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Application of Kuwahara Filter in Brillouin Optical Time-Domain

Analysis Sensing Image Denoising
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School of Environment Science and Spatial Informatics, China University of Mining and Technology,

Xuzhow, Jiangsu 221116, China

Abstract According to the similarity of information in Brillouin optical time-domain analysis (BOTDA) sensing
image in spatial domain, Kuwahara filtering method for sensing image denoising is proposed. The central element
value can be restored according to the correlation among adjacent pixels in filtering window. The results show that
the window size of Kuwahara filter should approach to the theoretical value of spatial resolution. The proposed
method can make an average signal noise ratio (SNR) improvement of 6.7 dB and Brillouin frequency shift (BFS)
error decrease of 0.58 MHz for BOTDA sensing images in different SNRs, without distorting spatial resolution.
The method improves the performance of the sensor without increasing the BOTDA sensor hardware, so it has the
potential application to high-resolution, long distance sensing and the other types of distributed optical fiber sensors.
Key words fiber optics; sensors; image processing; stimulated Brillouin scattering; Brillouin optical time-domain
analysis; Kuwahara filter
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Fig. 1 Block segmentation of Kuwahara filter window
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Fig. 2 Experimental setup of BOTDA sensor
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Fig. 3 Performance of BOTDA sensor. (a) SNR; (b) standard error of BFS

B A5 78 G 2T T A% 4 B B 100 189 ik ot B2 48 Ko
U5 PRI R 501 21 2R i s 67 (2 =9.3 km) 9 417 L 4
B A5 T AT 0BT SRR B s S A PR B 65 1 4 &
4 iR . I Kuwahara 38 9 X6 1% BB U 17 40 2
JE. 5 Mt 8.8 dB i F 14.2 dB, R M
Levenberg-Marquardt B 3% #F T IB 1 25 W &, i B

WA RS 1R 22/ 1.63 MHz F{KE] 0.88 MHz. # ¢ &
Horh 0.66 $E = F) 0.87, WK A ARSI HE
AR A LUK AR RS 1 15 22 AT ilE— A5 FRAIC .
42 AEERETHERYER

B 2 AR AR 5 5 AR R B AE M L KO
A xPI D CREE Kuwahara 383 0928 5, 76 AR RE

070607-3



55, 070607(2018)

ANSHBIZFHRE

www.opticsjournal.net

Lol — raw
’ | M Kuwabhara filter
" N — fitting curve
208t | F\UM |
5 ] |
X 1 LT |
2061 LA N
g My Tw‘ A
= L\VJJ- ! |\w‘ VU
% 0.4t JYT! M
3 E‘& \ VTR
W WA
0.2} AL
|
10780 10820 10860 10900
Frequency /MHz

B4 A BLPH G g5 0

Fig. 4 DBrillouin gain spectrum

W bE 25 S R &0 /N 5X5 18 11 i X A [m] o

IUCECE D 45 3 1) 12 JR ARk AT b 3L D I LR

{5 M b A8 Mk Y5 B R 8.7 dB~16.9 dB . Y £F = =
26

—— Kuwahara filter
o 20 /d\/\/\f

10

8

99| ——raw
218
8 9

£ 16
“ 14
12

10 11 12 13 14 15 16 17
SNR of raw data /dB

9.3 kmAb f A7 A7 M Lb AN A BL UK A AL 1% 25 AR L an 1] 5
i . TEAS TR B9 e HL 7K R . Kuwahara 38 3% 4k
PRAE = T A5 MR LR R AR T A R R 2E . HR%K
Wi L2 1A% BB 22k DR U S L A W LT S 4R
6.7 dB, A HL KA RS 2 22 F- 4380/ 0.58 MHz,

DABE I A5 5 78 5 W BE A 1090 ~ 90 %0 b Tt st (]
JIT KT I 1 2 ] 4 BE Sk 253 ] 4 3 2 - 24 10000
YA B 1 A LIRS o A A 275 il 2 1 R4S 3
SR 9 23 18] 4 BE RO 1,05 m 4 E Bk 90
WL ARMEEL Ry 8.8 dB I, U U 5 Y 25 6] 43 B R 2 R
1.08 m, I RXZH PR 1 m A EH M, [
b, B S 15 M LAY 4R, U8 D S K TH AT DAAR &7 i R
F 1 m @238 4r P, Kuwahara 38 3 K X 25 [a] 43
AR T 6 R

1.8 (b)
N 1.6

=
S 14
512
3

31.0
=]

208
=]

