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THE MODELING AND MONITORING TECHNIQUES FOR
THE NEXT GENERATION OPTICAL NETWORKS

ABSTRACT

With the development of 5G, intelligent Internet of Things and high-definition video, the de-
mand for optical network transmission capacity is increasing every year. At the transmission level,
under the coherent communication architecture, digital signal processing technology has made the
transmission performance of each link gradually approach Shannon limits. However, in order to
guarantee the reliability of optical signal transmission, a large amount of margin is mandatory in the
design of each signal. In this way, signals can still have better performances at the end of the life.
However, the margin can also cause an under-utilization of spectrum resources. Therefore, building
a low-margin network can significantly increase the capacity of next-generation optical systems. A
part of the margin is designed for the planning tool. Before the lightpath is established, the specific
transmission performance is unknown. Moreover, the parameters used for estimation may be un-
certain and there are deviations between the input parameters and the estimated model used in the
control plane. Therefore, the design margin is reserved for this part of the uncertainty. However,
margin design is generally based on conservative estimations so that most of the margin could be
wasted. Therefore, improving the accuracy of signal performance estimation can effectively reduce
the margin. At the same time, performance monitoring of established signals is also very impor-
tant. The monitored information can assist in revising the estimation model, and at the same time
early warning of possible failures. Therefore, modeling and monitoring of optical networks is one of
the key technologies for building next-generation intelligent low-margin networks. Since traditional
theoretical modeling and monitoring models have a series of defects in accuracy and complexity in
flexible optical networks, a large amount of data provides opportunities for using machine learning-
based algorithms. This paper summarizes the modeling and monitoring algorithm based on machine
learning. At the same time, under the new architecture, with the goal of deployment, the modeling

and monitoring algorithm based on machine learning is optimized.

Key words: intelligent optical networks, quality of transmission estimation, quality of transmission

monitoring, machine learning
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B8 4

5G B2 Pk R 2 R 55 170 J R e I 45 i 25 B AT SE 4R i T o . BRI B
Ko SR T R ARG K IR PR K, M BORBAERE S AN B A J . et
4% (Elastic optical networks, EON) {1 % 1 i [0 £ J2 il J2 T DA B 5 R XAt e YA T
REWREAMC, DATESR st A R 2, SRT, b TRERS A S AT B B W 2 A2k, EON 45
FASEIN T 4552 2k, XS AEREm TR G &4l 55 M F54r (Beginning of life, BoL) %77
fir#¢ 1k (End of life, EoL) B HPkfME. MAGAEHEER hEAE KBRS, BIfEk
S B T 2 R ECRMERE AR 25 e 222 . PRI, 425506 0 4 i AT SE R AR SR 4%
JEEIT)— A B R

oI = 2 E 00 = S N AV L - I VA 1=4 A  a  E  O107 6 O 4o N 1 R
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QoT) , MHAPRIMEKIEFIZAT, BRI T A B A e DA L RS )t R e hn 5 S bR g R 2
A2 7B, SR, E AR S SEURE IR AR, AR S T i A
e I, S TR MR OGRS N M 28 25 B, $a 2 RE 2T MR I 06 I 25 R )
THIE B BRI SRR . AEXAPIEOLT , MR QoT Mzl 2 ke, 5 —J7
T, AT GRS, 45012 TR BRI 245 i SEPIR S AR Ihlcps &A= . I, 6
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Coherent system

Span x N
1, PBC PBS )
I
Encodlr.lg E‘ 9] Detection _@ DSP, >
Modulation ‘ EDFA 0 Demodulati
Data Y And DSP DACI- I, v emodulation
> n ' and
DAC 1Q Mod. I »
h Coherent ADC|  Decoding DataY’
9, Detection
ADC
Y\ 0
Laser PBS LO Laser PBS

Pl 1-2 il 15 RS04

MEfr~, H, DAC REEsEdgy (Digital to analog converter), ADC 5L ¢
(Analog to digital converter) , 1Q Mod. & IQ ###l#% (IQ modulator) , Laser N t#%, LO
Laser "HAfE 0G4S (Local oscillator laser), PBS “{i#z 4> 4% (Polarization beam splitter) ,
PBC Mk &ik#s (Polarization beam combiner), EDFA N34G2k £ (Erbium doped
fiber amplifier) . P55 kS8, FEVR )G BOREIR SHE LA BE R A5 4, el %
WEHAM T ES, BT — ROV FE S, sAHPRGELNFT S 5 R, T8
HAE ST, ES2ZH RS0 WErsem, B, Ellom, BIrFES A
Al A AEME S R . T SRR R AT RN, EE AR T ENE ST
RIEVART LRG0 SR, eSS ERE AT, HAL MM AR H AR @R R RS, R,
T 2% R G THFEA EBAG T AN HER TR — RS R E. R, R 452 DA
THRARG AL = ANE, AT RATRERE > R EA T, G EPERE A TR HOR TR
BRI, X BORBIRGL Hy i AR AU BORMER R AT, AT AE R4
Tl ZESHONMESA R AT ma . [RIEF, ST B IR S A0 T OGIAE RGN, LM%
Tl R G T ARG W IALH], 7RG H B S RE S T P, TR R
HEEIE1-3. R PRE RS H AT C A 6 2845 e BE A 5 I R AT R

Modding
QoT Monitoring

Control QoT Modeling
Layer Impairment Modeling
H Control Plane
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Layer

Impairment Monitoring
Failure Management

Network Topology
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1.2 SeMg R st BRI

W AR HEAZ G Y QoT AR AT DARH By o't o0 2842 1l 2 il 8 B AR B H . KA LA 5
AL SR 10. E BON [ 45 LRI BE, QT G R iy 1 52 16 00 4 o 2 T T ¢
ZH (AT RAR = AR5 R AR ) S AN S S HORHER , 5 SEPR(EAH L, QoT
WA T BE e w22 ), AR LT, TR T AR R, R 2Rt
JeAE S TR AR B RAT A D DGBE e BoL 2 i M 45 M RE TN e 2 ok iR el 45
IEHEBITIK-. B, %42 HERA SRR QoT B8, H H Lt & ik
BURPARA T AR B g Bk 52, DAG Bl QoT ATt B AU RIS 4T PERE .

Xt QoT s, —2ftegi vk m DA {5 L (Signal to noise ratio, SNR) . [ £
# (Forward error correction, FEC) #fi4# (Bit error rate, BER). J:{gM: . (Optical signal to
noise ratio, OSNR) Z¢ 845 K PP Bk (W PMERE . X5 8L, (B4 7 i ml DAL T —Se dE %2
PIPTERLE Y., BlanCer IRt SCIE MRS ABORER1Y H A 4654 (Amplifier spontaneous
emission, ASE) Mps, SR1AT, XJT @ shiSA8 b EON, (L4510 )7 i nl g Jogs DLl | 4%
B ESAE. I, BETHLERE I XHEM 4R 5 B3 T @it ok T 32 B KB e
PR

1.2.1 JER %% QoT filiif A2

H RTYER 45 QoT Al 3= 253 A L G 7 T A 5 BT AL 2 T OB AL, AT X
P TH 3 3 T DAY 45

1.2.1.1 &4 QoT iz

TR L0 QoT BB 3= BE2% R AZ 4 A vh AR et M s 5B EF O AS 1Y) ASE 5
MRS, 25 OGRS O GEFAR SN AT KR R AR 15 7 % (Non-linear Schrodinger equa-
tion, NLSE):

JE, 8 jB, O’E
azx =Jgr |Ef + E}| E, — > 512x —aEy (1-1)
0E, g ip, °E
y . 2 2 JP2 y
E = §y|Ex+Ey|Ey—7 61‘2 —(XEy (1—2)

H T ARk B 15 7 AR I TR, WS — R BT — BRI R R 2 vk i e 15 R kA T
fiftk, MR BT gE R . Hdgr, 4 2{dsr 458 (Split-step Fourier transform method, SSFM)
5wl A (Gaussian noise model, GN model) & fi ) BB PR . N IEPRE3- 30 4
P,

e 2 SVl g K

Gy AT AR U] B BT R O S P BT O BB . AR FEReT 1%
AR, 55230 AT SEA RO BN AH BT . R, FERTRD L H i
o, RPTARGEAL EEES , WT DA GRS S AR RN 4 B R, AT A BRI AR
fhgs . DA 80km (B HIBEE B, 20m oA i Bz e e, v AR HERRISUE S % bk
Ao BRGNS AT DA A TR M 05 EL B B A2 S M RE AT T B g, Xt
B IREORWB R . X2 T & g R v RSO ZORTEATEON (5 5 AT AL B, JRZk %
SRAEBHE A SRR AL, 2 B3 44 20m A2 AR —R, HI, EihEs
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TEMATZ WA AR, IXAELE T s 5 R B KA K AR T L B A T AR 41 T
S B, 7 RIE AT A R VA BRI XA RS B A R R I Y A 3 5

o [l PR A

e e AR R (O] AR — R RS R T AR R B T e, AT B R A 4 A 5 A 2
PR E T AR AT R . E TR RS LA R B A

1. {55 MR Ty 2N 55 DR R R 511 5

2. (EHE S EGOT LRI R IE S

3. AR AR TR, BIARZEMERS RIS I = S

BT ARG, S s n] DK JE et i e S BRI R . o, SRR
FCEF Z R AR ESE M, P ARSI 4R T = PR A (Incoherent GN model, IGN), 24
F BB Z [MAE Lt B T A B g ma iy, n] AR B AT = B A8 (Coherent GN
model, CGN)

