HLTH 2017E4A

H &

TR SRR
070601 K TR 5 WA A SH T ) BB - 2500 - ABOC AP S MR LRI WS B IR e
................................................................. RE RE ZERN 2 8F
070702 WM SLLTSEM oA 2URIAZ 5 RAZ RS R SE LR SRR T - - - - W OXRE AN T TRA
070703 AT ICLFps N TAMBUEA KB AL & AR ISR - - - IR A AR REE HAL
070704 HiH KWL e st St - - - RARR FRPOT BRMEAE EAR FRZ I PHRR
070705 433750 540 A5 B LA B A R T TE R - oo e e et ettt et et
....... AR FH I R OREE TR IR HBE B RaE 2EE
070706 H: T TSI 5 5 780 () 6 2740 A RS BEABAL BIF T+« v ee oottt
....................................... A IAM xR IR D KM 44
070707 AU ISR AR AR GOt 21 SR s (17 AR LB R LR 53 -
............................................. HIRFE RHNT F Ry IR RN
070708 JLLFiAAm - Y TR IS Tk SR ISR Fu e v Fax BEH v INF
074202 3T A MBI AR KM LF T I 25 5 ARSI oo
............................... 1% LeE XN\ EAFE TR ITHE OBEW O NER

074205 JeZFE A LA LN AWF TR e R BRESE %t REA
074206 H: T 43 e VR E B T 4 SR AL T R BS I PR ZE MBI TE e e e e e e et et e e
............................................. BT OBAER K THBTY REE ERE
074207 KIE B A R B AR I - e Zgas
074208 [H] [ #5232 W I R 1 0 HE R LT ARG IR v AR XKL & &
074209 R BHIIHERES - FX FREF WIN RME BF L XM
074210 T LR MI 1 -k S0 75 % 5 0 AL ER S 2T TTVEIE T+ v v e e e et e e e et e
..................................................... H 4 ,‘;’.H)?])llﬁ VEH % B ‘jﬁ’fg
074211 Airy 64f: BTSSR G R IRE I REF MRS K
074212 ST W AR ARG TR e BRFE ¥ B AR RS i
075201 A1 FLINBNAS MR B K HAECEAE B RN e FaE BAERZE BT EHTE KK
2ig

070301 A B2 TF Gt FARFE AR A 0 TE U T 5SS RBEH TR oo,
............................................................. 2% Iz AnE ek

070302 TAEX B Z A EZM &7 LABEMERNTN - &8 BTR Mk KEH XaF
070501 F ik - AR 4 7 ik H LI AT: T WY 2% O S RO B A B BELE - BEF RRE
070701 - AHAZ HAN[A] s SRR AIE T B3R AR A TR AR AL - RE R AKX FROP



072901

072902

073201
073401

074201
074203
074204
074701

075202
075203
075204

076101

076501

077301
077302

078401

079201
079401

eypiden
YRS U BRI L TV RAL, -« v e e et e
--------- BmEL AR EHRA INEE KKK EEx KE KMEHE Kk FiRa

T B R I S AR T B, RS
........................... W}iak FHNL BEY FH KRB FaF AHEFR RMeHE

BEFHSFHEE

B PG A BT BRI oo Bk AAm KK
b 38 LA L U5 TR LB L B e Bk AT AR R0R AR
BE LF BE ARE SRNDZFRRENE

T B SBINU EGEETFAEE e, W AEE FRE
IR YR S BT W B SO A BT e TSR

Bayer JEB AU OO GG 38 R BON 7% - B Xk R #i) REMN SR

SR FEB TR

S B A AR FE RGNS FTEZERERL e oot BUEE MR E
WOt S ARRT R I S % B R A AR P A KR SRR T ol - 28] k4 RRF Sk
7 2B TR 7 3 A B AR I I TE v eovve e e e e REE ESE

