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coding Brillouin Optical Time Domain Reflectometer system
with APD detector
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Abstract: Considering that for traditional single —pulse Brillouin Optical Time Domain Reflectometer
(BOTDR) system, Brillouin signal is weak and the performance improvement is limited, a Golay pulse
coding BOTDR system with Avalanche Photo Diode (APD) detector and local —heterodyne detection was
proposed. The coding and decoding principle of Golay code in applying to the system and the principle
of local —heterodyne detection were analyzed. The restriction of Stimulated Brillouin Scattering threshold
in optical fiber on the coding length of the system was discussed. The mathematical expression of signal-—
to—noise ratio was deduced and the relationship of signal —to—noise ratio with APD multiplication factor
and coding length was studied. The expressions of the optimal multiplication factor of APD and the

optimal coding length were obtained, respectively. The MATLAB simulation results show that the optimal
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value of APD multiplication factor and the optimum coding length exist for this specific system with a
bandwidth of the APD detector of 500 MHz, and the peak power and pulse width of 50 mW and 100 ns.

The determination of optimum coding length of the system depends on not only the shot noise and

thermal noise power, but also the Stimulated Brillouin Scattering threshold of optical fiber. With the APD

optimal multiplication factor of 5 and the optimal coding length of 128 bits, the signal—to—noise ratio at

the end of 25 km ending fiber increased by 26.42 dB compared to that of traditional single—pulse system,

and temperature and strain resolution of 1.60 C and 35.48 are achieved, respectively.

Key words: Brillouin scattering;

APD; optimal coding length

0 5| 5

BT B K AT BINECR 096 U S (Brillouin
Optical Time Domain Reflectometer, BOTDR) L
B QT RV TS T LA T W Y A
D5 (58 SO0 A, AT ST R I R R AR g () B AL T A2
BN R OTEN B G HK sh R G B A BURME
SRS A T B R M RE SR A B, TR
RYAGIRYERE, 0 R FHHE PRI O bk w5 B2 = 3
XHE S AT B I 0 Tk o AR 3G I e ik v

A4 5 BT 22 AR R ey 25 ) 3 B, S & fn - 1
YR 23 FE A A5 5 P F) IR 1] ot P 4 ) 44 B

PPV DA 5 REAE TR UE 23 18] 43 B 26 04 ) Bsf 422 i A
SHE SRR Ek g HoARZ 307 R H 1
Fe AT

2011 4F | P54 A /E BOTDR £ 45 b fifi FH A
DIFN 0.4 mW I 3535 77 54 00 ik oot 7E64F
KA 31 km S5 T 50 m (25 [0 0 HE%, % &
i Ee KBS JEEI T3k 53.5 km™ | [R4F 41 %F Golay
T AR A ELAY ), 4R T 3% F UCORFR Y A 2
it J vkl 512 f7 B9 Golay 4R A% 7E 20 km JG4T
KRS 2 m (23 A2 BEFE ) 2014 4F | 8 2 By 45
NFt simplex [k v G i A 505 AH A8 I 4 AR i T )
BOTDR Z4ih, fdi [ 31 1Y simplex Zw it )5 15 1
FEBESR T 3.5 dB, 7E 4 m 55 [A] 43 3R T4 0% 3l i
2574 14.01 MHz, /NFAEGE Sk b & n-F-34 310 ¥
AITEBLE, [RI4E | RE B AE45 A0 Golay 4wii FH T EL%
Kl ()44 48 BOTDR R4, 4081 T RS HI{E 1 L
ML 2 T RGEAFAE AR R A A 0o L
B LR E X R A 4% 4% R ) BOTDR R G
g vk b R Guf T XF L, BRAIE T ik vh g i B R fiE

heterodyne detection;

Golay code; optimal multiplication factor of

BRAETE ARG MERE, (BNH % ECEF 23 A0 KL
& (Stimulated Brillouin Scattering, SBS) [ {H %} &
S gmt R A PR I [R) A8, ¥ ERIS b BAR S HrAh

22K I bk #h 2 A% BOTDR H % g Ak 2, 03507
TR RGUFEME L | NN AR o PR AG  SE P

R R A
SCHER X AL G R Bk ot BOTDR &R S5 5 755 .

