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BADTHOMEW: MU-300

Mitsubishi Heavy
Industry: MU-300

Nov. 1, 2007

Twice Flights !/

Mitsubishi Heavy Industry
Yokogawa Electric

Yari et al. (2008) "Aircraft structural health monitoring using on-board 3 3
* BocDA system," Proceedings of SPIE 6933, Smart Sensor Phenomena, The UﬂIVefSIty Of TOky o

Technology, Networks, and Systems 2008, 69330S, Fig.5. RIMCOF
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Figure 15.4 “Strain response of 1,3-um FBG"

A.D. Kersey, “Multiplexing Techniques for
Fiber-Optic Sensors,”
Chapter 15 in J. Dakin and B. Culshaw (eds.)
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Chapter 15 in J. Dakin and B. Culshaw (eds.)
Optical Fiber Sensors 1V: Applications, Analysis, and Future

RETKEDELZHFBGE Trends,

Artech House Publishers, 1997, pp. 369-407.
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Optical fiber Space crafts

a)
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High speed boat monitoring
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Pran et al. (1999) Field Test with a Fibre Optic Sensor System on a Mine
Counter-Mesure Vessel, FFI Rapport 99/05425 , p.12, Fig.3.1.

g * Nellen et al. (1999) Structurally Embedded Fiber
Bragg Gratings: Civil Engineering Applications,
Marcus and Culshaw eds., Fiber Optic Sensor
Technology and Applications (Proceedings of SPIE
3860), 44-54, p.46, Fig.2.

® CFRP wires
¥ O CFRP wires with BGs
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CI: (granulate/epoxy matrix)
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Pran et al. (1999) Field Test with a Fibre Optic Sensor System on a Mine
Counter-Mesure Vessel, FFI Rapport 99/05425 , p.27, Fig.5.8.

6



I 2 7 A 1 PRI T

AEBRT7 A/ B ivhmimmaipingpisietd .
Source Coupler j\_—> o BRI T =2V 7 (ITSEEE) & T - — 7 ViR JE
Sensing fiber B VKENLER I — R R ..
_/.<— L—L o1& OTDR o JUNTU#E: ER VT - RESTELIVT
FY AL OCDR BRH PR KA ) — S T AR
* 7"//57‘/#:?51 OFDR Fray)—NELE=2Y Y/ iR
Detector-Signal processor RS XN TF XL VHEE=LIT L
< LR D fRE : H AREERR REA—PIL .
3B R R R S >

D 5T M DI - 7818 D 2 D 1 IE

P FRRE - SEEER D M EFHARMA U E

il

SRBRETFANEYT <FBG./ K& B3k 0 B8 & M BagRIE >
Source  Coupler Fiber e FBG/WDMEfiT: E/IREIZ At T
[ 1 1 - ERARENT SIE RN E e e VIR AR
By I RVIRT =S m R AR IR ) T =S
Y ATV WDM, TDM . N s e
SDM-- ANR—=AUY VRS 7' =42 L

Detector-Signal processor

13



i HIPLINBDEE B

Pump

= Principles: |
Stokes @ Anti-Stokes

| Rayleigh scattering

(Original frequency) O @ O
Brillouin scattering /@ | >f
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(—10GHz) f. f
Incident A
; light ]
|
Fiber
: |
?
Input

Back scattering .y
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Yasue et al. (2000) Concrete Pipe Strain Measurement Pulse _Jl— —————\
Using Optical Fiber Sensor, /E/CE Transactions on Scatt.
Electronics E83-C(3): 468-474,

p.470 Fig.4, p.472 Fig.9.

Strain !
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*Power cable temperature monitoring
*Tunnel/conduit for power cable monitoring
Common Utility Tunnel management
*Coal Belt-conveyor temperature management
and fire detection
*Cable tray or pit temperature management
sServer room temperature monitoring to prevent
excess cooling
*LNG Tank leak detection / heat control system
*Steal plant facilities (melting furnace, steam
pipeline) monitoring
*Fire alarm system
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s Distribution sensing by CW wave
== *No moving parts/ no calculation
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L
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.. Smart materials, Smart structures
Shape is given High resolution reflectometry
Device and network diagnoses
\ y ;
Optical tomography , etc.
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>
o
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1992
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Source Circulator Optical Fiber

Multiplexed Sensing @ -\-\- .

