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Abstract: Forward stimulated Brillouin scattering (F-SBS), a 3-order nonlinear effect in optical fibers, has become
the hotspot in recent years, due to its great potential in substance identification, and fiber diameter measurement,
etc. Through research and analysis of the progress of F-SBS, the main principle and key techniques are
generalized in this paper. Distributed sensing schemes based on local light phase recovery, opto-mechanical time-
domain reflectometry, and opto-mechanical time-domain analysis are emphatically introduced here. With the
gradual practical application of F-SBS, the demand for distributed measurement of F-SBS with high precision and
high spatial resolution becomes more and more significant, which will be the main research direction of F-SBS in
optical fibers in the future.

Keywords: forward stimulated Brillouin scattering; optical fiber sensing; opto-mechanical time-domain analysis;
nonlinear optics
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Fig. 1 Phase matching. (a) Backward stimulated Brillouin scattering; (b) Forward stimulated Brillouin scattering

220021-3


https://doi.org/10.12086/oee.2022.220021

, 2022, 49(9): 220021

https://doi.org/10.12086/0ee.2022.220021

ym Wy (3) m RO,m
k 0 k=0 (4)

VLY m

‘QO,m 2
QO,m R()m
0 Wy = ‘QO m
2 F-SBS
= 4)

(torsional-radial mode,

TR,,,) * TR,

GAWBS

[B=y*/2)1:(ay)]

[(6-¥*/2)1,(») = 3yJ; ()]

®)

‘ [J2(@y) —ayls(ay)]  [(2=y*/2)](») + ] (»)] ‘:0,
H 500 —
/
400 } P

SR IMHz

200 }»

100}»

300} /

0 1
KU (108 (rad/m))

2
Q,, =22 (7)

r2

(Standard single-mode fiber, SMF)

Ry, TR,,, 3
- (
) - )
SMF  F-SBS m
Ros 4
RO,m TR2,m
RO,m
TR,,,
RO,m TRZm
32

n 500

400

300

S IMHZ

200

100

0 5 10 15
W4/ (rad/m)

B2 Ry, EF#F-SBS#EMXA. BEWMKNHFRNERML, LEMEN KN ERMK,
I & & B IR R AT F-SBS #91E R R A
Fig. 2 Dispersion relation of R, ,-induced F-SBS. The bule solid lines represented the dispersion curve of acoustic waves,
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Table 1 Acoustic impedance and F-SBS spectrum width of common substances

I(kg-m™.s™) F-SBS  /MHz
439.6 0.45 [35]
0.93x10° 2.21 [35]
1.483x10° 3.57 [36]
NaCl  (4%) 1.571x10° 3.78 [11]
NaCl  (8%) 1.664x10° 4.00 [11]
NaCl  (12%) 1.763x10° 4.24 [11]
( ) 3.60x10° 8.7(2.83) [32]
( ) 3.39x10° 8.16(~8) [37]
13.19x10° \ [32]
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Fig. 7 The experimental set-up of F-SBS measurement based on Sl.
The excitation and probe light are separated by their different wavelengths®™”

RO,m TRZ,m
F-SBS
8(a) Ry, )
( 8(b) Ros )
F-SBS
2021 Zadok
F-SBS e
X oy
X oy

(fiber Bragg grating, FBQG)
FBG

2020 Diez
(long-period grating, LPG)
SBS 10 "

LPG SMF
LPG

F-SBS
F-SBS
F-SBS
kW
( ( W)
11 cm F-SBS
F-SBS
F-
B-
SBS
F-SBS
F-SBS

220021-9


https://doi.org/10.12086/oee.2022.220021

. , 2022, 49(9): 220021 https://doi.org/10.12086/0ee.2022.220021

H 60 F ; — 1 10 n 60 y T 1.0
40 + E 40 + 4
1 05 O 0.5
20 + 4 20 + ®) (@) 4
£ o} 1110 £ o} ] 0
B B
20} ] 20t O O ]
1-0.5 -0.5
-40 + 1 -40 O 1
g — - — —-1.0 —60E . . — -1.0
-50 0 50 -50 0 50
Xx/um x/um
1.0 T T T T 1.0 T T T T
= Experiment n —— Experiment
= Theory = Theory
0.8 0.8+ E
< £
® ®
9) 8 0.6 g
o a
2 2 o4l ]
ks kS
i 4
021 ]
0 |lea |
200 400 600 800 1000 200 400 600 800 1000
Frequency/MHz Frequency/MHz

B8 2%k + 4 F-SBS. (), (b) Ry A7 Rog M4 3% 5 A7
(c), (d) ZEHA, »AELSANGN Y F-SBS #
Fig. 8 F-SBS in multi-core fiber. (a), (b) Transverse displacement profiles of modes R,; and Rg;
(c), (d) F-SBS spectrums measured in the inner core and outer core. The excitation light propagates in the inner core”