HEREIR T Z BRI, $ T —Fh =5 i i A
(Avalanche Photo Diode, APD) K illl 4§ 4 3l 7p 22 ¥
MY Golay %% BOTDR &%4t, 43#Hi T Golay H.4b
J7 5 G il A S B S R G A 2R T B, e 1O
SBS FELXT 2 G g ith < B A BR ) IR, #E S T R 40
15 W e B R =0 P58 T (5 M Lk 5 APD 53 4]
T K BRG] T APD SRS A
T 5 RS AE A B Rk =

1 %475 BOTDR Z&AEIEH

1.1 APD HHES
B Golay HAMNFH U=(ug,ur,-++,u) , W=(wo,wy,
e wia)o BT Golay 5 Ky XU RS | 1 A4 JE G 4F 1
RE A& AR M Bk ol A5 5, DR RR 234 U W e B —
E D0 AR A B AR PR RS UL U, T WL W, B
it ECR 12,00
U,=1/2(U+U)
U,=1/2(1UI-U)’

Wi=1/2(W+IWI)

1
Wy=1/2(IWI-W) M

1 2 2 2 _
1) Us=(uguy iy ), IF]

wo ) W

ﬂ‘}{& Ulz(u(l) ’Mi ,tte,u
1 1 1 2 2
M, Wi=(wywy,owp ), Wo=(wy wy oo,
23R
U=U,-U,, W=W,-W, (2)
rh it AU % 4= 2% (Code Generator, CG) =4 — &

1122002-2



9Nk TAE

% 11 21

www.irla.cn

% 46 %

£ 1Y Golay 5% 3K 2y B )L I il 4% (Electro—Optic
Modulator, EOM) A A3 (1) B UL Bk #h (55 A
ST, A ko L T R4 A A 1)
fii LN B, BUE S 5H06E & R AR S %0
FEGHAG TN 28 FR EA AR 22460 ] BOTDR R 4046
— G5 U, 1 ¢ B 2063 8RR .

Ey (D)=

L-1
1
Ecos(@yt+@, )+ X, u, Ey cos[(ay, )(t—nT, 1+
n=1

3)

L-1

1
"PBS]+ 2 ”nEBAsCOS[(wl)+wBAS )(t_nTb )+(PBAS]
n=1

P E o A 430 RN AR IRICIRAE . AR FIAH
L 5 Egs,wps F1 @gs 53 51 32 7 A5 HL UK Hr 4E 52 37
(Stokes) G AR, A B PHATRS £ J00 3 FNAH A 5 Epas
Wpas M @as 1 9 2R 6 7 T (Anti—Stokes) YG 1
WRAE A HLKAIRS A 00 FAR AL 5 T, J2 Zt B Jok o —
A AR o R R EFIE]

Bl APD O HL RS U #8 X AR G | Stokes S A
Anti-Stokes YaiEF T4 b AR 246G, i G L I AT DA
T H

i(t), =RME,, ()=

i, (D+ing (1) iy s (D, 5 (D5 as (DFiggpas (D(4)
A R A APD St LRSI £ A IR R BE ; M oA APD [
AR HE BRI 5 0.0(1) L ias (0) F ipas(0) 73 90 W ARG | Stokes
JEA Anti—Stokes HaHLTT 5 is(1) 2 irpas(D T inspas() 53
AR W22 SCH I, BT APD ke U HL A Y 8
VLR UE R AP 25 455 v W EL IR | U I S A% At
R T N T R

L-1

i(1), = X, 2u, RME, Eygscos[(wps(t—nT,)+¢,1  (5)
P o, 9 Uy G 55 n (37 2 it Jk oy A 1) A B DK B
SEARLL2E

4 U, it B Gk bl 5 2t AL IBOLLR i, S0 bt
MRS LRI, APD i E S E N -

L-1

i(1),= Y, 2u. RME, Egscos| (wps(t-nT,+@,]  (6)

n=0

A
i(0), =i(0), —i(1), = X, 21, RME, Eyscos[(wps(i-nT, }+@,] =

> u S(t-nT,) (7

n=0

Hrp | S(t—nT, )=2RME Egscos[(wss(t—nT, )+@, 1,
R ), SO PEAS B B ANT S U R .