BT R e R A b JRZe R PR i R B T, AR S T R, W
WA SRR R . [, Y ARZPERV B i, RS 2311 22 W i 5 e BT 55 A ARRALE , TG
EW R IZEA R R . R, E TR AR A AR TR BERAG, TEARR R R RS R
BREERR . [, i T A A T AR RS MR A T, BRI T MR AT HES KT
SEBRE, PRI TR R Al R A R A BRI PR B 5%

PA_EPRHAB BRI @B AT R AN R I 5. AR FE @R K, M 4 ny i it 4
BRI e T W, REECMZE I ZMT AR, TR ML, SR BB s 5 T3
JEPERR TS 2K . iR EON ORI & e, S @i VAT BATR R . R KT
JERE bt T, BT IEE TR R e AR, N R R AR R R T R R
W 5 2 2= W0 U A GRS - TEJEMI 2% QoT @iy s, Hldes > RA HEE KA RELA
P v AR I PR BE

1.2.1.2 FFHldess I 1y QoT i

Hlas=£>] (Machine learning, ML) 4Kz QoT FLZ n] PASR mB Ay ] 1, iz 5
MR, TEX S B R B . B, PLaE ) s D BRIk, X
TR B AT I, ML SR Rl > BB SR I AE R AE 1521 dnag
REMSRAT I E. SR ol SEbn R A, A RAE I T H a8 Bar > € AE 7 Al DA 4L
B BRI LY R RGBS 22 P FE, ST RS HOCMgT T, T R
B TS PR A R, X5 T QT St (i B ti S a1 18241
W) ML B2 BEAS ) f] B S5 (BN A DB S M BORZ O 2 R 2% ) R 3 R
BB TEXRME UL, SRR SR AR B AL 2 S B T DA st
W BB, V52 AU B R0 28 0 2% sl 2 P ] UFT 52 o' W 45 PR REAG 1T Y A2 4L
187 RIFEBEE . BUG, B iml A B (e ) Mge /R gkl 920 %) ]
DA DR fre/ N RIS, FE ORI ) S (A S A AU R AR . e, g
ST 281 e A AT AR A SRR B M B B, A N T bRl g 1o 40
KA AEATTH, R BT LR~ 59 QoT B TAE, WFRI-1s.
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K-llfir, BEsLaR e 5, Vs, HErs KR, I
BER KHE IR, JeEr AR
BEMLES B T e 2 Wi | )7L OSNR, 4%, i #il#5 =0, FEC,
[y ¢! S W A R
TR A R R 45120 JEH AR R, bR,
ZOCRE RS Y S AR E S PR
¥, EDFA %{, ##%%(H , BER
O-factor ZHIHERE (Case-based | R AR, ([F5i K, BARMBKE,
reasoning, CBR )P0 311 | 4 S pie iy A 5 S AL 4RO R% , dadt
AR GBI BRE 22
a2 S WA, AREE R TR
OSNR M %% Kriging ¥4, L2 1 | B EERT TS R anl, B anl
)£ ] 22 () ZE, 3855 AR = 11
A A7 ] i
1 por A EUSER Bk, CAESESN OSNR
Pldn24 2] Sy s EAL | BB, #1130, EDFA 4(&
SNR 2t A
BT P f555)%, EDFA [1)lmE 250
Margin K-l etk i, SCRr | BhE, BSREg, BRERE KR, TI%E
[ AL, o 20 ) 4124 PRI, mOREERKE, I

1.2.2 JeMZE i flivt iz

H TG 25 PERE A 7 th 2 A JL Rl 3 80, BRI, WP A ANt A A T HE R S ] DASRAS:
WEEE, PARIBIE R QoT AL MEmMTE. BLah, XPRFa i n Akt nr DA Bhiz dil 280t
TEHEMRARRCE . BT H BT T LT #M2 L (Chromatic dispersion, CD)  Flff A
i (Polarization mode dispersion, PMD) 5455, AT5Rt4Hr H HG & i 5248 ] fE 22
PERE N BRI . AT AT T A TR G LA 2 ) BTG ET AR L, DR
I ASE M S S5 1A

ST AR LR M R, A 2R M (454 SSEMPOY) ml AR A HERRI Ao 4RI, 5%
MR R R A TR ). RO (0 T A ) ] DA Heptn b AT
B AN BEPRUEIT AT S 45 R AR B 3 5 N R RO O MERA R, AT 5 230 B 4 e i i
A, SEOT MG BCREARR . b T IR R s A s s M R T
FIE A IR AUFINLAS 2% > 4L A LAK B B = () AR L PR s Al RS B B 0 26

TEA B EON H1, n] B4 %E 4% (Reconfigurable optical add-drop multiplexer,
ROADM) 1] PAfSEIM 45 S F7 RIE RS AN AT ER 3, XA T A S RAEMES
PERV R RBG I 28 AE R B (H2 , TEXAMEOL T, l Tl [ [ B s, B0 ROADM
5 A B th A R 5 5 QOT P2 A R A i . EDS ) 5T — Pk 2 W 44

5 5 50 Ak 41 51
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BRI T ARGV DRI RO o Fh 22 W0 25 (14 i ARFAIE 2 ROADM M4, OSNR, MRS 2311 A 5
3. HREZ N T LM 4% (Artificial neural networks, ANN) W DAt 11 H 31838 5503 1E F
JEIGHE SNR, HZEil i /NT 1dB. TESEFRRGE T, M2 A0t (FIandegetiaify) 3t
FRNE, RPN AR A . MeAh, SRR SRR AUV A R — RS, SNR FIBEAR 2
WA RS bR . Rt B2k IS 3 A0 AR R 28R 5 A A AR A K A
AR P 224 1 B8 5 A AR DR IR R 458 1) R

LR ARG, N T ERHERH EDFA /LR ASE MEFS W iZoR5HH IiE 41> EDFA
TERF I KM 280 (Noise figure, NF). ##2!, EDFA f NF 548K 387564 X
PRI, (EBREY) EDFA SRR, n] DUSEVER G T ASE W7 . SRTT, A5t 7 Ctiet™
(Spectral hole burning, SHB) i EDFA 453 o i 2 7018 18 FOp e B N st M
P2 . T G AR MEA ROt EA A E H H A A R 3 51 201 EDFA 1Y)
WESEHG DR AT DR I BAE IR ML Jryds e AEUS) v SRR ST Bl T4 A VTl
BRI, T A ML BYEM SR, AL HE AT 22 J2 RN 25 il 22 0 46 2k [R] It
VT I R0

1.3 SRRt AR IR

OPM 2 (6 190 245 T S A 56 il 00 AREY 0 AR T DSl D i/ 2 AR T
(ML AT 5, % QoT A GRS H i F™" 42! T AR f2 i 2 vl o A 45 5 R
o L, MIEEA ST AR M Z Y B R ERCE, 38 n] AT LI A 2e 453 153 1 b
k. HAR, Sem A n] PATESESR IV B AR . 4028 QoT Ak, IR AR b vy
PSR . SRS, 2 Ml AT DASEHTIC B 2% DA S RS R b — P . BRE, KRB H
SE3 s I EEE AT T U R R . X R IR Ty 58 W] DA A R A
FRRAIGRIT A5 R, 75 EON il OPM i fEqE— S A PRI, Biln, Wi tesesim
W[5 S T A R T X 25 114 S5 IR A8 AR DA S AR AwT [R] ef i 22 4045 X 28 kA b 1Y
AT T HEARGERT . o, ML R TR SE Bk ST g o AEAST R, FRATIE T 6
ML FEA7 e AL F PR RE A A D T A . ARIHINREAT], TR AW AT E gl —
LEHTIN QoT FIYEHESATE . ARG, I T P T Ml SRR E 57 190 265 Hh By 2l e v M
MEAR . XA TTHEAT

X PERERI, 250 OPM BT io (s S RIS BER BT KN, AT QoT
MEEA . SR, FRGEHY OPM J5iAAENERE . i B2 2 —E iR, X B O i) R
BT, AEH Ay EON REHxECAIE LB, HAl, B ALD R ZHE ks
FEdlgs SR, BTG ARG TR Z KE, ATRE T HAIC A R
T ML IS, R 12
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RS FHAIE e H Ay
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LR 2 0 %[45] B OSNR, Modulation Format

t H M a X
122, 461

FCAF T 7K H e 2 B

OSNR, Modulation Format

AT

KYIPIA, EDFA 9% A 2%, EDFA
f% 212 , EDFA (42t , EDFA 1)
NF

OSNR

AT, W | SR, OSNR, CD, /- FERTAE . B
24147 B AR A )
RN, W% | S R OSNR. Tt
24149
MR A | (5 S i OSNR, T
ET R BNE | S ERI R PERR CD, 2 B i
mE
K AL I 2 | BB OSNR
IW?%[S”
KRR LI 2 | R e OSNR, F 2 P15
Iﬁ]é%[SZ]
ST AL 2R CD, PMD
W 515 R A S PR, B R,