Sensors; FBG, etc.

Multiplexing; WDM, TDM,
Correlation Domain, etc.

Detector, DAQ

Source Circulator

Sensing Optical Fiber

Distributed Sensing

Mechanisms; Scattering, Mode Coupling,
etc. (Brillouin, Raman, Reighley)

Distribution; Time Domain, Correlation Domain,
etc. (BOCDA, BOCDR, BOTDA, BOTDR, etc.)
Detector, DAQ

uasi-distributed Source Circulator Optical Fiber
Q

Sensing
S~ Sensors; Long-length FBG, etc.

Multiplexing; Correlation Domain, FMCW,
etc.

Detector, DAQ
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Spontaneous Brillouin scattering

Pump @® Thermal oscillation of SiO,

fO — Acoustic wave (t,= ~10 ns)
. . . . .

| —> Periodical refractive-index change

f _f — Diffraction grating (moving)
0 "B _, scattering (with Doppler shift : - )

fg = 10.85GHz (= 0.1nm)

21



FETYJ T BT

+

Stimulated Brillouin scattering

Pump
1:O

® Probe wave Probe

— Excitation of the grating fO ) fB

v

1:O_fB

—» Mode coupling

— Energy transition
from pump wave to probe wave

—» Much larger output signal

REfIGCt'Vlty Rﬂ_%rillouin — _SOdB/m

292



N =N (N Ny
Dl %

i TUYILT 83

4 f 4
2l et [l
% 11GHz pump
= | BGS N
= I 10.85 0.05[M Hz/pf]
GHz = 500[MHz/1%]
|\ freq. strain
> >
* BGS -+ Brillouin gain spectrum ql[MHZ/OC]
1) T. Horiguchi et al., IEEE Photon. Tech. Lett. 1, 5 (1989).
[ Doppler shift fg strain magnitude ]

[fB . strain or temperature ?]
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m Position-resolving techniques:
I Time-domain
C. Correlation-domain

m Configurations:

R.: Reflectometry --- One-end-access sensing
5> FUT or DUT  (Spontaneous Brillouin)

<

A.: Analysis system --- Two-end-access sensing

(Stimulated Brillouin)
> FUT or DUT >

< <
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Optical pulse
generator

fo Strain
> V FuT

Detector

—( >—I |
G9SS
\ffo - 5 Heat

_— .  Spontaneous BS

(between launching and receiving pulses)

[ Elapsed

time

strain position 1)J

1) T. Kurashima et al., IEICE Trans. Commun., E76-B, 4 (1993).

Linewidth of pulses—Spatial resolution (>1 m)
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Brillouin
Trade-off between gain spectrum
spatial resolution . "
and peak
strain accuracy ﬁ/ 1m pulse — 100MHz width
in time domain.

Spatial resolution is limited to ~ Im
Integration is required to obtain S/N ratio: only static sensing

- Improvement of the pulsed lightwave technique is required.

- Distributed measurement without pulsed lightwave
IS needed for higher spatial resolution and dynamic sensing
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Time domain techniques have been much improved.
- Spectral shape
- Specialty fiber
- Higher speed electronics for better resolution

Optical Correlation Domain Techniques :

(continuous wave tech. without high speed electronics)
Measurement mode Random accessibility

-Spatial resolution 1.6 mm
-Measurement speed 1kHz for single point,
200Hz with random accessibility,
20Hz with total distributed-measurement

ya
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K. Hotate and T. Hasegawa, /E/CE Trans. on Electronics, Vol.ES3-C, No.3, 2000.
K. Hotate, K. Abe and K. Y. Song, /EEE PTL, Vol.18, No.24, 2006.