BRI - 554 hF R F MR

y S 2 7 B A R B AR S OK n B <6 R SR e S A A RS R A R o LRI S
............................. Afdche MR BEA IR AN EER R RS

A13+/M06+ KB T BAR Zr VL 07 Zr4+/V5+ SEHE R o e
........................................... EAEAS BLE Bha AkE x#E RB_F

BRI BT 45 B HEF RIS 1 R

GEUD SR BT B RG HT T AL Y o S8 B BEER
AT O\ R R RS 3T R 0 B AL SR A G o

W

X
o
T
i}
s
#
Sy
o
=
e

..................................................... ik BR

YIEER N ER KRB XBFER AT
AN FREAEAE BRI GaAs S LTI R AR E A IR R R
..................................................... BRI EHA XM BHREY HEH

HERIE S KX F R EAIES
T EIRE BN WA AR S 11 A A M RAAG I IR - INRAK R EZLR

FE T S TSR0 TR BELTAE A A BT B AR+ v e et et et
............................. HAME KEE EHM A IX® B4 LA MR



# 32 % R  Acta Phys. Sin. Vol. 66, No. 7 (2017) 075201

L LR
i BN Eh 7SR TR R L S AR B p RO N A

ExE BAEE BFE =T RE

(e 7RV PR T T O S BOR [F X s S0 2, MR /KUE 150001)

(2016 4E 10 A 9 HikHl; 2016 4F 11 7 29 FIREMEER )

H A 2007 £EA7 HLIHEh A LM E Ut th T SEBDEAE A LOR, BRI 2 1 [J bR L Z RE BT I
A1 LI BN M AS 5 b el AR T P A ORI AT S A OEE, — BRSO T RIS e (IR 2 S R A L
IR ) LIAHTR] (i Hk A A £ P S N B 2T i 3 3o 32 A LI IO ROBEMOA: HE AR P g, RV Rl L
MBI, Jeeh A EIHEh B R RA 40 A4 SEORIE AR LR, B8 ZWE TR TR EHR IR Ot
LPRFPERAL A7 Gk S 00A5 5 A B BB 1 A AN R e /0 5. AR SO A LIS A el AR AR
JEBE, H R R RE AT BT A% K NP, X 8 P B 47 vt SRR e PR A A 3 K i P A

AR [ IR A s A 2 ) P A B 20 A1 A 7 (PR BB ) A v 22 1) 7 % 4 2 A A% TR AT e g P Dl 1

7 HT.

KBRS L IHEUH, A KA, St

PACS: 52.38.Bv, 42.79.Dj, 07.07.Df

15 =

oA AT IR EF AR J e 7T 20 22 80 RAX
AIAHRE H, X FhHARSE R H B2 K e —
P 6 I S5 S B B G AT ke L AR
NATR I E W] LA T A% 8, DR D A B PR Xt T
JE RN AR H AR UK P, AEARIR O = b, EEAR
A7 B Y i 35k 73 1 (Brillouin optical time-domain
analysis, BOTDA) FlAfi BLJK 6 i 18 i 5 501, A7 B
TH AR 3843 BT R A B IR A S s i 1780, A 2
oA B R ER M FER B R AA XL mm
B 75 (8] 43 P2, HE i T2 8 R & 5 BUFE AR
I A 5 A RN 2 I AR ) ) L B 38 LUK
B IR AR A SR I, G 2 BOTDA&WK?P
ol L1t 2 22O 1= ER= VY ==t T 2 | S SN
BB, HET2 M # A LA E] 2 cm ), P FE
IEF] 150 ke 101 3 HLI0 SR 18] KR /s, AT BASE

DOI: 10.7498 /aps.66.075201

Pl kHz B sh A L IR R [k 0 K
e T BOTDA B FH AR, 56 wT BARE ] 347
TR TE R i EE P D ety R A2 T2 M, g Je i
b v s R 58 )P AR R AR B 5T R T ) A G
I, MR L ORISR E T 55 KT ) ) 45 o fi e
WM, TRAT E R R 8 0 TRAT RS B DA S oK %
ﬂiﬁg’éé

