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Fig. 1. Identical weak fiber Bragg gratings demodulation system.
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Fig. 2. Principle of grating discrimination and demod-
ulation of WSOTDR.
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Fig. 3. (color online) The output spectrum of Vi1, Via.
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Fig. 4. (color online) Calibration experiment: (a) at Vi1 of wavelength-sweep; (b) at Via of wavelength-sweep.

K1 R

Table 1. Demodulation results with calibration.

FBG Vi SR K /nm Ve 20K /nm Vi IRSH Vi RMERK /nm B0 K /nm WKIRZE /nm

FBG1 1294.708 1294.706 2 1294.703 1294.699 0.004
FBG2 1295.315 1295.095 221 1294.682 1294.693 0.011
FBG3 1295.951 1295.518 440 1294.691 1294.68 0.011
FBG4 1296.498 1295.853 626 1294.704 1294.708 0.004
FBG5 1297.158 1296.287 862 1294.689 1294.699 0.010
FBG6 1297.792 1296.714 1083 1294.688 1294.68 0.008
FBG7 1298.356 1297.06 1271 1294.714 1294.726 0.012
FBGS 1299.079 1297.568 1532 1294.689 1294.684 0.005
FBGY9 1299.599 1297.876 1713 1294.691 1294.682 0.009
FBG10 1300.222 1298.272 1929 1294.695 1294.705 0.010
FBGI11 1300.807 1298.645 2128 1294.709 1294.715 0.006
FBG12 1301.506 1299.122 2378 1294.692 1294.704 0.012
FBG13 1302.046 1299.457 2569 1294.684 1294.686 0.002
FBG14 1302.746 1299.906 2801 1294.72 1294.705 0.015
FBG15 1303.307 1300.284 3006 1294.693 1294.682 0.011
FBG16 1303.927 1300.685 3221 1294.697 1294.695 0.002
FBG17 1304.595 1301.136 3458 1294.686 1294.694 0.008
FBG18 1305.14 1301.461 3647 1294.688 1294.691 0.003
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Fig. 5. Temperature experiment: (a) Initial temperature 30 °C; (b) setting temperature 100 °C.

1295.50
(a) FBG1# 129550 = (1) FBG6#
129525 1 1295.25 -
g g
=] =]
& 1295.00 F & 1205.00
1294.75 R2 = 0.99932 1294.75
R? = 0.99866
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
W /°C i /°C
1295.50
1205.50 [
(c) FBG12# 95501 (4) FBG18#
1295.25 |-
1295.25 |-
g g
£ g
K 1295.00 - ¥ 1295.00 -
1204.75 |- L
R? = 0.99803 1294.75
R? = 0.99916
1 " 1 " 1 " 1 " 1 " 1 " 1 n 1 1 1 1 1 1 1 1 1
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
W /°C R /°C

K6 SeHMHEESIM AL (a) FBG1#; (b) FBG6#; (c) FBG12#; (d) FBG18#
Fig. 6. Fitting curve of FBG temperature experiment result: (a) FBG1#; (b) FBG6#; (¢) FBG12#; (d) FBG18#.

204209-6


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 65, No. 20 (2016) 204209

SEOG 45 RAE B, AR R G0 AT SE P 4 R 55 e A%
R R 28 o B — A 55 SO M A B IX 43 K A
VA, I8 A A B B R HE AR A, ZRPEREIA R T
0.998 LA I, fRIRAERAEAE 15 pm, 23 HFE N1 pm.

4.3 #xBHEELG

SIS 196 HU A SR D 4 R (1 55 I S Ol FBG 124
1V 6 27 S A o o R A% e g 18] SR A HE B & K
AFPRB L G @R IREN IR, 75 3.6 kHz R3S
ST, R RGN FBG124 3HT T KA.

Bl 7 9 3.6 kHz 4R 3015 5 1 9% K A 1 B 35 1]
Horprg 2w e, g iRk, 7£3.6 kHz k31
PR, LA 67 AN RAFE AL, B SRAT ST B8
0.0083 ms, 58RI IAE] 120 kHz;

Bl 8 B 7x 4 3.6 kHz #ik 21 ik & 43 1% 7 Hr 1,
K8 (a) N 60 kHz PN BIARE AT, « 5HASER, ¢ 4l
DML R B R B HOR, an &l 8 (b) A1 8 (c) P
o, R RO R 6—12 kHz ¥ FEINE, 7T LU B4R
BNAET.2, 10.8 kHz FFAIE L, 1 48 b s K 38 v A
TO I, BT LLE MG B 57.6 KHz & f5 A5 1 A

gk b, ERT P, AT LLE AR TR R SRS
55 BB K AR R O B AR YRR e L W N
TR EOR A ASBUR, U0 IR R SRR A Rk
F 7 120 kHz. 38 00 % 20798 A AR PRk {8 B A
e, MRS 5 BIE AT kN, R R G0RT By dr
60 kHz AN IRBNE 5, ARG ML 2]
120 kHz, X315 5 1A EE /0.

