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Fig. 1

DOFS system based on coding pulse sequence (AWG: arbitrary waveform generator; AMP: amplifier; SOA: semiconductor

amplifier; EDFA: erbium-doped fiber amplifier; ICR: integrated coherent receiver; DAQ: data acquisition)

DOFS Z 4t i % th o] 8 & AR J2 A% BOG 4 78 g A DG
ik A S R T e R, AT LSRR

i()=h(t)Qs(t), (1)
s () RAFER G Ak b 55 5i(0) R RS
Bt s h () RABESCET By W ;s QIR BB h(2)
RAE 1AL O G LR 1 1% 338 o8 B8, WARER THE OB RS
IR ZS 5 AL O £F e b 19 BR 85 R0 32 2 4R 30, 4 i %
NS WRBhES A, R E Kb ST TP AL R I
ozs () 8 = 55 B E) 23 S o AR R B =
22/v o PG, 38 2 W A B Y i () RO A (), kAT
PAAS S AL O AR B RS AE B 5 R 0 s (2) 2 Bk
i S AT RE 2 A Dk i, D) A% T R G Y 4 WAL T AR

U T 98 18 >k AR A5 Fe D0 A 8 LE R 422 0% 5, |
r()=h()@p(1), (2)
p(6)=s()®s'(—1), (3)
e p(2) Jy i A6k vh 45 5 28 o0 DG e 8 I 2 5 Y 45
STk ol iy 8 RE AR L p (1) 5 ek 2 S 2 AR, R R R, X
() 4 A7 BT -t gl ORS 40, B 2 ) 20 B R v 5 (2) A
BAG W R NES KRR T p() AR
PRI, 4 o i T L o 4 o 000 5, 9t 2 AT g
G p ()8 s () MR . [H 24 5(2) B Bk B A%
T T S o A I () R A AR A P A%
E L RS S I R A KRR |2 S GITANC § T QL N FiA

PH AT p () I 25 vl i ok B, o 20 (1 A5 1% Jk I 5 =2
R o DRt s(2) (0 B — ik of B, DOFS R G748 25
[E1] 73 39 2R 5 0 B R A% SO B =22 1) P O

g g e e P & L 6 s (2) BEAT G A, BSR4 A ik ok
FEB o s( 1) e 20 g i 0 6 ik vh 2 31 o FE A% B AR 45 1 %
W, F 2 (3) BT 2 38 14 DC B 1 Ik D ey 25 0% A I B 300 A
ARSI B . PRt B4 A% % A SR I 1 AH 6 R B0
HAE i pR B, T p X (2) i BB AR BIE BB AT I Bk B
PR N o R, p(2) B BE B OE T A S ik v
HRE R . BRI T LR K g Sy 81, DL 1) % ik
I U (L Ty SR A B RB o A v B UM S L DT K JE 4
o s M b, 3R G R T 3R ik o T AT Ok 1) Al 2k RN
il 4% 2% R G A AR IE 25 [B) 2 B R A F, SE K R
A% TR R G R DN A

X T K FH 4 i Jok o B9 DOFS R 45, 4 i ) 4 B JF
JEVH A OG5 M X R e A Bk e AR O, R
LELLF L5 o

1) it 35

B 1 25 FAE T i i Ty 58 ) M RS 4 o BE ) A
EME L THRE S . BT RSP R RG24
PRIk o, AR L BRI bk e, I Y L e
K BRI 5 08 B AT K, 53 SO 7 A R B 45
SRR TS O0 T B /N B MR R L R IR 4 R ET
DI e 7 o g 38 25 5 m K B L % WA O, — i

0106013-2



E 445 E1H8/2024 £ 1 B/H¥2R

et 2 E T VL, PRI S S R 8K 5 4 R 1 55
LR =R
2) A |5y BER
M (2) ()AL, p(2) B — R 5L, 2 X5 J
SCEF A R A (2 ) 7 SR 8 RO 1 15 a8k 2R e 4G T 31 1
SER (1) & h(2) PR Uk O i B — 2 R SR I B 45 O <
T b, AT LR p(2) RIK L T WIS, B p(2)=
rect(/ W) & (¢), Herrect (¢/ WA T W 9 I7 Ik
PR, 0 ()03 T B AR vhif pR 2. 00 ply X (2) AT
r() A RmH
r(t)=h(t)Qrect(t/ W), (4)
K (L) A AL BEAE =X h(2) e ve h WY 8 3h
B N SV 3| T 2 o e o - N DA Sy S e s b €
DOFS R 4o, By il 8 45 5 (%) B (8] 228 4k 3R AE T 1% J8%
{5 B AEAS 0] L oA, d = (4) w0, Bk 98 e 23 ] 43
e A I ] 5 A3 ) a6 N OG &R, AT DA B R G
23 8] 73 HE R
W e,
> (5)
Ko W BORE R R e, L, X SR B 4R 85 1Y)
T I FR G, Ho 25 (8] 43 % i B B 5T 1Y K i 5 B R T
T o G Y A RS RS 0T I K TE B R R R B A e
PRSI 3 B R AL B A, S ) A PR R e
3) A i
TEZ B TR 2N M DOFS R4, by
WO TR LR h A ANTE . A Z WG A, W i T S
T e 2 A ) 391 AR DG ok B8 55 I 00 52 ), B — R E L b
P A% I 2 32 B A5 G 5 7 30 4 9 161 P g i i 1 4
PRl Ik, A8 G 5 A1) 1 AR TR 3B 8RR OG eR Rl 32 A 4R
T w25 25 55 AR T P B I T A R Y 1
i K, D) G B8 0 30 T e ok B S PR e S S B WA
FEE o AT ok B I 41 ) 6 7 2 At o g 5 7 94T 25 1Y G e 4
Bro R, W RLGE SO BE F8 A (M) 5 it 1k 4 B 5 51 1)
RARAIRE 1. MRl LASRR N

2
|7”0|

Az =

MF: N-—1 ’ (6)
2
22‘0’
k=1
N
r= > aur =1, k=0, ,N—1,  (7)
n=1

K e o, 2 G 7 50 0 55 n A5 G 5 o S EVEAE 5 02 7
Gl [ B A A AR TR R OC R B, MK, R I G
5 15 1) F) £ I 000 1 B ) e

A H AT, MR & B E A BAR IR A ) A R OG pR B
B B — 5 e 41 . R R kS gm A e s S, B
A2 & B B A s M 9 7 80 & 13 457 75 6 1 Barker
JF 5, H M, R 14,08, 1 ZE 4R 2 M, K F 10 H ¥ 51 K
BERTF 130 b e 51, B AR 4R S — A i H Pk 1k
B ) A IR, SR FH 22 4 4 R 5 A AL R S B B