L-1

U(t)= D, unX; (t-mT,) ®)
m=0
Hor
1 mT,<t<mT, +T.
X, (t—=mT,)= 9)
0 esle

K. T AR IRk 58
W U i e o5 5528
Dy(t)=i(1),*U(1)=
D u, SG-nT,)* D, u,X; (t-mT,)=

-1 L-1 L-1-j

D SO D, Dttty ST, )+

j=0 m=0

L-1+j

> D u ST, (10)

XU PERS W gm gt i ot 2 5 U 280, W W ik
28 Ay SR L R SR
Dy(t)=i(1), *W(t)=

L1 L-1-j

L-1
D WSO+ D D W S(+T, 1+

m=0 j=0 m=0
-1 L-14

> D W wnStHT, (11)

I+l m=0
|
Dy(t)+D, ()=
-1

2 (Ul + W) * S(+

m=0

L-1 L-1-j

Z 2 (umuITHj+WmWVI‘Hj)S(t+jTh )+

j=0 m=0

-1 L-14f

D D Uttt W W) ST, ) (12)

=LA m=0

1 Golay fih ity i sl 4 14

L-14j L-14j

z (umulm-j-l-wmwlmj):o ’ 2 (um—jum-'-wm—jwm):() (13)

m=0 m=0

T
L-1

Dy(D)+D, ()= ., (it +w,w,)S(O=2LS(1)=

m=0

ALRME, Eyscos[ wgs(1)+9, | (14)
] APD #i t B 6 F G X T (B
(1), =06 L' M [\/Po (0P, () cos(wtte, ()] )=

S8R'L'M PP, (15)

1122002-3



9Nk TAE

%11 4 www.irla.cn % 46 &
1.2 APD HiHilgEsS RS J5 B MR A RS SN .
BOTDR Z 4t /b 22 Fa Il A 4y I 7 32 2240 35 A 2 LZ], RIMFP. B Lz]‘ SLTIR B
Hi A APD M APD A 5L M HOR R Hp P A LB+ un (BKTIR,)B=
7 FiL T K07 4 81 (Self—Phase Modulation, SPM) gRL M’ FP,B+(8kLTIR,)B (20)

A2 XAHNI V] (Cross—phase Modulation, XPM) ., /4
IR AT (Four Wave Mixing, FWM) = 4= A JE £ P AL
Joi MR e AR K B B N R DR R T
SPM F1 XPM, #5355 PRfe /8 £ 48 ik HI R B R 4F 1Y
EOM, BB b Fhasf a5 /N A% 8% bk o 5 B st vl
FRAT B HE A A AR IR Bk vp, DA AT LA ) SPM. AN
XPM; [A]if SPM Fll XPM %€ T FWM 7= A4 i A 5
YE ) 56 I 2 75 Wl R AH 7 DR L 45 14, 24 SPM ATl
XPM HA0HF, FWM AT Z B A0 st 2 i,
MR K A g R B AR RE R 4R EOM i, j= 4k
B Golay 54t B bk w5 5 R v BE | 14
SRR Dk, D) AR e MR IO M S AT 2 AN
it AT A B I R LR/, APD AR B AR
ORI 5 R P I 7 2 52 e 22 WSO AL 2R A ) 2 MR
U5 R MU TE 2 T8 R SN e i, 2% IO e e R FA g
FEPIRN, I AR AB A e e

P FROR IR 7 R PR R A A8 R 5 455 I I Y L I
MAFE U APD it MRS LR T 25 R

o =0 +0.=qRM F(P,+2P,,)B+(AkT/R,)B (16)

S o Bl o, 43 1 5 95 B0 K e 22 5 O e 7
MR HL U7 2 5 g S P 87 5 P S A T
K5 x RIS R P W AIROGIIR Py (2)=
P, Sap (Te/2)exp(~2az) 15 B I HUS 15 5 7 %, B
RS B8 T 5 k IR IR 252 W B T M OB R AT
SR s R, N ABHYT, T Po>> Py, SEBRI I
A] Z 0 Pys XTE RS 520

