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Cross-Correlation Algorithm of Optical Frequency Domain Reflectometry
Sensing System Based on Adapted Range
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Abstract Optical frequency domain reflectometry (OFDR) is an optical detection technique based on frequency-
domain analysis. It can achieve high-spatial-resolution distributed fiber temperature/strain sensing through a cross-
correlation algorithm and has great application prospects in the structural health monitoring of spacecraft, flight
vehicles, etc. Common cross-correlation algorithms have problems of small range and large amounts of computation
in OFDR fiber temperature and strain sensing demodulation, which limits the large-range application of OFDR and
the improvement of the demodulation rate. For this reason, a cross-correlation algorithm based on an adapted range
was proposed. The algorithm not only improves the range of temperature and strain measurement but also enhances
the demodulation efficiency of the system. Experimental results show the feasibility and efficiency of the proposed
algorithm. The demodulation efficiency was increased by 2.25 times. The large-range temperature curve from 20 C
to 500 °C was measured, and the residual error of cubic curve fitting was less than 0.1 ‘C. The test error was no
greater than 5 pe in the strain range of £3000 pe.
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temperature sensing; strain sensing

OCIS codes 060.2310; 060.3735; 060.3738

1A 1981 4R H , 0 F T 18 15 & 58 B9 )6 £F 4% B4 )
FLIR A SR FH A0 22 A0 T 46 0 47 AR SR BOG £F P % B A1)
645 58 ) 5t COFDR) # A B Eickhoff %M T BTSSR TIAE 23 B 125 52 B 5 2 1) 2 39 3R 1 ik

T}

Wi HE: 2021-03-01; 1B HHA: 2021-03-30; RABH: 2021-04-08

BIS1EE . “xuefeng wang@sina. cn; “yuanze_xue@126. com

1306020-1



HRiIEX

%41 % %13 /2021 £7 B/FER

BRI . 1998 4F, Froggatt 257 # K 6 45 5 A1 %
SRR B AL S G 55 R S 6 2R S i i VAR, i A
B s B T AT A AL R AR Y R
W, FF OFDR AR 6T N AR % 2% ] 58
B4 oA 3 LR 25 ] 43 B R 1 A B L 7R T R AR
AT P I 2 ) el B I T A R X

2006 4F, Luna 2\ Al Kreger 21 % F 3 T 45
SRR E AR ST B A KRR G T
LKA PR TR 2 B R 1 e 1 °C Y
AR R AL R R 52011 4F L ER BRSNS b o
T T VOGER B RN G £F S TS S R AR A7 B RS A S e
FF4 H N AT Bl SRk o B B R AE R K R TR R G
2012 4E,Ding %" % ] NUFFT ¥ % o] #4355 0% 25
(Agilent 81600B) #EATIELRPER IE L fff 50 m Ye&F K
U ZS ) 43 BESR N 5 m $ & ) T 5 em; 2013 4F,
Zhou %506 3L T B MRS Y OFDR A3 T 417 HL K
B B BOTDA ARZ5 4, i F P A B AR 8] e X — A
FCEF AT IR RE R AR I S, SEERT R RE L R AR A A
2017 4F 5K 45 4 ) F A L 4 £ 3 4R R OB
IR T AR T AR IR T K R T
ENLKE s 2018 4F, Feng ALV 38 T R O 1 DT
PC B30 o A O R T A I 3k R 5 2019 AL iR
A2 AR T NI A e i) OFDR 55 % 1
AR ZS 0] 43 B3R 38 5 1 3B L I AR A I ok B
[ 4F L B i AR AR5 5 T 6 A ek S B R A o A X
T LT 5 B 1) L 78 A% 3o B A R AT B 5%, ST T 0 A
TG LT A% IR 5 IO 28 A% 138 A B AR 5 R B T 25 6 AR
SR ST T IR EE 4 244 (R B 5 I il e A
HEEZ A PRIEE T 1 em,

T OFDR WY GEF il BE 0 AR 1 B AR R T B

HHORSRE X G A BT A2 B T BE L 00 728 AT i 58 e
HISCHETE OFDR Y fiff V8 53 v vh A 76 D 4 0 Bl A
FIR AN 53 D O A ] A, LAl 2 A0 25 4 R AT AR A
2R A B M (¥ 9 R LR R SR MR
JE VA 7 A BRI B R ) O 1 D # e B AG T ELAH
SR JG G A ARBLEE L BR % T 2 GE A9 JRLBE L 1 A2 3K
RPN R S A G R TR 50 S
BRI T ARG R R . S A i S AR TE Y
[F) AL, A SC R — o 1 3 R Y A DG Bk
L5 RGN SCHK . A 35 BR AR SO 3G gy AT
DA S BRI E IO 748 B figp ] 5 [ N 322 530 3k S0 i A
T LA B BRE SC R BE AT T E 3R I T B G TTB
AR R e e T R AR .