1.0 : : : : :
n Pump pulses n Simulation
!XiS Polarization & o8l Experiment1 |
) s O )
Laser diode F'J EDFA beam combiner % Experiment 2
o
Fast axis . © 06} J
Pulse generator Fiber %
Probe under )
Laser diode ~ Circulator test T 04t 1
N
---------- :
]
Photo-detector 5 02} 1
Oscilloscope z

0 100 200 300 400 500 600
Frequency/MHz

B9 fR{mAL T4 F-SBS. (a) FREEE; (b) FBLR. e Rat ki L R miEn, 2 &R
Fig. 9 F-SBS in polarization maintaining fiber. (a) Experimental set-up; (b) Measured F-SBS spectrums. The red trace is measured when the
excitation light propagating in the fast axis, and probe in the slow axis; The black trace is measured in the opposite situation'*”
2018 Thévenaz 500 ns
F-SBS
730 m 30 m 10 ns

F-SBS 0ol 11
F-SBS

220021-10


https://doi.org/10.12086/oee.2022.220021

, 2022, 49(9): 220021 https://doi.org/10.12086/0ee.2022.220021

- I N\ B o o
3 ] T
0.8} : '_@:1 i

c

K] A

8 08¢ 3 1 A2 S

IS AT| \ PD =

[} -

= 04+t s

= toscoped 2
02l Oscilloscope g

v . -/\= ﬁﬂ 210123 [Probe
1554 1556 ~  L===== laser Time/ns laser

0 L L : L
1546 1548 1550 1552

Wavelength/nm

B 10 LPG A T8 F-SBS. (a) REFEE; (b) FHEERY
Fig. 10 F-SBS demodulation by LPG. (a) Schematic diagram; (b) Experimental set-up

5]

FSBS activation pulse
1F T r
O-wawuwwwwl n
0 0.5 1.0 1.5
Reading pulse

) |

0 0.5 1.0 1.5
Transverse acoustic wave

Time/us

A 11 AT ARAAMLEHAE ARG 5 X F-SBS ME. MAASEMNARRERK ERF, AA0E ERH
Fig. 11 Distributed F-SBS sensor based on local light phase recovery. The excitation and probe pulses are
not only separated by wavelength, but also by time®?

19(Ap(Q,2)) i
F-SBS +1  +2
E(Q,z,1) =A(z,n)exp[j (kz— wt + ¢y)] F-SBS
-exp[jAp (2,2) cos (1)) SBS
=A (z,1) exp[j (kz — wt + ¢y)]
1D i (be@2)exp(n2n)| . (17) Thévenaz
n=—co 730 m
Ap(Q,2) z Q 500 m 30 m
ot (Ap(2.2) 1,01 (Ap(Q.2)) = T EEERED 1 F-SBS
Ap(Q.2) B-SBS
n=1 30 ns
Ji(Ap(R,2)) ) 3m 12
Ap(,2)=2
w22 (Jo (Ap(2,2)) + 1, (Ap(L2,2))
_ 2[ 1V (Ap(Q,2)) ] (19)
VIO (Ap(2,2)) + \I? (Ap(Q,2)) 15m

220021-11


https://doi.org/10.12086/oee.2022.220021

, 2022, 49(9): 220021 https://doi.org/10.12086/0ee.2022.220021

2] .
— =1z,

5 0.04 = "z & 2t
S = 12z, o
N 002t < 1
< ®©

0 - : n 0 . . . E 0 L
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.1020.3040506
Distance z/km Distance z/km Distance z/km
a a 2107
0.6 0.8
£ £ o5 06 £
N N

§ g 04 o 8

§ 5 0.3 E

(2] (2] (2]

a a gf 02 & 1

0 0' 0 0 . .,:.‘,J&“‘;ﬁ\ \
316 319 322 325 328 316 319 322 325 328 316 319 322 325 328
Frequency vi/MHz Frequency vi/MHz Frequency v./MHz

H12 F5RARdEERRER, () MNEFEENAFT ARG TR A KL, (b) LR AR 284 MIE & 09 R ARIE I
(©) BRI A XABB LR, (d)~(e) FMAL EFZA. BEHhAkF ahnliFah 54 X F-SBS #"
Fig. 12 Distributed F-SBS sensor based on local light phase recovery. (a) Distributed light intensity of 0, +1 and +2-order sidebands;

(b) Phase accumulation along the fiber; (c) Distributed phase shift demodulated by differentiation; (d)~(f) Distributed F-SBS
spectrums measured when the fiber under test placed in air, ethanol, and water®™”