506
R 0.4

0.28 9

— raw
—— Kuwahara filter

TN

MKNMA\\\

10 11 12 13 14 15 16 17
SNR of raw data /dB

B 5 Ca) YEBEJE15 MR L s (b) U8 3 5 A HEL IR A AL 8 2
Fig. 5 (a) SNR of filtered data; (b) standard error of BFS of filtered data

F 1 YRS 1F M L AOAT TR 1R 25 MO
Table 1 Improvement of SNR and reduction of
standard error of BFS

Reduction of
SNR of raw Improvement of
standard error
data /dB SNR /dB
of BFS /MHz
8.8 5.4 0.75
10.1 7.2 0.74
10.8 5.5 0.67
11.6 7.4 0.69
12.8 6.2 0.56
13.6 5.4 0.46
13.8 7.0 0.59
14.3 7.0 0.54
14.9 7.9 0.53
15.2 7.2 0.48
16.9 8.0 0.43
43 EEWORKLE

Kuwahara 8 7 S — Fl 25 S F e 7 3, R

T IRV E O AR R A OGP SRS 1R

ANJRE T RF R 09 25 515 25 ) L 0 4
IE ST P £ 82 5% B A TEL VR A 3 A
070607-4

10900
— reference
10890 profile
. 8.77 dB
. 10880 Q) 1157 dB
= 10870 NS 12.75 dB
2 0360 J 190%) 13.82 dB
% 1m \ —1430dB
5 10850 \\ 14.89 dB
| —15.24dB
10840 10%. —16.86 dB
10830} == S
10820
9363 9365 9367 9369
Distance /m

B 6 6 2F A s A1 LUK 491 3% 3 A

Fig. 6 BFS profile of filtered data at the end of the fiber
7R AL X A R A HE R B B Y R A IR
/IS E I T T, 43 DK U TR /INIR B k5 X5
TX7.9X9.11X11,13X13,15X 15, % Kk ¥ H
90 IRIIE IR ER AT AL B, e RKimm & TH T
T T B I B e A i B RN 32 422 3 Bk 46
JRab TR T B IV B HoAm BB o A an 18l 7 B
R TR FEROLL T B R AR E 0K/
U Il X R PR AT AL BRGS0 A R R AR L
XoFFad P 11 B Bl 25 %7 11RO 8 KL B0 B o A kAR R
B, PEAR T 25 8] 20 B 3 X FORer 1B, M5 10 oKT



55, 070607(2018)

ANSHBIZFHRE

www.opticsjournal.net

TXT B B A EE R TS ] 4y HE R (7 X0.16 m>
1 m) A BLPH B 25 0 7= AR il s <t TR VB, B T
B2 30 s Bz 1 R 2 43, A B UK RS 43 A W) R 7 A
i, SGEF I ATV #8437 A i i 3 2 5 IR 2 0
P F AL & T R T 23 0] 43 BRSNS B S Xt
fRIAF S = A A i . PRI, 36 8 K B 42 30T 2 ) ) %
RGP OB Al .

10900
10890 —b é B
s A 5
~ 10870 10830| - AR | C11X11
10860F 93649 9365.3 l A \ - igé }g
C£ 10850 f s
M 10840} transition II " }‘
10830f  resrerareed \A "
10820 I/ distortion IV &9‘?‘
10810

9363 9365 9367 9369
Distance /m

B 7 ASTRIE B O AN S (%) A B AR RS 4 A
Fig. 7 BFS profile of terminal

fiber filtered by various window sizes

4.4 AEIREAEHLRIER

F VA Kuwahara U8 1 25 MR I NLM
WD X529 B0 90 W 0 15 8 R 5 kA7 25 1t
NLM W28 T AHRLE 2 6 X6, A LE H 2R
13X 13, i 6 2500 10 58, WD 2 5
T /NI SRR sym7 A8 M K Ry 5, 3R T
HALFRT 23 B A Kuwahara 383 . NLM Fi1 WD
SRR AL SRR AR AT AL B S5 B Ak BT
9 Intel® Core™ i7-6700 @ 3.4 GHz, % % N 1
(RAM)16.0 GB,Ab B4k 4> MATLAB 2016a, it
AR B = A0 T3k 1 6 £ I A B A B UK RS 43 A,
K 8 Fi7~ ., Kuwahara I8 I ] 488 4f Hb £ 15 25 6] 43 P¢
NS AR A SR I BR A B 7 AR L s NLM i WD
Tt 7 2 A0 08 225 18] 43 B S5 7= A6 4 L 8 D% S 2 ) 43 BE
A5 1.79 m M1.54 m,