M U, U, wASHOCAE 57 Gk A IBOL LR
i, RGEME P HL R T 2253 3R

L-1

o, =qRM F Y, u, P, B+(4kTIR,)B (17)
n=0

2 2 & 2
o, =qRM Fz u, P, B+(4kT/R,)B (18)
n=0
)
L-1
2 2 2 2 1 2
o,=0,+0, =qRM F 2 (u,+u, )P, B+(8kT/R, )B=

n=0

gRLM’ FP B+(8kTIR,)B (19)

3, W, W, i g ny s drid 7 5 E R #2s
o, k.
o, =gRL' M FP,B+(8kTIR,)B 21)
U] 5 2 ZR G M P HL Y 26 H
o, =0, +0,, =2qRL'M FP,B+(16kLTIR)B (22)
1.3 APD REFEEFMRAGRERGKE
RSBk #Fl Golay 4ifh BOTDR & 4t M5 Mk Lt
SNR Fl SNR, 5 5 mH

2 2 2
C(t OR°M P..P

snp="0 - 2 bs L (23)
o,  gRM P, B+(4kTIR,)B

‘2

s =D _

UD

SR'L'M P, P
BS L (24)

2qRL'M"" P, B+(16kLTIR,)B
At (O R i (), 4 0 14 G5 B4 K ok B 24 1 5 5
APD U 5 5 S L 5 02 B o 43 3 Sk A
ARG IR,
Fa@ayxt MRF,IES SNR' =0, 1T 15Z &
4t APD e EAEHE IR 1 Rk =0 .

24x

16kT
| xqRLR R, ) (25)
222X (23)F1(24) AT 15 RGE IS 450
8R'L'M P, P,
. SNR. _2qRL'M’"P,B+(16kLTIR,)B
Gain= SNR = L= —
2R°M P, P,
gRM""" P, B+(AkTIR,)B
SRM P, P, 2R M P, P, 20 +0.)
+
> st L/ > ]?ZS L= 20-,\' ;TT (26)
20, +40,/L o, +0o, o +20,/L

XF A (16) F1(22) AT AT, 4 APD 153 K+ A~
AR, FR G IO M ) 2% B B 2 R )T T 2R
PERGRC , PN S T e o0 5 iR B B IE B, gk 2
U, BEE ARA I B 1) 1 SOk M 7 ) S 1 348 4 B
TEIE B AT PR R T R I R G G A 3 25K R R

1122002-4



9Nk TAE

% 11 21

www.irla.cn

% 46 %

M, FILREFE— N EAENRDKE, BAR(26)
T M HEOR M RS T AR A R e P S TR A PR
T LLZABSA T, RE R HAS I K gmid a5 0 .
2o, +0)

T

LI, 2R 45 fi R R K i 1 e T RS Mg 75 o
FIAME A TR HAE L % o >>200 /L, B} L>>20 /0,
I, 22 495 20 4 2 1 B0 A (B8 214 Ok e 7 ol o
Sy A AR 100 RN, B T 200 R 0 4
FERI K 1 Fe ik 3 T R

SQOkT
gRM "P,R,

Gaing,= (27)

Lop= (28)

2 AGGEEESTSITE

2.1 BxH4REIBOTDR &%

HT EOM #MEHI A1 APD 4 22K A Golay %
i BOTDR /A G U 1 fiR, RG0SR H A
298 DFB WOL#s  CIR A RSSO A E S i

[l Optical grating

. Circulator 2
Clrculaltor 1

Sensing
fiber

Coupler 2
50:50

[a7D Huiiedfard]
Frequency
synthesizers

&l 1 3EF EOM SM il Al APD b 2= kil iy
Golay %i#% BOTDR 15 & & 5t

Data acquisition
and processing

Fig.1 Golay pulse coding BOTDR sensing system based on
EOM external modulation and APD

local—heterodyne detection
0 R KOG, e — B O H G0 R DG R A
(Microwave EOM) ¥ il 7 A= A #h 7% 931 2 %51 | dl iod
] A I R R el 5 A L R RIS O Y 28 B Ak TR
APD 7 BE 35 Bl N 5 T — 8% O & R 1 ) &
(Polarization Controller, PC) J5it A EOM, H CG
FE A TR K BE Y Golay T 3K 2l) EOM 7 A= #H I 1) )6
ik #h {55 , 4 EDFA iR 5 BOGEF Gt 1 38 BRBOR
H & # % 5 (Amplified Spontaneous Emission,