2021 Thévenaz &p 9

—— TV’ \% 2Vzp
Serrodyne F-SBS or o Ll
(46) =V.f= —3%0 (a1 +4a,) V* (E\E,") . (23)
(20) 21) (22) (23)
0.8 m
3.2 ETeeEEBHRNGR
2009 Kang F-SBS 0A;  jw,Ope
— = AU
F-SBS 9z 2ncp
0A;  jw,Ope
[39] — =AU, 24
SBS 0z 2ncp ! 24)
£00ks
U(z) = - AlAy. 25
QO,mFO,m [J _Z(Q_Qo,m) /FO,m] o ( )
Ai (Z7 t)
U(z,1) E; .
P ety 0A, _ jw1E0 Qs Ope AA L
E (r,z,t) = Ey(r)A;(z,1) e aree | (20) o0 _ZﬁnCQO Tonl = 2(@=20,) /Ton] 1Al
p(r.z,0) = py (N U (z,1) @@ 21)
. 0A, Jw2800rs Ope 2
=12 —w, =0 — = - AJA . (26
! @i 0z 2pnc 0l om [J _2(Q_QO,m)/FO,m] oWl (26)
PE _naPE _ 1 0°P% (22) P =dnealAr

02 ¢ 0P g 0P

220021-12


https://doi.org/10.12086/oee.2022.220021

. , 2022, 49(9): 220021

https://doi.org/10.12086/0ee.2022.220021

dPl (Q,Z) —_ leESQPE ©@ (.Q Z)= Pl (Q,Z)
dz 25122 Q0L 805 = b Q.2 [P (2.2) + P2 (2.2)]
(Fon/2) PP d[P2(2,2) /P (2,2)] . (29)
: > > (2) P2 (2) dz
(Fom/2) +(2-,)
P, P
=—gP1 @D P2 (2), L
| F-SBS
dP,(Q,2) _ W, Qps Ope F-SBS
dz  2pmQonlom 2018 Zadok
Lom/2)
: R Y
(Fom/2) +(2-Q0,)
=gonPi (D) P,(2), 27) )
2 (optical time-domain reflectometry,
To/2
gﬁkgx):gW%F /5;1“; o (28)  OTDR)
o o (optomechanical time-domain reflectometry, OM-TDR)
13
8on(2,2) Pi(R,2) Py(Q,2) F-SBS
TuSnaSbIe Tunable w Acoustic wave
B SBS ¥ 0=Q, o .
fitor Hltor * T resonance p 3
_7'1— € S
1 £
0 o| ! T - 7 meT e
I Ly EE
I le ﬁk) 4, -qi'- ol N
™
1 1
1 I
Yo rv [=]
AP(Q, 2) \
-——

3D gain map

0.9
C 0.8
Y 0.7
3% Py
83 05
Ed 0.4
z° 0.3

0.2

0.1

Processing =---> y(Q,2) n

Normalized gain coefficient

Bandwidth
varies with
outer medium

- -

B 13 OMTDR # &R, A TR SIMRA+ AL Mt A2+ RU4EHB AL E,
£ @RS 54 oA X sk g1
Fig. 13 Principle of OMTDR. The energy transferred between the dual-frequency components of the pulses,
and their Rayleigh scattering lights are used to demodulation™”

220021-13


https://doi.org/10.12086/oee.2022.220021

, 2022, 49(9): 220021 https://doi.org/10.12086/0ee.2022.220021

Norm. gain coeff./arb.

F-SBS
P, P,
1 ps 3 km
100 m
Zadok 14
Qpsps £ Qom/2
8om (£2,2) F-SBS
F-SBS
p 12
Zadok F-SBS

2020 F-SBS

R, — (opto-mechanical
1 ps time-domain analysis, OMTDA)"”

100 m

0.5
0.4
0.3
0.2
0.1

Norm. gain coeff./arb.

0
330

2
A
"equ o™

320 -
G"Cy/MHZ 310 0 oS

0.15

0.10

0.05

Norm. gain coeff./arb.
o
w

Normalized gain coefficient

= “\
U o
e”“y//l///vz 310 O pos

B 14 OMTDR #nh XA LR, (Q)~(C) 2 A AHEMALEE FEA. BHFKT 994 X F-SBS "

Fig. 14 Distributed sensing results of OMTDR. (a)~(c) are the distributed F-SBS spectrums measured when the
fiber under test placed in air, ethanol, and water""”

220021-14


https://doi.org/10.12086/oee.2022.220021

, 2022, 49(9): 220021

https://doi.org/10.12086/0ee.2022.220021

TAW

F-SBS

BOTDA

Integrate over
frequency

(
I Py2)

P1(Z)