RELA IR TR 3 AR O pR BRI Ry — Fh i e 28, s AR 3R
BB AT, U Golay H 4T 511 45

3 YL E

R 4l 2 i 5 31 R RS o 1 BRI, TR 4% 28 4 A I )
IR SR B — IR A RS, 5 T BUE R O 5K
H 1, T RN P g R T B o 1 — 1,
55 =2 M g A S A O B Sk AR DL B
DA FEAL IR R G, — i e 2 G i e 371 22 ORI A
R 1R BUT A Bk R 22 K8 A7 e AR 4 i P 51
3.1 EHERMEHD

BARRPE S S T B A O R 1 AU PR E T
FET o BRI A DOFS R 40, FLi ] 7 280 L A ff 5
it FH T 56 SO 25 5 i H G T o) 25 45 A1 9 1 25 0 R
S G A U 7

Simplex 2 ith 2 — Fi L 5 4 B 1k 4 65 , 7E DOF'S
RN )Tz o Simplex 4 5 02 MR 4 SR PR B9 S RS ok
AT RS, S HE M R] i AR P ) Hadamard Z8 B4 38 of
Hadamard 78 # 3 A= il . S 506 B vp iy & — 1T 8B & — 4
A, K, £ T Simplex 4 % 89 DOFS & 48
BRI KT S W b i B — AT e A5 5, DT A5 3] 4
TR . PR S B R HE AT 38 Hadamard 25 46 15 21 (14 41
B T L 22 235 SR 4 B, it nT LA I JEE A% BRI T 1 Wi B
T S %6 B4 04 1 Hadamard 78 0 %6 B4 5 S %6 1% 14 3fe FH
JERARE RS TR, B T Simplex g i 19 15 8% &R Ge e #
1 FEARPARE ., K2R T Simplex 44 5 £ AR
W B R Hak FE . W] LA, T Simplex g i £ R
1) DOFS 1] L9 B 24 356 1 58 ik o % = 0 o
HEIR SN ok o 7E K S v, B DK w26 4 SE AR N AR
T — RIS 1 G 55 ok e 5] 76 #5250 e 45 3 T —
F G [ A 0 2 24 R i 4 o B ik o v 0 2 R S Y
Jok w3 200 B 0 2 TR 22 1) ) 38 4 Hadamard 7% 4 A BB
£ . 20064, Lee %Ml I Simplex 4 % 3k $2 5 )6 i} sk
S (OTDR) B 15 M b, ] 255 bit (9 77 51 7T LUK
{5 R = 5 9. 2 B, Simplex % % 78 6 £F 5 8 14 &
AR AR TR Z BT R IE KOG 2R fT 2 R K
AR IREE R B T EEMMEA . BRT, Simplex 44
AR DOFS Hr R348 1 iz I

I Bt AL 5 510 1) =l A S A BB A4 8 30 0L B AR 1Y
A G AR S PE . SR O A 17 B fa) b BE ML A 1Y
P PR T HE B, 0T LSBT B AL 4R A 19 DOF'S
ARG, BN R 5125 o0 K BE Y BE HL 2 55 7 A B K
He it B (BOTDR) 288 T 11. 93 dB (1) g i 14
25, H [ K B 9 Simplex Zi i HAT B 5 1 48 25

B g 5 P A ROh R U R AR N £
2 4 B 1y 91 ok e [R) 5 B — RO, R O 7 A Ak B 7
T3 G — S i 2 L Ry Tk g A O A 1 0 K
i, AT RLCRE BU P 2 5 87 2 e m B 1 4 S B R
i F . X 7 1 B9 3R R T B AN Golay Fe 81 B9 4 5 7

0106013-3



E 445 E158/2024 £ 1 B/H¥2R

T

ra [
P4(t) Wi(t) \’—I
T
Pa(t) Wa(t) \’T
_|\\,_
Ps(t) Ws(t)
1
P1(t)+Ps(t) W1 (t)+Ws(t)
Po(t)+Ps(t) Yo (t)+s(t)
P1(t)+P2(t) W (t)+yo(t)

K2 Simplex 4 it A JF p
Fig. 2 Principle of Simplex coding technique'"”

2,3 i 1Y 7 2K SR Golay B 4k Sk BB
iy . & ' A F 9 A=(ap.ai,.a, ), B=
(boy by, =oey by 1) FEKJE N LI Golay H.4MF 41,85 A |
B % MR — 7 (4 I & M 3 R L AL VAL R B, B4 41 ¥
G o AT R R R 17 — 17 B R A
M 1/2, WA LR Rk

1+ A
Alz
2
1—A
o 8
1+B ®)
B]Z
2
1—B
B,=
2

UM 1 B #h Golay 7 81 28 i B G B AR L AL LA
BB, 4 P 5, HaxX 4 417 51 /Y 0 2 BUE 4 R 0 5 &
T,HE R, M, A=A —A, H
B=DB,— By, A, Fl A, J7 5 45 B 1y 220 3= 7 XU 1 4
5 A BS53, B, I B, ¥ 51 45 3 1 2210 3 T XU 1
it 7 5 B gEE , 3 0l 5 A B IF S iz
A RV AT A5 B S T bR U T R A A 25 . R
e P BB 1 g B Y 7 iR E DOFS Wi 81 1) 2
05 R

18 KU A 2t B 3 371 0 s ol B AR P 44 5 I 31) B SR UL
T R A A B A R (RS AR TR A 2 A G
FE8 o MEAE R, — i B4 g i JEL B ol B 1, BV SR IR A

00 05 5 2, B A B R O B ok S BRSO
AN T AZ G b SR B A B L 4R T A Y
hy T LA L R S AL R POk AT S 1 1T, X
ol 3B JE 16 2 5 5 R AR S GO-Code 4 i, 1T LAY
FH B — 4 5 7 15k T A58 o0 A A% I8 i . % R
[ S P BB 7 A1 B DK AN P 2 L SRR R AR B T 5
3.2 WiRMHE4RG

