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Abstract In this paper, the signal processing method based on the total variation (TV) algorithm is used to
eliminate time domain noise and improve the signal-to-noise ratio (SNR) in the phase-sensitive optical time domain
reflection (¢-OTDR) system. Intensity and position information of the Rayleigh backscattering traces can be
processed by converting the traces into a two-dimensional gray image. The TV algorithm can smooth the time
domain noise and extract the useful information efficiently via the gradient descent method. Experimental results
verify that on the sensing fiber with the length of 3.5 km, the TV algorithm can effectively realize the distributed
measurement of 300 Hz vibration signal, and the SNR of the vibration position can realize 10.13 dB. In addition, we
further verify the ability of the TV algorithm to detect wideband vibration signals, and successfully realize the
wideband disturbance signal recognition in the frequency range of 300 Hz~ 1 kHz. It is shown that the TV
algorithm can extract vibration information effectively in ¢-OTDR system.
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Fig. 2 Gray scale transformation and iterative operation of original signal.

(a) Original gray image constructed via

consecutive Rayleigh curves; denoised gray images with single bright line indicating position information obtained

after different iteration times, (b) 10 iteration times, (c¢) 30 iteration times, (d) 50 iteration times

(a) 300

Do

(=3

=3
T

Pixel value

100

1 1
1000 2000
Fiber length /m

Pixel value

100+

iteration: 30

1000 2000 3000

Fiber length /m

(b) 300
iteration: 10

o 200F
=
g
o)
A

™ 100F

|
0
1000 2000 3000
Fiber length /m
(d) 300
iteration: 50

o 200
=
<
>
o)
A

™ 100

0

1000 2000 3000

Fiber length /m

B 3 FIRE S 5EAR W R B E A5 B . () JAG I 1) B AR B0 5 3% A0OR R B &3 21 A6 B 15 B
(b)iEAR 10 W, ()% AR 30 K, (D # A 50 Ik

Fig. 3

Location of original signal and after different iteration times. (a) Original Rayleigh backscattering traces; position

information obtained after different iteration times, (b) 10 iteration times, (c¢) 30 iteration times, (d) 50 iteration times
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Bl 6 5o T 3 7 P sh A0 B N B i AR e A
RN/ R R U ) S SR e K (VA= WO
300 Hz, 5 in%) PZT1 MR sh {55 — 2,

WAk Ry T A AR Ay SRk HLA 22 R Y g
F1 5% R 300 Hz B4R sh 5 5 1 F PZT1, 45
N 500 Hz W IR 2015 5 0 I T PZT2, fii HI ¥ 3h
AN Bh 22 0k AR R E R S AR o kTR
I A S5 SR B 7 TR . 5 AR B A A,
HTE 1100 m M 1300 m 2 FH WA B IEHE, 5
HAb W Fp 7 A, 22 Bk R ERE TR

0

| |
e Do
(=] (=]

Power /(dBm-Hz ™)
&
(=]

|
(oo}
(=}

300 600 900
Frequency /Hz

6 PZT1 4b¥k h 3544 1 0 (5 B

Fig. 6 Frequency information of the vibration event at PZT1

1706001-5



HRILX F 415 F17H1/2021 £ 9 B/XFEE
300 300
(b) (©

3 & 2001 22000
< < ©

> > >

Z e Z

& & 100 & 100

0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
Fiber length /m Fiber length /m Fiber length /m

& 7
Fig. 7

AR 7 2245 B8 PZT1 F PZT2 ARSI EFE R . () 3 IR 3 22904 (W AR R AR H 2 5 (o) 2B 7 Fk

Location information for detection of two PZTs’ vibrations by different methods. (a) Moving average and

moving differential method; (b) nonlocal mean method; (c¢) total variation algorithm

PEAE B NERE [, 228 o Bkl B 785
B R FH o 5 22 A R 3l 07 Y RE

Pl 8 3 aek Jo FH A L AR 4 03 il 45 s T AR Bl AL
b 300 Hz Fi1 500 Hz i 2l F 4 /Y 5) 223 L 3 5 it i
F| PZT1 M PZT2 Wk {55 —5L.

