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Fig. 1. Experimental setup for nonlinear effects generated by pumping single-mode fiber with high peak power Nd**: YAG pulse
laser: (a) Experimental device schematic, where 1 represents laser aligner, 2 represents 1064 nm high reflecting mirror, 3 represents
1/4 glass slide, 4 represents Potassium dihydrogen phosphate crystal (KDP), 5 represents brewster plate, 6 represents pulse Xenon
lamp, 7 represents Nd**: YAG crystal rod cavity, 8 represents output mirror, 9 represents potassium titanyl phosphate crystal
(KTP), 10 represents polaroid plate, 11 represents total reflective mirror, 12 represents focusing len, 13 represents optical fiber
flange plate, 14 represents single mode silicon fiber, 15 represents receiving magazine, 16 represents spectrometer, 17 represents com-

puter; (b) before start of the device; (c) after start of the device.
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Fig. 2. MSRA-Net and MSPC-Net model architecture diagram.
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Fig. 3. 250 m fiber nonlinear spectrum.
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Fig. 4. 500 m fiber nonlinear spectrum.
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Fig. 5. Training performance of 250 m optical fiber.
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Fig. 6. Training performance of 500 m optical fiber.
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Fig. 7. Comparison of error increase.

I 7 Al L, 7E 250—500 m YELF R B ML T,
MSPC A5 A {152 22 1 M B2 /N T A A5
REH T EBUE RN A 5 25 i I8 a7 1l nT 4iE J2 2|
24 15 nm ¥ Bl P 78 25 430 i I ST E s b i) 25 0
KAemF B IR, ME5 CNN /N Rz
URES R v SEA U SNEOY SR R N B == 0 e
3% RMSE T} & ; MSPC-Net 423 T NLSE i 55 5%
22 2 SR I I 4% A 1 A S A2 i B R e Y
LRSI, R A MY E S R, UL
S A 1 B A AR G R BILSTM AR Y
) RMSE 23815 E 5 5.
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#1250 m CEFBARIMEREXS LL

Table 1.  Performance comparison of 250 m optical fiber

model.
B% CNN  BILSTM Szli()CTVet
SRSHERMSE 0.014 0.0189 0.0098
WIEENIR2E /am 018 0.15 0.05
R HRZE /om 0.38 0.24 0.03
MRS U % 67.5 63.8 95.3
YLk ale /s 95 128 87
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2 500 m LRI PERERT L

Table 2.  Performance comparison of 500 m optical fiber

model.
R CNN  BiLSTM Mé’goc_r;et
SRSHJRMSE 0.0173 0.024 0.012
WIERERIRZE /am 0.20 0.17 0.06
PR W2 /am 0.61 0.60 0.04
MR U % 61.8 78.2 94.1
YA /s 96 128 87

A% 1 FIER 2 Z5 50T I: 250 m AGETh, AR
FH SRS 4 A RMSE A 0.0098, #H &4 CNN
FETIE 0.014 A1 BiLSTM A% K1 14 0.0189, X & A
BREYHETF; I, 78 500 m BYOGLT b, Bl i g
SRS 43 1) RMSE H LR PE & 1 15 25 1 K — 4,
FFE 0.012, XWIEH] MSPC-Net #8431 75
MSPC-Net 75 FWM WIEAFIE X 38, {058 (1%
2= HIAE 0.05 nm(250 m YEEF) 5 0.06 nm (500 m
FLF) LUR; oL G i A I BE R R R T, iX
AN 1R 22 S A 3 K 0.15 nm. KOBLF %
et b, KOGLF T FWM AHAIVC I &85k &
Ze, SRR H L. WL R BR, 500 m
FEEF rf R B BT HE v TR 3 A 2.3 A B i
250 m A 1.7 b, MSPC-Net [R A 2 R
23 4R (dilation = 1, 3, 5) 3R BUR I 40
TR SR SR, T HERA X 2> H S5 5 5 g
T4, 78 500 m T X PR IR SRR 8.7%, AKX
F CNN #J 36.5% #1 BiLSTM 1) 27.2%.

1% 8 T] WL, fdi ] MSPC-Net #5131 24 i A
[T KB SR ) RMSE S #R & ke HAL
50, X & TAERRN Gt B A T 3y
FA A, AT DL IR 44 1 AR TR AR R AR R A
250 m 1 500 m YEET H 4R 241 4 0 152 25 3 3

0.18

0.16 |

0.14 M
2 o012l M
Z o10f — MSPC-Net
§ 0.08 —— CNN
£ o6} — BiLSTM

0.04f ————— |

0.02}

oL

250 300 350 400 450 500
Fiber length/m

B8 e 2 RMSE 952
Fig. 8. Effect of fiber length on the final RMSE.

4 0.03 nm A1 0.04 nm, 51558 A LA T #
i 0.35 nm.