Intensity modulation

DFB LD

RF ~f, RF ~f,

SSB modadulator

M

EOM: electro-optic modulator
PSW: polarization switch

o)

—@ 1.9 MHz

EOM 2 EDFA

icrowave ~ vy

Polarization diversity

o] @/
00)

SSBM

EOM 1

Delay fiber

PSW

B
L

Correlation
peak FUT

EDFA Pump

_ _ 5.8 MHz

SSBM: single-sideband modulator
IM: intensity modulator
FUT: fiber under test .

Lock-in

g PD
amplifier
Data acquisition 3.9 MHz Beat lock-in
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Propagation of the
Pl pump and the probe
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Output : Summation of Brillouin gain along the fiber

Correlation : high

{

* change
output gain spectrum Of FM frequency

RS
[NANNN

pump probe

- The gain in the position where the correlation
IS highest can be generated exclusively

- The position can be moved by the FM frequency

Distributed strain measurement can be realized

The University of Tokyo
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Basic equation derived from relations between lightwaves and an acoustic wave
in Brillouin scattering process

Delta-like function generated by the
frequency modulation of a laser source

Brillouin gain profile obtained in BOCDA
System: t,-position, wd-frequency

1 De-convolution
§ experiment
0.8 3
Intrinsic Brillouin gain profile Zo0e Oo :
as functions of position along s o
a fiber and frequency T 04 & .
o ° Deconvoluted
8 (FWHM 22MHz)
02 5 %% A %
u . o u u u - - e} & O
Convolution between intrinsic Brillouin gain profile %a%%%%%g% %05@%%0%50 @?wf@@o%fﬁgg &
and delta-like function generated by BOCDA scheme Y04 105 106 107 108 108 11

Frequency [GHZ]
33
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Ando Electric and Univ. of Tokyo

Delay Probe

Polarization
controller o
g
Microwave -
Synthesizer =3
Polarization @
controller , Vim | | Pump c'?
\ — - > g
LN Mod 4 EO.Mod .
Chopping t gain
(intensity Mo ( t Vi
A VO
Lock-in Amp EO.Mod

e LA

34



X I—r I DEDF

K. Hotate and M. Tanaka, /EEE PTL, Vol.14, No.2, 2002.

Sample used in this study
300
200f
100
of
-100}
-200
-300

200
100 [
: Of
epoxy resin -100

200}

Strain [ue]

10.95 r - . - 1 t 3
- <% >Hotate and Tanaka (2001) 100
"Correlation-based continuous [
wave technique of fiber Brillouin
distributed strain sensing for
smart materials with cm order

=

Brillouin Frequency Shift [GHz]

10.90
T . spatial resolution," The 4th Pacific
I . . Rim Conference on Lasers and Position [C m]
weae et 00T el 0% e . Electro-optics: 1-496-497, p.1-497,
A . e * 0" | Fig.3. - . .
o with 1cm spatial resolution !

b 3 ° Positiorﬁcm] %
Hotate and Tanaka (2002) "Distributed fiber Brillouin strain sensing with 1 1
1-cm spatial resolution by correlation-based continuous-wave technique,” The U n IVe rSIty Of TO kyo

IEEE Photonics Technology Letters 14(29): 179-181, p.181, Fig.6. 35
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University of Tokyo and Shimizu Corp.

£000
—— d =0.050mm
o —— d=0.108mm
siram Crack 5300 4 — d=0.153mm
d =0 242mm
—— d=0311mm
: —— d=0.37mm
iy d =0 419mm
7 o ) d =0.458mm
) ik PosIom c AT
e L] [iaaten . - w3000 4 —— d =067 1mm
‘1 i AFRP coated biber g
e :“ o elecirice! scan - o ——-— EBzz&ined =imm
00 mm < £
" "\L .E g
§ s
L] K g ]
" = 5
<:| / |:> -
] Concrefe specimen . 0] Y.
tension | } | tension ] W
Lt mm 11 mim " 20-cm concrete specimen J
Frequency muodulated Frequency modulated L e e T T e s o e o o s S
a 10 20 ks 40 50

CW pump atl I'III

BOCDA systl’:m CWprobem I

Measurement of the crack
with sub-mm order width !!