F-SBS
10 ns(
1 m)
225 m
TAW 25m
5m 16
15 17 18
0.45 MHz
2.21 MHz
TAW 1 m
OMTDA 2m
(%) F-SBS
OMTDA
TAW (2] 19
3.9 nm
BOTDA (~100 nm)
F-SBS 2021
BOTDA signal ]
Probe’, / "\ \Activate
/ AN
of o %ot
/ 1 W Wy Frequency CW probe
— h
' Probe pulse Activation pulse

Sweep Q

)

. 3D FSBS spectrum

(2)/Py(z

H 9(Q, 2)

D|fferent|at|on ’—‘ & repeat

B 15 OMTDA # AR/ 2 A
Fig. 15 Schematic diagram of OMTDA®’

D|V|S|on

220021-15


https://doi.org/10.12086/oee.2022.220021

yoo , 2022, 49(9): 220021

https://doi.org/10.12086/0ee.2022.220021

fressssssssasas

1
| N i
< 200 m >l€25m i
I b :
1
1
1
1
1
1
1
1
1
1
1
1
1 1
i :
_____ | N——
I: 10m :I: 5m ;I: 10m :I
B 16 fRkeRERY
Fig. 16 Schematic diagram of the fiber under test"*”

R/ (a.u.)

225

220

BAF/(102a.u.)

§ EE‘; 2158
210
205
322 318 320 322 324 326
S IMHz B IMHz
B 17 »AXMELR. () feEHBe ZRITAE; (b) A X F-SBS 3 & %"
Fig. 17 Distributed results of OMTDA. (a) The energy transfer process along the fiber;
(b) Distributed F-SBS gain spectrum!”
OMTDA 0.8 m
(] 20
B-SBS
OMTDA 0.8 m
F-SBS
OMTDA
F-SBS
(polarization beam splitter,
PBS)

220021-16


https://doi.org/10.12086/oee.2022.220021

, 2022, 49(9): 220021 https://doi.org/10.12086/0ee.2022.220021

FSBS i 9i/MHz
BN - N N
o o o o

o
)

205

210 215

PEES/m

10862 0.03
n m Air
10861 @ Alcohol 0.45 MHz
N 0.02}
T
10860 = =
e s
m B
10859 @ = 0.01Ff
a 2.21 MHz
10858 \\\
0 L
. 110857 .
220 225 318 320 322 324 326

B IMHz

B 18 /& iufsAss R,
(a) F-SBS #3577 ;
(b) & A A=iBHs T 49 F-SBS 34 3£
Fig. 18 Results of acoustic impedance sensing.

(a) The linewidth of spectrums along the fiber;

(b) F-SBS spectrums measured in air and ethanol?

B 19 oA Xob4 Az s R,
(2) J& MR AT & R 3 49 R AR R B BEaT bk

(b) Fm Ry AANSH; () A B. C. EXAR@HLHER %

Fig. 19 Results of distributed diameter measurements'?.

(a) Diameter distribution before and after etching and its comparison with the SEM results (A-F);

(b) Diameter variations along the FUT;

(c) Representative images of the fiber cross section at A, B, C and E captured by SEM

220021-17


https://doi.org/10.12086/oee.2022.220021

. , 2022, 49(9): 220021 https://doi.org/10.12086/0ee.2022.220021

o D

EDFA1

PBS

= Levemsaened 1] |€ FuT
PD p==q OSC

EDFA3

.
.
. (000)
EOM3 > Filter -

;-
— Fast axis
S ]
s 10} : Q
> m
2 1| 1w N -
c . f
2 f H’ i =
C
0 l“, “f \"( '11 n”l..m \||| “ a‘ bl 1”';. 'u\“f.ﬂ'l. A
1550 1560 1570 1580 1590 1@0 1610 w
.
15, Time/ns E
5 ) .
s 10} s SlOW axis E . Q
> | \
i g /|
g 057 : [ 1 T
= HYRY
0 t " " . A A ‘ -
1550 1560 1570 1580 1590 1600 1610 w
Time/ns
B 20 () ¥k OMTDA 3 B B; (b) A Bk Faik BRAKF 44 B HR = & B
Fig. 20 (a) Experimental setup for polarization separation assisted OMTDA,
(b) Temporal trace and frequency components of activation and probing pulses™
4 IA = sensing[J]. Photonic Sens, 2021, 11(1): 69-90.
4 ZEigFn AEEE

[2] Liu T, Li H, He T, et al. Ultra-high resolution strain sensor
F-SBS network assisted with an LS-SVM based hysteresis model[J].
Opto-Electron Adv, 2021, 4(5): 200037.
[38] Guan B O, Jin L, Ma J, et al. Flexible fiber-laser ultrasound
— F-SBS sensor for multiscale photoacoustic imaging[J]. Opto-Electron
Adv, 2021, 4(8): 200081.
[4] Zhang L, Pan J, Zhang Z, et al. Ultrasensitive skin-like