A \

&Pk SNR

PR SRR W R et (. |

R BRI A A 4 B
SRR RIS | R, R
AT GN L0 ) 2 P 5 B Bt

RGBS B KA
OB RO LR
LMEARRL LB TR By
SRR 5 S5 AR (M e A S

FESS PR AL TS T, AR AT DAY A RS B AT e o IR v 4 R A 2 ST RV LA
ey, TLMRE S MM IN BRI . AR, B W (R L A TR RE , A
EEPWTE SR, FIOELARR . oh, HS Sl g E . i, s
AR T R — AUR I IR AR BB AE R B FEA T, FRATIMI . — L8 5T ALFOR
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A 1-3 JETHLER 22 ST Rl Bk B TR A 55

WAL PR 2 Sk i NFFAE
e, A BARSHLET BER, UL
W, R0 | BEPLERAR, SR EpLeY BER AZ{L %

P BRI 2 2510 i

He Hesfedt, ScRfii AL il

M L EALON EREINANLE S D AE

D0 a3 I e s D G T R R i A 1 S A ] RN T = £ B
HEMIZE I R B 2R, FESCPR R GE T, MELABLE R R (. AR ER AN, RS2
W — LR WRBLEAT RS, WRES DR LU TR, AR A%
G IR S ER IR S T L SRR PR, H RTESR S TVFZ A ML
FARSEATHE HEIAR S0 TAE. #D7) h, RURASHL (Finite state machine, FSM) 4 /]
TFHEIAR B B SR EHETT K (Wavelength selective swtich, WSS) 5[ i .
FEPS oh 2% BER IOAS (L SEAT T I IURISMT. BER IOGE T AE B A S BEHLARA
SR B LA A, 68 LA BB (1) ANN SRR 0 R R . 10 o,
ML 2 Hr{X (Optical spectrum analyzer, OSA) Wil YT, $RBOGFHTHFAE, AR
WSS GIERYHEIE . M5, $2 6 8 aT AR I s m ke (Filter shift, FS) g 5848
% (Filter tightening, FT) %524 £ v, {4 A S5 ) AL AT 30 a0 e 28 1 i
B, DMEIHEOLEE, WSS MYELFAR& S TEM M. 28 LRk, Pldsss T SRk
A A BT 1 FTE R . A B) ML SRKHY=E T TIRE, T DA T A i M 00 5cdhe v B
FECRFAE , PASCBLA R A TN RE . B G 287215 S Bh &AL, T4l e 1 A0 3R 3 )
PG ROR T RETC AR I B A 2= 1 DL . PRI, ML SR BRI RAG H 2 W 1 .

14 AXEEZRS5R

AL LEAR NI REIT . AENG T EA G R, 8 = hd HOtlE
ek A P R E I —, AR R MRS W T 5, AR A LA
PEAT TPERERT L. 28 =F SEE TR T LA I BT AT I, S T E SRR AL I
GHEDR, FHAEARL MM P E L 7 SR UEAT T 05 PR RE SR . 58 DU 55 R 2 1 A o P
FERITERE S R, FFAE T — U5 R GAM TR I 7O B AR R A I T 5, RN
FERE S BRI T TR SRR &3 T T4, X RGP Ba ksl i
5 M M RA AT TR
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FIE AR AT TR
21 MR EEEEE

2.1 AREMEME R Y2

HfE S P e R S22 M. WA . Hr, ASE M. jEJg
Ao ARZRPEME RS L IR LM R A R rh A MRS AT [R) W] DA VA ST AR i %
&, Wk

NSRtotal = NSRASE + NSRNL + NSRTransceiuer + NSRFL (2_1)

Hrf, NSRyw: NSRasg, NSRyL, NSRyunceivers NS Rpp 78 BIDAE ). ASE B AE
LRMEMERE Y CRPL . SBR[ (5 L (Noise-to-signal ratio, NSR) ., T ASE I
FEORARPE R R, SRR AR AR H AT R G RN, WCRMAEA: 77 5 RT AHE 2 S I AR AS:
HongEES B, PRI, ARZRMEMERS O VER A R AT RE R PPl B L B, H R R MR
I EGE RSNV AE G AL FER, U E S GE PR S R R Lt e 1 R

0E, 8 [ jB, ’E,
=j2y|E2+ E}|E - —= - 2-2
0z .]97/| X y| b B atz X ( )
0E, g ip, °E
y 2 2 JPa y
E —j§}/|Ex+Ey|Ey— 7 61‘2 —aEy (2—3)

Hir, E= [ ? ] HIESAEPATT RIRIRES, 7, o By S0 WIFRICEFRYAEEANE SR,

ﬁ‘ﬁﬁé@%%ﬁbﬁ%ﬁﬁﬂ%ﬁé@:%@%ﬁ%%&o T A B AR, JCIREEOR T
fife, P, FETHESAMEBIHZ R AT R R B BIAUR S TR R K. Moy, ar2b s
IR 2T S0 M P A 2R f Ay o AR I FEAS SO R 8R40 v, IR T — RS
AR AL UL A 52 1 B A A E DL o AR e AR P AR

212 SRR

HEAE L R, R B GHRUY 5 AR ROV B I FAE R . GBSOy AR R
WGk R TE, Wb E S Z A B JEZP R AR E S B, FE R AL
WIMES . BT PAROY R FEAE , FEA% S R b EAE VR A LR B 15 5 B 5
BRIE, FE0 EI P HERRAS AL S i R A R . SSEM (B8 112 P AP RIS e R J i I 125 TN
MR, AEEAE S, B, FE0FEIAEEN, 7T DAIE R - e e 5 Aot e D4 1+
RIS APERIY, Fi R fif R -

Az + h,T) =~ exp(hD) exp(hN)A(z,T) (2—4)

Hrr, AGz+h,T) fl A(z,T) 53 5IUCE THE 2 45 z+h LI5S, 1T exp(hD)exp(hN) 21
B AR XHME SV . SSEM 07 BRI R FR2-1FR o« A T4 — Bl i 14 s B s
SSFM TEHE,_I- S8 ML 5 SR OB, TG S EMEFAIER, R E
P BT P A AR PR« S S ABUS 0 B, BT R — BRI s i e e e A %A

559 T Ak 41 51
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%, HIMEHE5E. SSFM K5 EE AT, G HICSY 5 AR MRS RS IR AT AR
— YAy LA B T DA IR0 O 55 R B A ZOR AT AR . SRR, DT IR AT AR
G HRPCA LR BB AT O L, AR, P TR B S AR SRR e e, TR O
RS AT M AR W S AL S AR e AP AR S R, Al R R B
RN, FE SSFM FEEK .

Dispersion Only Nonlinearity Only
/\ 7

S

AZ,T)

Z=0 —p

h
Pel 2-1 53 B4 S R

1T SSEM MR m Has A, FESEbrsgsmh, 2 M TAEsERRE A IR i
HERR R BCE ST . R, B — RSN OHEE SEfe T SSEM Sk E T . H I8
SSEM SUEREEE S BB K . TR, REGHL. HE W EERTHG XA, 2%
RS PURS B AY A& e A D BB R 32 B H R IS 07 17

2.1.3 e

N T EPREHAE TG TERE, EEPASRE L A F T NLSE TR R AT %
e T A R B R AR AN P A LA S I AR S T AR i R i AR SR o e S
BETH=EA RS —Eh e, XEANENL. i TAFEENEES, &
SR P AR T ARG B 55 G B — BRI ™ A i I e M . GN modeel!') 1535
R At I L P e P Y D R 4 B AN BT -

16 (o] o0
Gnei(f) =2 j_ J Gwom (/1) Gwom (f2) Gwom (f1+ fo = f)

o0 J—00

N,

3 n-l Ls,k
» yn[ exp (J 3gk<¢>dc> exp (=3, Ly ) F,?’Zlexp (j4z® (fi = 1) (fa= f)
=1 1 n

k= k=

n—1
Z [Bosc Lo+ 7 (f1 + f2) BawLoi + ﬂDCU,k]]
k=1

Ls,n Xg Ls,k
L exp (J exp <J gk(g)d¢> exp(—akLs,k)Fk”z]

0 0

[Bow + 73, (f1 + f2)] 2)] dzI*d f1d £, (2-5)

;H\:EF‘ y Vs Leff’ GWDM (fZ) 5P (fl’ f2’ f) X (f19 f29 f) %%’Ji‘ljk%ﬁ’ﬁ?\ﬁp span E/:Jﬁ&i
KE, Fomsia, HORSS MR 0, TR o A TR s . HARSHO0iT R

2510 71 3L 41 T
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Rg/2
Pyrr = J Gy (Hdf (2-6)
Rg/2

IR A ARGER By, WM RHARLMEM SR . o, Rg MRS ERR, BUMHEH
RFSIE TAETE A -

TR PRI AT AT A TR A (IGN) ST g iz (CGN),
H CON & TF ST e L B BeZ RIY . FESE PRl Had A rh, FERZHEILR, X
{1 IGN AU ] PABRAT R IF APERE A TT 521 . TGN ARALIAT , SEer 4 fird R v AN [l 5 B
AR ZEEME R T AR N, 645 n /> span POARZRPEME T, kRO

n—1 N,
16 5.9 6 Lsk (©&)d¢ —6a, 1 3 1 2 [Lok ©)d¢ =21
nI =— I I & Ay Lo I I 8§ ap Ly
GN I(f) 277nleff,nk 1e Io k e k ,ka 1 ne JO k e k ,kl‘k

