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B RGVERNS, MEASEREE N L TR ELR, BRER TR S TLH, M - M e HIRK
FEEIN — W — Y =70 2 70 BB, MHITH] A1~ 1 ELIC R R 38 2% 18] = 4k HIK S A0 R 2 FH B B B, I 2%
Mol S B A TB 1 PB 24 ttid 7] EB, ZB, YB J5% BB Zihig U WA ek A2 SRR o 9 42 0
HE ) 85% LA, THIX LR EHIEAY, T 10 SFAOCLEE A RFEGE O 20 LR 78% B
EIAER 20%, L5 T RFRMEEHE 45% £oA RFERE T R, HHAEmA R — PRI EEH R
(Shannon) HRFR . JGLFARZAE . SGLr T Fl A 8 BEUR . DG AR IR AR IR, BUTHoRK 20 4 A5 H B
RESENSYiIecs - yen MNP bl EFSEF 0 A b v IR REdi s 2 NI

JELFIEE R AR R AT TR, JELRgE . SE RS AU RS 3 AR AR, & I3
FPELFIEAE AW EE R ERA R K % RE . BEEE A (ultra-high speed, ultra-large
capacity, ultra-long distance, ultra-wideband flexibility, and ultra-powerful intelligence, 5U) 5 /M JE T

FOHE R B FEA b, R 2 HEWT TR ' 21 3845 AR BOARAE [ AR 50 A L.

2 JEiAIE

M 1960 4F, EERIERARL - 15D . 2 (Theodore Harold Maiman) K BEE 1 MLE AL
FEARMRU T IR UG, NI DT T OLLEE IR 2b; ) 1966 4F, R RH: K R 1o
AR S BAE I B AT AT F53) 1970 4F, EE BT /A F] (Corning Incorporated) fiHi 755 1
REEJ N 20 dB/km FMERIRFEA FELT; SILARF, SEE DU/RSEE % (Alcatel-Lucent Bell Labs) %)
W T IR RS TARE IR R 45 2 SR BOG . S RBOE 8 45 A R E 4R 8 5 H AR S8 = A
FPNBNL A TR, #5585 NRIBE LR HRE. G 50 £, B AR AR 5 Nz &L
FREAREE, B2 ERNRRERT, FRAEEINE 10 4 1000 fFREERIGK, Kk E T
A, HIfEn] KREUr A 4 > FERAR.

51 RBRBOCH RS (1977~1995): FHE BOG AL i R A R R IR T UCR 35 10
DR T RAEHH RGIE &SR AR, O BEMEKMIEEZE. B 14 BRTHHARS
) R R A RHAE IR T 20%, 170 SESG A 70 4 T R I K TR, RRAEL0R 14%. A EZERH
5y 52 H TDM BEARHESME RS B IR, NZBOLA B REOLLE, HRIFESHTFE R SDH, RAR
BALIEAE 0.5 dB BRI K.

B2 MNMEBCKMERUE RS (1995~2008): SEHBDEIUNAR EDFA K AR 4FiE 15 s 1
[ —~ AR, e A8 B AT e 4k 0K R B AR S O T RE, IR B AR R e ) WDM R4t
AR, 20 TS 90 FEAHIH, JLIIS EDFA LT 56 oG 2F AR 4 R BAR OC %0 i B, 845 75
WDM R4 &M 20 el 90 FFAHHIF] 21 LY UIEFE 100% FIEE (3 dB/4F) BERK, FFE,
SEER A TR IR BE LU R R G018, AR 78%, W 1 Fias. WDM 454 EDFA HiARJFE 164 @
ERE 20T, Il AR S E A, s 2 ORI EMER K.