Rt — 20 X = O 25 MR SO R AT H AR R
2 =9.3 km Ab 1A LUK 3G 2535 HEAT A0 T, S5 SRk 2
s . Kuwahara 38 35 88 F0 At 9 B 7 326 1T 0 — 25 4R
i M L T BEAR A LKL R 25 . X F 9.4 km K
(IJGET A 58040 A~ 23 [H] SR AE £ A 118 A Mtk R A
FU R FE [ R /N2l 58040 X 118, WD B 4% &k M
MATLAB 8w i /Nl T B A8 A BRI H A
5 I Kuwahara 38 3 (09 31 5 05 1] 2 NLM ) —
. I Kuwahara 38 3l 14U — A~ 8007 LU &
WSRO R E 5 NLM A WD 3 f/j 20,

10900

—— reference profile
10890 -~ Kuwahara filter
10880 < NLM /-y

1 10870
< 10860
wn
£10850
10840
10830
10820

Sy

9363 9365 9367 9369
Distance /m

8 ANTE] U T AT BLIRRRS 43 A0 I L
Fig. 8 Comparison of BFS
distributions under different filtering methods
2 RIEVEPE T EE X A B A 55 Y 25 MR AR T
Table 2 Comparison of denoising effects of Brillouin gain

spectra under different filtering methods

Decrease of

Amplification of Processing
Method BFS standard
SNR /dB time /s

error /MHz
NLM 5.2 0.44 61.6
WD 5.6 0.39 6.5
Kuwahara 6.4 0.58 32.5

:,__: N
5 én 1/8

FIH Kuwahara 38 % X BOTDA £ J& K14 #47
AR IR Y RN G A I TR 5 A (8] o3 B R
B0 B2 15 R LL , eI AT LKA RS iR 22 . S 2
RFEW, Kuwahara JEW I E O K E N /DT IFEE
PRE 23 6] 43 P2 AR [R5 MR LUK T B IS 1R
W LY SF 4R 6.7 dB, A LI A RS 1 22 5F 1 /)
0.58 MHz, %75 Al 78 A3 i BOTDA & Jg& £ i
PR I B0 T B2 i A2 IR aR PERE AT T T8 20 B
rh R B A% RSN 1 Ak B [ B A TR T A s R
(oA TR G .

2 % x M

[1] Barnoski M K, Rourke M D, Jensen S M, et al.
Optical time domain reflectometer [ J]. Applied
Optics, 1977, 16(9): 2375-2379.

[2] Froggatt M, Moore J. High-spatial-resolution
distributed strain measurement in optical fiber with
Rayleigh scatter[J]. Applied Optics, 1998, 37(10):
1735-1740.

[3] TFarahani M A, Gogolla T. Spontaneous Raman
scattering in optical fibers with modulated probe light

for distributed temperature Raman remote sensing

[J]. Journal of Lightwave Technology, 1999, 17(8):

070607-5



55, 070607(2018)

ANSHBIZFHRE

www.opticsjournal.net

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

1379-1391.
Dakin J P, Pratt D J, Bibby G W, et al. Distributed
fibre Raman temperature sensor using a
light and detector [ ] ].
Electronics Letters, 1985, 21(13): 569-570.
Horiguchi T, Shimizu K, Kurashima T,

optical
semiconductor source
et al.
Development of a distributed sensing technique using
scattering [ J]. Journal of Lightwave
Technology, 1995, 13(7): 1296-1302.

Kurashima T, Horiguchi T, Tateda M. Distributed-

Brillouin

temperature sensing using stimulated Brillouin
scattering in optical silica fibers[J]. Optics Letters,
1990, 15(18): 1038-1040.

Horiguchi T, Kurashima T, Tateda M. Tensile
strain dependence of Brillouin frequency shift in silica
optical fibers [ J]. IEEE Photonics
Letters, 1989, 1(5): 107-108.
Lopez-Higuera ] M, Rodriguez C L, Quintela I A, et

al. Fiber health

Technology

optic sensors in structural
monitoring [ J]. Journal of Lightwave Technology,
2011, 29(4): 587-608.

Bao X, Chen L. in Brillouin

Recent progress

scattering based fiber sensors[J]. Sensors, 2011, 11
(4): 4152-4187.

Alahbabi M N, Cho Y T, Newson T P. 150-km-
range distributed temperature sensor based on
coherent  detection of  spontaneous  Brillouin

backscatter and in-line Raman amplification [ J].
Journal of the Optical Society of America B, 2005, 22
(6): 1321-1324.

Voskoboinik A, Zhang Z Y, Almaiman A, et al.
Differential  pulse-width  pair BOTDA  using
simultaneous frequency domain interrogation [C] //
Conference on Lasers and Electro-Optics: Science and
Innovations. San Jose, California United States,
2013, CTh4H: CTh4H.5.