F-SBS

wearable optical sensors based on glass micro/nanofibers[J].
Opto-Electron Adv, 2020, 3(3): 190022.
F-SBS F- [5] Tan F Z, Lyu W, Chen S Y, et al. Contactless vital signs
monitoring based on few-mode and multi-core fibers[J]. Opto-
Electron Adv, 2020, 3(5): 190034.
[6] LiuS Q, YuF H, Hong R, et al. Advances in phase-sensitive

SBS

optical time-domain reflectometry[J]. Opto-Electron Adv, 2022,
5(3): 200078.
[71 Zhang X Z, Yang B Y, Jiang J F, et al. Side-polished SMS

s s based RI sensor employing macro-bending perfluorinated
S HR
POF[J]. Opto-Electron Adv, 2021, 4(10): 200041.
[1] Dong Y K. High-performance distributed brillouin optical fiber [8] Lou X T, Wang Y, Dong Y K. Multipoint dispersion

220021-18


https://doi.org/10.1007/s13320-021-0616-7
https://doi.org/10.29026/oea.2021.200037
https://doi.org/10.29026/oea.2021.200081
https://doi.org/10.29026/oea.2021.200081
https://doi.org/10.29026/oea.2020.190022
https://doi.org/10.29026/oea.2020.190034
https://doi.org/10.29026/oea.2020.190034
https://doi.org/10.29026/oea.2022.200078
https://doi.org/10.29026/oea.2021.200041
https://doi.org/10.1007/s13320-021-0616-7
https://doi.org/10.29026/oea.2021.200037
https://doi.org/10.29026/oea.2021.200081
https://doi.org/10.29026/oea.2021.200081
https://doi.org/10.29026/oea.2020.190022
https://doi.org/10.29026/oea.2020.190034
https://doi.org/10.29026/oea.2020.190034
https://doi.org/10.29026/oea.2022.200078
https://doi.org/10.29026/oea.2021.200041
https://doi.org/10.12086/oee.2022.220021

yoo , 2022, 49(9): 220021

https://doi.org/10.12086/0ee.2022.220021

E]

(10]

(11]

[12]

(13]

(14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

spectroscopic gas sensing by optical FMCW interferometry[J].
Opt Lett, 2021, 46(23): 5950-5953.

Lou X T, Feng Y B, Yang S H, et al. Ultra-wide-dynamic-range
gas sensing by optical pathlength multiplexed absorption
spectroscopy[J]. Photonics Res, 2021, 9(2): 193-201.

Shelby R M, Levenson M D, Bayer P W. Guided acoustic-
wave brillouin scattering[J]. Phys Rev B, 1985, 31(8):
5244-5252.

Antman Y, Clain A, London Y, et al. Optomechanical sensing
of liquids outside standard fibers using forward stimulated
Brillouin scattering[J]. Optica, 2016, 3(5): 510-516.

Hua Z J, Ba D X, Zhou D W, et al. Non-destructive and
distributed measurement of optical fiber diameter with
nanometer resolution based on coherent forward stimulated
Brillouin scattering[J]. Light Adv Manuf, 2021, 2(4): 373-384.
Sanchez L A, Diez A, Cruz J L, et al. High accuracy
measurement of Poisson's ratio of optical fibers and its
temperature dependence using forward-stimulated Brillouin
scattering[J]. Opt Express, 2022, 30(1): 42-52.

Tanaka Y, Ogusu K. Temperature coefficient of sideband
frequencies produced by depolarized guided acoustic-wave
Brillouin scattering[J]. /EEE Photonics Technol Lett, 1998,
10(12): 1769-1771.

Tanaka Y, Ogusu K. Tensile-strain coefficient of resonance
frequency of depolarized guided acoustic-wave Brillouin
scattering[J]. /EEE Photonics Technol Lett, 1999, 11(7):
865-867.

Brillouin L. Diffusion de la lumiére et des rayons X par un
corps transparent homogéne: Influence de [I'agitation
thermique[J]. Ann Phys, 1922, 9(17): 88-122.

Gross E. The splitting of spectral lines at scattering of light by
liquids[J]. Nature, 1930, 126(3176): 400.

Yuan D P, Chen P, Mao Z H, et al. Ocean mixed layer depth
estimation using airborne Brillouin scattering lidar: simulation
and model[J]. App/ Opt, 2021, 60(36): 11180-11188.

Wei W, Mao Z, Sun N Y, et al. High pressure-temperature
single-crystal elasticity of grossular: implications for the low-
velocity layer in the bottom transition zone[J]. Geophys Res Lett,
2021, 48(9): e2021GL093540.

Horiguchi T, Tateda M. BOTDA - nondestructive measurement
of single-mode optical fiber attenuation characteristics using
brillouin interaction: theory[J]. J Light Technol, 1989, 7(8):
1170-1176.

