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Fig. 5 The spectrum of the OFDR beat signal after nonlinearity compensation
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Fig. 7 Two-dimensional cross—correlation maps and wavelength shift demodulation results of three methods at 1500 pe. (a)
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ing-window optimization - Gaussian filtering method
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length shift curve of the sliding—window optimization method; (¢) Wavelength shift curve of the sliding—window optimiza-
tion method combined with Gaussian filtering; (d) Relationship between wavelength shift and strain for the sliding—win-
dow optimization method combined with Gaussian filtering
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Table 1 Strain measurement errors of the sliding window optimization and Gaussian filtering improved method under dif-
ferent strain levels

Strain /pe RMSE /pe MAE /pe SD /pe
300 6.45 5.20 5.57
600 10.20 9.51 5.52
900 14.25 13.51 4.58
1200 3.68 2.68 3.57
1500 3.92 3.42 3.71

BT HE— 2 B VAL AL 48 HOAE 6 B3 (Conventional Cross—Correlation, CC) A% 4t i & #M= 2 (Conven-
tional Position Compensation, CPC) ¥ 3 % {i fb i% (Sliding-Window Optimization, SWO) L4 & ¥ 3 % 1 1k
55 v W € 9 2 it 7 v (Sliding=Window Optimization with Gaussian Filtering, SWO-GF ) 51l 1 8 & , A 33T
BT S [ 3 BEE R 7.4 mm B, 1500 e B A8 8 ] A 4% 5 000 & 07 4E ) RMSE \MAE #1 SD, 413 2 s . 45
SR, CC M CPC MR % 22 5K, RMSE ¥ KT MAE, th T RMSE X K 1) 5 & {8 U8k, 36 1% 58 5 A
KRR MAG G B AR R S5 R TP AAE R 2 R (. Horb ARG S AME B el T4 A0 & 1 iy 7
2 B I T T — AR R AR AR, 248 8] G B R L R — B S R A AR R B AR 22 4 B
FF— 0, REORE LI R 22 R TS A CHE L. 5l AW ERePLH G, SWO ) RMSE & 2
141.74 pe, YA Z 7 Bk B — & F2 L FRAGA 81% 22 (0 RMSE KT = £ MAE, 16 B figt )8 25 A 2 6 /D i K
WA, HIELZ T ,SWO-GF 78 RMSE . MAE H1 SD 43 I B/ 2 6.94 pe.6.21 pe F14.36 pe, P Z 7 ik
AL DL 40 B S (E, AR I 2 TS H A AT AR T AR D RS . £5 b A CCLSWO Y RMSE |
MAE 1 SD 73 5l B AR T 64.63% .79.03% #161.28% ; #1%: F CPC,SWO B RMSE .MAE 1 SD 73 Jill B A% T
73.90%.80.26 % 1 72.62% . #— L4546 m WM A CC,SWO-GF ) RMSE .MAE H1 SD B ik 1
98.27%.96.95% H1 98.78 % , 1 = F PF-Hr 45 b5 T BYKE FE 1 25 Lb 43 i) 2 57.74.32.74 F1 82.06 ; AL T CPC,
SWO-GF ) RMSE .MAE 1 SD [F#4% T 98.72% .97.12% 1 99.14 % , 76 = RhIEHr $8 bR T ARG B8 189 25 1L 23 9
R 78.26 3478 F1116.05, R W% J5 1k RE 08 ik — A0 48 T i ARG B 55 8 o

F2 1500 pe MEEEA MM AT ENRLETNEIRE
Table 2 Strain measurement errors of the four methods within the 1500 pe strain range

Method RMSE /pe MAE /pe SD /pe
CcC 400.73 203.33 357.76
CPC 543.13 215.98 505.99
SWO 141.74 42.64 138.52
SWO—GF 6.94 6.21 4.36