J J GWDM(fl)GWDM(fz)GWDM(fl+f2—f)PnS(fl,fz,f)dfldf2 (2-7)

—00 J—00

PEEEAUR, R span {6k FRAG T2 PP S I B P 5 51 B 1
e

NS
Gl () =) Gl (2-8)
n=1
H A 2 A R R R I B, E(S S TR AR A, B RS M s
EHIN, FFOE AR, 7T DA fb A S g v el g e Ay 1)

ng—1

1 NS NS

_ 2172 3 —6a, L, —2a, L

Gt (feni) = 7 Z g Leten, H I e ™ sk H Iyem =k msk
n=1 k=1 k=n,

Sl

Nch
Z Gch,nGch,nGch,i : (2 - 5:1,[) : Wn,i,ns (2_9)
n=1

AL B (0 A 0 2 PETS | BIIH3 SSte 55 2  FR  ETRRLA , 2q)

Py =Gypp (fen) - Ry (2-10)

22 HEIRREVTEREXTLL B Al AR

TESEFRIGEE, Bl 5 T8 B IEMSET, 7 B B AT, AR Rt
SO HERS LRI 55 UEATRIOR] . X EORAESE R, S T B B R HERR S, AE RS AT
PAPCEBEA TR RS . DL, AERRE Y, WIDAREH SSEM S T AR AT HER (T
TEICBE AR G, R ZAE ] ON BB A TR0 . b TR P RAIEREZE R, BLAb i
ARG« BB ECE A REA LA R PERE . st —JEREAL™ 2 500 2%,
B — A I B LB B A2 10

11T 41 T
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% 2-1 i LB R il Ak

fic & Efiipa

span M4 5730

span Fh2 SSMF, ELEAF, PSCF
span i 80km

WDM iE N 5717

el il b =X QPSK/16QAM

AR ES -4~ 4dBm

WEPRAEER G 35Gbaud/50GHz, 70Gbaud/75GHz, 90Gbaud/100GHz

BRI B O FLARPFEAT 05 L, XFEE SSFM #ir i 45 2R 55 OGN BRI £ 57 |
iRz BT 22,

180

%7 [dB]

2-2 5y AN BRSO BRI R 30 L

AR, AR ER, ON BRAYIRZZROK, KA PAIKE] 5dB, IR 1=
ZARHAE 1dB 2oty s (G, FEARZMEANITIG 5, OGN BB ERs B 2t —P Py, 50
SRR REE RS, SN 45 B L L RE -

GSARUE, T AR, B BN RO RS BEAIT T SE B AR TR 2 T, [y, H Al
MR % BB S BN ER R E R T A2 . 1 2 PRI B S B R BT 2R i
WbRE(EICKIY, SR, FEFIEER, &Mt izdreie, SES8Ee, EHEfz
FAAER A R IEAT PERE AT S0l R IR, R A G530, BRI R, K
BE, H2 RN HERA 2 K0 B M AAE 2 th ' W 28 1R RE B A A — A EE e R

23 AFZMERMEE

M T 32 FIERBS BN R . BN MERR R SO0, FECRE S 2 i A B R A T Y
PEREAGT AR BRI R . UL, FESCBRIRR, TEVCIE S BIREH S, th il TSt Xl ik
B P AR SN AT I o AE R ALY Y 0 T DA R S AR AR L 2 R R,
LA ARRIEAMERIASE BRI S %, RIS, b nl DA SRR S i e SR (AR R, PRIk

FH12 T 41



TE x4 R
@) YEXAAE
fisri) SHANGHAI JIAO TONG UNIVERSITY T—ﬁ%’%j‘ﬁméﬁﬂ’g@ﬁ\ Hﬁ;’lﬂl]&{jﬁ{{ [‘ﬁ]gﬂmﬁﬁ;ﬁ

FeEE BT

W T AR MR AR 5 EAR BN AT [A] AH LA ) DA S il A AR AT, PR,
AR 55 S A I PR R 6 P M 0 FE L — AN I . BRI, ARt £ i A
SAE R A7 _E A AH 455 E ANC(Amplitude noise correlations, ANC) 5 PNC (Phase noise
correlations, PNC), it AT PASEHI Wi V100 M 7S o A LM PR AR A5 (B R Sk
AR A SR T T, X T P e A e

ANC;;(m) =cov (AAi(k), AA;(k - m)) i,j €{x,y}

N N * N
- S anwol Laag—m— LS an -
=~ ,;1 [AAi(k) N ]; AA,(k)] [AAJ(k m) ~ '; AA;(k — m)

(2-11)
SEh, A4y () RAE L8 R LA kSRR .
Adyy; k) = ’Aﬁj(k)| — Ay 0| ij€{xy) (2-12)
B, S AR o e P T DA 3t
PNC;;(n) = corr (6,(k),6,(k — n))
X0k 0k -n) (2-13)
- N‘(N—I’l) l?.le{x’y}
b, 0,;(k) FoRTE i 8 j e 14554 k AMFS AR AT,
A3k - Al (k)
gl/j(k) = arg l,] e {X,y} (2_14)
A% (k) - A,-Ifj(k)‘

AR MR P T (3 B DA S S B W R G, DR, B, W . A (s
R RE R BEFER 5, REILHI R BE WIS ARG R ok AL e, gl

X
R;; = 10-log), <1/ > ANCU(m)> (2-15)
m=1
X
Pj =10 -logy (1/2 PNC,-,-(n)) (2-16)
n=1

R;; 5 Py FW ARG R SRFSAT R A A MR . JErp, A ST S A R RS
AP WS Z R AR SR/ 9, A [R5 (R A SNSRI i . (55 0
MK, PBE x (EAEA R RGO T 2R BN A Z2R . FEXRTIR MRS . A 20 A AT
THRIRMEAL RS, W E . AL RS A A R I S AR MR A RN IEM R R R B
B K R TEEA IR e A TROR, (EU2 4 M 2 ] AR A R I8 © A B L
SCh . MBI, RPE K RIATIG . ARG I 4 S S BN 2-3 R
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ZEN
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Pl 2-3 Il PE"G 4 W BB TL hp R 45 HE SR

RZ, S BRRZAM 2RSS, A 357420 500 A7 FA AT I RS T
Horp 30% Kot T, 24 T UIZRAF A 22 I 2 AR A B4R

-1 -08 -06 -04 02 0 02 04 06 08 1
%% [dB]

Pel 2—4 e PE"SE s W BB TL ph2p I 45 Bl &5 R

FTPAFR Y, BT A T ST O S AT AR MRS A TR R AT AR
M, %77 SEHERA B2 BAH AT A S OB 0. [HE, X TR —HARL%, FEHR
super channel £5 65 2 I NEEH , FEZEPARGE F AL It 2 v 3 22 iy Pk -

24 EXEING

AT NG T ARLAEROY Y S5, TR A i e v A 2 P RO A AR 5 M 0 5k
AT TAH . T AR EBRRIR, AR R SSFM FU 5 F ERHRY GN RAAE A
37 5 T B SRk . AT X PR SRAARIEAT T4, R 07 B o ik P b B3k
AT TEREXT E . Rl FEARZREME RS ST 5 b, AR WA THET A, R EE
AR AL A XM I RAAE , e 0l e R 5 M LE AT A VA0 S R . AR A1) 1]
7 TS X T 5 AT S M P AT M e 22 ) 28 AT T IR S IR AE . T — 2 DAIR M
W FE AT S B SV A, WP P B AT I SRR IR B A T O AR T, RIS A —
HOBZRMB RGeSO RE HE I BRI AL -
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F=F ETERRASHRFIN QT BRI

3.1 A QT SMhBEE ES 7

et miiat (QoT) b TS M A4 A A 't I 2% DASR o A S 25 B AR 0 K B T e
TEAFOCHERS S IEY, WP EERS IR REHEA T B R Jy YA 3 2 32 B BER AN S5 R e R Y
WAL rFR, Hldiss>) (ML) ZEGBORBZ 1 KT, OB AT N B BER G M 2 5 {1t
THBLETS 1O AR BT, AT WA P A 07 BELARAS00 K BB 4 R I 2k ML A
A, R NS R R nT B O T SR B O, FERSEEAR O AR T BRI i 2= .
PR H ) VEEAR T Fhef > s, i AN 2T BRI A 6 v A5 R B3 e s )1 25
Bllask . (H2, X MI45 0 I SEHEAR R A B — R 2 DA SEBURE (A dpe (1 BB S P S P A
BV E B EROMERME . BRAh, PREASII SR BT SR BN E 0415 1005 ERT I R
ML B8, (HERIH B i A B SR fEAE S RN ARR HXE. 7500, SR S B A B 2 PEfy
S SR AR AR, X AT RE R It — P RN R a AR RE AL . 28 ERTIA,
W R, H AT 2 b~ S SR A i AR A 52 SR HERf 5 4 A S BN e
ORI, AT ICIRAE SR By 5t i B

4 )