ASE)ME 5 i AABIESLE | BRSS9 AT 4% 2 A
G #% 2 78 APD h 5 AR MBS 45 5 % S EA T AP 25K
APD it B & A MRS (5 5 5 40 11 GHz Tk
55 2005, Hofth o 5 B0k g B o FH B R4 I
b PR HR (5 5 R AT 40 T AL B, 38 e A0 M B A S A
T B A BN 5 AR AR B
2.2 SBS &

T R B G R R S I RS v S ] ) R
B 3B W A SR AE AN & B SBS BURTHE TR T g K s
HEAAL Y%, gk BOTDR & 46 (1 H0
Jikwf— R 2 koo, (AT R ZIR, oI LURE &
SBS W ], {H{# ] Golay 4#f% ) BOTDR &4t
EEIALF DR B R R4 5, Y HSF I AL TR
KF) SBS [BIE I, T ) 6 3 20m B , 1w
4 % H B AN, T & 2 SBS 8, £ 4t fiE %
PR B ZETC: T AR, BT L% & SBS B X A LT 1)
R BRAH £ 5075 1% DFB BOL#HELF (1 SBS
I {31 SRR TR Sy 21,

214,
" Xewool )

A FOGEF A T TR X s A IRIRH T 5 g,
F AR NI 5 L =[1—exp(—aL.))/a CE B4 3L
VERIEE 5 o WA IR EG L, AR IO K,
AL A K B L,=25 km B}, i 0175 SBS [
fHP,~212mW,

Golay 4t RGE WAL D%,

F_ P()TL.}’l
T LT+2L./v,

o Py S A S K i AR T R T S AR Rk b i
T B sn A Golay 15 %7 5 W Bk b i A8 L R g i<
JE v, RO P A . % Golay B 4MF 41 H
1A -1 A ERRTE W n=Lr2 BUPK s AR
9 P=50 mW, ALFERMDERK PS8R T,=100 ns, #
ARG EH TAE, #4AP<P, W15 L<229 Bl &
gl Fe i B I KGRI K Lon=128 117,

(30)

3 AGtRENE

HATHERGEEW, BOXE RO KE R
25 km, APD YEHL KGN #8747 %6 b 500 MHz , A £F ik it
WEME IR N 50 mW, FRI S ik vb 56 4 100 ns, IF

1122002-5



9Nk TAE

% 11 21

www.irla.cn

% 46 %

I HIA B 45525 6 D) % | ikt o APD ik 4 AR
B, HASHINE 1 Fos, SCHRAZ N8 7k
SRRk /N FBORE e 7 0 AR I 7 X 2R e A M L i R, ik
WE I 20, AR S R R L 45.15 dB,

®1FESH

Tab.1 Simulation parameters

Symbol Value Symbol Value  Symbol Value
q/C  1.6022x107" x 0.5 N 1.8x107*
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Fig.6 Comparison of time domain output signal

in coding BOTDR system

BOTDR Z ¢ il Ji& 73 # A< 6T IR AL 73 H R
e 1] L3 2R gt

5728 _ Av, - (31)
Cr /2 C,(SNR)
See oV, _ Av, (32)

C. V2 C, (SNR)"
AP Av, NATHINESE ; C,, L C,, 23 9 g A B 3
FE 0 LB AN AR R B, X T DR AT C L, =
1.07 MHz/C, C,,=0.048 MHz/pe, B2 (31)FIL
KB, 24 APD 51 70 5, gt K20 128
BIm, 7E 25 km JGEF AR i i B2 R A4S 53 B8R 53 538
F]T 1.60 THIZ5.48 pe,

4 & it

EEXHMES B kb BOTDR R4M5 5 155 . TEfE
PETHZ IR () 8, SCHR R —FR T EOM 4R il
Ml APD Jt H A W 2% A8 22 £ W 1) Golay 4 %
BOTDR %4t , /0 #1 T Golay i 1 Jii T APD 4k 2 K5
) 240 5 25 G5 110 4 e 1) J B R 2R e 0 25 R ) i B 3
W T IGET SBS [ (B0 4 A 2 114 R o 1) L, 3k 5 T
RGAFEM L g I8 13 8] T APD SR
1 KRN R S AR i K A, MATLAB 1j
HARRW, ARG RIS K B e , AU T
FRGE R RORL M P RIS D) 32 b B OGEF SBS A 3
[P, X TF3Ch prde i i R 48, APD S5 A+