DOFS Hv, d5e ) 12 i FH 1 2 5 2 45 2 — b il 4 1S
— FBET T, X T ) 4 A R T R T UM M g A o
SR o SR LS A X ' B4 A A8 2E AT 0 i ok S5 B G
Ol R AR I a7 R e i S Rl Nl il
(EOM) 5 F 7 G 25 (AOM) W 2

HF EOM W77 £ 2 T A8 # 4 (PSK) 19 9
# anE 3 AR BT R R L g R — A -
B PR (M-Z) 58 B T 9 08 1 2%, FL w7 S5 /N o)
R T AR S, LU IE TG 40 05 s 38 A5 O B2 7
Je b o AR G 5 7 B B A A 5 TR R ) M-Z
5 SO R A AR A7, A5 T R DA T R O A T v
B0 IR A i A R T R T G S A B B
DU 75 M-Z 85 25 SR (0 AR M Rl ol 3 i e, A 2
AR, AT S BT XU i) BPSK 4 7. 3k X
FE 7 %8, 30 b 58 M-Z T A, 38 7] L) Sz 3 £ 41
D7 A5 AR, L 4 AR 07 5 A9 QPSK I i 8k T 4 5
A RO B B B (@-OTDR) ™™ e 4h , — 2
I AL = 0 ) G A5 1 RURH 4 A5 7 51 0T DL 3 EOM
(5 ZE R S B, He 30 XUAH #6144

0106013-4



E 445 E1H8/2024 £ 1 B/H¥2R

Optical power

‘
'
Mach-Zehnder transmission

A 4

v

Intensity dips

! DPSK drive signal

Time

3 3T EOM S5 80U AR S #E 42 (BPSK) o ]
Fig. 3 Binary phase shift keying (BPSK) modulation realized through EOM""

K I AOM 547 4 B 181 ] 1), BT 5 2 3% 3K A4 A oL % EOM IR A, Jry B 5 26 5 5 A 407 45 o Liu 58 F
o0 LS AL AS o iR (A 92 2O/ T 0l 8%, 7 A4 H AOM 23 1 2k T AH B XUk v i) @-OTDR £ 4t .
AR VL B R 7 g, E T R A R 3 P AR B OB (E S P4 JER T % & 40 F T AOM 52 316 U5 AH 07 18 1 19
AL o 3 Iy 20RT DL S ST 2 A 2 /9 9 i i A 1 J P

(@ absorber

E,exp(j(@yf +,)) Ey exp(j((@, + @)t + @, +@,))

: on b€
e — actio®
0t begy, | order Al
acousto-optic
o [R— 1
¥
RF signal § ¥V sm(af+@,)

®

e (Optical

==== Electrical AWG ---|

r---------

NLL —
OC ocC

K4 AOM AR JFUB AT 86206 5 P (a) AOM LAR JFUHUR B 8T 5 (b) S T AOM A9 AR RS Jik il 75 125 ) S5 502
Fig. 4 AOM working principle and experimental device diagram™"’. (a) Schematic diagram of basic working principle of AOM;

(b) experimental setup for testing phase shifted pulsing method based on AOM
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64-element Frank sequence phase, constellation, and aperiodic autocorrelation functions™”. (a) Phase of 64-element Frank

sequence; (b) constellation of 64-element Frank sequence; (c) aperiodic autocorrelation function of 64-element Frank sequence
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10 2.8343 3.0118

0 b= |

PRBS Golay Frank Golomb Opt.Frank  Opt.Golomb

Fl6 %256 bitfh o4 ¥ 50 1y M,
Fig. 6 M, of some coding sequences with 256 bit"”

22 HH A T 25 B 51 4 8 i AT LSE i AOM o 52
o H ST AR BT ORE G B 8 3 B S A P
FLR R BRI KRS (AWG) PR N8 1 i )7
G B S0 3 L 9T 9K 3h AOML, gl mT LA 2 5 e 51 9 ol
DGR A AR AL 1 T L7 S 2o 1 52 1A 1Y
7 3K AR LA 5 V81 ] 20 5 43 B b, AR e R 2R
Ve 1 64 O R 5 1 22 A0 L T A S B 51 ) S A
P BOE I b 18 7 J& —> 256 bit B JC K Frank 751
Lo HARAG e 9 4 B2 e 18] o JsU iR B Frank F7 81 ) AR 62 558
3 A1 A — 4 25 [ iR Y RO O B TR AR S A B
AR ASE 73 A D) B i BE AL, ) B O B A o AT 8 2 5 A
4k Frank J7 51 (15 200 MHz 2 i 3 JE K H X 57 i) 46
Br, 7R T o AWG 7 A R 253 AOM G JE R 9 i3
&, AT LAY W b 7 31 28000 14 R A3 £ A% e A9 AH 07 Bk A8 At
REWE,

1[ - optFrank S
© Frank S
.
.

0.5

Quadrature
o

\
05F N

-1 -0.5 0 0.5 1
In-Phase

7 256 bith ot i Frank 551 & H: A 46 5 51 i 2 e 1
Fig. 7  Constellations of 256-bit Frank sequence and its

optimized sequence™”

=
o
(=3
o

mplitude (mV)
o

A
- 1
o
S
S

Phase (rad)

'
o«
i

132 1325 133 1335 1.34 1345 135 1.355 1.36
4
Sample (point) x10

P8 Frank 5 81 B JE ARG ()t AWG 72 £ FIZ AOM

J& #5745 Ak Frank J3 41 (1 200 MHz (32 ; (b) 7E 1] 8(a)
O A 04 Frank J¥ 81 9 AR

Fig. 8 Frank sequence waveform and phase diagram'”.