&5 T AEE bR A ik s iR B — & i
BUPEFN Z AR SR 50, O 1 9042 7228 73 Bk X Z2 0 4
E S RGN M HEAT T 2 AR B 5 S i S 5 I A

(a 20

|
Do
(=]

Power /(dBm-Hz™")
A
S

|
=2
=

|
®
(=]

1 1
300 600
Frequency /Hz

900

(®)

7E 1000 m {7 &AL 25 T —1> 300 Hz~1 kHz [ 5847
WaE5  IFl ik A8 Sy SR HE 5 AT 3R 3l 6 K&
B AT A BB S5 SR WE 9 Fis ., W 9 ] LIE
L 7E 1000 m i B AR — B 8 A A (R, 31X 5 S PRk
BV i D0 VAT B V7 e RPN AU 2 T DAER AT
R EES . B9 BoR T IR B A5 51
WERAE R S M IRSNE 5 — B, maT W, %0y
12 [FIFE RE A% 15 ] 22000400 21 15 5 (0 4t

20

|
[\
(=]
T

Power /(dBm-Hz™")
I
[}

|
[=2]
S

300 600
Frequency /Hz

|
0]
S

900

(=)

B8 R FHMAEMEL, (0 PZT1;(b) PZT2
Fig. 8 Frequency information for the vibration events. (a) PZT1; (b) PZT2

(@ 300

200

Pixel value

100

2500

1000 1500 2000
Fiber length /m

500

3000

(b)

20

Power /(dBm-Hz™")
LA
=] (=] (=)

|
D
S

1 1
2000 3000 4000

Frequency /Hz

0 1
0 1000

[ 9 AR sk Xt SR S A BRAE R . (PRSI E LR B (b) 5T 5 5 B F B

Fig. 9 Results of total variation algorithm for wideband signal processing. (a) Location information of vibration;

(b) information of wideband signal spectral

1706001-6



HRiIEX

FE 41 % F17H/2021 £9 B/FEHER

4

zh 1w

15 ¢-OTDR R4 H R T —FE T 4 A5 43 50

VAR 2D MR B T WCHL-hr A% B H 3 B 2 A
BRI N 5 DLSE BUME A5 i die /ML . (8 AN [R] 9 3
FRUCKA 2 W D57 vk O iR 2 2 4b B9 SNR. 5
b B L MR L, 3% 07 35 B 4 00 & e Ak
AE. Z B AR TE 3.5 km K A 4% IO £F b A& I 3
300 Hz MUgRsh F 15, WA 5 1 42728 73 B0k X 58
IR B AE 5 B9 4RI B8 7, LR UK I ) 300 Hz~
1 kHz (958 5045 B4 30 15 5. 5 P9 Bl R B & AR
PO %7 vk FAT SR T 7 AR A ] T 0 A
AR AR L,

[1]

(2]

[3]

(4]

(5]

(6]

7]

& £ X W
Lou X T, Feng Y B, Chen C,

spectroscopic gas sensing based on coherent FMCW

et al. Multi-point
interferometry[J]. Optics Express, 2020, 28 (6):
9014-9026.

Masoudi
distributed optical fibre dynamic strain sensing[J].
The Review of Scientific Instruments, 2016, 87(1):
011501.

Ma HY, Wang X X, Ma F, et al. Research progress
of @®-OTDR distributed fiber
sensor[J]. Laser & Optoelectronics Progress, 2020,
57(13): 130005.

Sheng Q H, Yu Z, Lu B, et al. Real-time phase-

sensitive optical

A, Newson T P. Contributed review:

optical acoustic

time-domain reflectometry signal
processing system based on heterogeneous accelerated
computing[J]. Chinese Journal of Lasers, 2020, 47
(1): 0104002.

B, argl, Fol, 5. TR MMmER ©-OTDR
SRS A B R g [J]. h E WO, 2020, 47(1):
0104002.

Dong Y K, Ba D X, Jiang T F, et al. High-spatial-
BOTDA  for
measurement based on differential double-pulse and
sideband of modulation[]J]. IEEE
Photonics Journal, 2013, 5(3): 2600407.

Peled Y, Motil A, Yaron L, et al. Slope-assisted fast

resolution  fast dynamic  strain

second-order

distributed sensing in optical fibers with arbitrary
Brillouin profile[J]. Optics Express, 2011, 19(21):
19845-19854.

Song M P, Bao C, Qiu C, A distributed

optical-fiber sensor combined Brillouin optical time-

et al.

domain analyzer with Brillouin optical time-domain
reflectometer[J]. Acta Optica Sinica, 2010, 30(3):
650-654.

(8]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

(18]

1706001-7

RS, #, FA, S 45 HIK 6 R 4 b A
S S S SE  43 A KOG 2R AR RS (1] A 2R i,
2010, 30(3): 650-654.

Martins H F, Martin-Lopez S, Corredera P, et al.
Phase-sensitive optical time domain reflectometer
amplification for

>100 km[]J].
2014, 32 (8):

assisted by first-order Raman

distributed vibration sensing over
Journal of Lightwave Technology,
1510-1518.