53 MNRIBKIIETFHT RS (2008~ £45): BFAHTEMBEAR B GIN, A1 EAR 5 1 A
TR AR AR, REIERCE (spectral efficiency, SE) #f—B$2 T+, WDM W& &R SR,
HFIE Th/s HAEH RGFGLE I, WDM £ RAR BRI K R 47 100 Th/s Afa. HARZMERL
iR B, Bl AT R L SRR, JER T AR R T AR — K. BTN
WFFREE R, 2010 4E Nature 22 E KT LZEIRH 100 Th/s & i FARME ABEDOLLT AL R BB RI— %
geb Pl H ar s AKCE P USRI TR T 1% 5 (BB AT e A AR BN 102.3 Th/s, 5 A0%
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Figure 1 (Color online) Products and research records of single carrier interface rates and WDM capacities

Looking forward to new
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102.3 Tb/s + 240 km
NTT Lab, Japan, March 2012
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Figure 2 (Color online) Key technologies promote continuous improvement of transmission capacity and distance

»
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N 9.1 bit/s/Hz), {2 iR,

B ANMRTHEH RS (202x~ AK): 2012 F )5, PRIEL WDM Jefti KGR BRI TIHA
TR ECZ IR, &G B R B AR A B PR BRI, 51 N 23 )X — 3B 3 A R I 4 B S 5 A 2
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Figure 3 (Color online) Five development directions of optical fiber communication

2B, EAOLAEE RGUEREIL R Phit BAETE S, Ak, EHEMETK ARG LMERRTTZ
MRS (BAAAE— Lok, 1020 B A ToiEA BB B I LURR A L JEi% 5 I BOR A
B 2% 5 16 SHe A ST TEEE L BR BRSO R A ) & TR L ARHEAI S S, A SR AN
RARICEFEAF I EHRIT ), FHRECET A HoR B B KRR TH L.

3 AZRIMAK

JCEF A A REARBURT LA 5 ANEREBEATAfdT, Qildl 3 P, Mg sEma SR “fEA L7, fif
AR AR B B AR OB S REAMIIER; 25570 A LR G ARG 4R )
TR N RS R E A3 B8 TR, B2 4 Je N R RERAR 1 51N AS15 1 2 i 1 RE D'
P2 ST RE.

3.1 BERXBAREBKESEN

I 10 4k, TLER IR S 1 E O KB A Z I, IRELA I EEEREE . RaEAEEM
FEEEE B 7ok H 2 V). RIDRLR@ S o 2 AT OB, (EOIRMERE . SRS PR DL S I 25
FIL T HRH, E 1993 4F, AR H 73T DSP ATt R, (H4EF) CMOS KA RE
PRI AT S X T BRI L 3. 2 ZEMKE, CMOS AR 3] TR s, 7T
Y CAEAEERE TR, 7E 2.5 Gb/s, 10 Gb/s, 40 Gb/s HiAEK RGiH, GBS LT EIER
05 v R EE RN R, AR N T 5<iE. {HAE 40 Gb/s ] 100 Gb/s Bt S, ([FiE
G RNV RCR AR R LI FE I E N K. 100 Gb/s TR T OREFEE BT R GRAR, FHT68K
) PDM-QPSK HCAH M7 2. AT CHCAA A S B s B 8 i A0 i I 52 P 1R S AR 25K, 1T HL g
1 B IO A AR v S E 3 5 BEAT #MeE. 7E 100 Gb/s [H] 400 Gb/s, 1 Th/s yEBERIEFEF, 8

S,
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Figure 4 (Color online) Five physical dimensions to improve the capacity of optical fiber communication system

ETRGHE (O) AT IHMTERBAEEE (M) RS (B) Mg (SE) 2 (C = MxBx
SE) AR, ARG 58 TR BRAE 00T, S I v = 7 R B B e A% i R G s oot 2
AT 2 (W AT FEAN R GEil ke, BRI A2 R T 3 Ay sl

2 MR R, IR T e R o IR B, R T RE SRR A B T IS A
AR TAZ O3 i BB #4685 - (digital-to-analog converter, DAC). B 4.0 (analog-to-
digital converter, ADC) FIFRH, A A4 THA R, HEEA 6 LT, HHE S B0 S 2 5
FAa e M B RIG, MHEUR ADC HIRBREF MR B 2RI, 51N R G AR 1 R 8k
B3, R RGEA R SN ERUR, e S v b RS A AN 5 ) e A R e A AR T
o

