TEXHONOIMA

OcobenHoctn paspabotkn DWDM-cucrem Bbicokoi eMkocTH

Mpeactasnensl pesynstatsl paspabotku poccmiickoit DWDM-cucrembl ¢ kananbHol ckopoctsio 100 T6ut/c m
cnextpanbHoit addextusHoctsio 3 6ut/c/Tu. lMponyckHas cnocobHocts cucteml — po 27 Téut/c no nape
onTM4eckMx BONOKoH. BuinonHeH o63op sapybexHsix paspabotok DWDM-cicteM cpasHMMOM &MKOCTH, NpoBeagH
QHONM3 PAsAKHHBIX MCMONb3yeMbIX CMOCOBOB NOBbILLEHNS crekTpanbHoi sddekteHocTt DWDM-cictem. MokasakHo,
4TO YCroXHeHWe $opMaTa MOAYNSLMM NPUBOAMT K 3OMETHOMY CHXKEHHIO AANBHOCTU Nepeaayn curHana. [NokasaHo,
yro cucrembl 100G Ha ocHoee Mopynsumn DP-QPSK ¢ nnoTHEIM pacnonoXeHnem KAaHANOB Mo CBOe CEKTPANbHOM
3bGEKTUBHOCTM MWL HE3HQUMTENBHO YCTYNaIOT CyluecTsylolpM chctemam "400G" Ha ocHose Mogynsimm
DP-16QAM, a no npounseeneHMio MaKCHMANbHOM EMKOCTH HO BANBHOCTL NEPEAAYM — CyLLECTBEHHO NPEBOCXOAAT MX.
lMpoBeneHo MccnenoBaHMe XapakTepa AErPARALMM KOFEPEHTHBIX ONTMYECKUX CHIHAUTOB MoK, AEMCTBMEM HESIMHEMHBIX
a¢dekros 8 DWDM-c1cremax Bicokoit emkocti. PaccmotpeHo age ocHoeHble koHdurypaumu BOJIC: a) Karan 100G
B Okpy>xeHuu kaHanos 10G e nmHmsx ¢ komneHcatopamu aucnepeni; b) Kakan 100G B nnnmsax 6es komnercatopos
avcnepemu. MNokasako, 4o npu pacnpoctpaHeruu curHana e popmare DP QPSK cosmectro ¢ 10 I6ut/c curHanamu
e popmare OOK, cuHansl 10G BbiabIBAIOT HEMMHENHbIE UCKOXKEHMS, CYLLECTBEHHO YXYALIAIOWME XAPAKTEPUCTUKH
cmHana 100G. Ograko 1ot wrpag Moxer Gbitb ymeHblweH Ha 3-5 ab 3a c48T MCMONB3OBAHMS CRIELMONBHBIX
Qnrop1TMoB o6paboTKM NPUHUMAEMOTo curHand. MoKAsaHo, 4To B IMHMSX B3 KOMMEHCALWM AUCIEPCHU BO3NEHCTBME
HENMHEMHBIX 3PPEKTOB OCNABNAETCS, CTAHOBUTCS CAYHOMHLIM MO CBOEH MPMPOAE M MPOSBNSIETC HA OMTUYECKOM
np1emHUKe Kak WyMm. BeieeaeHa popMyna, koTopasi MOXeT BbiTb UCONb3OBAHA A1l KOCBEHHOTO U3MEPEHMst MOLUHOCTH
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B cBa3u ¢ poctoM 00beMOB nepeaaBaeMoii HHGOPMAIHH Mo-
TpeOHOCTh B YBEJIHYEHWH CKOPOCTH Nepeiaun HH(OpMalHH
pacTer Ha BceX YPOBHSX, HaUMHas C JIOKAIbHBIX CeTed U Coe/H-
HEHHMI MEXy KOMIBIOTEPaMH W 3aKaHUYMBas JaJbHUMH TpaHC-
MNOPTHBIMM CETSIMH, OXBaTbIBAKOIIMMHU BCiO uiaHery. Haubonee
OCTPO 3ajlaya YBEJIMHMEHHs! MPOIYCKHOIl crocoOHOCTH MpH co-
XpaHEeHHH JIaJIbHOCTH nepeaaun nHpopmaunu 0e3 pereHepannu
CHTHAJIA CTOUT B BOJIOKOHHO-ONTHYECKHUX CETSX JANbHEH CBA3H.
ﬂJ’[ﬂ €C PCLICHHA B HACTOALICE BpEMSA BO BCEM MHPE CHCTEMBI C
KaHaJIbHOH ckopocThio 10 I'GMT/c M MpAMBIM JIE€TEKTHPOBAHHEM
3aMEHSIOT KOTEPEHTHBIMH ONTHYECKMMH CHCTEMaMH C KaHajlb-
HeIMH ckopocTamu 40 u 100 I'out/c [1-3]. KorepentHoe nerek-
THpOB&H[r‘]C B HOBOM IIOKQJICHHH CHCTEM CBA3H MO3BOJACT yBC-
TMYHTE 00beM mepesiaBaeMoii WH(OpPMalNH, WCTIONB3YS CIeK-
TpajbHOE W MOJSPU3ALMOHHOE YIUIOTHEHHE KAHANOB, a TaKKe
CHeKTpanbHO-3(QpeKTHBHBIE (OPMATHI MOTYIAIIMH.

