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Fig. 2 Schematic diagram of the wavelet decomposition and

reconstruction
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have been removed; (c) correlation coefficient of approximate components; (d) the number of maximum correlation coefficient
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Fig. 8 The effect of polarization. (a) Distribution of the modulus values behind the reference point; (b) phase change in the position of

polarization fading point; (c) phase change after wavelet noise suppression; (d) phase change in the non-polarization fading point

ZMIME X & T W RN R L, BOBER B
S T V5 250N A IR R0 R TRV I 45 4 .

HRAE X 20 (4) ~(6) 9 2 B, S48 78 & A= i 41 2% i B
B B 1R O 5 S R IR RO 2 5 W R A7 1 I A
SR B b =22 A1, D B 3550 107 B AR B2 ) ASE AR %) K /IMELIF AN
SR AR i PR 25 8 . AR IR 8Ca) rP A B BT 1) L, B
HEEF RN 4.2572 ke &b, AR IRTE TS 5, 4 8(b) J& 1% M
PRI V5 o5 A MR (1A O 1) AR AR . #E I 8(b)
o, K JF R I8 RE B 20 B B IE 5208 T W 1 (B R 7R %
A7 280 5 ik JC G DB 5 IE X IR R A —E T .
BE AT U 2240 SR figk H 0 U 3 < T il ) R A2 AR Ak
SER TR IEW R IKAP AWML NGE R o 76 Ik =75 5
(4.2572 km 37 '8 ) 2§l F1 2 J5 A A i 4R 8 7% 118 Ml 43
R G A SR BE B 4.071 km 1 4.32 km &b (R ik K
5 LR R AE A E 4.2834 km b B R FE B EAHRGT )
3 9 Ak 81 A [ A 1 ) 08 R TR ) R S 43 ) 186.2 m
F62.6 mo T 22 IR 5 7 A2 R AH FE Y BRSO B
A5 UL AT UL R O iR R VR a5 1Y o A 2 R O AR T
SR 3 A LA B 27 1 26 P 5% 19 5% 0 1 AN [R] L AH i PR
VR R R 2 (0 LT SRR RN 2 R A AR R R
B 19, L Ao s S 5 1 SR A 57 I %) A A7 78 Ak 18 38 JE i
eI ENES . 1EE 8(c) L REEALE 4.071 km
1 4.2572 km 22 [8] (4 AH 7 A8 A6 1 3 G 25 4 5 O ) 22 B
S TN IR S 1 e 1 R VACVE e TR O VA W= el [
AT 38— 7 s L BBV 35 ik o e 50 B < e [ il
] I, al A R E () B R i gE 1. H—4 5
[ 1E 5% PR B A 1] 8 (d) i Bl 300 45 R R LA
B R R R 0.99992, ¥ 7 M1 2254 0.25378 rad . iX
Ui B P 8(d) i I 25 SR e A AR I R A LB R 5 .

AR B R E 8 (d) AR A AR AL AR A A {5 IE A
W B R B b B A 25 5 WNZ AR 5 4T SR AR
4.071 km F14.2572 km Z [0 B4 B — DGR RN B
oA B, Fh b RT L 7E FR R AR T Y R G
TR B A AR T 45 0 8 AR 57 Y s 3 sz SR, B T AR A
EREAE N R EiTS SO B A DA R -]
Al LW AT o (HJE X B A 2 E 6(d) R 8(d)
HECE LA A5 R — T, AR B 6(d) Y i
BTG R R ECE K, ¥ MR 22 BN B AT LA R
L 6(d) Hh iy P8 3 R AR RO EF L ik sh (55, i
A A A B T AR SO 3R Y = B MR Tk B AT 34