Hlarsf SR

R MNSEA A

Pel 3—1 3 TP P 45 i S B SR TL 1 Je BIRVE: 53 B

BASH

HH

3.2 SHXIHERS B RE Bl AL #4591 R I

FEXER A IERERE T 5, AR I T — > = W B U GRS SRy A ety
MBI, AR E3-2F7R (Rl RA B 2 ) 907 st — PR m B w . ioh, AR
N T R SRR TR AOR G LM AR e P DA 1Y) 5L B

X I T A 4 AR ol ) MR A 5 e o e S R A A () e b e RE O 3T 2R
B KA AR S SRR RO HERf M o AEFRATTAOAEZ R, B8 — 9 ML L (B A [ e 45
PRI ZE M 2% ) ATLA T A sl IF HLAT R0 0 511 95 ML S H0E o AEk Fiv
OUT, AR il (TG B AN IR B (T I S ORISR, A & B a8 S IR A4
Mo FESZ A SE BIALHESE 1 S e A A i) R B AR U GRA A A . ROk, B
ok B H AR RS TC E B P A DR SR AT BB NS . B, R B SR
IR T B R Gk R PR B PR e, DAERE— 2P BRI EAT o, AT 20 2L
ik =B BN ZRHESRAN P 3RO 8, HF DAL AR BN Bk U IR AE R A
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Initialization Stage Customization Stage

Stage 1: Model Initialization Stage 2: Offline Customization Stage 3: Online Customization

7 N\ 7 N\

Small Dataset

Heterogeneous Channel
Configurations

Few Data

7’ N
Large Dataset
Heterogeneous Link
Configurations
Heterogeneous Channel Actively Changing Parameters in
Configurations a probe channel
N\ 7/

Initial Model Offline Customized Model Online Customized Model

e e e o = o = = e e e o = o o = = e e e o = o o = =

- o =
—— o =

I
1
1
1
1
1
1
\

~—_——— - - - -
~—_——— - - - -
\

~_————- - = -

el 32 xR P Bl T BERLINZ BL IS

WRE s, AT R g fl AL ISR HEZR 20 S =B BL.

BB BiApIa1e (model initialization) . H5G, KAUHHEGIN TSR, %
Bn AR RUREAS b A BRI O B2 A R BORE S AR & Hl AL I Zhad AR A — A4 R
PCHIREA .y B A BEB AR AR AR ], DR CBE R BER R AT — IR, PR Rz n] pA
NI R (ORI P R SR . SR, IR R e e e AT SR, TR T8
LRSS EIE TR, WRES AR MZE . WREEES A AEATEE, WA
AR Y A R E— PR

—— e = = =

Stage 1 : Stage 2 Stage 3
B &R TR

-

—— - ———

Pel 3-3 55— Fir Be BER pn i AL IS HE P

BB EZGE (offline customization) . FERCHIBL, MUBTHE/NAR BT AR
RN T XA T I ISk o, Pra I SREdRHEA B s B a5 H A RERAN
BB EA R fEERCE . (eI AR, PR S B A R s A T — I Sk, A i
FPERTREE .t T AR RS U U ZRn B A T RN Ry TR B B Rt )
SARKE

Sa?) : Stage 3
B &AL L TR R

-
—— = = == -
-
-
-
-
-_—

AL PRt

il

=

__________________________________________
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F=r B fEZEH (online customization) . & T #F—H EHARAL, 55 = EBAAEsE
¢ FE ST FF LR I R FE B RBOT VAR IH R ) B, X 2ok 5 S 5 n SR
TRt EHINGR AT — B BRI  E HIEL . Sel B T A RO D S BOR I 2 PR 5200 o
FERES RO E AT DA AR AL R mZE DL S . RG22 R G S8
EM w2, HPLEZE B T RSN ZE . I TE 2 G, RGP AR
BB PTDAREIE R, T 2R G0 25 23 (R BUAE SR-AS 00 ELSSE i [ A o FE Be B B Pl kit
frh, EFRBCE M B G5, RRFE IR EAE T A

—— e e = -

Stage 3

—— == —

Pel 3-5 55— i Be BB AE Lo AL DI R HE R

3.3 FEETEHII ERAYESNIREXHLH
BRI, EI e G T 2 o S o T RO, DL (AR A B 1
FYSTSLM. BRI LARE T4 r 8. DI, T DAS) S i e 0 (55 0 Sl
FEA WSRO . ol T X TR P, R P e 0 T
AT, PR AR AAE L (R LI R R 01, R s R AR M 1 07
EKERBS ek, AkE (NLL) WS SR % A R 5T (ASE) MRS (B2B)
HCR DU R AT . MRS (NSR) DA SR

NSR; 0 = NSR s+ NSRyp;+ NSRpyp (3-1)

MRBEAE H v AR TP O AN E WL & T B2B Mers , RS e R (GN) AR, [T ATt
B AR PERE AR ASE MRS R, dl

Pyl = Pyri+Pase = Pspu+Pxpy+ Pase = '71P2~UT +m Prnri Prnr2Peur + Pase (3-2)

Py iy S ST I BRGNS, — R 8 BT R I AT
(Peur) M EATERRMER h 2 U R, DA 23 B S R S A R A
HIBEHLIE OB FURSE 0 A TG (Pryr,) FIBANEEE (Peor) RORMTIZR, TTDL
LY Pt 1 Peor MIMMARFEH B Pyp, o S, 55 =W BEE ISR OB ATIA
B AR e G 10 {2 PR SR
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34 HBEEFUERNITERIE

BT RrEA TR OB R HE BRI, AT T — RS0 O EDR S I
PERE. G5 L ATBT AR 00 T e P M T s SRIHU, A7 A e P M 1 e
TEIZER T F = B B A IR B U SR FRIE . AT O B A L B 2%
R, (7 AP B 3

&t) ———> QM Fiber

a I
1] Q
Laser > E |—' E
g —L QM EDFA

=]

Up Sampling
Pulse Shaping
Coherent
Receive
CD
Compensation
Matched Filter
Down Sampling
Phase
De-rotation
SNR and BER
Calculation

EDFA
Kl 3-6 i L RGi45H0

A5 B [ E AR (fixed rate) F4E, HAFZ#AH 35Gbaud, {Fi&HFH 4 SOGHz,
PSR 2190 ¥R %L (Transmitter, Tx) —fl], {5 57& M RECH 0.02 1T+ 4% (Root
raised cosine, RRC) Jkif#eIE . X TOGLFHERE, SRIBHICLHORAS (EDFA) X3l q 1)
fF 5 HATIHOR, M RECH 5dB. TEAFHE AT, SefdRLet i 4 20 Lt sidil
SRR 20 K. BAfHL (Rx) a8l doOMEIE, AT R85 5408, s e icrh i
(Chromatic dispersion compensation, CDC), VCECHEN, N REEMAHIER: . h T A E T Z
W TROCAHAIME RS, R A A AR S DU IR Tt G AT ARk T R i B AR oL
i fmon, AEZMk SNR BTG

% 3-1 P B Rl B Ak

P ik

span ~4§ 5730

span ffiZ& SSMF, ELEAF, PSCF, TWC
span K J& 80km

WDM #iENE 3717

Pl A QPSK/16QAM

RIS -3 7 3dBm

R AAEEFE 35Gbaud/50GHz

FATHE R = A5 BB AT R R DR VRIS E LI ZRHEZE A RIOR . B — S0 MIEE 2k ik
AP AT ARERBOLLT (SSMF) 4. 5 =48k 11 MBS, B B5 Bk
P31 =R C LT R I8 XT B3R BT I RLEE . A RS S8 T %320
TRe
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E R EES R 2 e

FIFR | BEW (dB/km) | BUREK (ps/nnvkm) | JEZebE R (1/wikm)

SSMF 0.2 16.7 1.3
ELEAF 0.21 4.3 1.47
PSCF 0.18 20.1 0.9
TWC 0.21 2.8 2

X2 — B B iR A ISk, FATHE R SR Y 07 B4R REALAE I T 500 MEEAR X 48
FEA BB R 23D REALE S, DAMEEI SRR . Horb, REVLGE B 1 R 1 )
I FES T B s A L R T, R RSN R AR, BA IR SRR A R
HUAE AL 100 18 38 e B ARG B 4 AL NSRRI 2R 4R . eSS = I BRI TELOE dil ik id A b
B R RARLH], Ol T Y A S DA WA B A -5dBm & SdBm, DAl i SCA 2
METTIEPATHERS AR LN SNR fFUESLME. mTEESRT, REURGIENESRM:, b
RBAZII AR I IE S0, iRz (B RGEHZE) H 0.5dB, 522 (HIREfLR
#2) 9 0.3dB. N TIHBRBENLIRZE , A AT HRAHH SNR Pl & ORI I ALk
B0 RGERI N o A TR A, REREALAE A 100 kRS N BA R
R T T A D AN S PR AR AR AEA T

XEFALER IR, AR T ORUR R M 2%, Hodr, Sigmoid pR %A Linear
PR A RS — RS 2R 2 oerias e . R, Pitkpi%Ch Rmsprop, 34l
AR A TN RFE (Mean absolute error, MAE) o XFFAEAIZRITEL, Kl
JH 20% IREASHEATIRAE (validation) o 35626, FRATRE BHLUIZRAOBIRL R R 51 shirt iy
R YNGR VR REA T HUAE (RIRIAAHEZY) | i AR K33