3.3 BREeEH

MR — B E A Z AR RE T Y
AR, TR 5o, Fa A B A W] 3 A
ML B MR AN R AR | AL AR R 2 RS T
Po. ARG R, AT RETE YIRS LR IAR
U, {0 — Ha e LSt AL A 2 ki, HERE S K
R TR

R, A T FE 4 MSPC-Net 55 7Y (1) 4
Ptk TEHAROEIE R R, % SNR = 15 dB
PR P A X403 SR SRR R B D BRI
AT AT, H-5 CNN, BiLSTM #5584 3 7 %
L, W&l 9 Frw.

0.50
- MSPC-Net

0-45 CNN
040 BiLSTM
0.35

0.30 |

0.25
0.20 -
0.15
0.10 -
0.05

RMSE

0 20 40 60 80 100 120 140 160 180 200
Training epochs
IR & SoT L5 € b e
Fig. 9. Training efficiency and convergence characteristic

diagram.

& 9 7T UL, 7E SNR = 15 dB F4 5 BRES 1Y
T, MSPC-Net, CNN, BiLSTM = Fh £ 4 1)
RMSE KA, (HAHXT T3 /N FpERL, MSPC-
Net FJCSCREKTH AR FERRE, 200 FE R LA
J&, RMSE /NF 0.05, J& Tl 232 (R 2570 Bl .

HE 10 AT 0L, B 7E SNR = 15 dB A5 L
T, & FWM S R 5 R e 0 F 92.4%, X 1
CONN & it 20 24~ H 43 44, X BILSTM WA 2y
15 AN H 4T s ER &, BRI R AAR 4.7%, 1
L TSR iR 22, s T I, REfs T 47 b
XA e HE BT 15 5. T Al S B IX s A
U, (A5 7S AR T 2R Al A A R A 2 554k
[F)AE AT LASSAIE, AHEE TAE SR CNN BRI SZ BR T H
R ARIAZ B KN, 45 T R e AR 75 A TR U )
MG, R H MSPC-Net £ 1) Z2 R %5 i 4 F15
S B BUR AT E B F i e, Wi LR
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IR EA T LA 55 MR A AT R O A X1
TREEE R FWM IR %,

100

95

90

85

80

75 F

Recognition rate/%

70

65 . . .
MSPC-Net CNN BiLSTM

B 10 M e

Fig. 10. Noise robustness diagram.

3.4 WENEFREE

) P24 o M s - P P B 5 ) NLSE Jiiel sk 22
T3 ol ) 24 10 A 5 O A5 e, T CNN,
BiLSTM X 2 4l £t 48 9k sh 5 R & 24 5 3t 2 1
Mg e AR . 528645 3, MSPC-Net () FWM 7k il
53] 20%, H RMSE AR T 9.8%, {Hj& CNN
5 BiLSTM 43 542 T+ & 25.6% 5 37.4%; A E
SYHTRT UL, F ) B B b S5 DR S s ek
T B RIS X

MSPC-Net 458 MHHHMNE: (SSFM) # NLSE
A BIRER 22 b, W Rk T TS A B S
YRR A — B0k, W 11 ME 12 Fs.

0.5 |

0.4 1

0.3

0.2 A
0.1 —10

0 - —-15
—0.11 —20
702 4
—0.3 A
—0.4

_0'5 N T T T T
0 100 200 300 400 500
Fiber length/m

Frequency offset/THz
Log intensity/dB

1L B Ak
Fig. 11. Split-step Fourier method.
HE 11 AN 12 7T, 250 m YEEF T, MSPC-
Net TR 4555 5 SSEM FHIE A 14 F- 34 46 %} (i 22 K
0.03 nm, 1 £ 48 CNN Fl BiLSTM 7& i [d] £ 1
T B9 0 22 4% 510 0.38 nm A1 0.24 nm; 500 m Y&

#frf1, MSPC-Net i 224 0.04 nm, 44t CNN Fl
BiLSTM 22 W43 54 % 0.61 nm A1 0.60 nm. X
SERURESIN T YL AT L SE BT 63 T Ak
R BT 51 50 P 2% 1 ZAF & NLSE 765
B AT, DB AT DR SR T3 | A I
AL AN S5 B OB PR 28 JE A L 245 5 e R i i
FEAR IR 2% PR Z (B A sl & 7 U4 AR R i 22
SR, X INRS T R SRR A T
BLAERL.

0.8

Fiber length
I 250 m fiber
0.6 | [l 500 m fiber
[ Data1l

[ Data 2
0.4

MAE/nm

0.2 F

0 [ i
MSPC-Net CNN

BiLSTM

12 R N 25 % H
Fig. 12. Frequency shift prediction error.

e 3 AE 13 AT UL, 7E MSPC-Net Hfial 5k
ZIVEHTT, dER PRI T ORISR 58 LUK 5 5
(SHW) AU RS & (AN) B Pp[RIE L AL, S HEie
B AH L A5 26 3% 2 98 2 R %8 2.4 nm A1 RS i
AN = 4.3 nm, HAEEESFHIRZE/NT 3%, ML T1E
SRR 52 B B BR ], FECF K AE LT
PR AIURS T 25 A B AR A% TR 2 2%, 4 CNIN 19
AR I 15 22 1 R 36.8%, RE R I e A oK R
12.7%.

