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Denoising of Brillouin Gain Spectra Based on
Multi-Scale Deep Unfolding Network "

ZHENG Huan " ,XU Nuo,SHU Han,Xu Ke,PENG Yingsheng
(College of Information Engineering,Zhejiang University of Technology , Hangzhou Zhejiang 310023, China)

Abstract : The Brillouin gain spectrum( BGS) in brillouin optical time domain analysis( BOTDA ) often suffers from noise , making it diffi-
cult to accurately extract the brillouin frequency shift( BFS). Effective BGS noise reduction is therefore crucial. Existing methods for re-
ducing BGS noise fall into two main categories ; model-based methods(e.g.,BM3D) and learning-based methods(e.g.,DnCNN). Howev-
er,these methods have limitations—model-based approaches tend to be slow, while learning-based methods often lack interpretability.
A novel BGS noise reduction technique based on the multi-scale deep unfolding network ( MSDUN ) is proposed , which combines superior
noise reduction performance, faster processing speed,and improved interpretability. MSDUN achieves noise reduction by passing the in-
put data through a series of noise reduction modules, each optimized with learnable parameters. These modules contain convolutional
neural networks( CNNs) , offering a clear and interpretable structure. Compared to model-based methods like BM3D, MSDUN demon-
strates significantly faster noise reduction. Both simulation and experimental results show that MSDUN enhances the signal-to-noise ratio
(SNR) of 3D BGS grayscale images by 8.14 dB, outperforming BM3D’s 3.92 dB and DnCNN’s 2.23 dB. Additionally, MSDUN completes
the noise reduction process in just 4.8 seconds,nearly 30 times faster than BM3D. Furthermore , MSDUN offers a more interpretable hi-
erarchical structure than DnCNN , making it a better solution for BGS noise reduction.

Key words: optical fiber sensing;Brillouin gain spectrum ; denoising ; multi-scale deep unfolding network ; Brillouin optical time domain
analyzer

EEACC:7230;7230E doi; 10.3969/j.issn.1004-1699.2025.06.010

T & RERERI MK N7 2R R s AR

ORI OELE B, F A EAAE
(WL Tk K245 B T R4, Wi B 310023)

1 OE. A RN LR 04 (BOTDA) 2 4 b th A BN 2548 (BGS) T A 7, e A BN # & & B2 B DRI i

A, 8% F 5t BGS Bk, I BGS M J7 ik 4 LAY J7 3k (4w BM3D) fr 3 F % 3] 77 3% (4 DnCNN) # & £ /\%lﬁ@

A A M 2 AL, AR BT S R E R LR AW 24 (MSDUN) ty BGS vk 77 ik, B I s RAF 5 v% i

e T AR AFY4h 5, MSDUN Bt NERE T — AP S8 T ¥ e St g R 4 W’ézl’%/\ﬁﬂ/\
Ferg A e dr iy H o MSDUN 4540 Bk 28 B Y T ALl B TA RN RS R EH T 5 R 2 M4, B M Mg &

JEAEH BM3D X K EFAAG 7k E o, (7 E A LI 55 R &, MSDUN 7 DU¥ = 4 BGS & £ E (5% th 3 5% 8.14 dB, £ 3%

R _Ff£-F BM3D #4 3.92 dB #1 DnCNN #y 2.23 dB; & 3# & £ MSDUN R % 4.8 s, tb. BM3D # 7 3 30 £ ; 48 b DnCNN, MSDUN

Bk BRI E e o, AR AT,

KB AL R AT E O 3T R S ROE R R TF W 4 A7 2 0 8 B A AT

B 43S TP212.9;TU990.3 XERARIZED A XEHS:1004-1699(2025)06-1030-12

ST 32 A BN (Stimulated Brillouin Scat- S [ R A S S W N T A
tering, SBS ) J5L B ) A BL UK O 2= B BT R ge TEMEIT R M SR RO A S H
(Brillouin Optical Time Domain Analyzer, BOTDA) [/] T R, BOTDA iR FHE T PR
KRBT T AT PR H SRR, VMBSO 70 B U e Y MR

T B SRR - Wi LAy « AR U+ X BHE I B (2025€02013)
¥ Fs B #5.2024-09-12 &M B E1.2024-11-07



% 6 # ook, A&

BH AT 5 RBERERITMB 6 LK 55 RBEARTFR 1031

Wi A 2 62T v IR AE G LR b A A L DK O %
L, FRIH G RE I 5 AL BRI, BRIN6AS 203 25
38R [ PRI o 2 WA e B i, 75 B BRI 386 25 7
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TPk R S B BGS F&ME, 2017 4, Zhang %"
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Net-2-BM (PERENE T HoA 10 Fiiscseit ik, W
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PR T P28 g b o UL T A T LA ik

TR BE JETT 2 16 45400k 1 T2 A HIE R T2 1
Pk, SRMTFRATTIF A & DK TR B Je I I 245 10 FH
BOTDA # 4t HAii BLUK 3 45 33 B e 1) 1 5, IRt , 3%
fiT# 22 ROBEE BB R JF W 4% ( Multi-Scale  Deep
Unfolding Network , MSDUN ) ] - BOTDA [ !>
ATAEM EZEkan N OFERIF ML H T
BOTDA [ M . 5 YR TR BE J I I 2 B R T = 4
BGS JK B Pl i W | 25 518 12 2% 1t & 3 & ( Lorentz
Curve Fitting, LCF ) $& B A 5L 4l # ( Brillouin Fre-
quency Shift, BFS) , HH Tt H 5, @ZREFE
BA 2 IR PE R IT 2% 1] LU A3 B R 2 )