Bolts to secure f-mm AFRP coated
displacement gauges sensing fiber

=
@
S

Computed axial dsplacement [mm]
[=]
-

a2z
» Experimental data
——— 45 degree line
s
~~
Qg T T T
Qg a2 04 as a3

Crack width [mmj
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Video Clip :oziskobeoorme BGS measurement :uoie ses iobeumy

3000 3000
2000 - 2000 -
_I::.' |F_. ”
1000 1000
2 2
= 1 = 0 =) _[
= -
i ] 5 ’
~1000 ] -1000 -
1 —E:r ] :
200K ' _______ gﬁi?ﬂﬁf ﬁgﬂﬁfggﬁ; i -2000 ‘ ——— Sirain gauge [200HZ @ pos. 4
______ Residual strain (gauge ! —— Optical fiber [19H] @ pos. 4
] —.—-—. Residual strain (fiber) ==~ resdual strain
_BI}EH] T T T T T T T T T T T T T
5 10 15 15 20 25
Time [s] Time [s]
b =N
accessibility !
3 mic
€N sing pts

University of Tokyo and Kajima Corp.
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K.-Y. Song, Z. He and K. Hotate,
OSA Optics Letters, Vol.31, No.17, 2006.

Fiber under test

SMF2 (10 mm) SMF1

1| SMF1
0 MHz -20 MHz 0 MHz
o X —
DSF (3 mm) DSF (3 mm)
-300 MHz -300 MHz
5
10.8}"NEEEnEREn ———— (T L L
E 10.7
19
- 10.6
105 En® (1]
0 5 10 15 20 25 30 35
* Position [mm]

1.6 mm resolution !!

Song et al. (2006) "Distributed strain measurement with millimeter-order
spatial resolution based on Brillouin optical correlation domain analysis,"
Optics Letters 31(17): 2526-2528, p.2527, Fig.3(a); p.2528, Fig.5.

Brillouin frequency [GHZz]

Translator

—ao— 120 um

] —=— 90um
10.90{ —o— 60um
1 —o— 30um

Position [mm]
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* K. Hotate, H. Arai and K.-Y. Song, S/CE J. of Control, Measurement
and System Integration, Vol.1, No.4, 2008 <Invited>.

Step: 2¢m p.273, Fig.9.
T 11.0] — 11.0] T 110
.(IQ. ..h‘ g .(IQ.
) ;j - > ” )
5 109] L g 109, F 5 109] A
o r S ] oy "
£ g E i
£ 108] ""J"/ \‘l--. < 108] ,——/ \..,_ o ./"/ \
2 3 =
& E o
107 2 3 10750 513 514 Ol 1023 1024
Position [m] Position [m] Position [m]
9] :
> .
Q 10,91
o)
= ]
Step: 5 -
-°M | L 108!
= ]
S ]
2 - )
5 107 7cm resolution / 1,030m range
O 200 400 600 800 1000 100_t|mes enhancement :
Position [m] Ratio: 14,700
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K.-Y. Song and K. Hotate, IEEE PTL, Vol.19, No.23, 2007.

gi:__\/'\ PR
seell J1EE 401000
m-'i/’\'\-,-"\.-\.f‘-\.-’\-\.\./\\_.ﬁ_f"x_ﬁ*\_,-’\_/\.f\.,-"\-
e
e
100 Hz signal

10.84

10.82+

10.80+

Brillouin frequency [GHZz]

10.78

550 600 650 700 750

100 Hz & AM 10 Hz signal

1 KHz sampling with BOCDA

Song and Hotate (2007) "Distributed fiber strain sensor with 1 kHz samplin
rate based on Brillouin optical correlation domain analysis,” Proceedings of
SPIE 6770, Optics East 2007, 67700J-6, Fig.8.

g
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10km Delay (0.05msec)

()

LD
T >
10kHz & 10MHz .
Direct Mod. Gating '* Egzlst?on
LD
Freq. W
Amplitude :
spectrum | Ti\me
Novel Setup
Waveform
Generator Oscilloscope
DFB-LD [ [ _— S ]i PD

Optical Slope Filter

K. Hotate and T. Yamauchi, JJAFP, Vol.44, No.32 2005.

Current (a. u.)