% 3-3 H AFFAIER

5 FHIEA
GN model T1HREIEL M SNR
5 B
RREBK
VI B K
E I
BB BB
e B AL
HERR-F- IR L R AL
P2 3
WDM B %

O 00 3 O W B~ W N
ok

—_
=)

T Keras X2 W 2500175 L5 UIGR, FEZ 0GR, 5B Bab g in b =5
% 6000 4> epoch DA A Sl , ARMIIZRTEIME . (a8 " HrBobi sy e il Br, A%
£ 1000 4~ epoch B A IESE IR . TEEE —Br B e W Be, i TR RN, AT
Piikd e, R TR IZ, 29 10 4 epoch W RTRAZRAT S5 4 M98 11 5 il AL 52 CHY
B
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PI3-THE/R T4 E% 1. 2 F1 3 AR AR 2 HIR L B D22 1 BT B o S2RERDT, IR
RRAAERE A LR RIUAHIE, HAER LU B S 25 57 N A RORIR 2. Bl E
HACINZRHER I EOR I RS, EMAER b, B RIREE 4.3dB F % 2dB, XU =Fr
114 7 il PR S A A /N T DR A 22 R e B X R A 2 .l T8 — B
T LA AR I AT, AEE RN Zhad Rl rp, R b T s =BrBeiii gk,
TR Y B IERREE D, B — @R BT TR E Y )

(8)25gw/0 Customization’ Link 1
 9g—Iw/ Customization ]
()
E
S 15+
[
<
Q - ]
g 10
©
0 gl |
0
-6 -4 2 0 2 4
Error=SNR__ -SNR__ [dB]
pred real
b) 30 ‘ ' R
(b) Sw/o Customizatio Link 2
E w/ Customizaion
€20
>
c
Q@
3
S 10+
»n

-6 -4 -2 0 2 4
Error = SNR___-SNR__ [dB]
pred

real

(c) 25 Ilw/o Customization Link 3
| [w/ Customization |

Sample number
3 o 3

[¢;]

o

-4 2 0 2 4
Error=SNR___-SNR__ [dB]
pred

'
]

real

Pl 37 s il A N 2 i B R R 22 ¥ v L

R TR E IR R A0S, 3-8 SR T HERK 3 7E E SR BUE R LA 3RS LS
LM (AR . AR TSRO AR, XD RAEERIEAT 5 Y &R Bs 1EBERL 3
B G ARRREN , RZRIGFARLMEMR A R S, TAE I, BIRE— IR —El
S W2, A RIS, BEPLISI ] ARCEAH R, ARG W ZE SR, FEL
a1, AASUETAMERILNRY KR, REFFIELIERER &,
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o Samples
—o— Fitting SNR

NLI
—e— Fitting SNR with ASE

5 4 3 -2 1 0 1 2 3 4 5
Power[dB]

Pl 3-8 fvid A

KI3-98 s 1 AEE AL IR G- P4 R R I 2 e, nIDAR Y, 4 0EF T 7E
lgrG, MiRERF L. K3-1027, XTEANE, 95T RED AR T
2dB, fERERUERIEINGR G, =ABER IR Y 90% iRFEL/INT 1dB.,

2

1

wlo Customization | w/ Customization 0.95 -
0.8t
15¢ —
—_ B Link 1 o
g ElLink 2 3 0.6
R [Link 3 ] § —Link 1 -w/o
g o 04f —Link 1 -w/ 1
o , —Link 2 -w/o
0.5 1 o2l —Link 2 -w/ |
——Link 3 -w/o
0 0 Link 3 -w/
MAE RMSE MAE RMSE 0 1 2 3 4 5
Error[dB]
Pl 3-9 s AL I Znii i ¥4 05 2% Lk Pl 3-10 s it 2E BB T D LE

LA, FESEA TR X AN [ SR A NS, AR A [F) A E BB Ak
PARO TR R ZE AT R SRR T R R8s, (AR IS0 55 T B TR (i 45 2R 7T DA
SRR -

35 AXENE

ARFEXH B E A T L S FR g e m v Rl T 5kt AT 7t i SR bR
SEEIRA 2, SEHBET IS I E AR L. NI, TR Tk
FEHZ M ASBONER, (AR SR VT & BRI k. SImEm =Bk,
t Hoadad R RIS = B S0  H S PR BRI, ATt — 2 i R AT
B O TR M ALRIAYTERE, AT T T RRRIE, HAE AR A IR SR
HERR NG DL BEAT T8 B ROBAN)I SR, S5 TRAFIIRCR .
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HIE IR AT T B

4.1 FREMIRERNEEAERRATRIE SIS
LT84 25 5 155 WA FEE R PETRE 6 e 5 AT R AR S PEREAT A e M 0 B 2 B
A1) fix-grid 35 5 FA7 TRIFIIRIE. K110, KT F —RIORG, HUiE (5 RIH 2 I

PIZER, AR R -
/ Channel \

K Subcarriers in one channel /

4-1 23Xk &% (subcarrier multiplexing) Z:i

TEGHM T HEATAR LR A I, HH L TR AWM RS, R E 2 MPLB S P Bk,
X2 subcarrier multiplexing (SCM) R4, MILTHEWAL, FE—EEN, &F
ZAEBAFT, EAIRE SRR, I @ HONRN. 24 R R/ N,
P R8s, eI ANC. PNC I, FFS (A RS, ANC. PNC{H
MIREALB EN B, TR BEAELRMEROV AR HER . R, BT 28RS TGS R
ARG, A E I E) A B A5 A8 0 AT DA TSR SRR AT 5 K AR A, T 80T
GERMRAERRAR, BELESIE K. I, KRG SZ AR, Bl ASE B
7, ASE SRRHLIR RS & b P i i AR IR RS 2 B AT 5 [ MR AR Sk, I FLBE 22 3
KA RS LAE P BB g, BT R -

S IR ZE I 28 ] DATE BB AR G T X A E R MM A e A TR RO T, AR, AT — AR
SN, HBETRR I AR RE S 2 B — M. NIL, O 7 SERAS SR ALk s
WRIEER, BT A2 R 25 ) W SA TR B — AR T RE . [y, R — AU SR R Gl
R THEZ I L, FEZBWALEN, BOEENSA S TERE, Wi, 24
T EP LR TERE W] ATE— AL AT B, 2250 B A R M T AR T E A
MPERE, pE— LA I R], ST R E

42 BEKRES TIE&MREENEL

5 BRI A R P S 0 O AR YO 5 500 T 5 DA B
A, HETHRT ISP - TSR R, ARG BT P BB B 4
L B4 (R Y SRR R AR S . SR FRERY T ok, FEZ AR ZEM , e NEH
P AN MR LRI TT AR, 45T B MR (1 5 BR T DA T
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@) L& KAA%
= TR EEARSNRE. KRR LABHT

BT . FEFAFAA T HOAF 51 B ARG, 780 2 [A) 0% LA SRt v] DASE i
THSAN ] 3 2 TR MR P 18 B ¢ BRBOHRAS:, RIIRE, A>3 1) M PR S M5 R mT A E
TRGEm A, RSB ZHIE ARG T EMER . R = ) 35 4 1 i s s B

TELZ L RGT, HET 020 1) A L s 0 53R A4 AE O R

o [#R % N H #H X 4F4E Inter subcarrier correlation features (Inter-SCF) :

RHIE N ALHE T A 5 B AR T30 B RRAE . -5 B i AR 8 A B IBUAY B D00 R ik
— 2, BPAE I R b, E AR T IR BE L R AL MR PR i i P B A I ) 1 A SRR AR
THATFA PN . AU A AT - RS(). R, PS(n). PES(n). RE(0) LA
PRO). Hrr, n hiZAH KRB AR n ME, o RS o DT XA BRHMER T
FrE, e —Erh R AT R .

o 3 Uk 18 HAH 5 4-E Intra subcarrier correlation features (Inter-SCF) :

ZAHFHERR T TEBEZ MR R KRR K, o TEIES b T2 RIRE A
RE5(m), RS (n), P2 () 1 Py (n)e SIS SRAR TR W) T SARAE T DAt T2 Wl
ERSEMR, ATTA B AR MR RS M . % AR SR AR T VA A T 42

BLE bR
N | L] | ||

Y

1

1

1

1

' 1
~ 7

Pel 4-2 -2 ] T HRRFAIE V505 X

Y

(A I3

1 ! | 1
1 ! | 1
1 ! | 1
1 ! | 1
1 ! | 1
\ 7 ’

o ZH I F-¥IAH X 4FAE average intra-subcarrier-correlation features (AISCF):

AISCF 2 —1> WDM {51t T A 18 1) Intra-SCF FRAEFI{E . TE 5L L0 g
e M SR B %A, IR e M S (5140 ASE i Rs ) K5 S:BOM ST B3N, M
M A REZ W AR PERE . 75 SCM Rgirh, WA I Bl & 7 ok se 380k B I A 2 ny il
o T — WDM (51 iy 7 Es A R AR Rt e e i, PR A B FRAT T -1
I R ESOR B0 BN T A ST P Bl o X RO R DAY e R 25 24> WDM ji 1A
5 super channel 3% 5 ] T3 T B A B AV o IZAURFIEAE 2 3008 RGN SR AR 4N B4-3 5
TN