B2, g7 A AT K G 2T A% AT R A7 4t
SR PR, B ) 2 ) A B AN PR T B A R AR, 1T L
DR RS FEPRHIAE 1 °C 8020 pe. TR, BiLM
s IS A VEME (Brillouin dynamic grating, BDG)
FORFIHE 7 AMTHIAR KR, AT LA SE IR 5 ks A
Z SR AEL AR 2007 45, EE P U1
K2 Boyd % 12 7 (Science) - #8530 8 U H R
BDG SEIGAE i, 1% 7715 1 BAR R U5 5 474
B P b (RAR A O0ME ), SR 85 5 OB ik
MEHE A RS SR SOE S, WsEEl 7OuES
HIAFfig. 2012 4F, Hi B FE T 2% B¢ i) Thevenaz i

* [BFKEREHHAUER B AT R EI (HEHES: 2013YQ040815). [EH K HAA R ¥4 (HES: 61575052, 61308004) FHE 5K = AHF 7t

SR (B 2014AAT10401) 7 B 1L
T #E/E#H. E-mail: aldendong@gmail.com
© 2017 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

075201-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.075201
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 7 (2017) 075201

A D1 B T 3T BDG AT Al SR 1
FETUE YA, R A I L AT AN A B 2 mT DL
M BDG S50k 0 1WE; 2013 45, % U@ 2 42
t 7 HET BDG 465 5 A0, Dl B
B S TS S s B R ) e DL A
oA A6 AL OB FH U7 T, 2009 4F, H AR AR 5 K%
Hotate %5 [15:16] $& tH 3 F BDG 1 43 A1 305 FE A
LA R, %07 158 1 BDG I 2 75 XU 5 4R D
FEET B AT S A0 A S B R R A U, i L
52k P LU AL G A BLOR A RS i e — AN B LA b
4545 BDG AT BLIRRRS 3 b vk ] DA SIE B B £
i ' 2T (¥ 350 P55 R0 A8 00 2 5 [ I 3 o o A 12017,
2013 4F, AT T 3T BDG S2BLK 5 {0 e
LR A O %, R AT AR R T
TR B G AT BE SR (R AR 1154190 2014 48 AT
T T BDG [ & 28 HEG TS 43 AT RN 1 B i
¥, Sei E3RA3 T 0.5 MHz (4 fm) (965 #ER,
A FH T A JE e 2T 45 8 BOT; 7E 2015 4 R 2016 4F,
ATV A T BT BDG 1545 2Rk 7] i 3 F 4y

A AR A 2122

ASCNER R B PR AT B K 3 A& el A AR
DR, FEERR T SR ZBARAE itk e Al 2O 27
807 T N FH I FE it e

2 BEbagar

BDG 57 = & FAH A B3 ORI 38 50
M, Wi 1 s, A AL ARSI O (st 1
ANIZ G 2, B Z2 55 A5 ELINIAL ) LUAR [R] (0 i 4%
% (@-plo.) MIGEF PismiE N BDEEFrh, 8 I 32 A
HLH B RSO AR T B, BEBDG; [
I, BRI AESZ ARES (y-plo.) IEAZDEE 1, 24
FRIDE 5 Iz 6 1R Z (IR TR 2R X AT)
i A2 AL UL BC 2% AR I, 3 2 1 BDG S5 T B A
gt B TRg T AR AR R R, T BDG
AR A 332 e 1 R 5 [ R s e, SAHEA
WNDEZ WA —A 2 H5tg, e B4 T4 B

A B (BDG)
— JiZ1 (a-pol.)
fﬁj @WWWWWWWWWWWWWWWWWWW() B (y-pol.)
Slow axis
z-pol S (y-pol.)

Fast axis

v—UBt+AvBre v+ Avppe v
, -

y-pol.

Ve
)

SADE
BDG

B A B C M  BOR FR

Fig. 1. The excitation and detection of Brillouin dynamic grating.