FH T 25 M 8 A 1 A A% 0 25 S AE T L AE DG T B OBUAS ] PR U AR SCA B A DG 558 £ JBE 6t L 43 B T A [+ i
PR I I 1) 2 2R . CC M CPC W ] S 28 8 9 O (W X ML), sk, W 3R W 3l i 10 80, U A 96, %
N PR XA 0.1 m %8 0.8 m, 25 A 43 B K 7.4 mm. M, Fom 25 ARG Y 25080 B E o 1024, i 1 3
Tl 1 BUE 28 P A 2 5 K JE i E . AT CC,CPC AT 240 /b i B AH &35, PRtk — 3 ELAG A [R] A% Aist 1]
LB . T SWO 5 SWO-GF BImFHE E 28 9 O (W X M, + W, X N X M,*). %3 84 4l ai, Jep
W X M,* 3 i A W o0 0 35 AT 0 — R Rl B AR OGS TR A, W, XN X M, Fom i
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A S S B Y 22 WA A DG BRL Ah W SRR BRI E O R B B AR LN SRR S E A
R L HUE 40, BIVREAS 5 B0 0 i B AT 40 KB AR G B . AHECT SWO ,SWO-GF 394 1 i 38 18 i8¢
PR MEUE bR AR BT L AR SO 4 B T CCLCPC L .SWO Al SWO-GF 7E 1500 pe Jiv A5 3 Fil Y fife 3 IX 1]y
0.1m % 0.8 m, =5 1] 43 HFAE Ky 7.4 mm f 1) F4 A PR (], 58 3 o o 45 AR, S s A 340 A i) R 2 5 53 A
FEAR—F,CCH CPC Y Ab # i A] L R B23 . i SWO-GF Ay b 8 i 8] J& CPC 19 17.23 £, SWO [ kb 3 i 1]
21 CPC Y 13.41 4% . X KW SWO-GF B 2 i it [] FF 8 3= 2 I T 2 6 D0 AR 5502 o S0 DB O AN o e /NI
B T B g O A B e o R R R R R L AR TR Y AR OGS I SWO-GF Ay ab 3
A TR0 . 76 Aok TAE R 8RR P v 45 #2171 4 51 (Field Programmable Gate Array, FPGA) ol [/ Ab B 2%
(Graphics Processing Unit, GPU) & 1 i 3 Jy 58 , D)3 5300 (1) 52 ) 40 3 i
Fz3 1500 pe 57 353E E P I F 77 5k Ab 2R A IE] B9 3T BE 4T

Table 3 Comparative analysis of processing time for four methods within the 1500 pe strain range

Method Spatial resolution /mm Time /s
cC 7.4 0.016
CPC 7.4 0.022
SWO 7.4 0.295
SWO—GF 7.4 0.379

3 2o XA 2T IR B 3 M AR SCELES T TR 5 A B9 OFDR R 40 0 AR ) s PR AR, i3 4 firm . &5 R 3%
A R A 45 L R AR W s B R N R AT S B R A R o R L I A B AR I, Ry
TS H A (] A B T W S K X S S S B DG B SR (F S AL TR R S BUR
PEDR BT R A AR R R AR B . I ER S IR AR S AE T BB S AE 4.32 nm AR HMIE ], W B K D 40,
XFRE 7.4 mm 28 (8] 53 BER 5T, 528 1500 pe A 7 28 0 4 5 1]

#4 EFREH K OFDR &S5 25 2 14 &t

Table 4 Strain measurement performance of OFDR systems based on different methods

Work Method Frequency sweep range /nm N Spatial resolution /mm  Sensing range /pe
Ref. [13] SR+SC 20 125 5 7000
Ref. [16] DS—RSS—S 5 200 32.6 2500
Ref. [19] OSSP 20 150 6 10000
Ref. [21] DC+IWD 10 32 2.56 2000
This work SWO—GF 4.32 40 7.4 1500

Oy 56 ¥ s B DA 5 o A 90 90 R D vk A AR A B WS T A figp 9 PR BE L T RS T AR 29 ) N AR S

S, 4 2.5 m KA B IO £ 0 FROR I 7R kR B B R PR SRR I 0 X B . BRI JE T 0.5 m L JRE
JE09.0.1 mm. i8R 85 25 il O S T 2, Xt fp DG 27 it AE 4 29 AR . P10 R 1 7.4 mm %S [H] 73 B R
N O VA s N = 1 B e B R RS MR TR o8 & Gy e O 2 L A s N ke B IR I N L
5 e 30T 208 A R 5 vk BB 08 5 4 i B e A A (L, B T RN I BRRS JEE L B6 I 13200y YRR AR B ST R T B B 4
i

3 #ig

AR SO T — R G5B sh BT U0k 5 v 0 g U 69 OF DR 3 728 fiff 981 7 1%, 76 AR 35 180 2 6] 43 9 R 1 [l i 3
TR AR R . p SR T3 TN B Ak O B AN K Tk BE A R S A R B S A B S
P B 2 % A5 5, R B M 56 6 (A 52 o A DG 0 07 8, S BN 8 O 2 2% o T35 5 1 0T 00 2 0 7 it AL Mg 7
P TE R AR R B . SC SR A5 R AR AE 4.32 nm P K I VR 7.4 mm ZS [ 43 HER T AHE T AL G E AR
Bk, BT B0 T B O Ak T 1 N S I R S L #3000 pe I 2 600 pe, ¥ 7 MR IR 25 O 2 48 1% 25 AR
Zor BIREAR T 73.90% .80.26 % 1 72.62% o TEMLFERE b, 454 W 2h 8 U0 4k 5 =0 30T 0% Dk %) I R A R vk R
AR S P R & 1500 pe, A AR G A AN AR 5 O AR IR 25 1 24 440 X 1R 25 R B o 25 0 N BRI T
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Fig. 10 Wavelength shift demodulation results of the conventional position compensation method and the sliding—window optimi-

zation method combined with Gaussian filtering under non—uniform strain
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Strain Measurement Range Extension in OFDR Based on Sliding
Window Optimization and Gaussian Filtering