HiERE

Pel 43 12 [l HHIDG PEFRFAE RO LY

R, A IR AL & 5 HAR R YRR — A 12 A2 28 TRl T AR RS, A
AR TR AR, BATIAT T RS, LA BIHERT S BOR SE RRIAT
SACEA BRGNS O B UL BT R T AR I A R, R TR Oy B R R A T
e
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Nonlinear
SNR

Inter-SCF —1

Intra-SCF —

L

AISCF

‘WDM channel—

Total CD —

- -

Pl 4-4 280 R 58 T ARZ: S MRhee M4 45

43 ZBHEFR G NIEL R R IS N E A M RE T
ELRWRET, — FO BN TRAEZ U WS PERE, H0 B4 R -

—_—_— e — —

*—» Nonlinear SNR

Y PPN
Surjdues umo(
uonE)0IIP AseYJ

Vel 4-5 3k Z 5 b 1ELePE R B PE GRS e S HESR

WNA-SFT7R , D5 FURAERT 53430 35Gbaud, FiE[RFE -l SOGHz i ] & A R 48 p AT
. XFF SCM ARG, MALBLE THMAEEN 4 808, FERHL (Tx) s, ATV ERE
FHON 0.02 RT3 (RRC) Bkoh . Hoh, BAEWASREREN 2", M 4 T
WRGM 8 THILRG, FFSREESHIN 25 2", XFuauty, WRMBELA K
#r (EDFA) JCRfES, HMEFERE (NF) S 5dB. fEHalicds (Rx) MU, HoCoiliE gl i DA
PATIREAL R, 2l (kM (CDC) FIDLECUERAS , ARIGHERT FRFEFIMIGLIE S . e,
FEFRAFAI A5 T8 SNR, Intra-SCF, Inter-SCF #iI AISCF.

TEVA EZRAET AR BT3B RGN 7 A B 700 AMREAR , Horpr, A SRRSO TG B B
PUAEI, B ESHFREAL, AR,

A 4-1 1 OB G B

il . fipun

span N4 3730

span fji2& SSMF, ELEAF, PSCF, TWC
span & 20:10:90 km

WDM @A 1715

Wil =X QPSK/16QAM

S 4~ 4dBm

R AEEEFE 35Gbaud/50GHz

TR SRR AN, e BRI 21 00 A o R T D Bl SE el O, B 4-1h
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MR EIECE, R SRR R BRI EE R LB 2SR, FF BB A 5 A
F T DA IR LS RPN e, Hd e ~ N(0.5,0.3)d B

44 BERBHKERS TIFLMERS NS L ERERIE

AHOYE BRI TS A5, o T Wb ASE WA RABENLICED , AW DT
Hi4e/ams T EDFA thIg BT A ASE s, [, D720, FA Bl e Sasn Tt Hm
{1, DA St TR P 5 K A BRI DR AR B MR 3l o BRI, It
B i A B4 2R

A 42 "EHUOCTERFAE TSR S 8

Intra-SCF Inter-SCF
255 WREEME RS AN IREEMERE ARG
4- T B ARG 5 30 1 30
8-TH W A5 3 20 1 20

N T EAF R TP RAH PE R AR, AR DA 8T 20 AR 48 v I S5 AT 2
PR EAR RAECA BIUEAT THFSE. Herb, (07 B PSR A ELA 9 Ha 3 2 I R IR b S ed-
2UCE. WMEA-6FTR, T T MRS, S T AR R SRR ik 5
HAR R RTINS AT O 0 DO 2 - HLAR R i €. At FA 5%
(EHAR/MER R RR, A R ERR, MIBTEATR, A R ERR, WIB .

— —
g~ High g~ High
g™ gm
E < - g < -
) )
E - E wn -
© ©
3¢ 2
an~- Low an~- Low

o - @ -

12 3 4 5 6 7 8 i 2 3 4 5 6 7 8
subcarrier number subcarrier number
a) 8- B AR GUMR B R R b) 8- T2 R GUAH LM s HAH %

Pel 4-6 8- 18 ZGe" % TAHSC VH SRR R

K46 L RRI , QSRS TR SR, WA RAER S . A T TR Y
I FRAE RIS, AN AR SR LM P AT S PEAR L, I PSR P ) A S (B ARAS B PR . P4
6affiz, TEMFEIGE R 8 TEBARLN, MW TR A AR TP T8, &
T2 AV LM RS AT SRS /e SR, AN 4-6bfI7, RIVGE AT BB L B i, A
(MRS B AR KA IR R R RS R K, B T 3R A RS A , MR P AR SRR B 318 . DA
B, FRATRTVAHEWT, EEAS TR A A n] PARBL I B4~ T R B TR AR TR
Ne TS T BB BCEFEITI, EANTZ B A AR LA SO AL i M e, AT 30
B, eI A AR SO AL IR 3N PRI, K S A SR EE R S b=
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K, BA AR A AR E 245 S 1

N T BRSPS AT DGR A 2 5 o 22 ) 245 1) AR SV R P M I SRR A v, ALY
PA Intra-SCF il Inter-SCF A RAE fiy A28 10 28 BOUE WS MERA 1 . o, BbAb R TR
(] BRI A 5V S5 —Rh LB Intra-SCF FIE A EARAE (RIS A, HEE) HEATHN,
TR 5 A B SAE — 2. 5 AR — R R A R Al 221045 1 Inter-SCF
VERB R . FTA R O5 B, S M I 25 RS, A AE O B E T &4
LR S T B LIS X R AR S, AR E RN ASE MRS, IR T RS
KEFFS KGR EAN KGRI TN FENGRPT B, U ZRE5 R A SRR 2 A
2o WA-TRTR, BCAL IR T PRI FL S R R AE 0 A 45 2R

Y] S——— XY ] e e——— ,;?Af
0.8 0.8
L
L 06 0.6
8 0.25dB 8 0.35dB
0.4 0.4
0.2+ J/—w/ Intra-SCF 0.2 //—w/ Intra-SCF
—w/ Intra-SCF,Inter-SCF —w/ Intra-SCF, Inter SCF
0
0 0.5 1 1.5 0 0.5 1 15
Error [dB] Error [dB]
a) 4- T R G AL S5 R b) 8- T A FR G AL M I 25 24

Pel 4-7 JEBGPLEE 25k F ARk AR

WNE4-Taffi7R, TE 4-THEBRGH, #M Inter-SCF FHLf5, RMGZEREL (CDF) &
A 0.25dB fYIEgE . BEAh, fEEA-Tard, fE 8- TR ARG H, M Inter-SCF n] PAfR{IEZY
0.35dB [¥s¥zi. BRI RGHEIEER , FATRTLASERT, 24 T3 B BRI, M RRL
5 BN R G B WG R, A AULE T Intra-SCF SEATHRIN , 24 7380 i B4 m
i, I PERE R WAL T . AEA-Tarf, (TEIAEDN 4-TRIARG, SR PP ARG
P, 7] Intra-SCF #EAT I 28 s B e i TER M, ZEVS I Inter-SCF 2 Ji5, Beitt 25 i)
B, Han AR N, SR, AEEA-Tor, URG TR BECR I, ] Intra-SCF
VEFHEREAT AR P B R B P RE . FERXAMEOLT, AN Inter-SCF 2 )5, M
TSGR RTIE s 23R . AR OETT, JATATAERT S, Inter-SCF n PAYE
Z ARG PR 1S AR A AL, IR S RS . SR, BeAb i 0
RN, FESLPR ARG, ASE MR @ JoihRbRny, H BT S- K EZ n] i 2 32 2 BR
XA 2% ) B A 52 B 37 5 rp ks BTG BAR R PR A R g M BE B T — e Pk 7
T, AT 25 FORR IO I I 7 v 2 B e ) AE I 4R 5

45 KErBHE RS T AL MER A I S A MR TIE

E AT, 24 Inter-SCF VA HE V28102 B0 M ARFAERS 7T DA JE et
WP LI . LR, TESKBR RS ol TN R e A A ] B e B T
DA 0 B R 00 K AT BESh, RGEHI ASE W7 &2 (PR A A 5
b BBEHLE S, S5t T RE NI . DR, T A R80T R
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FELAMESE BRI S A AEX T, 8- T HIR ARG B VEIRTR Bl . AR
W28 (AL 63 Intra-SCF, Inter-SCF il AISCF. iy il F st Hse =, T
AT B BEAUA 2048 A~ TR AR 514 b A it 346 FE A R L U437
eSO B, T A BSOS A RE A O B P A S I B OR S
BEIEFEAE Inter-SCF {1 A SR BRACK AN A BT, T DAYE— AR _E Il eh AT FR
A5 I BEA ASE W75 RS (1 BB B A 52 1 o

2 4-3 MU TERRAE T e S 8

Intra-SCF Inter-SCF
MRPEMERS  FHOMERS  MREEMERE MM
5 20 1 15

B, AR EA ASE BFSRIAFS R IURF LR U GRr 22 45, TXPho 22 ) 45 ]
RETCIRSCBAE R A ASE MRS I R 0 R HE I AR Mg e . (R, A el A
ASE BEFSHUART-5 P AT IR LR N G 22 2% o SR, i HRRARR 7 B IR PS I 2 o ) e 22 1)
ZRAEA R RS 3 5 T A TE TR AR T AL, PR MR &, A T 2
&, MTEANERE, BEMACEMF, EDFA B R BORE, 2050 4dB, 5dB, 6dB, 7dB
1 8dB. AR R L, J5UA IG5 S A HE PR LRI LA A S AR [ e M 7 ) e 0
AT UNGRA A0 22 0 245 1) M DK E NP1 4-8 BT 7