Current (a.u.)

input

]

1 1 | | |

0 25 50 75 100

Time (1sec)

Freq. Dev. (a.u.)

output

0 25 50 75 100
Time (1sec)

W/O compensation

input

| I | | |

0 25 50 75 100

Time (1sec)

Freq. Dev. (a.u.)

output

1 | | 1 1

0 25 50 75 100
Time (1sec)

With compensation

%k

Hotate and Yamauchi (2005) "Fiber-Optic Distributed Strain Sensing System by Brillouin Optical
Correlation Domain Analysis with a Simple and Accurate Time-Division Pump-Probe Generation
Scheme," Japanese Journal of Applied Physics 44(32): L1030-L1033, p.L1032, Figs.4, 6.
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DFB LD

Random
accessibility
Phase change:
position shift 10KHZ  elay line
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Y. Mizuno, W. Zou, Z. He and K. Hotate,
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Acoustic wave is generated through the stimulated Brillouin scattering by x-polarized light.

pump beat probe
N\N\N/ NWWWWW NN\
X Y X

4 T

. X n 2 X Y-polarized light is
acoustic resonance energy Vg = £l found to be reflected

by the acoustic grating

with a Bragg condition.

Bragg condition:

=20, =2
B.=2pB,=2p, ‘ fo=f —f _& f|
X -2 or n-f=n-f y

X X y 'y
Ao A, o
frequency deviation
Song, Zou, He, Holtate, Song and Hotate, OFS19,
Opt., Lett., 33, 9, 2008. Perth, 2008.
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* Detected by OSA while y-polarized light is manually tuned to satisfy Bragg condition.
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FUT: ~32-m-long Fujikura PANDA-PMF
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FUT: ~32-m-long Fujikura PANDA-PMF

Strain dependence
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W. Zou, Z. He, and K. Hotate, /EEE Photonics
Technology Letters, Vol. 22, No. 8, 2010.
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% Zou et al. (2010) "Demonstration of Brillouin Distributed
Discrimination of Strain and Temperature Using a
Polarization-Maintaining Optical Fiber" Photonics
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Yamashita et al. (2012) "Spatial resolution improvement based on intensity modulation in measurement of Brillouin dynamic grating
localized by correlation domain technique," Proceedings of the 22nd International Conference on Optical Fiber Sensors, 84219H, Fig.3.
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+Spatial resolution is improved by about 5 times.
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Hotate and Kajiwara (2008) "Proposal and experimental verification of Bragg wavelength distribution measurement

within a long-length FBG by synthesis of optical coherence function," Optics Express 16(11): 7881-7887, p.7883, Fig.2.
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Kajiwara and Hotate (2009) "Multiplexed long-length fiber Bragg grating distributed sensors based on synthesis of
optical coherence function," Proceedings of the 20th International Conference on Optical Fibre Sensors, 75032J, Fig.4.
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= Fiber Optic Nerve Systems

+ BOTDA and BOTDR.
+ BOCDA and BOCDR.

= Brillouin Optical Correlation Domain Techniques

+ 1.6mm spatial resolution, 1 kHz sampling rate, random accessibility have
been realized, without high speed electronics.

+ Random accessibility with 200 Hz sampling rate, and total-distributed
measurement with 20 traces/sec.

+ Applications, such as aircraft SHM, have been demonstrated.

= Brillouin Dynamic Grating and Applications
+ Discriminative measurement of strain and temperature has been realized.

+ Spatial resolution has been improved by the intensity modulation scheme.

+ Various applications of BDG have been proposed.

s FBG based quasi-distributed sensing

+ Long-length FBG for short-length distributed measurement head.
+ Multiplexing of the long-length FBGS.
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+ Fiber Optic Nerve Systems
+ Materials and Structures that feel pain
+ Preventing disasters

Smart Materials
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