B Poccun paspabotkoii DWDM-cucreM BBICOKOH EMKOCTH
zaHuMaercs komnanus «T8» [4-6]. C 2013 roja npu nojep:xke
Monpa CKOIKOBO pealn3yeTcs NPOeKT MO CO3AaHHI0 OTEYeCTBEH-
Hoii DWDM-cucremsr émkocteio 27 TOuT/C, npeacraBieHHbli B
Hacrosuieit crarse. B xoz1e paspaboTku 9T0i CHCTEMBI BBINOIHEH
aHaym3 jierpajauny curiana B DWDM-cueTemMax BBICOKOIH EMKO-
CTH TOJI BO3JICHCTBHEM HEIMHEHHBIX 3((EKTOB, IKCIEPUMEH-
TAIBHO H(},!J,TBCP)K.E[CHH HCKJIHOUHTEIBHEBIE xapanm:pncmxu 000~
pyJloBaHus (NOCTaBjIeH JeHCTBYIONMH MHPOBOH PEKOp] M0 CKO-
pocth ¥ gansHocTh nepenadd DWDM-curnana B oiHONpPOIETHOM
smuun). Ipencrasnen kparkuii 0630p OCHOBHBIX 0coOeHHOCTEH
pazpabotkn DWDM-cuctem BbICOKOH EMKOCTH.
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HeNMHEHOTO LUYMd Ha OCHOBE M3MEPHMMbIX MAPAMETPOB PeabHOM IMHMM. B 3aknioueHue npeacTasneH aeicTBytoLwmit
MupoBoi pekopps, no nepepade 100G curHana, nocraeneHHbii komnanuvei "T8" nepepaya pAecsiTi KAHAmoB
100 I6ur/c Ha paccrositne 500,4 kM B OAHONPONETHOMN NMHUK €3 MCMONb3OBAHMS PEreHEPALMOHHBIX MYHKTOB MW
NPOMEXYTOUHBIX YCHAMTENEH C SNEKTPUYECKMM MUTAHMEM. DKCMEPMMEHTANLHO MOATBEPXAEHB MCKIIOYMTENbHBIE
TEXHUYECKME XAPAKTEPMCTUKM MPEACTABNEHHOTO 060pYROBAHMS.

100G tpancnonaepst DP-QPSK komnannn «T8»

B 2012 r. komnanus «T8» npeacrasuna 100G tpaHcnioHae-
PBI U MYKCIIOHJEPBI (arpernpyroniue TpaHCIoHIepbl) cOOCTBEH-
Hoil paszpaborky, a takke 100G DWDM-cucremy «Bosra» Ha
ux ocHoBe. Tpancnonaep obecrnieunBaer nepeaady KIHEHTCKOTO
curtana 100 I'dut/c no ontuyeckoMy KaHainy, ¢ BO3MOMKHOCTBIO
HACTPOIKHM na3epa Ha moboi n3 96 DWDM-kananos B paciuu-
pennom C-ananaszone (¢ marom 50 I'T'n). Mykcenonzaep otiauya-
eTcsl TeM, YTO arperupyer HECKOJIbKO HH3KOCKOPOCTHBIX KIIH-
EHTCKHX CHTHAI0OB B OIMH KaHail. Takum obpasom, mpornyckHas
cnocobnocte DWDM-cucrems! «Bonra» no nape BOJIOKOH CoO-
crasiser 9,6 Tout/c.

Tpauncnonsiepsl U MyKkcnioniepsl «Bosray obnanator nekimo-
YUTENbHBIMM TEXHHYECKHM Xapakrepuctukam. [loporosas uys-
CTBHTEJIBHOCTE TpaHcnowjepa — seero 12,5 ab, snexrponHas
KomneHcauus aucnepeny — go 75000 ne/nm. brnaropaps stomy,
Ha DWDM-nnardopme «Boara» ¢ 2012 roaa Ob110 nocraBieHo
HECKOJIbKO MHUPOBBIX pekopoB B nepeiade 100 I'dut/c curnasna.