3 -

25¢
g o
w q
g ® Train without ASE
Z 157 e Train with ASE
1t
'P//—O——_.
0.5 ‘ : ‘ ‘
4 5 6 7 8

NF [dB]

4-8 A1l "5 4 3 A B DN S I 2 1 s S5 R

P48, Y MIC ASE MRS (4TS5 AT R RF AL UEA T USRI, DR AL 52 2]
ASE WSS, WIS S 2 2 SRR LAk, 24 ASE MERSIEINIT, S lAs 5 e
e XRNN, BRGEHIFAET L ASE MRS, R CAEAEM K ok Kk 4 R HE e v
R EZ R, e R ARRERA T E N, S 22 I 2% 0 R R B T AR 2k
MRS FEXAPIEOL T, R GRECR SRS N 3 ) R 7 e e 20 0 28 PR MR A B T 3k
E4-8T 7, FHMEAT ASE M RYAFSPRAFARHMEREA TSR, AT ARG PR E . {5
i, SRR, ARINZRE RS BN, s MR B SRR 2 E R .
B, FERFZ NSRS B bR RGP, Sl BT BT ARE R/ ASE RS ORI S I
%o MITHESLR ARG, BEAAHHEAIEEA EDFA P~ E A . L, S 7R
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L2 MR TR E B PR ARG, MRS A SR

N TR T B UNGEIRE S AR R R R A —BU g i h i 2 M 4 ReR it
QbR py AT [ 7 MR S AR B R AR N SRR 22 I 28 1 Tl T B AN R M s AR A Bl AR
I £ SR AN 49 TR

1.2 5Test‘dataset w/ NF = 4 [l Test dataset w/ NF = 5

4 []Test dataset w/ NF = 6 ] Test dataset w/ NF = 7 |

RMSE [dB]
o o o
BN ()] 0]

°
[N}

4 5 6
NF of the training dataset [dB]

4-9 Al 7t oy A Bt IR 5 T A R

o
|

TERIA-OH 4 i AN s AR BB AR VIR, Bt L i ey e s R O
(], U RESCH S A M DIDRG BEA e v, 5B TG ASE WS (i S A2 I it 22 M 25 1 I DUAH L
TEVIZRETBEG | ASE WAt i i £ nl DAROKHR mks I SRA R S . FESEPRil p, B
(0 A A 1) R P S AR RN, ) R S R IR G R ) ASE MRSt ] DA 5% 1
M2 L5z AL RE

[ _]Train w/o ASE, test w/ ASE
35 [ Train w/ ASE, test w/ ASE
[ Train w/o ASE, test w/o ASE

oL

-6 -5 -4 -3 -2 -1 0 1 2
Error [dB]

4-10 AN IG5 R0 WM 2 534 e e

T SE WO A AR 2R ARSI 2, AERIA-10 R T AR 5
MERZE T (EXLERFOLT , RGN RO 5dB. I G F it ot o BAE s (3%
A ASE WEFE ), YIZtefeme . AR E B A ASE s, WIBRAE A0 R IRt i &
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THE MODELING AND MONITORING TECHNIQUES FOR
THE NEXT GENERATION OPTICAL NETWORKS

With the development of the cloud services, internet applications and the 5G technologies, there
are growing demands for the capacity and reliability of the optical networks. Since the digital signal
processing technologies have reached a bottleneck, which pushes the capacity of each individual
link closer to the Shannon Limit, the elastic optical networks and low-margin optical networks show
more potentials in paving a new way for optical networks with higher capacity. The more flexible
network structures enable the optical networks controllers to assign the spectrum according to the
needs of each services. Moreover, more advanced modeling and monitoring functionalities can re-
duce the design margin and system margin effectively. To achieve this, many researches have been
conducted to design and deploy the modeling and monitoring techniques to estimate the quality of
transmission and specific impairments. However, many traditional analytical methods cannot reach
a good balance between the accuracy and complexity. For instance, estimating methods which sim-
ulate the transmission and generate symbols can reach a high accuracy but cannot provide results
in a short time. On the contrary, analytical methods which calculate transmission results without
simulation may be based on some ideal assumptions. Therefore, to estimate the transmission qual-
ity effectively and precisely, more methods need to be proposed and machine learning provides a
promising way to solve this problem.

We first introduce the existing transmission performance estimation algorithms, especially
methods based on machine learning. The advantages and drawbacks of these methods are elabo-
rated and compared. The analytical modeling methods are introduced first and most of them lack
satisfying accuracy or complexity. Then, more solutions are proposed based on artificial intelli-
gence. Many models are trained offline with data from simulations or lab experiments and then
applied to the real system. For the transmission monitoring, the monitors are required to have the
ability of monitor the real-time network changes and alarm the failures before the networks break
down. Therefore, some monitors are designed to estimate the transmission quality or specific im-
pairments while some monitors are utilized for failure management. Even with different targets,
these monitoring engines are all required to track the real time changes of the networks, even a tiny
fluctuations in the signals, which is a challenging requirements for the monitoring methods. Then,
we use tables to conclude those machine-learning-based modeling and monitoring methods, which
summaries the monitoring or modeling targets, machine learning algorithms they used and the input
features.

The second chapter introduces the principle of nonlinear impairments and the modeling and
monitoring algorithms for estimation. For nonlinear noise modeling algorithms, the Split-step
Fourier method can show a high accuracy but the Gaussian noise model with faster speed is more
commonly used in different scenarios. We introduce both algorithms, and uses simulation data to
compare the performance between them. At the same time, for the nonlinear noise monitoring, this
chapter also introduces the neural-network-based monitoring methods which applies the correla-

tions between the amplitude and phase noise as the monitoring features. Simulation data is utilized
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to train and verify the neural network. Since nonlinear noise estimation will be considered as one
of the most important impairments to optimize the design of the link or signal configurations and
avoid the failures during transmissions, the improvement of the monitoring and modeling algorithm
for the next generation optical systems is of great importance. At the same time, machine-learning-
based methods for monitoring and modeling have been investigated. The simulation results show
that these machine-learning-based methods show better performance in accuracy and complexity.

Many works have proved that machine-learning-based modeling and monitoring techniques can
reach a better performance. There are many problems existed if these models are to be deployed to
the real system. The problems can be divided into two categories, the first part are the uncertainty
brought by the model itself. Since the machine learning models are trained to fit the data from simu-
lations or experiments, the models are trained according to the loss function and the result reaches a
good performance among most data, which means that they may sacrifice the performance on each
specific configurations and reach the statistically optimal. The second uncertainty is from the un-
certainty of the input parameters. Due to the difference between the data from the practical systems
and the simulated data, the performance of these pre-trained models is limited by the uncertain pa-
rameters in the control plane. Therefore, the robustness and generalization ability of these methods
should be improved to guarantee the reliability of these data-driven methods. To solve this problem,
in the third chapter, a method is proposed to solve the uncertain input parameters of the control layer
and provide customized model for different links. This customization framework is divided into
three stages. In the first and the second stage, the model is trained by the data from simulations.
Afterwards, a small amount of data from the real scenes through the active acquisition mechanism
are used to further fine-tune the model. In order to verify the performance of the proposed mecha-
nism, this chapter carried out simulation and customized model on the circumstances with inaccurate
power parameters on the three link configurations, all of which achieved good performances.

Then, the applications of nonlinear noise monitoring methods are introduced and discussed.
Since existing algorithms are mostly designed for single-carrier systems, when extended to multi-
carrier systems, the performance may be affected to some extent by the reduced symbol baud rate.
In the fourth chapter, considering digital subcarrier multiplexing system (SCM), we propose a new
monitoring schemes to estimate the nonlinear noise in the SCM system. Firstly, the correlation cal-
culation within one channel is extended to within and between each subcarrier. The inter-subcarrier
correlation features are proposed to monitor the nonlinear interference between each subcarrier so
as to provide more information for the nonlinear noise estimation. Moreover, using data fusion, a
set of new features for non-linear monitoring is designed. After exploring the training schemes, we
designed a nonlinear noise monitoring algorithm with high accuracy and robustness. A series of sim-
ulations are conducted to analyze the performance of our proposed monitoring features with different
noise distribution and various symbol lengths. The results show that the new features can provide
new information and make the neural networks more robust to the random fluctuations caused by the
limited symbol length or the amplifier spontaneous emission noise. Therefore, even in a practical
system, the monitor can accurately estimate the nonlinear noise in a very short monitoring period.

Even though many machine-learning-based methods have been proposed in this article, there
are also problems to be addressed before deployment. In the last section, the challenges and oppor-
tunities for applying artificial intelligence techniques in the practical optical networks are discussed.
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The interpretability and generalization ability of these methods should be further improve to guar-
antee that the engine can work as expected. Since the optical link transmit thousands of signals at a
time, even a tiny anomaly can cause the disastrous degradation of the whole networks. Therefore,
those methods based on offline training should be more reliable and compatible to heterogeneous
network structures. We discuss and summaries the requirements and problems for the future deploy-

ment when applying these data-driven methods to the practical optical systems.
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