MAO Tianyu', LT Qi', GAO Pufeng', FAN Qinggeng', WANG Xin', WU Beilei', LIU Yan',
ZHANG Jianyong', CHEN Desheng®”, WANG Muguang'
(1 Key Laboratory of All Optical Network and Advanced Telecommunication Network, Ministry of Education ,Insti-
tute of Lightwave Technology, Beijing Jiaotong University, Beijing 100044, China)
(2 School of Information and Electronics, Beijing Institute of Technology, Beijing 100081, China)

Abstract: In recent years, optical frequency domain reflectometry has been widely applied in structural
health monitoring, aerospace engineering, and industrial inspection owing to its high spatial resolution,
high sensitivity, and distributed strain measurement capability. These characteristics enable precise and
continuous detection of structural deformation along optical fibers, making optical frequency domain
reflectometry a promising technique for distributed sensing applications. In optical frequency domain
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reflectometry—based distributed optical fiber sensing systems, the strain distribution along the fiber is
typically demodulated through cross—correlation between the reference and measurement signals.
However, under large—strain conditions, excessive fiber stretching leads to positional mismatch between
the reference and measurement signals, resulting in spurious peaks in the cross—correlation function and
consequently inaccurate strain demodulation. In addition, demodulation accuracy is influenced by several
factors, including nonlinear tuning of the tunable laser source, correlation noise, detector intensity noise,
and environmental vibration disturbances. As the spatial resolution increases, the number of data points
involved in the cross—correlation decreases, leading to lower similarity between the reference and
measurement signals and increased random noise, which further degrades strain demodulation accuracy.
These issues collectively hinder the simultaneous realization of a large strain measurement range, high
spatial resolution, and high demodulation accuracy in optical frequency domain reflectometry systems. To
address these challenges, this paper proposes a strain measurement range extension method for optical
frequency domain reflectometry based on sliding-window optimization and Gaussian filtering. The
proposed method aims to extend the measurable strain range while maintaining high spatial resolution and
improving demodulation accuracy. First, a sliding-window optimization strategy is employed to identify
abnormal windows based on a decision criterion combining wavelength shift continuity and cross—
correlation similarity. For these abnormal windows, a local adaptive search is conducted within the
neighborhood of the reference window. Specifically, the reference window is incrementally shifted with a
single—sample step, and the cross—correlation function is recalculated at each shifted position. The optimal
matching position is determined according to the maximum cross—correlation peak criterion, thereby
compensating for positional mismatch between the reference and measurement signals. This process
significantly improves signal similarity and effectively suppresses spurious peaks in the cross—correlation
results, thereby enhancing the robustness of strain demodulation under large—strain conditions.
Furthermore, the one-dimensional cross—correlation results obtained from all sliding windows are
reconstructed along the fiber length and arranged according to spatial position, forming a distribution of
peak position, distance, and amplitude. By projecting this distribution onto the peak position—distance
plane, a two-dimensional cross—correlation map is obtained, in which the horizontal axis represents the
spatial position along the fiber, the vertical axis denotes the wavelength shift, and the color intensity
indicates the peak amplitude. In this representation, spurious peaks appear as discrete noise components
that can be effectively suppressed using Gaussian filtering, thereby improving the continuity and reliability
of the correlation map. To validate the effectiveness of the proposed method, a distributed strain sensing
experimental system based on optical frequency domain reflectometry is established. Experimental results
demonstrate that, under a wavelength sweep range of 4.32 nm and a spatial resolution of 7.4 mm, the
sliding-window optimization method extends the strain measurement range from 300 pe to 600 pe
compared with the conventional position compensation method while reducing the strain root mean square
error, mean absolute error, and standard deviation by 73.90%, 80.26%, and 72.62%, respectively.
Furthermore, by combining sliding-window optimization with Gaussian filtering, abnormal values in the
strain demodulation results are effectively eliminated, and the strain measurement range is extended to
1500 pe. Meanwhile, the root mean square error, mean absolute error, and standard deviation are further
reduced by 98.72%, 97.12%, and 99.14%, respectively. The proposed method provides a novel
demodulation scheme for extending the strain measurement range of optical frequency domain reflectometry
systems while maintaining high spatial resolution, thereby broadening the application potential of optical
frequency domain reflectometry and offering a practical solution for high—precision distributed optical fiber
sensing.
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