TR ETEBOR, I IME S AU R B R A7 R RR SR 2 A R R, 2R AT
HZEHHE (Nyquist) WDM A1 OFDM P73, 8845 28 M AR b A2 DU B0 745 5 4 B2 (digital
signal processing, DSP) BRI BHUIE SARHTTI AN RIRS IR 40, AT SRASF RIS RCR I HETE, HSZRT
A2 T OFDM SR LA ) IES AL AT RGEANZAZTER] Eh YU, SR HARST B f5 B A 1
SINHIBANTAH 22 30 ] A 1) v e 257 b 51 AEC P A 2 1 R 45 ) R RR 1) 1 AR G0 AR gt — 2B 0t

=RFENEABR, FERABNXER 2 EE M. 8IS 5 T R A5 5 1IN 48
B 46 B2 (0 5 NAFAEARE 2 P AR s B i S5 S R S TE A ) R, 7 B KB (5 5 A BRI AT
AT YT, D EE A T R AR GURE R, I n) B AL X2 T RS AR 1T

DA, BF 9 OGRS R LD 1RSI B AR R S B T S 50 s i e S B R IR
(R Gk BEC AR R G A SE RBEROR, FE A7 PR A 98 DR N SR TH S 18] AT BE AT R el 2R, Tk
I e R B K PR B AR R G AR U 2 ] 4 (6 B T T TG LIS i A 2
SR 5 ML
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*1 BEERBARERELAERARGEIRRESR T

Table 1 Test records of ultra high speed and ultra large capacity transmission system in single mode optical fiber

Capacity (Tb/s) Modulation format Band SE (bit/s/Hz) Distance (km) Institution Year
64 107G-PDM-36QAM C, L 8 320 Bell Lab 2010
69 171.2G-PDM-16QAM C, L+ 6.4 240 NTT Lab 2010

101.7 294G-PDM-128QAM-OFDM C,L 11 165 NEC Lab 2011
102.3 548G-PDM-64QAM-SC-FDM C, L+ 9.1 240 NTT Lab 2012
63 183.3-PDM-OFDM-16QAM C, L 6.85 160 WRI 2013
100.3 320.7G-PDM-128QAM-DFTS OFDM C, L 10.7 80 WRI 2014
66 Single carrier 2048QAM C, L 15.3 150 Tohoku University 2015
115 460G-PCS-64QAM S,C, L 9.2 100 Bell Lab 2017
120 385G-PDM-256QAM C, L 10.99 630 Xtera Communications 2018
150.3 PDM-128QAM S,C,L 11.05 40 NTT Lab 2018

%2 BEERBAREVBRAAERRGFIRRES 1622

Table 2 Test records of ultra high speed and ultra large capacity transmission system in few-mode optical fiber

Capacity (Th/s) Modulation format Mode SE (bit/s/Hz) Distance (km) Institution Year
57.6 PDM-QPSK 3 12 119 TU Eindhoven 2012
24.6 PDM-16QAM 12 32 177 Bell Lab 2013
21.6 PDM-16QAM 15 43.63 22.8 Bell Lab 2015
115.2 PDM-QPSK 10 29 125 Bell Lab 2015
200 PDM-DFTS-OFDM-32QAM 3 21.375 1 WRI 2015
266.1 PDM-16QAM 6 36.7 90.4 KDDI Lab 2018
280 PDM-64QAM 3 30 93.34 NICT 2018
402.7 PDM-16QAM 10 47 48 KDDI Lab 2019

MHT, AR RS FAEAE S T — A B HARE AN 55 I AR VS BR 11 R S B 3). ie
FE - BFIE] A IEAS AL AR 4 A0 EE 4 R OB P i dl s =X BTl iR E A Aisr
5 S AL s AR R FH BB A R, 220 22 5 S 2 A 4 B A 40 0T 2, (23 T ARG = A W4
TE. LTI M BAEIEE S 1 Th/s B, BLFA RN 100 Th/s KB, CHEIEIE M FH DL L4
ARG R, K%K, LBl Thit 408 Phit 2%, & Ebps, Zbps HiEHE, ¥ LK T =
R RBAR. BFOOEF 1R il o R K IR 5 e AL i R Gl S 5 = KT AT g, oAk
# 1~5 431 FR.