5 18 B M B 2 M A AR, AT AT LR i DU 3RO
PR —A P B A R RS & BT R AR 38 BDG
FRIBCR R AR (22

( % i ”Cmgt)El — igopEs — %El, (1a)
(1c)
<§Z + ng’i)& = igopEse 1AM — %E4» (1d)

0 I i
<at —+ 2B>p = iga <E1E§ + E§E4 elAkz>7 (16)

Hep Bj(5 =1 4) RGBT, p N
Yo BE; ng Rl my, 43 59 2 O 21 12 J 0B Jal 1) 3 S5
s go NGE IR G REG g NFERE REL
g8 = 4909/ s YA BIAT BN 25 K 7 o NOLEF
MRS R E Ak VUSRI IR AR AL 21 &

X 2 Hhis 7 A IR A K 5 B BDG,
FATAT LA A A B B 3R 15 BDG R T8 By (1 ##
Wi, ZmgHizs = EH, #hizt By f By 7] LA
NI HR, HAb I e 4T B DR IR [ (5K

075201-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 7 (2017) 075201

TR] L2, T R (1) AT AT e oA

0 .
5, B8 = —igop"Bael®, (2a)
%]ﬂ = igopEs e 1 AF% (2b)
I . N
?Bp = ig.Fh E3. (2¢)

KIETTREA (2) AT 45
~ 2gcosh(gz) — 1Ak sinh(gz)

E3 (Z) = E3 <L) 2g Cosh(gL) —iAk sinh(gL)

% efiAlc(sz)/Q7 (3&)
2K, sinh(gz)
E =FE3(L)-
1) = Be (L) 5 oL — 1Ak sinh(gL)
> e—iAk(z—t—L)/Z. (3b)

Xt TR BDG, BRI RN
ro Ea@P _ sinh’(gL)
|Es (L)]>  cosh®(gL) — Ak2?/ (4K, Ky)
(4)
S, TATX BDG e v ) #fE 7 45 R A
BT AL AT X8 B B, SR DR AR DG EF 4 9 BDG ™
AR, R ESHEI TR

#1 RSN

Tablel Simulation parameters.

i 5 HtE
Pumpl P 01W
Pump?2 Py 01W
Pump3 Py 0.01 W
K L 1.0/0.5 m

0 BRI 2 % 2% v I'g/2m 30 MHz
A1 BRI 2 R AL 9B 2.5 x 10~ m-W—1
A To 5.3 ns
BRI T At 50 um?
M (z) Yot Ng 1.4686
&5 (y) P ny 1.4683

BDG H— I i an 1] 2 (a) Fros, BA sk
G T7 P 2 Ay I LK BE 0.5 m BDG S 3%
FO AT AT S 7 T4 2R, T 8 SR 2R = i
23 SRR K B 1.0 m BDG [ 55 1 (0 il H7 i A0 3
BT RS E. vTLLE W, AT MEE G B4R
TG, BDG AT 542 98 (full-width at half-
maximum, FWHM) F1 K & 2 [8] (1] 5¢ & 411 2 (b)

B, BRRAT 7 15 A A5 (I )7 B, XAk )
R, BE%E BDG KM 0.01 m B 0% 1000 m, H
SR 2R B 43 M 10 GHz B 20 3% W/N 2) F MHz
B,

1.0 F
(a) Analytic
L=0.5m
o 0.8 Analytic
2 L=10m
+ .
§ 0.6 F Numeric
L§ L=05m
E o4 Numeric
= L=10m
<
g
5
z, 0.2
0
—400 —200 0 200 400
Av/MHz
104 F
L ®  Analytic
(b) Linear fitting
103
< L
jas
2 o
= 10%f
= L
e
2
= 10'
o -
ks
9]
Q
n 100
101

1 1 1 1 1
102 101 100 10! 10? 103
BDG length/m

2 (a) BDG HIH— LR 4T #; (b) RATELRE S KE
PAEESA

Fig. 2. (a) The normalized BDG spectra; (b) the spec-
tral width FWHM as a function of length.
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a
1.0 (@)
L}
[ ]
& o8|~
a v
2
= L
= 0.6 <1000 pe
Q
B
3
E 04f
g
)
z,
0.2
1 " 1 " 1 1 1 1 1 1 " 1 "