1122002-7



9Nk TAE

% 11 21 www.irla.cn

% 46 %

K5, BRI KREH 128 {7, W R G5 L B4t

MK Th RIS T 26.42 dB, L E N AR A HER 435
IBET 1.60 T 3548 pe, SCHRBIZESE R 7]
Golay 4 #h 246511 BOTDR Z 45 B EH B A4k
PR AL T B HRAE SR T, 1T EX At T
Golay St IR LR R G AAEES BN,

e (8l

[1] Kee H H, Lees G P, Newson T P. All fiber system for
simultaneous interrogation of distributed strain and
temperature sensing by spontaneous Brillouin scattering
[J]. Optics Letters, 2000, 25(10): 695-697.

[2] Bi Weihong, Yang Xipeng, Li Jingyang, et al. Forward
and backward Raman amplification of Brillouin [9]
scattering signal in Brillouin optical time domain
reflectometer system [J]. Chinese Journal of Lasers,

2014, 41(12): 1205007. (in Chinese)

L, A, RN, S A EROER R RE A
LUK S A AT 1) R RS SORAR S (1], O,

2014, 41(12): 1205007.

[3] Li Yonggian, Li Xiaojuan, An Qi. New method to
improve the performance of Brillouin optical time [11]
domain reflectometer system [J]. Acta Optica Sinica,

2015, 35(1): 0106003. (in Chinese)
ARG, BEBRIR, . 4R A DG SR A R e Al R
PEREM 7 0], J62E 2240, 2015, 35(1): 0106003, [12]

[4] Muanenda Y, Taki M, Nannipieri T, et al. Advanced
coding techniques for long -range Raman/BOTDA
distributed strain and temperature measurements [J]. J
Lightwave Technol, 2015, 30(21): 1-9. [13]

[5] Wan S P, Xiong Y H, He X D. The theoretical analysis
and design of coding BOTDR system with APD
detector[J]. IEEE Sens J, 2014, 14(8): 2626-2632.

[6] Sun Q, Tu X B, Sun S L, et al. Long-range BOTDA

1122002-8

sensor over 50 km distance employing pre —pumped
Simplex coding[J]. J Opt, 2016, 18(5): 055501.

Liang Hao. Research of Brillouin distributed optical
fiber sensor based on code pulses [D]. Nanjing: Nan
jing University, 2011. (in Chinese)

GEWE . T 5 G AR Ik b 14 475 BRI DR 2T 1 SR B T Y
[D]. BiAt: BHCRE, 2011.

Liang Hao, Lu Yuangang, Li Cunlei, et al. Study on
decoding method of correlation coded pulses based
Brillouin optical time domain reflectometric system/[J].
Acta Optica Sinica, 2011, 31(10): 1006002. (in Chinese)
Beil, KU, 2774, 45, FE T AN SCRE S RK v A LI O
R 5 S S0 4 2R M A O iR ORI, D6 AR, 2011, 3]
(10): 1006002.

Hao Yunqi, Ye Qing, Pan Zhengqing, et al. Digital
coherent detection research on Brillouin optical time
domain reflectometry with simplex pulse codes [J].
Chinese Physics B, 2014, 23(11): 1-4.

Wan Shengpeng, Xiong Yuhua, He Xingdao. The
theoretical analysis and design of coding BOTDR
system with APD detector [J]. IEEE Sensors Journal,
2014, 14(8): 2626-2632.

Lv Lidong, Song Yuejiang, Zhu Fan, et al. Performance
limit of a multi—frequency probe based coherent optical
time domain reflectometry caused by nonlinear effects
[J]. Chinese Optics Letters, 2012, 10(4): 040604.

Smith R G. Optical power handling capacity of low loss
optical fibers as determined by stimulated Raman and
Brillouin scattering [J]. Applied Optics, 1972, 11(11):
2489-2494.

Maughan S M, Kee H H, Newson T P. Simultaneous
distributed fiber temperature and strain sensor using
microwave coherent detection of spontaneous Brillouin
backscatter [J]. Measurement Science and Technology,

2001, 12(7): 834-842.



