B 44% F 1H8/2024 £ 1 B/

K EHRIK

3 TRk o 25 5 6 B 8 R 5 2 SR 5

Bt Ji

ANEH, TEN, RAE, BEH, %

R, KE, BFL, RELY, EFET

VLR RSO AR RS R I E S R s, DU RS 6117315
P VTSI A A AL A AT o, W BU 311121

TE Sahk T (OPC) IT AF e 78 S 1 75 A% IR 2% 32 0 1, 4 2 8 . 5 A0 7 BB S A J3 S S (@-O TDR ) Al 25
A A o 3l XA G LT A I Ik AT G R T S B DK e G 0y R A T KR AL A S A M EL I
I 38E G T A 2 Ak S A5 WD 5 A A R S T AR A ALK b R L R 0 T 9 R R LA e T S 2 AN I i ey 471
M BB e, DA 2 35 A5 700 £ IR L A5 A 5 1 IR It AR 1 17 2 i) 3 R 3R . AR ST SR IR T OPC A 6 47 75 ik 14 B 40 3k 11
KRR RGN T AL 3L T OPC By 43 A 2 1 23 A5 3875 e A% TEOIF 5 0 8 | 48 0] J2 A A4 86 S 42 717 1fi 1)
B B, 3 OPC [ S EF 7 I A% 8% AR oA O & 8 O 1l AT T HR T

S S0 AR (- ) QUIE TR W Wk & L R SRR O B L A I R

RESES TN29 NEIRES A

1 5 5

20 1H 20 70 4R AR AT AL IR H R Bl 5 Y4l 15 HE R
(1) 22 JRE T T D4 | B LA £F b A% A o Bl A% i
F 3 2 6 Il R AE B A8 fb R ] R R S AR Ak . B
23 % A% B A T SR B I A ROl A5 T AR B AS BT R
AL R FR G A 201z B, H b 3 O iR R ) ok
AL IR R G RENS 70 G & B T UE AT R W, o 38 i
6T T A i 8 A SR A S X R s () R v 2 T 4
B E R o B2 RO SRR B T B U A
S RAR RN b1 5 8 = S =AM ) T ol iR AR IPN
TR 235 Ry e B I SR AT Y R R B, BT RS U
A5 FLPH B 0 B R B, AT LSS B RO AR RO %
Fiig F) WG S — Fb RO £F B0 3 S R AR 1k 51 A M
SR, ARG Al v ol S =X, i LA R e R
BEAN, Fite R SCG 785 £F A% BRI 1 T V5 840, X B I 2 4
1) 75 Ak T AORR B T B ) RS 1 R A7 BT e s
FHL(D-OTDR) S 43 A3 2O 27 45 BN o 43 A3 2G4 1%
JRR (1 R AN LA DR g 1 R SR R SRR AN

R &-OTDR BA7 B i/ aE , (H e 552 3 — s
H 5 &R B2, 05 e E (SNR) (25 8] 43 3 % AL i
PR B4 . XUE R R 2Z () B A L A S IR $ R L8 &
PERE. @-OTDR @A 37 M b 5 8UHE 5 M A

DOI: 10.3788/A0S231531

I, T HICET 5 5 1 5 BE 5 P DN O BE 12 A SRR B A O
3 3 ] R A N bk e i R e (L 2y R, T LA SO A 9
BT ISR L. SR, Bl ik oh D) 5 B T iR L2 N
TR AR L LR L 2 3 o, 1) 4 A2 R 2 U 2 A
PR - FAHCLIE ) 0O PR B, Bk T
4 fie RAELAZ FR T AR PR RO B9 B(EL . U5, 941 8 Jik o
14 56 Bt B AT — R JRy BR A . — D7 T, Ik i i 32 A AR
SRBER o BN A = B 5 B, DT 82 vy g IR (5 e 1t (H2
W AR 2 18] 73 B 3% 5 o — T T, ARG % 2B R SR B SE T, &R
G RE A% T I 21 (14 e RO A ) £ R A — 2 o Oy T
e fi S IR B, o 5 A A R 32 1% R B i FR A, IX 8
WA 25 G ) 2 ST o 0 A2 SRR B =2 18] A7 7 A L T 24 1Y
KA A L B SO AN R RS . fER 2
O OUT il Gkt 2 % (OPC ) B AR AR 52 L e bs E
TR LA R A i R AU A% TR D B AT R o AR A% il
KSR Z BB . OPC A Fie Se w0 FH B 5 Tz
SRR AT TIOR8 0 A AR IR R B, I AR R SOR )
O P 3] e 7 T R A S Bl IR R B 9 O AR IR R G

2 OPC 1oL E () o3 An AL B 19
K R Iy e

2.1 HBEAEETHEHHNERREPHINA
P2 O e — A AR L O Ot TR S W A

Wi B . 2023-09-06; f&E HH: 2023-11-03; RABH: 2023-12-07; MEELZBH: 2023-12-12

EEWMB: EEAKRFYIE4 (62075030, 41527805)
EEMEE . znwang@uestc.edu.cn

0106012-1


https://dx.doi.org/10.3788/AOS231531
mailto:E-mail:znwang@uestc.edu.cn
mailto:E-mail:znwang@uestc.edu.cn