TV S FELR 25 BT 7 e T 4 SR v o 3 K 2 B K P B A A S 96 5 TR A — R 51 i f (44490,
R R R T T, 2010 AFEF AR S FE A H R 38 40 Y (low density parity check code, LDPC) F & [ i il
FEARAALE A 773X, AEPRUE S 242 1 [RIF SEIE 7 5518 1 Th/s 1040 km Ak SABOLLF 0 R IG %
By, KRR, AR 2012 K 2013 EFIFH PDM-OFDM-16QAM I FE AR HISZBL T C W
30.7 Th/s 80 km 1 C+L B 67.44 Th/s 160 km Frifk AR SGLF 40 RG0S0 50, 2014 HER FH B AE 1
M (Fourier) ZZ4f JE IEZ A 2r 2 ] (DFT-S OFDM) 128QAM il 77 258 T C+L % B 100.3 Th/s
80 km FRifE FBGA AR M R AL, FERII N IE A W Bt B PP ) A B KRR R R IED; 2015
S 3 M 200 Th/s KA ERS 5 H Kk 70 B DGR RG0S0, 2016 FF5E M 7 (S HRBDLLT
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%3 BEEXBAREZTAALMARGIHRER P32

Table 3 Test records of ultra high speed and ultra large capacity transmission system in multi-core optical fiber

Capacity (Tb/s) Modulation format Core  SE (bit/s/Hz)  Distance (km)  Institution  Year
112 PDM-QPSK 7 14 76.8 OFS Lab 2011
305 PDM-QPSK 19 30.5 10.1 NICT 2012
1010 PDM-32QAM 12 91.4 52 NTT Lab 2012
110 PDM-QPSK 7 22.4 6370 KDDI Lab 2013
2150 PDM-64QAM 22 215.6 31 NICT 2015
560 DFT-s PDM-OFDM-32QAM 7 59.95 10 WRI 2016
1060 PDM-16QAM-OFDM 19 113 1 WRI 2018
596 PDM-16/256QAM 4 42.67 54 NICT 2020

® 14 BEEFBAREZTOERAERRFIRITR 207
Table 4 Test records of ultra high speed and ultra large capacity transmission system in multi-core and few-mode optical
fiber

Capacity (Tb/s) Modulation format Mode/Core  SE (bit/s/Hz)  Distance (km)  Institution  Year

1050 PDM-32QAM-OFDM 2/12 109 3 NEC Lab 2012
2050 DP-QPSK 6/19 456 9.8 KDDI Lab 2016
1200 PDM-256QAM 3/4 130.4 3.37 NICT 2018
10160 PDM-64QAM 6/19 1099.9 11.31 KDDI Lab 2018
10660 PDM-64/256QAM 3/38 1158.7 13 NICT 2020

%5 BREBRAEHRGIRIDR Bl

Table 5 Test records of ultra long distance optical fiber transmission system

Capacity (Tb/s) Distance (km) Capacity xDistance (Tb/sxkm) Fiber Institution Year
30 6630 198900 Single-mode TE SubCom 2012
44.1 9100 401310 Single-mode TE SubCom 2013
54 9150 494100 Single-mode TE SubCom 2014
52.2 10230 534000 Single-mode TE SubCom 2015
140.7 7326 1025000 Multi-core (7) KDDI Lab 2015
65 6600 429000 Single-mode Bell Lab 2016
70.46 7600 535496 Single-mode TE SubCom 2017
51.5 17107 881010 Single-mode TE SubCom 2017
25.4 10285 261239 Single-mode Bell Lab 2018
314.5 8007 2518201.5 Multi-core (19) NICT 2019
130.8 12700 1661160 Multi-core (12) TE Subsea 2019
Communications LLC
172 2040 350880 Multi-core (3) NICT 2020

560 Th/s K2 #2350 5 Ko 8 e AEii R4 505; 2018 X A ERFHI A B 32 508
BRI EEL BRI B 19 SBOBEF, SEBL T 1.06 Ph/s #8 KA 8440 5 ) Mo 70 5 R e AL 4 2 48 5206,
KR B 71, 2012 4E4 HI 58 R T B45TE 1.031 Th/s 12160 km F1Z {518 168x100 Gb/s 2240 km 5
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HESBOL AL f R ST L .