Parker T R, Farhadiroushan M, Handerek V A, et al.
Temperature and strain dependence of the power level and
frequency of spontaneous Brillouin scattering in optical fibers[J].
Opt Lett, 1997, 22(11): 787-789.

Dong Y K, Zhang H Y, Chen L, et al. 2 cm spatial-resolution
and 2 km range Brillouin optical fiber sensor using a transient
differential pulse pair[J]. App/ Opt, 2012, 51(9): 1229-1235.
Dong Y K, Ba D X, Jiang T F, et al. High-spatial-resolution fast
BOTDA for dynamic strain measurement based on differential
double-pulse and second-order sideband of modulation[J].
IEEE Photonics J, 2013, 5(3): 2600407.

Ba D X, Li Y, Yan J L, et al. Phase-coded Brillouin optical
correlation domain analysis with 2-mm resolution based on
phase-shift Opt 2019, 27(25):

keying[J]. Express,

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

220021-19

36197-36205.
Wang B Z, Ba D X, Chu Q, et al. High-sensitivity distributed
dynamic strain sensing by combining Rayleigh and Brillouin
scattering[J]. Opto-Electron Adv, 2020, 3(12): 200013.
Sittig E K, Coquin G A. Visualization of plane-strain vibration
modes of a long cylinder capable of producing sound
radiation[J]. J Acoust Soc Am, 1970, 48(5B): 1150-1159.
Thurston R N. Elastic waves in rods and clad rods[J]. J Acoust
Soc Am, 1978, 64(1): 1-37.
Diamandi H H, Bashan G, London Y, et al. Interpolarization
forward stimulated brillouin scattering in standard single-mode
fibers[J]. Laser Photonics Rev, 2022, 16(1): 2100337.
Horiguchi T, Kurashima T, Tateda M. A technique to measure
distributed strain in optical fibers[J]. /[EEE Photonics Technol
Lett, 1990, 2(5): 352-354.
Kurashima T, Horiguchi T, Tateda M. Thermal effects of
brillouin gain spectra in single-mode fibers[J]. IEEE Photonics
Technol Lett, 1990, 2(10): 718-720.
Wang J, Zhu Y H, Zhang R, et al. FSBS resonances observed
in a standard highly nonlinear fiber[J]. Opt Express, 2011, 19(6):
5339-5349.
Chow D M, Thévenaz L. Forward Brillouin scattering acoustic
impedance sensor using thin polyimide-coated fiber[J]. Opt
Letters, 2018, 43(21): 5467-5470.
Diamandi H H, London Y, Bashan G, et al. Forward stimulated
Brillouin scattering analysis of optical fibers coatings[J]. J
Lightw Technol, 2021, 39(6): 1800-1807.
Diamandi H H, London Y, Bashan G, et al. Distributed opto-
mechanical analysis of liquids outside standard fibers coated
with polyimide[J]. APL Photonics, 2019, 4(1): 016105.
Pang C, Hua Z J, Zhou D W, et al. Opto-mechanical time-
domain analysis based on coherent forward stimulated
Brillouin scattering probing[J]. Optica, 2020, 7(2): 176-184.
Chow D M, Yang Z S, Soto M A, et al. Distributed forward
Brillouin sensor based on local light phase recovery[J]. Nat
Commun, 2018, 9(1): 2990.
Xu W'Y, Zhou J, Hu J K. Ultrasonic attenuation and velocity on
polymers[J]. Chin J Mater Res, 1989, 3(3): 280-284.

[J]. , 1989, 3(3): 280-284.
Townsend P D, Poustie A J, Hardman P J, et al. Measurement
of the refractive-index modulation generated by electrostriction-
induced acoustic waves in optical fibers[J]. Opt Lett, 1996,
21(5): 333-335.
Kang M S, Nazarkin A, Brenn A, et al. Tightly trapped acoustic
phonons in photonic crystal fibres as highly nonlinear artificial
Raman oscillators[J]. Nat Phys, 2009, 5(4): 276-280.
Zheng Z, Li Z Y, Fu X L, et al. Multipoint acoustic impedance
sensing based on frequency-division multiplexed forward
stimulated Brillouin scattering[J]. Opt Left, 2020, 45(16):
4523-4526.
Bashan G, Diamandi H H, London Y, et al. Forward stimulated
Brillouin scattering and opto-mechanical non-reciprocity in
standard polarization maintaining fibres[J]. Light Sci Appl, 2021,
10(1): 119.
Zhao Z Y, Tang M, Lu C. Distributed multicore fiber sensors[J].
Opto-Electron Adv, 2020, 3(2): 190024.