4 45 B

o T AH T 5 0 T RE A7 O B 08 R S A, 7 A OE 32
it VR P % SR i A it 4 8 1 G T A AT 1) [T B R B
AR I8 U8 U A TR BT 8 IR A AR 43 e R R O 2
AL LA A SR g A AR AL AT 2 2% T e R . R E
X 28 58 I 04 FE S A% Ak /0N D 4 il 5 EE AR 1 O T
80 ) Bl A R S HG v N a0 1) J2 B00T LA
it B AH A7 A8 £ B FL/IN I o i J 3 AL 4k 1) 45 () 43 A
AIE R IR R Bt AL A AR S R R SR S . B
TR ) Bl 1) X6 A — A Jhk = A B4 AH A A Rl
FHAEE AR S5 /D 3 A7 B 90L&, o] LAl e 27 K B Oy
] b A AT 2 7 % 5 i 2 T T LSRR AR B B 4
OGS . ZHNES S5 SERES AR TR
Bk 0.99996, 175 MR 2% 4 0.17832 rad , M L T 1% A 1E
0 Tl T )l R 0N R R ) B A B T VS R T
ZHHE KT 0.00003, B 5 R R 22 W /N T 23.3% 0 #E—
A B 2 B (P AR SO B = R A I 1 K b Ak B

0506005-9



Rt

PR AR B4R A . B, A SO i O
AT BTS2 E0AH A7 6 s 3 S S A AL AR S RS
M. eAh , AR SCHrk 7k & 478 CPU S/ i7-1165G7
HEW N 2.8 GHz (THEAL B ST T 50 UE , a5 AR H B
AT IR R, o T B i ) S A Al R O s MR RE A A
BLIF P 0 2 18 45 20 B SR A B8l A T TS B S B

(1]

(2]

(3]

(4]

(9]

Z X X #

LuY L, Zhu T, Chen L, et al. Distributed vibration sensor based
on coherent detection of phase-OTDR[J]. Journal of Lightwave
Technology, 2010, 28(22): 3243-3249.

B, B, £, A BT SRR m) R LAY AH AL USROG I
B A SET]. i 2E e, 2022, 43(5): 609-616.

Ma SY, Wang Y, Wang P F, et al. Research of phase sensitive
optical time domain reflectometer based on support vector machine
[J]. Acta Metrologica Sinica, 2022, 43(5): 609-616.

Masoudi A, Belal M, Newson T P. A distributed optical fibre
dynamic strain sensor based on phase-OTDR[J]. Measurement
Science and Technology, 2013, 24(8): 085204.

wAME, NEAE, BT, A BT AL A 0 A AL RO I
BRI [T]. WOt 5t m Rk g 2022, 59(11): 1100007,
SiZ P, BuZ H, Mao B N, et al. Research on phase sensitive
optical time domain reflectometer based on phase demodulation[J].
Laser & Optoelectronics Progress, 2022, 59(11): 1100007.

ZhouJ, Pan Z Q, Ye Q, et al. Characteristics and explanations of
interference fading of a $-OTDR with a multi-frequency source[J].
Journal of Lightwave Technology, 2013, 31(17): 2947-2954.

He Q, Zhu T, Zhou J, et al. Frequency response enhancement by
periodical nonuniform sampling in distributed sensing[J]. IEEE
Photonics Technology Letters, 2015, 27(20): 2158-2161.

Fu Y, Xue N T, Wang Z N, et al. Impact of I/Q amplitude
imbalance on coherent @ -OTDR[I].
Technology, 2018, 36(4): 1069-1075.
Tu G J, Yu B L, Zhen S L, et al. Enhancement of signal
identification and extraction in a @ -OTDR vibration sensor[J].
IEEE Photonics Journal, 2017, 9(1): 7100710.

B, AR PR, SR, 55 . 20 SO 2 5 A% 0 & T 1A I e 45 4
S LT ]. oA, 2021, 41(3): 0306001

Chen H, Xu Y, Qian S, et al. Distributed fiber-optic ultrasonic
sensor applied in detection of discharging fault of power cable joint
[J]. Acta Optica Sinica, 2021, 41(3): 0306001.

Journal of Lightwave

[12]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

#5514 F5H1/2024 £ 3 B/ E#N:

reflectometer[J]. Applied Optics, 2016, 55(28): 7810-7815.

Tk, FORIE, VLRV, & OBE A RS BRI S S R
JriEEsE ] AR, 2021, 41(13): 1306008.

Ma Z, Wang Y X, Jiang J F, et al. Research on dynamic range
expansion method of fiber-optic distributed acoustic sensing[J].
Acta Optica Sinica, 2021, 41(13): 1306008.

Zhong Z, Zou N M, Zhang X P. Accurate measurement for the
subsequent perturbation in the coherent @ -OTDR system with
small laser-frequency-drift[J]. Journal of Lightwave Technology,
2021, 39(18): 5973-5979.