48.0 48.3 48.6 48.9 49.2 49.5 49.8 50.1 50.4 50.7 51.0

Pump 2-probe offset/GHz

50.2

50.0

49.8

49.6

A’UBirc/GHZ

49.4

49.2

49.0

0 200 400 600 800
Strain/pe

1000

K7 (a) ARIBAES KA RIS (b) W3R 5 N2 AR 5 &
Fig. 7. (a) Measured BDG spectra at different strains; (b) the dependence of BireFS on strain.
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Fig. 11. Relations between BireFS and transverse load: (a) Various load direction; (b) various load weight.
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Fig. 12. Distributed transverse load measurements,
where the green line and red line represent the mea-
sured BireF'S with and without loads, respectively,
and the blue line represents the BireF'S difference and

transverse load.
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Fig. 13. (a) the layout of the FUT; (b) the self-

designed pressure vessel.
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Fig. 14. Measured BireFS variations versus different
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Fig. 16. Temperature-compensated distributed hydro-
static pressure sensing: (a) The measured BireFS of
the FUT; (b) the measured BFS of the FUT; (c) the
measured hydrostatic pressure after compensating the

temperature cross-talk.
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Fig. 17.

resolution distributed Brillouin sensor based on BDG.
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Fig. 19. Temporal distribution of the reflected signal
of the probe pulse along the sensing fiber when five

fingers from one hand are placed on the fiber.
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width of BDG versus to the fiber length; blue curve

shows the theoretical curve of a uniform weak fiber

Bragg grating.
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Fig. 21. Measured spectra with SMF segments of (a) 100 m, (b) 200 m, (c) 400 m, (d) 600 m. The frequency

interval of the multipeak spectrum is 1 MHz.
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Abstract

Brillouin dynamic grating (BDG) has been widely studied since it was proposed for the first time to achieve optical
storage in 2007. In general, when two beams of pump light (their frequency difference equal to Brillouin frequency shift
of the optical fiber) with the same polarization state are injected into the fiber, the coherent acoustic wave can be excited
by the stimulated Brillouin scattering effect, forming a BDG. The BDG in an optical fiber has been widely used in optical
fiber sensing, characterization of optical fibers, optical storage, all-optical signal processing, microwave photonics and
high-precision spectral analysis due to the advantages of all-optical generation and flexible parameter control. In this
paper, we analyze the principle of BDG generation and detection, and its applications in optical fiber sensing. The
simultaneous measuring of strain and temperature is achieved within a spatial resolution of 20 cm through measuring
Brillouin frequency shift and birefringence-induced frequency shift in a polarization-maintaining fiber. A high-sensitivity
distributed transverse load sensor based on BDG with a measurement accuracy as high as 0.8 x 1073 N/mm is proposed
and demonstrated, whose principle is to measure the transverse-load-induced birefringence change through exciting and
probing a BDG in an elliptical-core polarization maintaining fiber. On the basis of the above research, a distributed
measurement of hydrostatic pressure is demonstrated by using a 4-m photonics crystal fiber with a measurement error
less than 0.03 MPa at a 20-cm spatial resolution, while the temperature cross-talk to the hydrostatic pressure sensing
can be compensated for through measuring the temperature-induced Brillouin frequency shift changes by using Brillouin
optical time-domain analysis. A system based on BDG in polarization maintaining fibers is reported to achieve a spatial
resolution below one centimeter, while preserving the full accuracy on the determination of temperature and strain
through measuring Brillouin frequency shift. Taking advantage of creating a long BDG in an optical fiber, an ultra-
narrow bandwidth optical filter is realized by operating a BDG in a single-mode fiber, and the optical spectrometry
is performed by sweeping the center wavelength of the BDG-based filter through a swept-tuned laser, where a 4 fm
(0.5 MHz) spectral resolution is achieved by operating a BDG in a 400 m single-mode fiber.
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