2 FEARFH

2.1 KBRS HTRAALFERRZEARFIE

OFDR 43 7 3645 i B LN AR R 56 48 265 1
OG5 SR I B O I AN S OR 4R b
FRPUE o> 2, B 1 s, Horb C1 S 43t e
90:10 MR YL LR #E & 45, C2 a3t L 90: 10
() B LF F A A . C3.C4 . C5 AT H ol 50350
(15 R 6 2F #5425, PBS G 4F W 8 4> R 2%,
BPD1.BPD2 Jy F 1 5 B #  £5  PD o't f #5800
. FUREBORER & B 0oL 2T B A 2R i iE A
Wi TWAAMSE T WAL SH T WIHTRIE
JEUR AR 2 M L R IR AR I T B S B
T Sy 255 6 Yk AR i) B SR BE S 5 o T o AR e
R HIR 4 53 A% HEAT s/ p R AR A5 5 40 SR B, [ If
SR G T A 00 25 2F — 25 40 i T 0O 2 00 AE X 5
JE M

Sensing fiber

Tunable
laser

Auxiliary
Interferometer

Signal
acquisition and
data
processing

1 OFDR 734 A0 45 I B / A2 T 4 2 450 J5L HRATE 4]

Fig. 1 OFDR distributed optical fiber temperature/strain measurement system

T OFDR ARG o0 A SOCLF IR 1 728 12 %
AL AL BRI Dl i 2% T W AUE 5 2 %

s/ p AR A R 5 HE AT 26 A1 5 ] 6 R B 78 5
s/p TORFER B3 2) 6 o/p TR B 1355 40 B 47 e

1306020-2



HRiIEX

%41 % %13 /2021 £7 B/FER

B AR (FFT 38, 15 3 s/p e PR 09 55035 15
BIFHEAT o/ p IR PRATIE X1 5 3) AR A 1 B Y A5 ] 43
BRI X s/ p B HEAT IR A0 3 X B I R AR
SR TP B AR e (IFFT) 315 #3264 r
B B B ECE S S 5 4) X I A5 32 40 B R T
59 52 5 R BN AE 5 T B G Is 5L 3 B
TR B 5) AR R G A R R B8 W L AR Y
HE,
2.2 EHEXEEWERE

TEAT 5 Ab BRI, BAH SC pREIOH T 4 R A
SAEAT BV ASTR] I 20 BUE B AR DGR BE . % T B K
MSEEES v, Moy, EAHEEELR W LLERR N

RGn) =Dy, )y, (n+m),

m=—(N—1), —N,*,—1,0,1,-- . M—1,
(D

Hrf,y, BOCRNBOE Ny, BT RDEE M. N
(DR LU A 5 0 B0 D 2 1 1) JEE ok 7
Fo o7 i) N Az 530, A BR AT L s e i A 1] 4 A AL AR
JEE o TR Fia) 5 14 i v A R0 R 0 IO A G 3 B A B
KAE. 78 OFDR i 5k . i T A9 U R 5
e AR A TR A7 PR i i 7 OL IR A
e A O PO TR G 3 ) A DR AR R 7 B Y
P B AR T G A9 1< i 7% 6

FT T AR OC oA BT R pR R O (8 B AR
ek IR o T 0 TSR R T R A A e/
A HL I 306 A 6 A 5 i AT DS B S BRI
LR

1 K., 2m
R<m>=ﬁk§:]0yl </e>Y2</e>exp(J N/em),

m=—(N—1), —N,=,—1,0,1,.M—1,
(2)

Hepy, MY, 25800 v, Fl oy, B EE AR,
2.3 HEMNEEMNEHXEZX

AR AL 8 L AR A /e B 3 AR 4 9 O 1 AT
DA A5 HOAH OG I8 3 1 35 R A B 42 v, (R B
BT I T A R 8 2 5 s 5 B R R
HL WM AAER KN ITA &, A, £ OFDR &4
w2 AT A2 0 I SN AR R A B I S b A
XS BUOE I o RAER K 2 PR OR B,
B . AR HE SCHRL 10 1/ 43 Bt - 76 AT IRE O
# CTLS) (3 46 40 Loy o B0 07 0635 A 43 &5 3 30
I 555 017 0 615 AR AL EE R ARG, B AR 7 3 38 B AH O AR 5
FR 15 1 LL L BR A T 2R G0 A IR R L g AR Ik e R

reference spectrum

VAT EN

measured spectrum

red

1
|
shift |
!
1
1

I I
I ]
} I
| measured spectrum new i
i blue |
shift, !