(a) 200 MHz waveform carrying optimized Frank

sequence generated by AWG and after AOM

modulation; (b) phases carried by optimized Frank

sequence in Fig. 8(a)

4 BTG BRI 0 A SOL AL I

4.1 XAmAILREF

JEEF b 1) Sty BB R S — stk O, R LA R
SEHL L R EL R AR R . BT AR AR TR R A B R IS
AT DL R I 6 £F v A 45 RS S SR o A . R
R 6 R A F R OSSR LI R Bh R s A
A n] DL e N AR AR A R, BRI R N
FH 31z o B, 3% T4 T 6 U5 09 6 2 i A1 A% 4%
BLR T AT SE I — A IS, T RS TR —
BU L T g T B R B 6 £ B A AL R A A

BEF B A T 6T 1 6 £F B A AL A B H ATz
I OTDR, 2 i & B K —2E DOFS, )2 fi
FLIF 86 B R S iR (1. H A Golay 5 471 45 4 i) J2: f
FL ) — 2 g i B AR o Jones 5 7E 1993 4E it 42 1
T {# FH Simplex Zmth #2 F+ OTDR ) R ik, X
B8 TAE Sy i T 5 AR AE DOF'S 4588 114 137 1 245 7 3Lk .
AR R I A T3 T B 2 0 BT O B8 ok A g
OTDR &G W Fi S HOR ML fE . Lee Z AW 5T
T Simplex  BUIE 28 55 4 i 77 58 S AL A R B, 46 1T
B F H A Golay J5 51 14 4 15 7 58 , Simplex WL IE 32 4
2 H 5 2 AT LSRR i Y g A G 25 . Sahu S 4
W73 T R A OG  BOK & T AR E I S E A
(CCPONS) # OTDR J5 % , 7] LA 5% 9 %8¢ Hadamard }
FLAT A= 9 6% 75 58 58 PR 9 0 S B . 2019 4F, Zhang
PR T — ol R T e R A AR 3 R 154 ik e 4 R
IR E4A T OTDR il OFDR B &, 523 1 [H)
I B 50 25 90 B 36 K 7 dB FBs 25 8] 43 9 R 4 i 24 10 4%
B . Liao %84 H T 3 T b SRR B AR R 45 5 4 A
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Table 1 Summary of performance of fiber optic Rayleigh sensors based on coding technology

Year Author Encoding type Performance Ref. No
Code length: 4 bit;
1993 Jones M D Simplex relative to Golay code or single pulse OTDR, [46]
noise power is reduced by 1. 9 dB
Sensing distance: 20 km;
2005 Lee et al. Simplex compared with the traditional OTDR, [47]
coding gain is improved by 9. 04 dB
) Code length: 255 bit; X
2006 Lee et al. Simplex [16]
SNR: 9.2dB
Same measurement time and peak value;
2008 Sahu et al. CCPONS . [48]
SNR is improved by 0. 1 dB
Sensing distance: 100 km
2019 Zhang et al. Digital linear frequency modulation (LFM) dynamic range is improved by 7 dB; [49]
spatial resolution is improved by 10 times
Sensing distance: 23. 8 kmj;
. . smpling rate: 4000 MHz;
2019 Liao et al. Golay - [50]
SNR: 3dB;
coding gain: 20 dB
Sensing distance: 10 km;
2019 Wang et al. Golay [51]

2019  Mompb et al. Biphase Legendre sequence

2021  Tomboza et al. Golay

2023 Lietal Random sequence CPP

submeter gauge length and nanostrain resolution

Scan rate: 107 kHz;

spatial resolution: 10 cm; [30]

sensitivity: 1. 1 mrad/v/Hz

Detection distance: 1 km;
good tracking ability

Distortion coefficient: 9. 23% ;
SIR (signal-to-interference ratio) : 16. 67 dB; [29]
SNR: 21.99dB

AR L, I LIS OTDR R 488 i, 55 UF
T AEASEE T e B RN AR K 26 AR S B AR T
AT LLAR A AN 1 G 5 16 25, 3 AT LR OG0 28 19
PR 2500 A D0 A SR A 23 DA 0 — 25 3R A5 50 A0 1 4 L 1 45

FE T AH G UR 1 6 21 B B A S 2% AR T B AR R
PR 57 X6 S 21 S R A A 118 SRR 0 AT A% R DT e
FR R A0 S5 B 38 2§ (@-OTDR) , H 3= 1 B S 5L
A5 % ST 9 | R R RN A ] A HER A4S SR [ A
il 29 o R TEAR KRR B b B T 4% B &R 48 1 15
LU, A% IRt Vi 2 A% BB T T DA 3 1 B R i 5 R
S PRI ok b E A A4 1 BR A 5 23 R] 43 2R 0 AZ ik o
FE RN T AR U 22 43 AR A, %) 8 PR BE S BE R PR 1 . Z i
B 5 A AT L 2% fiff 5 A5O3 s (8] 43 925 2 1] AH B 24 1
[ 8. 2019 4F, Wang %573 T Bl ¥ B b Golay J¥ 41
P Z LA, SE 8 T 4% @-OTDR R4, 1F
10 ke I BE b ST S K G0 35 R 44 07 A5 5 1) 43 B3

O-OTDR i Bk 8l 75 ¥ 55 g 2545 5 M Pl
B B o 1 Simplex , B 4 Golay ¢ 41 2 1% 55 5 22 2 4]
J¥ 5 5€ B — U 1 1 g B 58 4 IR i Y B AR A

B0/ ME BT YE . R R TRX — (), 2019 4F , Mompo
AR T B T XU iR R S B ©-OTDR H % .
XURH 1 148 e 9 A 3 - 56 96 09 B AH OCREPE | BRI
B A B AT SE i i . 2021 4F , Tomboza 2877 4%
T —Fh T PR 2 B 25 or AR GRS ) -OTDR
7%, R Ik B 2 4 B #b Golay Jy 41 7] st 97 il
% Wk ob b, AR B2 i 0t 2 A 2 (MIMO) R K
fiff B 30 R B O R AT A O i 52 L DT [ B AR A5 A ROk
21 % Z2 2 B AN Golay J3 41 1 0 R, 3 5 T 4K IR & 2% F0
FE M G 05 7 3, DA B AL 2 A0 R 1) n) A, % R TE
1 km (990 85 b B X 2 7S R A R R AR T .
2023 4%, Li %73 H — Fh 56 1 IO A A% 4 (QPSK) 3
] F1 B L 0 G S 9 @-OTDR. Bl HLIT 21 4 A% TG 75
2 YT 30 ok 58 B — Ul o, RO 25 TR g 5 T D8/ A
B 9E o % A G0 L) 40 ns 1Y ik b 58 BE AE 85. 652 km K
i K B TR Sh 5T RUE T R AL R e
4.2 AR SHEKE