Soto M A, Taki M, Bolognini G, et al. Optimization
of a DPP-BOTDA sensor with 25 cm spatial
resolution over 60 km standard single-mode fiber
using Simplex codes and optical pre-amplification[]J] .
Optics Express, 2012, 20(7): 6860-6869.

Kishida K, Li C H, Nishiguchi K. Pulse pre-pump
method for cm-order spatial resolution of BOTDA
[J]. Proceedings of SPIE, 2005, 5855: 559-562.
Brown A W, Colpitts B G, Brown K. Distributed
sensor based on dark-pulse Brillouin scattering [J].
IEEE Photonics Technology Letters, 2005, 17(7):

1501-1503.

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

070607-6

Soto M A, Ramirez J] A, Thévenaz L. Intensifying
the response of distributed optical fibre sensors using
2D and 3D image
Communications, 2016, 7: 10870.
He H, Shao L, Li H, et al.
phase-sensitive OTDR with adaptive 2-D bilateral

IEEE Photonics Journal,

restoration [ ] ]. Nature

SNR enhancement in

filtering algorithm [J].
2017, 9¢3): 1-10.

Soto G, Fontbona J, Cortez R, ez al. An online two-
stage adaptive algorithm for strain profile estimation
from noisy and abruptly changing BOTDR data and
application to underground mines[J]. Measurement,
2016, 92: 340-351.

Yan Z, Gu H M, Cai C G. Seismic image
enhancement based on anisotropic diffusion[J]. Oil
Geophysical Prospecting, 2013, 48(3): 390-394.
JERT, BB, SR T ) S A A Y
R R AL B[] . Al BRI, 2013, 438
(3): 390-394.

Li G M, Feng L. Image processing the enhancement
of the seismic fault of method and its application[]J].
Progress in Geophysics, 2012, 27(5): 2138-2143.
PR, A R T MR AR B )2 1 5 U vk B
HBAIT]. ek B2 BEJ, 2012, 27(5): 2138-
2143.

Bartyzel K. Adaptive Kuwahara filter [J]. Signal,
Image and Video Processing, 2016, 10(4): 663-670.
Agrawal G P. Nonlinear fiber optics [M]. 3rd Ed.
San Diego: Academic Press, 2001: 195-211.

Soto M A, Ramirez ] A, Thévenaz L.

Intensifying

Brillouin distributed fibre using image
processing [ J]. Proceedings of SPIE, 2015, 9634:
96342D.

Azad A K, Khan F N, Alarashi W H,

Sensors

et al.
Temperature extraction in Brillouin optical time-
domain analysis sensors using principal component
recognition [ J]. Optics
Express, 2017, 25(14): 16534-16549.

Zhang Y J, Xu J R, Fu X H. Method of Brillouin

analysis based pattern

scattering spectrum character extraction based on

genetic algorithm and quantum-behaved particle
swarm optimization hybrid algorithm [J]. Chinese
Journal of Lasers, 2016, 43(2): 0205002.

SRAEH, AR, B T GA-QPSO RAH L
i Brillouin {5 35 5§ F $2 W7 ¥ (1], o B #Ok,
2016, 43(2): 0205002.

LiuY, Fu G W, Zhang Y J, et al. A novel method
spectrum of distributed

for Brillouin scattering



55, 070607(2018)

ANSHBIZFHRE

www.opticsjournal.net

[26]

sensing systems based on radial basis function neural
networks to extract features[J]. Acta Optica Sinica,
2012, 32(2): 0206002.

XUAR, M)A, SRR, 4% BT AR 1 Ak R AR &
25 (A% A LUK B I R AR SR IR T O IR,
2012, 32(2): 0206002.

Shang Q F, Hu Y T, Liu W. Feature extraction of
Brillouin scattering

spectrum based on cross-

correlation convolution and high-order centroid

calculation[J]. Chinese Journal of Lasers, 2017, 44

[27]

[28]

070607-7

(11): 1106011

Rk, WTRR AE, XK. BT HAH GBS R B A T
DTSR AR BRSO I AR AR AR L] b O,
2017, 44 (11): 1106011.

Buades A, Coll B, Morel ] M. A review of image
denoising algorithms, with a new one[J]. Multiscale
Modeling &. Simulation, 2005, 4(2): 490-530.
Papari G, Petkov N, Campisi P. Artistic edge and
corner enhancing smoothing [J]. IEEE Transactions

on Image Processing, 2007, 16(10): 2449-2462.