3.2 BREREBBEEREEN

JCEFEAE AU <= RSy ISR D, T H AR B 98 3 R 5 R e 4H ) 5 T BRSO 4
ARBEFEBFEFESIAIRH. Frig# s s, BEget s N RA RGNS E AR EE ). RERAE
2000 R e AT E AP RS A Sl A B2 R Gerh, (HELR] 2010 46, BEE 2GS HEIARR)
Z g LR TARS R G GIN, JaMER A TFAGR I DR AL, I B B 4E ) 504, RGBT
BT, LSRRI E | fRIP AR SE D RE. AR, AL ThRERIH & AT BE L 55 A IS A% 5
ANZNB A LSRR 2, (EAHT RGN RGP SR T — 2oL S, AN el bR 1 AE 4l =
RIEAT MR 3 5R, Fo VR AR s ORI 23 0 37 T B B B A Rl BB 5, O ELE I $ U as Ak
Her AR AR B BE I B HEOIE 5

i R B ST 1P Jr A, HES DG4 SEILE RN s 2 B s itk G M, RIEG 2R
RBOETTA. El R R 1) RS W] g AR AC B, S I T B IR T 5 AR sh S TR, SR M % R Ak
PEREFNGE YR I 2. RS 6 2% J8 0 S AL an B 5 1501 B, JHG o G 8 1 482 3 00 42 1 R R 44 06 4
TR AR PIRE . o, SRR M S RF R AT 2R (flex grid)« RAFMHMCA (flex TRx) Al
RiFHJZEH (lex OTN) 3 KAZLEOR; T EADEMHEE S HA LT FTEK (directionless) K TEHK
(colorless)~ TR (contentionless) FIHHAS I (gridless/flexible grid) 4 K ICEEARF:.

] E IR A (reconfigurable optical add-drop multiplexer, ROADM) SEEL T )2 K21
H 3l B, R % G BB R SOy AT A 2% (04, EAE—Se R R 2% o B 5 R 4R 16
] ROADM). Tif#% ROADM 75 & 4ERE 3G N, P KIEFETF K (wavelength selective switch, WSS) 1E
NI ROADM {5 R0 A B 2 ) R B B A1, LR AR A4 Tt T Bl oR AR ) Bk k. WSS A 4E — 67T
KEEF, H151 T DWDM BAHEIE ) ARt . BLZEMEEN. S WSS Stas - ZMI7%, sl
L R4 (micro-electro-mechanical system, MEMS). ¥ #f (liquid crystal, LC) FIEEFME A (liquid crystal
on silicon, LCoS) %&. M 13T LCoS 1 WSS e SRR IKSN L R i nT AR M A s 4%, 7524
0 WSS BUA i SHEE AL E. B 2006 F T AR, 2T LCoS 11 WSS AWk g, i I ACE
ZHTHT 1x2, 1x4 KIEF] 1x8, 1x9, FF| 1x16 1 1x20, 114 WSS HIE R ST IRFILE 1x32. 5
b, N TSR “DU7E” ROADM 19 s B R RAFIE, ARAKXS T WSS #4F f3m i Kok 2 M ox N AL
2015 4 5 H, BB B2 0T FE ke B LA 1 B4 1x9 S D)3 D) B8 I AR 58 K BT R L,
KT KEEE R C BB, MASAEINT 6 dB, 7758 AT M 10 GHz~5 THz, K/ 7 GHz. %
FiZ% WSS it ] 7 & «<PUTE REMERETE ROADM 2 )6A8 e SREpL, ScBliek 8 4ERE, R4k
FESCHF 80 W, STHF 10 Gbps, 100 Gbps, 400 Gbps F1 1 Thps 4 Ftdt 2 RE D) i ] A8 15 B8 4 A0 e,
RF 2 E R EAEH LCoS &A1 RIS il i Ja itk /K-