1297.341

1297.198

1297.055

1296.912

0 0.083 0.165 0.248
18] /ms

0.331 0.413 0.496

K7 3.6 kHz JREIHACH % E
Fig. 7. Wavelength domain diagram of 3.6 kHz vibration.

T T T T T T T T T :
6 i —
3.6 kHz
5 i -
20 6000
4 i -
2 2.0f 7.2 kHz 5000
i
=) 3 4000 57.6 kHz
£ =15
g0 o s ]
= 10.8 kHz = 3000
=10
2000
2 i -
0 1000
0 0
[ 8 12 56 57 58 59
1 / Wiz /kHz iR /kHz \ -
0 u- " m ! N . | | | | )
0 5 g 15 20 25 35 40 45 50 55 %o

ﬁ’ﬂz—/kHz

8 3.6 kHz RN KATHE 4TI

Fig. 8. Frequency spectrogram of 3.6 kHz vibration.

204209-7


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 65,

No. 20 (2016) 204209

5 & W

B0} 4 R 95 A D v K AR T, AR SCHR %
SO $ S (WSOTDR) 3 i i 77 v, I
BEAT T ER S 50, ML T OTDR, R4
FHRRIE DA Bk, A 75 B2R 2 Ak
R A b BE ) E RGME TAERY B, — R0k 68
I s S BT A e M o7 B 15 IR0 5 2 1) S S 6
WKHFE = T TDM KRG MR, EE RS
WILE M B R P AL I i 22 R i 792, R &4 (R 55
S [ A B A I S 43 2 e AL
SEIR [P [AIE, 56 B4 1R 55 5 56 ' i 7E B 3k b
WK, ASET WDM KR, 4 FDCHE
FURRS S5k T PR RS AR SR A T O B R R I BR
W, $Em O R AR LR 1% AR,
20 m [ B 1) 4 [F) 55 S 56 SR R 28, JT 46 12
TR R B S 56 ) 45 TR B, R G0 nT SLBL &4 (R 55
S I R A7 B X I K A A I8 K A R A
15 pm, 3 HEE 1 pm, &4 [F 55 R 6 0 R R
LRPERETE 0.998 LA L, fif il ik 5] 120 kHz.

S

[1] Wang L, Li D S, Ou J P 2011 Adv. Mater. Res.
1611

[2] Jiang D S, He W 2002 J. Opt. Laser 13 420 (in Chinese)
[(ZEE, T 2002 YT - #OE 13 420

[3] Wang F F, Zhang L, Yang L Z, Liu Y Y 2014 Acta Opt.
Sin. 34 88 (in Chinese) [F ¥, KN, MIXE, XIHiFH
2014 JZEAR 34 88)

148

(4]

204209-8

Zhou Q, Ning T G, Pei L, Li J, Li C, Zhang C 2012 Opt.
Lett. 8 414

Jiang H, Chen J, Liu T, Huang W 2013 Sensor. Actuat.
A: Phys. 198 31

Chen D, Fok M P, Shu C, He S 2008 Lasers and Electro-
Optics, 2008 and 2008 Conference on Quantum Elec-
tronics and Laser Science Canada, May 4-9, 2008 pl
Lee B C, Jung E J, Kim C S, Jeon M Y 2010 Meas. Sci.
Technol. 21 094008

Chen D, Shu C, He S 2008 Opt. Lett. 33 1395

Yu H H, Zheng Y, Guo H Y, Jiang D S 2014 J. Funct.
Mater. 12 12001 (in Chinese) [£¥###l, HH, #4085, %
7 2014 ThREA KL 12 12001]

Dai Y, Liu Y, Leng J, Deng G, Asundi A 2009 Opt.
Lasers Eng. 47 1028

LiZY,Sun W F, Li Z M, Wang H H 2015 Acta Phys.
Sin. 64 234207 (in Chinese) [ZBEU#, #M 3, T8, T
B 2015 WIEEAEAR 64 234207]

Zhang C X, Zhang Z W, Zheng W F, Liu X H, Li Y,
Dong X Y 2014 Chin. J. Lasers 41 0405004 (in Chinese)
kR, kieth, MR, X, 2%, #EHik 2014 P HE
WOk 41 0405004]

Chan C C, Wei J, Ho H L, Demokan M S 2000 [EEE J.
Sel. Top. Quant 6 741

Zhang M L, Sun Q Z, Wang Z, Li X L, Liu H R, Liu D
M 2011 Laser & Optoelectronics Progress 8 93 (in Chi-
nese) [3Kifise, PMBLEL, TAF, 207, XIS, XIAEH 2011
WOt Ha T 8 93]

Hu C W, Wen H Q, Bai W 2014 J. Lightwave Technol.
32 1406

Wang Y, Liu W, Fu J, Chen D 2009 Laser Phys. 19 450
LiZY,LuMY, Wang Y M, Liu Q, Gong J M 2014
IEEE Photon. Technol. Lett. 26 2090