Lu X, Krebber K. Characterizing detection noise in phase-sensitive
optical time domain reflectometry[J]. Optics Express, 2021, 29
(12): 18791-18806.

Zhong 7Z, Wang F, Zong M, et al. Dynamic measurement based
on the linear characteristic of phase change in @-OTDR[J]. IEEE
Photonics Technology Letters, 2019, 31(14): 1191-1194.

R, TR, B, % TR 5 5 25 7 B 50k 9 A0 AL B
SO IR JaR 2 A 3 25 W 0 F 9 [0, AR A3 i, 2022, 43(10):
233-240.

Guan Y Z, Wan S P, Cheng Y N, et al. Research on denoising
algorithm of phase-sensitive optical time domain reflectometer
based on moving variance average algorithm[J]. Chinese Journal of
Scientific Instrument, 2022, 43(10): 233-240.

B, BROG, X, SRR T A 435 B Y AR SO I U Y
AR e, 2021, 41(17): 1706001

LiZ, QinZ G, LiuZ J, et al. Phase-sensitive optical time domain
reflectometry assisted by total variation techniques[J]. Acta Optica
Sinica, 2021, 41(17): 1706001.

Brig , SRR, #hEE, A5 5 R LR AR AR 7 R GEA O I I
S SR e AR T O (0], EE0, 2022, 49(9): 0906005.
Ruan J, Zhu Z J, Sun H, et al. Method for improving signal-to-
noise ratio of phase optical time domain reflectometer in UHVDC
control and protection system[J]. Chinese Journal of Lasers, 2022,
49(9): 0906005.

Wang C, Shang Y, Liu X H, et al. Distributed OTDR-
interferometric sensing network with identical ultra-weak fiber
Bragg gratings[J]. Optics Express, 2015, 23(22): 29038-29046.
Zabihi M, Chen Y S, Zhou T,
suppression method for @-OTDR systems using optimum tracking

et al. Continuous fading
over multiple probe frequencies[J]. Journal of
Technology, 2019, 37(14): 3602-3610.

Xue NT, FuY, LuC Y, etal. Characterization and compensation
of phase offset in @-OTDR with heterodyne detection[J]. Journal
of Lightwave Technology, 2018, 36(23): 5481-5487.

WAL, BB, 2, MRS TDLAS T34 i 1 iF 7%
(). KA EHEDOL %4, 2022, 17(3): 328-335.

Feng S L, Cui Q, Guo X Q, et al. Optical fringes removal in

Lightwave

TDLAS based on wavelet denoising[J]. Journal of Atmospheric
and Environmental Optics, 2022, 17(3): 328-335.

Noise Suppression of Phase Signal in Phase-Optical Time Domain

Reflectometer

Zhong Zhen'”, Zou Ningmu*’, Zhang Xuping”, Li Meng'
'School of Photoelectric Engineering, Changzhou Institute of Technology, Changzhou 213032, Jiangsu, China;

‘Key Laboratory of Intelligent Optical Sensing and Manipulation, Ministry of Education, Nanjing University,

Nanging 210093, Jiangsu, China;

‘Ingram School of Engineering, Texas State University, TX 78666, USA

[10] WangZY, PanZQ, FangZ]J, etal. Ultra-broadband phase-sensitive
optical time-domain reflectometry with a temporally sequenced multi
-frequency source[J]. Optics Letters, 2015, 40(22): 5192-5195.

[11] Dong Y K, Chen X, Liu E H, et al. Quantitative measurement of
dynamic nanostrain based on a phase-sensitive optical time domain

Abstract
Objective

0506005-10

A phase-optical time domain reflectometer (@ -OTDR) can quantitatively reflect the external perturbation signal



ot #5514 F5H1/2024 £ 3 B/ E#N:

according to the change in extracted phase. Therefore, they have been widely used and actively studied in the fields of perimeter
security monitoring, performance monitoring of dredged pipelines, cable partial discharge monitoring, and seismic wave detection. In
@-OTDR, there are various types of noise, including photoelectric noise of the detector, electronic noise of the data acquisition card,
phase noise of the reference light, polarization fading, interference fading. These noises not only affect the signal-to-noise ratio of the
detected result, but also induce distortion of the signal waveform. This implies that they degrade the accuracy of the phase signal,
thereby affecting the correctness of event discrimination. Moreover, the phase of @-OTDR is extracted from its detected intensity or
amplitude curve. It implies that the noise of coherent @®-OTDR is in the form of both amplitude and phase. Given that @-OTDR
measures the perturbation signal at every sampling position of the fiber, the extracted phase, including the noise, is distributed in the
direction of both “fast time axis” and “slow time axis”. Therefore, a three-stage noise suppression method is required to retrieve a

more accurate phase signal.