I

| P~

TLS scanning scope wavelength shift
B 2 JGigES R 2R
Fig. 2 Spectral drift diagram

RT Y bR ) R, AR SCHR S — A S R
MR B /L, RiEREREN LT ER.
MEZ %61 S ] RRIE RS 2 X Fioe s A
G FD (163 i 4y, 155 00 ok 3% MR B G iz
BB E A G i R IT N R Go) A S
CIEY N

Rn) =

floor[ (I—H—L)/Al]

SG e Al +LOM (n e Al+j « AL

j=0

n=0,1,2,floor[ (H+L)/Al],  (3)
X I oAEIEERKE.L Mt me TR H N
JEiE RS o A AL R G R A R B, floor €« )2
Tia] T HUSE oA
Bl 3 M SE s B R RIS . AR 6
WOE IS G i v ) B AR A O '
TP SR X AT RS B Y R & AR A
OGO BN, RS B B R A, R G 1]
R M0 ZE AN n b1 1 B B RN T R A 18] B ok ple
FE . AHXTTAE G BOAH G2 5L % 5 VR 1 5 B
vk o T BB AN AH G 1 6 1S B 43 Bk S TR OGRS A
3 HE BRS04 i VR 2 00 ) A, T DA S B RS
o7 A% )l L [T AR 4l 2R 4 1 18 R R AR SO R
T HF AT i RS N A R BLE B [ R AT
floor[ (H L) /AL 1R 0 AR iz 58, i 45 1] 385 38 1) H.
FHGH B AT floor (21 /AL — DN LS E, A
SO EN R > TN BLE BB IR E T RS
) i A%

3 SEEEUR 5T

BOLSR K AR B C P B, LR A I K
FoBE N 42,3 nm, P EE A 50 nm/s, L&A
2 MHz, 55l 7 8@ W A B A S B R R

1306020-3



%41 % %13 /2021 £7 B/FER

minimum maximum
range: L range: H
reference spectrum: S
NN - P
1_-- 7
R g // //

| \M/\/\//\/\/\/VNV\/\, measuredispecaum: 4
: 1
L n M~ J\.\

Cross- ~

: v
correlation / \/J\‘\/\\/\_/\/\/\/\/\/\/\/\’\/\/\/\f measured spectrum: M,
vector |.| /U AN

number of related vectors:

n=floor[(L+H)/Al]

measured spectrum: M,

q
P

TLS scanning scope: I

inner
product

Al: spectral sampling interval

3 F 3 e AR R OGS R R 1R

Fig. 3 Schematic illustration of cross-correlation algorithm based on adapted range
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Fig. 4 Cross-correlation results of 500 ‘C temperature sensing. (a) Common correlation;

(b) correlation based on adapted range
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Table 1 Results of temperature test
Parameter Value
Temperature /°C 20.7 100. 1 205.5 300. 7 394.4 489.5
Wavelength shift /nm 0 0.814 2.053 3.331 4. 68 6.03
Fitting residual /°C 0.01 0.0028 —0.06 —0.039 —0.082 —0.097
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Fig. 7 Results of temperature testing. (a) Wavelength offset change with fiber length at different temperatures;

(b) temperature-wavelength fitting
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Table 2 Results of strain test unit: pe
Parameter Value
Standard strain —3000 —2500 —1000 0 1000 2500 3000
Output strain of OFDR strain sensing system —3002 —2495 —996 —0.2 997 2504 3003
Measurement error —2 5 4 0.2 —3 4 3

3 NI SR VR AR vk S B A W) R RS R B U)X
Table 3 Comparison of measurement range and demodulation time realized by different demodulation algorithms
Temperature/ Demodulation Number of
Core technology
strain range time /ms measuring points
Fourier interpolation method"" 25~60 ‘C/£1200 pe
Local similar characteristic'*) 3000 pe
Spectrum registration and spatial calibration"'" 7000 pe 1060 5000
Correlation based on adapted range 20~500 ‘C/43000 pe  403.1 (measuring range: 8 nm) 10000
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