FF OTDR % G hi =L R A8 F H A & $i
= 75 [ BOS RT LLR AR O LR WS R IR Ay AR A5 L H oAl
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B2 ) GEAE KR 2 A SRR T
B FEGEF R R IR G b f e WA, TRt 2
W HE v Ot Ik S R T HE S O R AR R R . R,
i R R D R OG A% 5 EDF A R $2 05 & 5t 81Dt 4F
TR ik O T AR L (HR OB ER AR 2 SO B9 A AE A
B e G D A 52 B R R 29 1O A 2 A A i 7
R o DRI S X A A K b R A g A R 4 v e 2T
P R PR RE AR AT TR 2 E e . R 2 845 T
33 A R T 4 B R B O £ T & AR IR AR Y BF 5T T
PEo T 2 HOC LT 7 2 A2 I8 2 A0 T 5l B A I 19

F G0, H LI T Simplex Zii i 1) 75 2615 81 T 5 £ 19 R
F o Simplex Fii 8% (4 5 1A AT LARE AR & 565 ok e i 06 8 )y
e A LM L DT A 2800 o % P B B e R
JE R 23 6] 43 HE KDY 2018 4F , Wang 2178 Simplex
2 15 B AR R T 2R 4 B & 454 o A O A BB R
B R G 38 2o 0 1Y ST 4 S AR S AT AL B
B RS 27 A R B9 A B . TS T Simplex
G T K X R GE R 2E R W, S W R WY AE — M
AT 8 5 40 e A R AT LA R IR i a5 22
B R GE a5 0] 7y PR R A AE

K2 TGP ML r 8 A% B M e S 2

Table 2 Summary of performance of fiber optic Raman sensors based on coding technology

Ref.
Year Author Encoding type Performance N
o
Wang i By increasing the code length, the temperature measurement error is reduced
2018 Simplex . R . . [17]
et al. while maintaining the same spatial resolution
Sensing distance: 56 km;
Dai RZ Simplex and spatial resolution: 10 m;
2018 o o [18]
et al. complementary RZ Simplex sensing distance: 50 kmj
temperature resolution: 1.8 °C
Sensing distance: 10. 2 km;
Sun ) spatial resolution: 2 m; ~
2020 GO-code ) [25]
et al. measurement time: 1s;
decoding time: 1.6 ms
Faralli  Cyclic-Simplex and Simplex . . . . .
2023 Avoid performance degradation due to nonlinear effects and code word distortion [ 19]

et al. binary codes

51 A Simplex 4 % {5 15 ik & 5 00 5 22 1 8] KK
FEA o B PR HE S R) A K Y Bk b F 81 7E 438 EDFA
i, i F EDFA BE&R0ON B A7 78, Bk ol 4 i 7 51 &
T E Y O L A S BR AY 2  E A AE 220 A MR OGS
SRR o R AR 22 B K, R B S 1G 25 R P
GYERE T B, fEberhi 2 & kst  EDFA R 5K,
W% 2 25507 S fin B, WA 3kt e EDF A S5 88 R0 R 1 U
T 5% L Ry 28 i AL IR RE 1) — > SCHE . 2018 4F, Dai
AU 50 531 38 1 Simplex 2 i 7 51 A E #b Simplex i %
J7 50 3 T A B R Y 4 A X 5 (DFB) 2 7
WO H AT LA — T i & A bk ob, Bl EDFA
a5 AR L BT LIV BRI A A Sh s il (AGC) 1)
EDFA (9 8800 o 38 3 i 5% (RZ) Simplex i ith
FF4 BT LSS0 5 118 ik o 08 T %6, DTG 42 i 2R G
fit . R YAE 56 km BB b Y a5 6] 4> HE R R 10 m, 1
50 km FE 2§ b A9 BE 23 BE R O 1.8 °C . 2020 4F Sun
AUV T — R T BURE S Y kK I Bk 1
2 T O LI I i 6 B v TR RS R AT X A AR R
O AR T — R 3 T AL BRI AR 0 B R g
(GO-code) , A H& ML 5 1% 58 4 % AH X4 1) g 5 184 25, O HL
A B A 2 3 RN X Jhk e e B Al 4 5T R A5 i
PERRAR T g i 20 % . 2023 4F Faralli £/ 2 1 7 —Fh
B 0 TR B 28 SRS B R % R 255 T HE 36 Simplex

A1 Simplex — JF il 4 145 , LA e iz 48 K R 28 OB 4F hr = 4%
SR AE N AL GE g i i B SR BR M o O R T —Fh
B P R SR EDF A B 252000 51 AL 1Y 14 25 9E
AR 3R G A 2 A NS O T R A T RE R R
4.3 XAFEMNETESE

LR Hp B A B S X e R R R AR S AR P
LT A BLJK A% SRS 7E TR 45 4 0 % 73 Rl B W i) 451 Ja
NERATZ o JEET A BL UK AL s 7 I R £F v AR L
B 25 TE A D R Y AR AR A 3R BT L OUR A A
(BFS) K fife 8 A5 8 A B, DR 0 H: fige o o R A o I J2
A7 15 53 BER I 63 40 BT, 75 B 5050 1 1 M bE Ok 32 1= A
T A M 0 4> R L AR X T, RS A R 1Y R 1 25 Tl L
KBPERE KA, 4 3 Bgs T R T A B R Y
JEEF A HL UK A5 s A5 T4 .

L P A BB F B S FS S W
A e 10 ns 2247, X 5t Bl T 6 LT A B DK A% A
B 2 1] 50 F0 R — R K i g S BRI oK 0 2 () 43
R EEAA =

1) 38 1k 4 e 25 ko b T LAAR i s Tl B R 2016
4, Denisov % {ff ] 140 ps % 7T 5¢ J& . A0 07 384 6 5
PRBS, £ 17. 5 km B AL B FE B F 529 T 8 mm By 25 1]
Gy HERR S AR R, A8 S MK b & gl R A B Y 25 0
(BGS) JE 58 , B ARG £F A HL UK A% 18 2% 10 I o G L
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Table 3 Summary of performance of fiber optic Brillouin sensors based on coding technology