FuY, Wang Z N, Zhu R C,

et al. Ultra-long-

distance hybrid BOTDA/®-OTDR[J]. Sensors,
2018, 18(4): 976.
Wang Z Y, Pan Z Q, Fang Z ], et al. Ultra-

broadband

reflectometry with a temporally sequenced multi-

phase-sensitive  optical  time-domain
frequency source[J]. Optics Letters, 2015, 40(22):
5192-5195.

Juarez ] C, Maier E W, Choi K N, et al. Distributed
fiber-optic intrusion sensor system[]J]. Journal of
Lightwave Technology, 2005, 23(6): 2081-2087.
Feng K B, Song M P, Xia Q L, High-

resolution distributed optical-fiber sensing technology

et al.

based on direct-detecting coherent optical time-
domain reflectometer[J]. Acta Optica Sinica, 2016,
36(1): 0106002.

WYL, REBV, B, & AT HEGNAME T
P 4 S 5 Y v o3 PR AR SO AR R R AR [T 6
2R, 2016, 36(1): 0106002,

Li L C, Lu B, Wang X, et al. Internally modulated
chirped pulse based direct detection type ¢-OTDR
system with high signal-to-noise ratio and low
cost[J]. Chinese Journal of Lasers, 2019, 46 (8):
0806003.

2@, sk, TR, AL TN TR WA Rk Rk b i v
{5 W8 FLAR AR BRI o-OTDR 24 [J]. W E#
), 2019, 46(8): 0806003.

Peng F, Wu H, Jia X H, et al. Ultra-long high-
sensitivity @-OTDR for high
intrusion detection of pipelines[J]. Optics Express,
2014, 22(11): 13804-13810.
Ren M Q, Lu P, Chen L,

experimental

spatial resolution

et al. Theoretical and
®-OTDR  based on
polarization diversity detection[]J]. IEEE Photonics
Technology Letters, 2016, 28(6): 697-700.

Healey P. heterodyne  OTDR[]J].
Electronics Letters, 1984, 20(1): 30-32.

LuY L, Zhu T, Chen L, et al. Distributed vibration

analysis  of

Fading in

coherent detection of
phase-OTDR[]J]. Journal of Lightwave Technology,
2010, 28(22): 3243-3249.

Cui HL, LiuY, YuM, etal. Application of wavelet

sensor based on



HRiIEX

FE 41 % F17H/2021 £9 B/FEHER

[19]

[20]

[21]

[22]

denoising in distributed optical fiber interfometric
vibration detection and location system[]]. Optics
and Precision Engineering, 2015, 23(10z): 71-76.
Uk, N, T, F. DEREMTE S A T
WRS R Mg S R g R n I LT] . e K L
£, 2015, 23(10z): 71-76.

Qin Z G, Chen L,

method for

Bao X Y. Wavelet denoising
improving detection performance of
sensor[J]. IEEE Photonics
Technology Letters, 2012, 24(7): 542-544.

Zhu T, Xiao X H, He Q, et al. Enhancement of
SNR and spatial resolution in ¢-OTDR system by
using two-dimensional edge detection method[J].
Journal of Lightwave Technology, 2013, 31 (17):
2851-2856.

Soto M A, Ramirez ] A, Thévenaz L.
the response of distributed optical fibre sensors using
2D  and 3D restoration[J].
Communications, 2016, 7: 10870.

distributed vibration

Intensifying
Nature

image

Bai Y J, Liu Y, Zhang Q, et al. Image denoising via

an improved non-local total variation model[J]. The

(23]

[24]

[25]

1706001-8

Journal of Engineering, 2018, 2018(8): 745-752.
Zhou D B, Li G, Wang D ], Method of
destriping stripe noise of aerial images based on total
variation[J]. Acta Optica Sinica, 2014, 34 (11):
1128003.

FAbR, 2N, BV, . BT 24 E ER
S MR PR BR T ¥k [T, JeaE AR, 2014, 34(11):
1128003.

Zhang H Y, Peng Q C. Adaptive image denoising

et al.

model based on total variation[J]. Opto-Electronic
Engineering, 2006, 33(3): 50-53.

TRLLE, WA B, A Ay A N R MR [T
JeHs TA, 2006, 33(3): 50-53.

Liu W, Wu C S, Xu T. Adaptive total variation
model for image denoising with fast solving
algorithm[J]. Application Research of Computers,
2011, 28(12): 4797-4800.

XISC, RAGA, VFH . FE R 4 4 B X B A K
FCPE R AR (I S HLRL B SE, 2011, 28(12):

4797-4800.