https://doi.org/10.1364/OL.443126
https://doi.org/10.1364/PRJ.411870
https://doi.org/10.1103/PhysRevB.31.5244
https://doi.org/10.1364/OPTICA.3.000510
https://doi.org/10.37188/lam.2021.025
https://doi.org/10.1364/OE.442295
https://doi.org/10.1109/68.730497
https://doi.org/10.1109/68.769734
https://doi.org/10.1051/anphys/192209170088
https://doi.org/10.1038/126400a0
https://doi.org/10.1364/AO.442647
https://doi.org/10.1029/2021GL093540
https://doi.org/10.1109/50.32378
https://doi.org/10.1364/OL.22.000787
https://doi.org/10.1364/AO.51.001229
https://doi.org/10.1109/JPHOT.2013.2267532
https://doi.org/10.1364/OE.27.036197
https://doi.org/10.29026/OEA.2020.200013
https://doi.org/10.1121/1.1912255
https://doi.org/10.1121/1.381962
https://doi.org/10.1121/1.381962
https://doi.org/10.1002/lpor.202100337
https://doi.org/10.1109/68.54703
https://doi.org/10.1109/68.54703
https://doi.org/10.1109/68.60770
https://doi.org/10.1109/68.60770
https://doi.org/10.1364/OE.19.005339
https://doi.org/10.1364/OL.43.005467
https://doi.org/10.1364/OL.43.005467
https://doi.org/10.1109/JLT.2020.3041352
https://doi.org/10.1109/JLT.2020.3041352
https://doi.org/10.1063/1.5067271
https://doi.org/10.1364/OPTICA.381141
https://doi.org/10.1038/s41467-018-05410-2
https://doi.org/10.1038/s41467-018-05410-2
https://doi.org/10.1007/BF02943117
https://doi.org/10.1007/BF02943117
https://doi.org/10.1364/OL.21.000333
https://doi.org/10.1038/nphys1217
https://doi.org/10.1364/OL.399054
https://doi.org/10.1038/s41377-021-00557-y
https://doi.org/10.29026/oea.2020.190024
https://doi.org/10.1364/OL.443126
https://doi.org/10.1364/PRJ.411870
https://doi.org/10.1103/PhysRevB.31.5244
https://doi.org/10.1364/OPTICA.3.000510
https://doi.org/10.37188/lam.2021.025
https://doi.org/10.1364/OE.442295
https://doi.org/10.1109/68.730497
https://doi.org/10.1109/68.769734
https://doi.org/10.1051/anphys/192209170088
https://doi.org/10.1038/126400a0
https://doi.org/10.1364/AO.442647
https://doi.org/10.1029/2021GL093540
https://doi.org/10.1109/50.32378
https://doi.org/10.1364/OL.22.000787
https://doi.org/10.1364/AO.51.001229
https://doi.org/10.1109/JPHOT.2013.2267532
https://doi.org/10.1364/OE.27.036197
https://doi.org/10.29026/OEA.2020.200013
https://doi.org/10.1121/1.1912255
https://doi.org/10.1121/1.381962
https://doi.org/10.1121/1.381962
https://doi.org/10.1002/lpor.202100337
https://doi.org/10.1109/68.54703
https://doi.org/10.1109/68.54703
https://doi.org/10.1109/68.60770
https://doi.org/10.1109/68.60770
https://doi.org/10.1364/OE.19.005339
https://doi.org/10.1364/OL.43.005467
https://doi.org/10.1364/OL.43.005467
https://doi.org/10.1109/JLT.2020.3041352
https://doi.org/10.1109/JLT.2020.3041352
https://doi.org/10.1063/1.5067271
https://doi.org/10.1364/OPTICA.381141
https://doi.org/10.1038/s41467-018-05410-2
https://doi.org/10.1038/s41467-018-05410-2
https://doi.org/10.1007/BF02943117
https://doi.org/10.1007/BF02943117
https://doi.org/10.1364/OL.21.000333
https://doi.org/10.1038/nphys1217
https://doi.org/10.1364/OL.399054
https://doi.org/10.1038/s41377-021-00557-y
https://doi.org/10.29026/oea.2020.190024
https://doi.org/10.12086/oee.2022.220021

. , 2022, 49(9): 220021

https://doi.org/10.12086/0ee.2022.220021

[43]

[44]

[45]

[46]

Diamandi H H, London Y, Zadok A. Opto-mechanical inter-
core cross-talk in multi-core fibers[J]. Optica, 2017, 4(3):
289-297.

Diamandi H H, London Y, Bergman A, et al. Opto-mechanical
interactions in multi-core optical fibers and their applications[J].
IEEE J Sel Top Quantum Electron, 2020, 26(4): 2600113.
Séanchez L A, Diez A, Cruz J L, et al. Efficient interrogation
method of forward Brillouin scattering in optical fibers using a
narrow bandwidth long-period grating[J]. Opt Lett, 2020, 45(19):
5331-5334.