Year Author Encoding type Performance R;l;
Sensing distance: 25 km;
2010  Soto ez al. Coding technique with RZ modulation format spatial resolution: 1 mj; [54]
coding gain: 7.2 dB
Denisov Sensing distance: 17.5 km; -
2016 PRBS . . [55]
et al. spatial resolution: 8.3 mm
Sensing distance: 50 km;
2017 Sun et al. Rre-pumped Golay spatial resolution: 70 cmj [56]
temperature resolution: <<1.5°C
Sensing distance: 10. 164 kmj
2017 Wang et al. Rre-depletion two-wavelength probe pulse spatial resolution: 2 mj; [23]
frequency instability of measurement: 0. 37 MHz
Sensing distance: 350 m;
2018 Zan et al. A pair of detection pulses of different durations spatial resolution: 0.2 mj; [57]
Brillouin frequency accuracy: 3.2 MHz
Sensing distance: 10. 164 kmj
2018  Lietal Golay-DPP spatial resolution: 50 cm; [58]
frequency uncertainty: 1.4 MHz
Sensing distance: 1280 m;
2020 Zaneral Golay spatial resolution: 40 cmj; [59]

2021  Zhou et al. Hybrid aperiodic (HA) coding

2022 Lietal Golay code under oversampling

2022  Weletal. Golay

2022 Wang et al. Random coding

Brillouin frequency accuracy: 3. 47 MHz

Sensing distance: 117. 46 km;
SNR: 8 dB; [60]
measurement certainty: 1. 67 MHz

Sensing distance: 64 km

. . [61]
spatial resolution: 6 m
Sensing distance: 9. 63 kmj X
. . [62]
spatial resolution: 0.5 m
Code length: 512 bit; [21]

coding gain: 11. 93 dB

AWK 2 [6] 43 B R B AT A LM AL AR s R k. o
T v RS ] 43 5 R0 I RS B 22 18] A A BRI 249 56 &R
2017 4F Sun S BLT R FH HUR I Golay i i i 6 £F
i K AR SRS o T8 I O Ak TR bk op TR S
Golay B 4N 4 i 7 AR SEH T 29 50 km YE£F L 25 [1] 43
e 70 em RN RS BE R 1.5 °CRY a3 A SO EE %
VeI B a1+ o ST e < S B I+ S S 11
Simplex 4 i fith 2 48 1 29 1/30,

2) 8 FH 2 43 Jik i xoF T S 4% o i A2, BB 4 15 4% 1) 43
PR R, 2250 Z )R E S NS, 51 A bk b
9 % P LA Ak b B A MR LL T R AR B M R
2018 4 , Zan %" 7E DCS-BOTDR # &R 1 #8 & Golay
i . DCS-BOTDR F| FH — % ik o 47 22 ) [1] B A5 AS
[i) A % 0 ik v >fe 0 e A LKA 5, 3T A ik np 22 [
TSI B) (14 22 57 S0 T K B A 4 ) 4 BE R, 2020
AE AT SUAE FH Golay 2 A% X6 3 2 ik b 18 45 4 5, LA

AT DL — 28 91 G 05 ik o oA 0 2 6 £F, AT 4 BFS
Ay PR TALE 4509 DCS-BOTDR, HE £ 56 3iF 52 56 fifi
JH 8 bit Golay 44 77 51 , 76 I 1 1280 m G 2F B 528 1
0.4 m i 23 ) 23 FE R A 2.7 MHz B9 A5 B0 AR i A1 4
JEY, 20184F Li%E 4 T —Fh 254 Golay Zafis 1 22
Gy Wk X BOTDA & &8s $2 th 7 —FliiR & g5 07
B Z S S T Ak Golay S il (4 1, W] 315 5 2%
43 Wk iR 22 ) o )R

3) 4 1R 25 18] 43 WE R 1) I A — > JEL 2 SR il 5 R
W75 o AL R Ge i din v 2 283 Bk ol 5 4% OB £
4] e 38 S 1% 3 AR T 2 S 0% 2 I Bk bR R R U
AT DL 3E 3 il A BRSO A5 O F 1 wh ) 1, AR AR
A Ay PR 20224, Li & V) FH A [ AL 1% 1Y 4 8
B, AR i R FE S T B A Golay it , $2 H 3k T 2748
3 TE U Ak 1 fige A5 R B 0 R ik e 42 R 0 ) 4 3
RE LB, Wei 55 5 T fif 45 BURLIL 5 Ab B AR
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e 1 75 2243 Golay g 5 56 21 A BL UK 14 % 14 25 a) 43 B
91 HoAd 22 40 Bk b X (DPP) Al ke 4 ph i 5 A 5|
() A B DK AT A (BFS) 2k 2L R) B3, fx X 78 9. 63 km Ay 1%
JEHE RS FSCIE T 0.5 m By a4 PR

PO R e U R R (N1 I D A NN 118 9 o4 I
UK A% I 1 A B PR 5, 2 v U K B 0 2021 4, Zhou
SR T — T B TR A A TR I g A ik ok A A e
oo FEZ 7 A A3 B RS (SA 5) L& 7
A B IR A A A IS (HA S ) . HA A & WA
SAT R R LMEE S JF B A Mgt et . S5
WESLE Hh  fE2.6 m A /PR T ,SNREES T
8 dB, 7E 117. 46 km ¥ 1& B [l N , BE S AN iff i B ol 3%
% 1.67 MHz, A B KW sh BYE BT+ 2022 4,
Wang 257 T —Ff H T BOTDR J6£F 1% 12 4% 1) bl
BLG A 7 15, 122 5 v 65 Bt ML RS 3781 41 %) Jok b i AT o
DLPE S (5 MR 1L i — D PR M A B . SR TR
10 mW A9 BBk b AR EL 24 48 R B A A [R] 06 8 ) SR 1
512 bit Fifi HL 2 B bk wh B, 7E 4. 93 km A% BOG 25 E
1) BES AN 5 B M 5. 34 MHz F£{% 3 0. 38 MHz. &
B as R, 512 bitEHLAmAS 3K T 11. 93 dB A9 % 5
B 3% IR K T S AL

FEGEF A BL UK AL B v 2R FH g 05 ik o 1y 91, At o
A RE A b 2 3 B — bl 2 M &L A R 1 R FL . Soto
BT T G BOTDA A% 3 v bk w5 0 ) A% Jge ik
AE 1 52 M, 45 5 3 B HLA IG5 25 LU Y RZ 1 AU BB 6%
BT R0 0 i) Y £ AR 2 20 5 B BGS BEAS , AT
FE 4 M 4 B a5 R () 16 35 . Wang %5 7E G A5
BOTDR F 4t 48 T 0 98 FE B K B8 00 ik o 19 7

B, LI EDF A B2 252000 5 B0 2 5% K b 1 510 00 35
T 78, 32 v 1 X HoAb Golay e %71 2 A 384 35 1 1) ) 2%
A 10 km B FE B SEE T 2 moB9 23 ] 43 R R
0.37 MHzHJ BFS AN 5 J& .