=4 BGS K BRI Sein (5 B, 97K 118z BF | gk
WX R E, M RBGERERL G (BPFF) R &
=4 BGS JKJEF 2 NEAF B, o T 5 1 e 5 5
B RTHREMROR . QMM SRR . L0 g
R, Z N ERERITF M4 0] LITE S s NG =4k
BGS JK B RI{5 e L3458 8.14 B, FAMERCR I AL T
BM3D 4 3.92 dB 1 DnCNN #J 2.23 dB, 7£ [5]—ZH1
AR, 22 R VR E J T I 4% [ M 1 52 H BM3D
PRTIE 30 A5, AT 3R SRERRASUR
®1 FEFEHTEBHESILE B0.dB

Ik Rk HARJrik PSNR SSIM
B— BM3D!' 26.73 0.768
" 757; CBM3D'% 27.48 0.766
NLM!®) 26.15 0.710
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LE’J ;;2% FFDNet 27.96 0.788
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o 1 W AR BT R AN S, R E S 96,1,
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padding SFILFERY RN stride R 0E
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B, S A FH— R 22 HOR S, anE 4 Fis . ik 2E
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Ko frm, f1 6 MmN ERZEHW, BERZER
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PReLU
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o o on o
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1 o
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a Gal)
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1.2.4  [FHGEARR

KGR E A B R g 405 RMR A 8%, 32—
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P, AP ITESVREEL(P, P, A,B,S,t),
I R B e /N TR 22, R 1

N
L(P,,P,,A,B,S,0)=1/N Y, | F(y)-x | (6)
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Xy, 2 P, PI—I0R v, & P, FR—ILER F
PR NJEGYLRIT4S R A Python HEY Adam

PefediRfrarg min L(P,, P, ,A,B,S,1) 135 RS 240
A B.S, R S HT PR T BR AR M T TR A5 2 1Y)
PR B EE, B ep VIGLERMAT—IKSEA B,
S. ERIKE ep HhN 1, EE FIRALIR, B AR pREL
E FREE AR, LA TR, FESEBRRH
K, AT 100 AR 5, 1% R B (A T Bk 34
REEE LA TR, 2255 %08, AT R
¥oh 100, 7EHATIEUE HEIZ40A B.S,
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] 8 25t 22 RUBE R B JE JF I 265 1 I 3 o 2, DA
£GP, THEALHI 1 A~T0FK P, N AR 55 A
P2 REWRERIFML F i 52805 P,=(P, A,

B,S,t) ;1 P, F1 P, ] LM iz e T RE

( a) Ras data . . (c) Denoised data
( )l LRI l'
Frequencys ’ l l Frequgncys

canning ) ~ ~ — © canning
= Q S S} B il
l G = X 8 2 2 X ) B v
M XE—aRF— 1 q —_— e — > A — BF —%E
il o X :g: < r < X o o
o Vit s S B el o = = 3 /
. X BGS fittin
BGS fitting b > 2 | g
' -3 L LS LB
X X x
BFS 3 3 3 BFS

\_Peak searching /

Peak searching |
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1.3.2 HREDR

Ry A R R LG O [ R M T 1k R P B 250, R
i SCT REBLSE AR D (1), £ 95 17 W 1L 1 o
(SNRen) "' ¥ 75 #3152 (Root Mean Square Error,
RMSE ) FIAN € BE ( Uncertainty )

X,
SNRen = IOXIOg,()XfL (7)

A H  SNRen 7R {5 Mt Eb 34 538 10 B2 8, X, 36 7 o g
FECHE ()35 07 MR 22 BN 8 5, X, 27 [ g I
P R 51 7 MR 25 B AN o

RMSE : F FiPAl M Ji BFS 15222, $E B A BL
WHARAL ) )7 B LCF,RMSE /8 4

RMSE=ﬁilmx,-> Sy ()
Ao f(x,) B S =4k BGS JKJE K $2HLAY BFS,
y, o T = 4E BGS JREEIEER I BFS,
Uncertainty : F T 7l fff FH A5 ) [ B 5 1% BES
bR IR ZE . HRm N,

Uncertainty = Jl 3 [f(x,) _ﬂz (9)

n =

FH y SEE A RS () BES MSET 3,
2 fFE

2.1 HEHEER

15 BB S BEAR I T

—iK 300300 Y =4k BGS K £ 18t M ik S0
[l =2 BGS JK B K141 A%, BGS K B B B — MR &R
SREE I TIE—1k, BUETER R 0~255, BGS iR
JEFEI#R & 10 750 MHz ~ 11 049 MHz, $145i 45 K 7 #%
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RILCHE ¢ BITUH 0~ 1,858 0.2, 55—k i iR %
410 860 MHz,BGS #i Al LI 48 L5, REFSECR
P 200 2% BGS JE WU — ik =4 BGS JKEEE]; 56
kORI EAE 10 850 MHz ~ 10 855 MHz, 5
41 MHz, Hfth 280 55— Bt —3(,BCS A 6 45,
RSB BHE 100 4% BGS TE AR — K =4k BGS
TR Bk =4k BGS KB I MEA T PR X AR sE
— 300300 ) =4k BGS JKJE K, ZH AR 241
B 288 A~ =4 BGS KEEIF, BEHX 261 ME R
rgl  HAy 27 AN IALE
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