E 445 E158/2024 £ 1 B/H¥2R

AR R I R v R AT AR B L e, D KR A
T RS, A A N TS K Y R T 4T e
oL PR R KT AS K e s ot . R
B OGR4 T R B A5 B, — R A R i v i e A
WG s Mo o B L AT RS . S TIRTE R G
fEM L, OPC BAR PG| A B3 T st ok Z 4k £F
)43 A M (DTS) R G H . 2006 4, Bolognini %5
i I D) 308 M4, SR F 63 0 Simplex 1§ P55 52
BT 17 km DL _E A 3 B A5 R, 25 18] 43 SR R0 B 4 BE
B 15 m A5 K, 8 458 5.8 dB, 5164
J7 S L, FE AR R IR B Ay BRI BT L %07 B8 A% Ik
PE B GEK T 29 12 km. 2011 4F , Soto 2 F F & o %
ik O %8 1 71 47 Simplex 5 B A% 7E 30 s N SE L T
26 km A9 1L RS, R IA 2] T 1 m 25 ) 2 3 LU
Fo 3 CHy T 4y PR, g v 7 76 K B % i b 25 18] 4y
BRI W EE R AIC Y o) 8 423, A AT A D 1023 £

Simplex 7§ F 85 , 7€ 5 min N 52 5% T 58 km 9 15 B SL 5
SEELT 2 m B 25 1) PR RO 4 CC R IR S e R
2017 4, Rosolem 4§14 % B B B9 4E fift & 62 km , 5k H]
127 i Simplex i 52 B T 10 m 25 [6] 2» $ 5, I FEAK T
ARG WE I 46 T AL BT R] . [ 4E  Vazquez %
FE 1 km G EF KR 511 P REHLAS , SE 8 T %5
6] 73 HE 3k 2 m R BE 4y HE R Ol 1.5 CRy R IR IL 56, il
I E K 6 s, 2018 4F, AP Sensing 24 " '7E 50 km S
FRKET, R H 51247 Golay i 58 B, T 25 18] 43 HE R Ny
1.6 m JBJESHER N 2 CORBEL ) /3.1 C(Z 8
P ) MR RSB s 7E 75 km G KR, 581G T 25 ) 4
PERN 6. 4 m JHESHEE R 2.3 CORBLE)/1.5°C
(Z L) LRI, Zad T SRR & R £ Fp
G H AR DTS G TR EFHR(CED IERKT
R IR B Rl TR B A HE R R Bk b g 5 R 7
DTS 403 T hl 8 .

Bl TS HON R R G AT B (Y R

Table 1 Application of coding techniques in Raman scattering based on sensing systems

Encoding scheme Code length Sensing distance Spatial resolution Temperature resolution
Simplex code"” 63 bit 17 km 15m 5K
Simplex code'""’ 71 bit 26 km Im 3°C
Simplex code'”’ 1023 bit 58 km 2m 4°C
Simplex code'”’ 127 bit 62 km 10 m —
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Table 2 Application of coding techniques in sensing systems

based on Raman scattering

Sensing Spatial Measurement

Encoding scheme

distance resolution  uncertainty

Simplex code'"”’ 50 km Im 2.2 MHz
Simplex code'" 50 km 0.5m 0.7 MHz
Simplex code'"”’ 120 km 3m 3.1 MHz
Complementary code™™ 50 km 1cm —
Bipolar Golay code™ 100 km 2m 0.8 MHz
Simplex code™’ 175 km 8m 2.06 MHz
GO-code"™” 100 km 1m 2.2 MHz
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Table 3 Application of coding techniques in Rayleigh scattering
coherent detection @-OTDR systems

Encoding scheme Code S?nsing Spatiél
length distance resolution

PRBS™ 19560 bit 500 m 2.5cm
PPA™ 61627 bit 1 km 14.7 cm
Unipolar Golay code™™ 2048 bit 10 km 0.92m

PPA™ 6211 bit 144 m 10 cm

Bipolar Golay code”™ 2048 bit 10 km 0.92m

Random coding"*"’ 128 bit  42.338 km —
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Table 4 Application of coding techniques in quasi-distributed sensing systems
Sensing bandwidth
Scheme ) ) Advantage/cost
improvement times
N . 440 kHz@330 m . . .
FDM™ o Using additional frequency-domain resource
(3 times)
Vernier &. 25 kHz@51 km . .
e r) . Can only be used to detect narrowband signals
OFDM (25 times)
. 166. 6 kHz@860 m . .. .
1Cp™ . Using additional frequency-domain resource
(3 times)
ICP'™ 277 kHz@860 m System measurement swing rate can be simultaneously increased by a factor of 5;
) (5 times) using additional frequency-domain resource
N . 50 kHz@10 km . . .
FDM" . Using additional frequency-domain resource
(10 times)
el 166. 7 kHz(@860 m » .
OCSF ) No additional frequency domain resources
(3 times)
PPAT 12. 5 kHz@76 km The number of sensors requires rigorous design, and the complexity of realizing
(9 times) a multi-sensing point system is high
. o) 1000 kHz@1. 05 km . . . .
C-AMI' (201 ) The number of FBGs is limited , using additional frequency-domain resource
imes