WS TR AT T 22 B0 J7 v R 45 Fh i 28
S A5 5 b 31 TH R AL DL FE 4 R G 5 BT A O Y 3
5, Bl an 8] B A A BL UK B 25 0 45 RE Sk 52 B0 OB P
Golay G | Sk Jai B 38 T A% 3ok 248 i %) 230 €20 G g7 R
Xof 50 UE — PR B A Ak R 3 A AR R A T o
2 UM P 2 % e 5 A P e 4 i e AR SE B I
T 6T A B A% s R 2 AT Ot T e LA
1R, AR I R R o 1A SR RS HLH] AR & T
{5 W L AF PERE L HLUE— 25 38 T O s AT 0 T 5 2
B A5 00 a3 B R A . A T R R A B L, 2023 4F
WuZE R — R LT FPGA 14 ik i G S A5 4 R | 3 3
FEAT AN 7K 2 o i A 2k B2 L AE 100 km I 4 B B
250 MHz & k& # Fl 255 bit Simplex 4 % ) BOTDA %
GerhHEAT T IR, SEB TR E 72 ns MY R A AESR |
4.4 L5 NMPETIfE RS

I 25 1Y B A ST AR 55, H @-OTDR 7 7 f Ik %
% M T EEEIS X H AT O S L B 10 P
e FEICEF gl ARSI BAR BT i, i 205 A 55 ) 4T
S (WEBG) , Ak Hl 3 80 £F v 55 26 467 5 4 )™ A 1
F it ARG 98 R A B A T ARG SR AR IR L PR
IR RE . [RIET, T3 28 2 5 a5 09 2 5 SR ARAIG, IRk
27 1% IR B 8 0% SRR KR S 0 A% 8% N X ) — A
WF 5T IS, 26 4 RS T 0 JLAR 3 1 4 15 B R 1 O 27 55
S B 5 A% JERAS 1 TAE o

T BT HADHAR M OCLR 55 G P 51 122 I 1 1 e 2

Table 4 Summary of performance of fiber weak grating array sensors based on coding technology

Ref.
Year Author Encoding type Performance N
0
Two mutually orthogonal Number of fiber Bra ratings: 10;
2018 Dorize et al. . Y g _ _ gg grating [71]
complementary Golay sequence pairs bandwidth coverage: 18 kHz
In the case of similar SNR ;
. . N acquisition time is reduced to 1/8;
2019 Fu et al. Interferometric-noise-suppressing Golay o ) [72]
temperature sensitivity linearity: 0. 99865
wavelength demodulation error: 45 pm
Sensing distance: 1.5 km ultra-weak fiber Bragg grating
(UWFBG);
2022 Tang et al. Golay ) ) o [73]
Compared with the individual pulse system,
SNR is improved by 4. 6 dB
Crosstalk rejection ratio: 50 dBj;
2023  Zhang et al. PRBS [74]

2023  Zhang et al. Polyphase unimodular sequence

crosstalk rejection ratio can be enhanced by more than 10 dB

dynamic range: 30 dB
Sensing distance: 50 km
[45]
over that of PRBS

DG £T 55 S A ) 2 TR TP T i FEE T A A e A
A I S B — B SR A o B AR I Y T SR AT SR

B i 5 W LU, SO AR TR E T 3k 2 A% IR ok 5
PR St 4, T 2t B - 510 D0 el LA T g A A L BT
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B A AN R M o MR K I G 65 K o ) )
B Wik ol e 4 25 78 55 22 A 55O 1 45 5k 2 55 A Y 2
Sk R P EEE—E . T O EAA TE
5, 3K L S Y R ST K R A S s R B R R T
S SRS I AS B b R — PR R R A T O A R A L B
Uit 14) &4 5% 7 470 140 FE S B8 VR TE 76 T R X 26 T B A Sk 1+
P o b X — ) B, 2019 4, Fu %706 RZ % 8 (1
Golay J¥ 81 Fi T 55 6 Mt 14 8] 4% i, A T RZ 1t 0 55 1%
[ 7 25 L, BRI bk ol i) B 28 56, DT 4% 725 4 % ik o 7 371)
P T W B8 1o 45 A W S5 TO6 IR, 2L F 32 bit
ALK PN R G A R AR RS, LT
5.6 dB 15 M b o3t , HAE AR M LA S L N L 15
5 oK B T T A IR TR) 2 Sk A SR RS B R GE R 1/8,
UL AR R B 2% PR B 3K 0.9986, IR K i AR 22 K
+5 pm, % R G AT R R RN 2 A
X I o

JGEF 55 6 M 4 51 4% S i Al mT AR A I S
4) AFAST 735 b oA S B v 2R A0 B i 3 R i 45 sh S AR
B, I H R OTDR M & 48 288, [H gt J& — Fb
O-OTDREEA o IR G — MR A T30y =X,
53k T AT iR P RGBS A AF T M R) . Tang 45 fE
2022 4K B PE B A Golay 7 81 FH TG £F 55 G M 4 471
1 AR DL S B 43 A 30 4L R (DAS) o & G fili
1.5 km WFBG FEFIE AL BOGER | 38 3 Ab 22 K6 I A IE
22 S PR BB 7 45 B . #3235 T 54D Golay J7 81 K4 1)
F ARG 5 s Bk b R GE M LE SR H B 4 Golay J7
P RGE R LI T 4.6dB. R W dE— 1
TR B — N P S 0I5 4 A — A4 0, 230 T 6 NRZ 15
UL e fy RZ B #4523 e 3 B i v) 38 9 6E IR A
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M AN R T 2.7 dB R MR L 8 55
5 5 A HC SR @-OTDR & 48—, WFBG &L (1)
@-OTDR Z Gt A f Ik 2 7% (1) 1) 21 . B X iz ) @it
2018 4 Dorize Al Awwad"" i F} ¥ > #H B 1F 32 /Y B %b
Golay J7 1 XF , B 3 26 77 51 38 18 i Iz & 59 5 =8 9 i)
FO ik b 0y B A7 L, SRS SR H MIMO $2 AR P I 2 Y
5T IR AR BOR LR R o I ELZ 5 T LUR#E AT
U0 A5 O £ 11 Bt 300 S B4, DA R LA A I R 3 B i %
AL B B9 A AL T P, B T I PR 5 VE Y ]
Zhang S5 HE— A5 HE T 3L T AR AR BT G O R
oK i R e B 22 9% B4 1) 8L, 3 3 s — A~ PRBS ¥ 81 4E R
J&i B B WA TE 50 DA = 52 104 08 X0k ) 21 5% ik o
= R PRBS (14 B A G4 1 A 42 05 o B s PR A 2B
R FH, DT S BAf A B 52 30F 1 i A o A SO £F
) B B B RS A2 D I A5 T U AR 67 2B AR B .
LHAZZEARMWAE S . (HPRBSJF A B AH 55
KR, ol KA EE B . FEJE , Zhang
SV T 3 T 2 M FE B G R A B O %L IR E
WFBG A @-OTDR R G AT 5000, S5 50 R G0 %% &
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Abstract