Zaslawski S, Yang Z S, Thévenaz L. Distributed
optomechanical fiber sensing based on serrodyne analysis[J].

(E=RER

(1998-)

E-mail: litianfu3307@163.com

[47]

[48]

[49]

220021-20

Optica, 2021, 8(3): 388—-395.
Bashan G, Diamandi H H, London Y, et al. Optomechanical
time-domain reflectometry[J]. Nat Commun, 2018, 9(1): 2991.
Pang C. High spatial resolution sensing based on forward
stimulated brillouin scattering[D]. Harbin: Harbin Institute of
Technology, 2019.
[D].

: , 2019.
Ba D X, Hua Z J, Li Y J, et al. Polarization separation assisted
optomechanical time-domain analysis with  submeter
resolution[J]. Opt Lett, 2021, 46(23): 5886-5889.

(1981-)

E-mail: aldendong@163.com


https://doi.org/10.1364/OPTICA.4.000289
https://doi.org/10.1109/jstqe.2019.2958933
https://doi.org/10.1364/OL.402783
https://doi.org/10.1364/OPTICA.414457
https://doi.org/10.1038/s41467-018-05404-0
https://doi.org/10.1364/OL.445142
https://doi.org/10.1364/OPTICA.4.000289
https://doi.org/10.1109/jstqe.2019.2958933
https://doi.org/10.1364/OL.402783
https://doi.org/10.1364/OPTICA.414457
https://doi.org/10.1038/s41467-018-05404-0
https://doi.org/10.1364/OL.445142
https://doi.org/10.12086/oee.2022.220021

, 2022, 49(9): 220021 https://doi.org/10.12086/0ee.2022.220021

Recent progress in optical fiber sensing based on
forward stimulated Brillouin scattering

Li Tianfu', Ba Dexin', Zhou Dengwangl’z, Ren Yuli',
Chen Chao', Zhang Hongying’, Dong Yongkang"*

The schematic diagram of acoustic impedance sensing

Overview: The Brillouin optical fiber sensors have been well developed in the past decades, due to their capabilities of
distributed sensing. With the introduction of new sensing mechanisms, the physical quantity can be measured by
distributed Brillouin optical fiber sensors gradually increase. Forward stimulated Brillouin scattering (F-SBS) is one of
the most typical representations of these new mechanisms, which allows unmarked substance identification with non-
structures additional. The sensors based on F-SBS are expected to be used in pollution monitoring, chemical reaction
monitoring, biomedical probes, and optical fiber manufacturing. The F-SBS sensors are promising methods for these
and other applications which need high accuracy, and unmarked substance identification, and the distributed F-SBS
sensors with the high spatial resolution are considered to greatly potential in the future.

In the micron-sized symmetrical shapes, just like optical fiber, acoustic waves can be transmitted in cross-sections,
reflected on the boundary, and with resonant frequencies ranging from megahertz (MHz) to gigahertz (GHz). It is called
the transverse acoustic wave (TAW). TAW hardly transmits in the axial direction. When stimulated by intense optical
waves propagating in the fiber core through electro-strictive, TAW can be considered moving with the same speed as an
optical wave at the axial direction, so that a phase modulation (PM) caused by TAW can be loaded on co-propagating
light, and F-SBS occurred. The lifetime of TAW will be extended to several microseconds when the optical fiber is placed
in the air, without coating, and hundreds of nanoseconds in the liquids, which have a strict relationship with the
acoustic impedance of the outside substance. By demodulated F-SBS induced PM, TAW can be recovered, which can be
used to get the acoustic impedance of the outside substance. What’s more, the resonance frequency of the TAW is
related to the diameter of the fiber, which allows an optical fiber diameter measurement method with high accuracy.

Distributed F-SBS sensors are considered as powerful tools on substance identification and optical fiber quality
inspection, which means high accuracy and spatial resolution are necessary. In 2018, the distributed F-SBS sensor based
on local light phase recovery is proposed, and measured F-SBS via phase demodulation, with a 30 m spatial resolution
on a 730 m optical fiber. In the same year, opto-mechanical time-domain reflectometry based on measurement of energy
transferring is proposed, which has 100 m spatial resolution on 3 km fiber. In 2020, the team proposed opto-mechanical
time-domain analysis (OMTDA), a 2 m spatial resolution on a 225 m fiber was achieved, and in 2021, polarization
separate assisted OMTDA was proposed, with a spatial resolution of 0.8 m. The performance of distributed F-SBS
sensors is ameliorated rapidly these few years.

In summary, the basic principle, sensing scheme, and performance of F-SBS optical fiber sensors are introduced in
this paper. With the F-SBS sensor applied in practice, increasing demand for high accuracy, and high spatial resolution
emerges, which we believe will be dominant in the research of substance identification sensors in the future.
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