TEAE G S AZ D I 284k, 1L3/L2 J2 TP /MPLS $iE M4 Al L1/L0 J2 TDM/WDM f&i% M4
BRI EIE R SZHRBOR L A BERLA]. AN, 75 g v 2 i~ T A e 1 T R,
1A% 326 O DU O AR 80 1 T A A 1 T 20 TR A s 22 5, K 19 A 20 J2 B 8 ) R 48 42— il 5K k97
SN PRE LR, B AR 8 L B AR T PRI AT APT 3 RFFIER B E UM% SDN iR
RISIN, JSEEL “IP + O 5 2 h [F) Rli f R  Re e I 4 S it 1A Ro& A, Fsst B IR 6 .
1B P S500EMILEAE; 5 2 B BOBE 2 MRS (generalized multiprotocol
label switching, GMPLS) H I B§42 115 BTG (path computation element, PCE) SZHL IP 5 Z 8751
[A; 25 3 BrBURBOUFE G Z E2 6T m LU 2 2 B 2 e M E b o815 5 4 BrBog 1P 56E W
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Expansion {DxT DxT:
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B 5 (MEMEE) RELMERGRAR OO

Figure 5 (Color online) The architecture and composition of flexible optical network

() 5 ) g — S R R R e ) Ak 55 G — 7R . 24T, SDN AR R385 51 NI, A% 128 I 28 1
A5 3 B B .
4 RKEE

4.1 BERRBAREBKESLM

AT, ARARAERPIEE IR ISR S LD 45% AT TR HOE I, 1% R A2 A R AN LR
29 20% A BEIENE, W2 2 ) Eon Y H 23 e 22 R, A Ral B E A XA 22 & AR
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PCE-Path computation element
OFS-OpenFlow switch
OFC-OpenFlow controller
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B 6 (MEMFEE) IP SEERHEREREEEEANEEASE
Figure 6 (Color online) Evolution steps of ultra-strong intelligent optical network based on IP and optical cross layer
cooperation

A PR IEEEE R B3 (Moore’s Law) FIEUFEER S HIR (HESh T AR ACIRATAAi (S B R
RE) PRI G EOR (HESh H T3S BB ) 18] B [ R 22 5+

BT EIMEE |« B[R] /450 . IEAS AR AR 4 NPIER4E A O e o R FH B ER, HAp A&
FERHAE T H A R AR IR, RIERIE S5 € = M x Bx SE w40, MEAT @t it — 53 e 5 98 14
W (B) MEZ M MIFATE (M) A REKIERT LT BEENRERE. £k BREZBEARFEHK
P B9 A s R S ] G0 A A T A 4 1 38 T R A 7

PR AT (VB T8 7 R Gu A G IS HL R S5 S B 5 TH: 5 T8 7 o D P IRARE R 2T, DA Rets
TN RGUHT W AEIBAT G T RS (WDETBORES « BOLARFIERE RS ). XHA T TR H A
LR (BT RIISAE YN FIHT I B AT 2B (W RO SR 0 BB &) HE AR
M, % T IE B4R 2 50 H OB earm &, B AU R C 3B (29 1530~1565 nm, B 4.4 THz) ¥~
JEH] O~L 4Bt (£ 1260~1625 nm, B 53.5 THz), #ig Fa[3R54) 12 AR R85, (5 i T K%
LVERRRE, SERRMYBEIRIF L) 5 AR EREL X T 2 ME T . EARBRERI T AL, il T
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Abstract As one of the four most significant inventions since World War II, optical fiber communication has
provided a foundation for the development of the information society, carrying more than 90% of the global
data traffic. However, it is expected that it will encounter a “capacity crisis” in the next two decades. This
paper focuses on the five development dimensions of optical fiber communications: ultra-high speed, ultra-large
capacity, ultra-long distance, ultra-wideband flexibility, and ultra-powerful intelligence (5U). Based on a review of
its development over the past 50 years, the paper provides a comprehensive review of the latest progress achieved
in the past decade and presents a bold outlook on the evolutionary trends in the next decade or even two. This
review hopes to provide a reference for researchers in related fields.
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