Significance Based on Rayleigh, Brillouin, and Raman scattering, and weak reflection arrays in optical fiber, distributed
optical fiber sensors (DOFSs) can achieve real-time monitoring with long range and high spatial resolution for multiple
parameters such as optical fiber loss, temperature, strain, vibration, and sound. As a result, DOFSs catch more and more
attention. The received signals from the sensing fiber of a DOFS are normally very weak and thus the received signal-to-
noise ratio (SNR) is quite small. Although the SNR can be enhanced by increasing the optical pulse power launched into
the sensing fiber, it is generally limited by fiber nonlinearity and then is upperbounded. A pulse with long duration can also
be employed to improve the SNR but the spatial resolution is sacrificed. A better alternative to enhance the SNR without
spatial resolution loss is to adopt an optical pulse sequence with some coding at a fairly low power to avoid fiber
nonlinearity. Therefore, it has become an essential technique to enhance the performance of a DOFS by a long coded pulse
train in DOFS. As technical characteristics of various DOFSs are different, applicable coding scheme has to be carefully
designed for a particular DOFS. Design considerations may include several aspects such as code sequence, modulation
format, detection scheme, and decoding methods. Hence, it is important and necessary to summarize the existing research

on DOFS coding techniques for performance enhancement to guide the future development of this field.

Progress In principle, the response of a DOFS with coding can be considered as the convolution of the coding sequence
with the impulse response of the sensing fiber. The aperiodic autocorrelation of the coding sequence is utilized to construct
an impulse function, and the impulse response of the sensing fiber can be recovered by correlating the DOFS response with
the coding sequence itself at the receiver site. Therefore, the aperiodic autocorrelation characteristics of the coding
sequence are critical, which can be evaluated from three aspects of coding gain, spatial resolution, and crosstalk

suppression. A sequence with better aperiodic autocorrelation performance is always pursued. The sensing principle of a
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DOFS also exerts some effects on coding sequence selection. Unipolar sequences are frequently employed in DOFSs with

intensity detection. A typical unipolar sequence is Simplex sequence. Bipolar sequences such as Golay complementary
sequences can also be converted to unipolar sequences, and they are popular in DOFSs with phase detection and can be
implemented by binary phase shift keying modulation via Mach-Zehnder modulator (MZM) (Fig. 3). A widely employed
bipolar sequence is Golay complementary sequence. Polyphase unimodular sequences have also been proposed recently in
DOFSs with phase detection for much better crosstalk suppression capability (Figs. 5-8). Such sequences have been
realized via modulation by an acoustic-optical modulator (AOM) (Fig. 4).

Various DOFSs with coding techniques have been proposed. For Rayleigh scattering sensors with incoherent optical
sources, Simplex sequence, Golay complementary sequences, CCPONS, and other unipolar sequences have been put
forward to improve performance such as dynamic range, spatial resolution, and measurement speed. For Rayleigh
scattering sensors with coherent optical sources, both unipolar and bipolar sequences have been proposed. Multi-input-
multi-output (MIMO) technique has also been demonstrated in a Rayleigh scattering DOFS with polarization multiplexing
and coding to increase measurement bandwidth. For Raman scattering sensors, Simplex sequences and other unipolar
sequences are popular. The coding sequence performance is frequently degraded by the transient effect of erbium-doped
fiber amplifier (EDFA). Many schemes have been proposed to demonstrate their anti-degradation capability. Coding
techniques have also long been explored in Brillouin scattering sensors to improve the performance in measurement
accuracy, spatial resolution, and measurement speed. In addition to conventional correlation based decoding schemes,
deconvolution-based decoding techniques have also been presented. Weak fiber Bragg grating array (WFBGA) is an
emerging DOFS, with coding techniques explored in such a DOFS. For WFBGA with interrogation based on intensity,
Golay complementary sequences with return zero (RZ) code format have been discussed. For WFBGA with interrogation
based on phase, MIMO techniques with Golay complementary sequence and polyphase unimodular sequence using

polarization multiplexing have been demonstrated, with much better crosstalk suppression performance (Figs. 9-10).

Conclusions and Prospects  After decades of development, DOFSs have been widely employed in various areas and a lot
of applications have been developed based on DOFSs. Those applications have raised increasingly higher requirements for
DOFS performance. Coding technique is an important technical method to enhance the performance. We analyze the
underlying principle of coding technique and manifest the connection between sensing performance and characteristics of
coding sequences. Meanwhile, features, performance, and implementation of some widely used sequences in DOFSs are
summarized. We analyze the technical characteristics and applicable coding schemes of DOFSs based on Rayleigh
scattering, Raman scattering, Brillouin scattering, and WFBGA, and summarize the improvement of SNR, spatial
resolution, sensing bandwidth, and sensing range by employing the coding techniques. As the DOFS technology is
advancing, coding techniques will be further developed, which calls for the research on higher-performance coding
sequences and their implementation schemes. Additionally, coding techniques will also integrate other techniques such as
frequency division multiplexing, wavelength division multiplexing, spatial division multiplexing, and channel equalization
to explore the fiber characteristics of low loss and high bandwidth. Finally, the space for DOFS performance improvement

will be expanded.

Key words sensors; distributed optical fiber sensor; coding technique; fiber Rayleigh sensor; fiber Brillouin sensor; fiber

Raman sensor; weak fiber Bragg grating array sensor
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