10 kHz(@99. 4 km

OCSC & EMD'™ i
(20 times)

No additional frequency domain resources, real-time demodulation, high strain

resolution, high signal-to-noise ratio, low-frequency signals at the Hz level can

be measured
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(a) Single-pulse result; (b) single pulse result after four

times averaging; (c) 128-bit Golay coding result
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Abstract

Significance Optical pulse coding (OPC) has caught much attention in optical fiber sensing in recent years, especially
when combined with phase-sensitive optical time domain reflectometry (@-OTDR).

In the 1970s, optical fiber sensing technology emerged rapidly with the development of optical fiber communication
technology, and it employs optical fiber as the sensing medium or optical transmission path to sense changes in the
surrounding environment by the characteristic changes of light waves. With the increasing demand for sensors in society
and the continuous maturation of optical sensing technology, optical fiber sensing systems have been widely adopted.
These systems based on the light scattering principle can carry out long-term monitoring in harsh environments and achieve
the measurement of physical quantities with large spatial scales or high spatial densities by continuous sensing points in
optical fibers. Meanwhile, they have become a key component of borderline security, firefighting early warning, pipeline
monitoring, transportation line supervising, and large-scale structural health monitoring among other fields.

Based on Raman scattering, Brillouin scattering, and Rayleigh scattering, a variety of optical fiber sensing schemes
can be implemented. Rayleigh scattering is a kind of elastic scattering caused by refractive index changes in the optical fiber
and has a faster response speed compared with the other two scattering methods. Additionally, based on the interference
effect, Rayleigh scattering-based optical fiber sensing is more sensitive to the changes in the measured parameters.
@-OTDR based on Rayleigh scattering is one of the most important applications of distributed acoustic sensing (DAS) and
quasi-distributed acoustic sensing (Q-DAS), with fast response and high sensitivity. Despite the sound performance of
@ -OTDR, it is still affected by some of its factors, such as signal-to-noise ratio (SNR), spatial resolution, and
transmission distance. The mutual constraints among these factors can limit the @-OTDR performance. By coding the
probe pulses injected into the fiber, the SNR of the sensing signal can be significantly increased without increasing the peak
power of the pulses, thus avoiding nonlinear effects. Meanwhile, the single-pulse response can be obtained after decoding
at the receiving end, and the spatial resolution of the system is determined by the length of a single pulse rather than the
entire probe pulse sequence, thus maintaining the spatial resolution and receiving a high-SNR sensing signal. In most
cases, OPC is a viable solution to meet the demands of high accuracy, long distance, and high sensitivity sensing because
it can overcome the limitations among various key parameters.

Progress Regarding the combined applications of OPC technology and @ -OTDR, the development of optical pulse
coding technology in optical fiber sensing is firstly reviewed, and its applications in sensing systems based on Raman
scattering, Brillouin scattering, and Rayleigh scattering are introduced. Meanwhile, we present the representative studies
of researchers in China and abroad and conduct a comparison of the performance enhancement brought by different coding
schemes and traditional schemes. The development of the technique is summarized as shown in Tables 1-4, with the
system performance of the different schemes compared. Then the coded @ -OTDR technical schemes proposed by our
group are presented in more detail, including ®-OTDR based on unipolar and bipolar Golay coding, and the suppression of
interference fading and frequency drift therein. Finally, the @-OTDR technical route based on orthogonal codes with the
same carrier proposed by our group is highlighted.

Conclusions and Prospects In recent years, under the joint efforts of several research teams at home and abroad, optical
pulse coding technology has been successfully integrated with optical time domain reflection technology in depth, which has led
to remarkable development in the direction of optical fiber sensing based on optical time domain reflection technology. By
various innovative ways of combining optical pulse coding technology with @ -OTDR, the constraints among the key
performance parameters of @®-OTDR can be overcome. Optical pulse coding can help @-OTDR achieve distributed optical
fiber sensing with long distance, high SNR, high spatial resolution, and quasi-distributed optical fiber sensing with long
distance, high SNR, and large bandwidth. The acoustic wave sensing technology based on optical pulse coding can still be
further extended to engineering applications, such as vehicle positioning, seismic wave detection, and perimeter security. Itis
worthwhile todeeply explore high-level applications of the technology in engineering fields in the future.

Key words optical fiber sensing; optical pulse coding; distributed acoustic sensing; phase-sensitive optical time-domain
reflectometry
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