# 3 WHESEULEREEXT L
Table 3. Comparison of physical parameter inversion ac-

curacy.

24 MSPC-Net(500 m) CNN(500 m) BiL.STM(500 m)
B2 <4.2% >22% >18%
Y <5% >30% >25%

Ak, NLSE 24 7 Y1 it A v o A sl i i
(0977 AT AL 4G, 2 23 B 2 27 2 T 3 1 (5
(B2) FARLMEREL (v) FIBKSAEH. 2478 500 m
JCEF RN, Y Lpny RIR By 5 ARUEIK e JiE B
MSPC-Net H ¥ 8 B (4 HL (82 ) 1 500 m JGEF
WO 2E /N T 4.2%; JELME R AL () Ead
(2) LRIV iy| A2 A, T, WL E I NOGIEE
LRVET AR RS~ , MSPC-Net H R i 5% 22 /N T
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5%. M AL S )7 % CNN %22, 500 m MSPC-Net
(A AE RS 22 B k).

4.40
B, estimation error: 4.2%
g 4asl7 estimation error: 3.5% ,’.
£ 1) 'y
E ¢
7; 4.30 l.’
Ee] [
g 425t
% ¢ MSPC-Net
& 420t o
a4 -~ Fit (MSPC)
‘‘‘‘‘‘‘‘‘‘ Fit (CNN)
4.15 L L .
4.1 4.2 4.3 4.4 4.5

SSFM theoretical value/nm

P13 AURS B AH S P 23 M

Fig. 13. Prediction correlation analysis.

4 % @

AR SCHRE S — B B 2 R 4 4% (MSPC-
Net), it AL vEdE 21 2 (NLSE) #iidshisk 22
VR TSR R T A 28 Ak, ST BB G2 o
FWM-SRS 5 A 248 G 200 9 e K BE A Afr . 52
553 1) 500 SLF e ltiE E H RMSE I
F 0.012, AL G J7 kAR 68%; 2) fE SNR=6 dB
M 7 R S2EE 95.3% B FWM YRIGAS I 2R 5 <4.7%
(PRI 2R 3) AHRS TIN5 25 < 0.04 nm, B & (4
B By B TH AH X 1% 25 <4.2%, AE B <7 1H 1% 2 <3%;
4) B A AR S R SRR A IR S i DR
AR S TR AR, U2 ML i3 T,
H R DO AL i 5 o A AL AR AL T R
AT 22, R BRPEAUAAAE T AR AR N, ansz
AT BRI AR Sty 95 0L
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Abstract

In view of the difficulty in analyzing the strong nonlinear coupling effect between four-wave mixing and
stimulated Raman scattering in single-mode optical fibers, this paper introduces a novel multi-scale physically
constrained network (MSPC-Net), which effectively integrates fundamental physical mechanisms with advanced
neural network techniques. The proposed model incorporates the frequency domain residual derived from the
nonlinear Schrodinger equation directly into the network optimization procedure as a differentiable physical
constraint term. This strategic inclusiveness ensures that the learning process is consistent with the fundamental
physical principles governing light propagation in optical fibers. Furthermore, the model architecture adopts a
multi-scale dilated convolution module specifically designed to capture and fuse features across different
granularities, including fine local spectral details, intermediate-range broadening effects, and long-range
attenuation trends. This multi-scale approach can realize the simultaneous and high-precision inversion of both
separated spectral components and critical physical parameters.

Experimental evaluations are conducted using single-mode quartz fibers with lengths of 250 meters and
500 meters, respectively. The results demonstrate that the Stokes spectra reconstructed by MSPC-Net achieve
remarkably low root mean square errors, only 0.014 and 0.0173 for the two fiber lengths respectively. This
performance represents a reduction of more than 68% compared with that of traditional convolutional neural
networks. Additionally, the average absolute errors of frequency offset prediction are as low as 0.03 nmr and
0.04 nm, with an accuracy improvement of approximately 90% compared with those of existing state-of-the-art
methods. Under noisy conditions with a signal-to-noise ratio of 6 dB, the model maintains an exceptional
detection accuracy of up to 95.3% for identifying four wave mixing (FWM) sub-peak information, while keeping
the pseudo-peak rate below 4.7%.

Owing to the embedded physical constraints and lightweight structural design, the proposed model shows
just a 9.8% increase in root mean square error even under challenging noise conditions with a signal-to-noise
ratio of 15 dB. Moreover, MSPC-Net demonstrates satisfactory real-time processing capabilities, making it
suitable for deployment on embedded devices. This practical efficiency makes the model a promising solution for
optimizing high-power optical communication systems and advancing distributed optical fiber sensing
applications. By successfully combining strict physical laws with multi-scale feature extraction, this research
presents an effective approach to resolving the analytical difficulties associated with complex nonlinear effects in
long-distance optical fibers, while significantly improving both the theoretical consistency and noise robustness
of the prediction outcomes.

Keywords: nonlinear optics, physically constrained neural networks, multi-scale feature extraction, spectral

separation
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