Methods For obtaining a more accurate measurement result, a dual-layer processing method, which suppresses the noise in the
form of both amplitude and phase, was adopted in coherent @-OTDR. Furthermore, the noise in the form of phase was suppressed in
the direction of both “slow time axis” and “fast time axis”. First, low-pass filters were used to reduce the noise in the form of
amplitude separately for the vertical and orthogonal components during the digital orthogonal demodulation process. This enhanced
the visibility of the modulus to correctly solve the phase. Then, for the noise in the form of phase, the processing of denoising was
performed in the direction of “fast time axis” and “slow time axis”. In the direction of “slow time axis”, the method of wavelet
decomposition and reconstruction was used for noise suppression. Based on the characteristic of the linear distribution of phase change
in the undisturbed region of the fiber and randomness of noise in coherent @-OTDR, the approximate components of phase changes
after wavelet decomposition at different sampling positions of the fiber were used for correlation calculation. The number of
decomposed layers for wavelet denoising was then automatically determined by the maximum value of the correlation coefficient. This
avoided errors due to manual decisions. In the direction of “fast time axis”, according to the linear profile of phase change of each
pulse, data fitting with the method of total least squares was performed. Correspondingly, the fitting process effectively reduced noise
in the form of a phase.

Results and Discussions In the orthogonal demodulation process, low-pass filtering is applied to both the orthogonal and vertical
components to suppress noise in the form of amplitude, resulting in a clear visibility of the modulus [Fig. 4(c)]. Based on the
correlation calculation of the approximate components, obtained via the wavelet decomposition of the phase changes, the highest
value of the correlation coefficient is obtained when the number of decomposed layers is four [Fig. 5(c) and Fig. 5(d)]. Therefore, four
is automatically chosen as the decomposition level for subsequent wavelet denoising. Then, the process of wavelet denoising in the
direction of “slow time axis” and data fitting in the direction of “fast time axis” are performed. The root mean square error of the
sinusoidal waveform of the final extracted phase signal is only 0.17832 rad [Fig. 6(d)], which is 23.3% lower than that obtained using
the two-stage denoising method without wavelet denoising in the direction of the “slow time axis”. This indicates that the three-stage

«

denoising method with wavelet denoising in the direction of the “slow time axis” achieves more accurate measurements. Additionally,
the results of the discussion with respect to the effect of polarization show that in coherent @-OTDR using a highly coherent and high-

stability frequency laser, the effect of polarization fading on the correct extraction of phase signal can be approximately ignored (Fig. 8).

Conclusions In the process of orthogonal demodulation in coherent @-OTDR, the digital low-pass filter is used to reduce the noise
in the form of amplitude. Correspondingly, a reference position is selected to retrieve the phase. Then, for the unwrapped phase
changes, the method of wavelet decomposition and reconstruction is used to remove the noise in the direction of “slow time axis”.
Based on the spatial profile of the phase change and the randomness of noise, the number of decomposed layers of wavelet denoising is
obtained via a correlation calculation of the approximate component of the wavelet coefficient. Finally, the data fitting of total least
squares for the phase change of each pulse is performed in the direction of “fast time axis” for suppressing the influence of the noise in
the form of phase. For the final calculated phase signal, the R-square coefficient and root-mean-square error of fitting with unknown
parameters of the sinusoidal function correspond to 0.99996 and 0.17832 rad, respectively. Compared to the results obtained by the
data processing method without wavelet denoising, the R-square coefficient increases by 0.00003 and root mean square error
decreases by 23.3%. Further studies demonstrate that the phase information obtained using the three-stage denoising method is closer
to the true value. Consequently, the newly proposed method is more helpful in achieving an accurate measurement in coherent
@-OTDR.
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