Yin G L, Dai Y T, Karanja J M, Dai J X 2015 Sensor.
Actuat. A: Phys. 235 311


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1007/s11801-012-2271-0
http://dx.doi.org/10.1007/s11801-012-2271-0
http://dx.doi.org/10.1016/j.sna.2013.04.023
http://dx.doi.org/10.1016/j.sna.2013.04.023
http://dx.doi.org/10.1088/0957-0233/21/9/094008
http://dx.doi.org/10.1088/0957-0233/21/9/094008
http://dx.doi.org/10.1364/OL.33.001395
http://dx.doi.org/10.1016/j.optlaseng.2009.05.012
http://dx.doi.org/10.1016/j.optlaseng.2009.05.012
http://wulixb.iphy.ac.cn/CN/abstract/abstract66068.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract66068.shtml
http://dx.doi.org/10.1109/2944.892613
http://dx.doi.org/10.1109/2944.892613
http://dx.doi.org/10.1109/JLT.2014.2305714
http://dx.doi.org/10.1109/JLT.2014.2305714
http://dx.doi.org/10.1134/S1054660X09030165
http://dx.doi.org/10.1109/LPT.2014.2347580
http://dx.doi.org/10.1109/LPT.2014.2347580
http://dx.doi.org/10.1016/j.sna.2015.10.018
http://dx.doi.org/10.1016/j.sna.2015.10.018

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 20 (2016) 204209

High speed demodulation method of identical weak fiber
Bragg gratings based on wavelength-sweep optical
time-domain reflectometry”

Wang Yi-Ming? Hu Chen-Chen? Liu Quan Guo Hui-Yong?
Yin Guang-Lin? Li Zheng-Ying"?"

1) (Key Laboratory of Fiber Optic Sensing Technology and Information Processing, Ministry of Education, Wuhan University of
Technology, Wuhan 430070, China)
2) (National Engineering Laboratory for Fiber Optic Sensing Technology, Wuhan University of Technology, Wuhan 430070, China)

( Received 25 April 2016; revised manuscript received 21 July 2016 )

Abstract

The identical weak reflection Fiber Bragg gratings (FBGs) with large capacity has become one of the central issues
of optical fiber sensing field in the engineering application. Currently, wavelength division multiplexing (WDM) and
time division multiplexing (TDM) are two major multiplexing techniques. For a WDM system, the maximum number
of FBGs is limited by the spectral bandwidth of laser. So the identical weak FBGs are proposed to break through
the limitation of the multiplexing capacity. For large-capacity multiplexing of identical weak FBGs, TDM technique is
commonly used. In a TDM system, the spectral information of all FBGs can be obtained by some pulsed light with
different wavelengths. However, with increasing the number of identical weak FBGs in TDM system, some problems such
as complex demodulation process and slow response time are highlighted in the current various demodulation methods.
Thus in this paper we propose a new high-speed demodulation method combined with wavelength-sweep optical time-
domain reflectometry (WSOTDR) which is different from the pulsed light in optical time domain reflectometry (OTDR),
namely a continuous wavelength-sweep light source is used in WSOTDR. In this method, the reflected signals of identical
weak FBG at each position will be distinguished from others in time domain through optical delay effect, hence the
location information of each FBG could be acquired, and meanwhile the wavelength information of all the identical
weak FBGs could be obtained through high-frequency periodical wavelength-swept spectrum in just one wavelength
scanning period. In order to calibrate the error of FBG demodulation which is caused by optical delay at high-speed
wavelength sweep, we propose a self-calibration method in which two different wavelength-sweep rates are used to obtain
the inherent delay parameters of each FBG. In practical application, we use this self-calibration method in the initial
stage of demodulation because the inherent delay parameters are usually stable after the layout of an identical weak FBGs
network. So the demodulating speed at the working stage of this system is not affected by this self-calibration method.
In this paper, by setting up a Fourier domain mode locking laser as an output of continuous wavelength-sweep and high-
speed (3.27 x 10° and 2.72 x 10 nm/s) light, an identical weak FBG sensing network which consists of 18 FBGs is tested
in three experiments. In the initial calibration experiment, we use the self-calibration method to calibrate the inherent

delay parameters of each FBG and to verify the accuracy of the system by comparing with the measurement result of
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national Science Technology Cooperation Program of China (Grant No. 2015DFA70340).
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spectrum analyzer. In the temperature experiment, the wavelength of each FBG is demodulated from 30 to 100 °C in
order to test the demodulation linearity of the system. Then in the vibration experiment, a dynamic measurement of
3.6 kHz vibration of FBG is demonstrated with a demodulating speed as fast as 120 kHz, and a 0-60 kHz frequency
spectrum is analyzed to prove the speed. The experimental results show that the demodulation error is less than 15 pm,

the resolution is 1pm, the linearity is above 0.998, and the demodulating speed reaches 120 kHz.

Keywords: continuous wavelength-sweep light, identical weak fiber Bragg gratings, high-speed demodu-

lation, calibration of delay error
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