IIpn paspabotke 100G TpaHcnOHIEpa UCIOIB30BaHBl HAHOO-
jiee COBPEMEHHBIE TEXHOJIOTHH — Koppekims omnbok SoftFEC u
KOrepeHTHbIt npuém curHana B (opmare DP-QPSK (Dual
Polarization — Quadrature Phase Shift Keying, yersipexyposue-
BbIH (pa3oBbIii GopMaT MOIYIALHMH C MOIAPH3ALHOHHBIM MYJIb-
turiekcuposanuem). @opmar DP-QPSK  obecneunBaer Hau-
Gonbiyto 3 (PeKTHBHOCTE MCMONB30BAHMS HE3aBHCHMBIX Mapa-
METpPOB CBETOBOro H3mydeHus ((asza u nonspusanms), puc. 1.
bnaronaps coueTaHMIO BBICOKOH CIEKTPalbHOI M dHepreTHye-
ckoit apdexrnBrocTH, dopmar DP-QPSK obecneunBaer mak-
CUMAJIbHYIO TPOU3BOJAUTENBHOCTE CUCTEM CBSI3H (IIPOM3BEIEHIE
JANLHOCTH HA CYMMApHYIO CKOPOCTh Nepejaun nudopmaiim).
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Pue. 1. Curnan popmara DP-QPSK
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C ucnons3oBanueM miatdopmsl «Bonra» BozmokHO Gopmu-
poBanrne DWDM-cHCTEMEI ¢ IPOMYCKHO#M criocoOHOCTRIO 110 700
I'6ut/c B omHoM maccw, g0 5 Tout/c — B onnoil 197 croiike. Cre-
npamictaMu «T8» BBeleHO B aKcrumyaranuio ceeiie 55 000 kM
DWDM-cereii, u3 Hux Gonee 10 000 kM cocTaBisIOT CKOPOCT-
Hete 100 I'out/c kananel. C 2013 ronma Havamack paspaboTka
DWDM-cucTeMBI HOBOTO TMOKOJIEHHS C MPOIYCKHOM crocobHo-
cthio a0 27 Tour/c.

IMpororun DWDM-cucremsbl emkocthio 27 Tont/c

Cneunanuctsl komnauun «T8» cozgamu npororun DWDM-
CHCTEMBI CO cCHeKTpaabHOH addexTuBHOCTEIO 3 Ont/c/T.
B cranjaptHoil mojoce ONTHYECKOTO MYJBLTHILUIEKCOpA IIHPH-
noit 100 I'Tu nepeaatorcst Tpu KorepeHTHbix kaHana 100G (mo
33 I'Tu Ha kaHam), puc. 2, yro obecrneynBaeT BO3MOKHOCTE I1e-
penaun o 270 kananos 100G B C+L auanasone. Takum obpa-
30M, oOuias ImpolyckHas cnocobHocTs cosfgaHHoil DWDM-
cHCTeMbI MoxeT jlocturars 27 Tout/c.

BaxHoe npeMMyIIeCTBO CO3JaHHOH CHCTEMBI — BO3MOXK-
HOCTL PaboThl Ha CYHIECTBYIOIIEH ceTeBoil HHpPacTpyKType
(B C-nuanasone €MKOCTb cucTeMbl cocrasisier 12 Tour/c). Ipu
yrninotHeHun kKaHanoB 100G ¢ HCNONb30BaHMEM CTaHIAPTHOM
cerku 100 I'Tu He TpeDyercs 3aMeHa MYJIBTHIUIEKCOPOB HIIH
YCUIIHMTENEH B IPOMEKYTOYHBIX MYHKTaX CETH.
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Puc. 2. Cnektp cynepkanana 3x100G B cetke 100 I'T'y

B Ttabmuue 1 npejacraBieHsl XapaKTePUCTHKH MPOTOTHNA
«300G B cerke 100 I'T'u», paspaGoranHoro kommanuei «T8»
(ctpoka 3), B cpaBHEHHH ¢ CYyLIECTBYIOIIEH cucremoit «Bomray
komnanuu «T8» (crpoka 1) M pa3nMYHBIMK BapHAaHTAMH peau-
sanuu cucreM «400G», KOTOpBIE MpejularalTcs MHUPOBBIMH
NPOH3BOAUTESAMH (CTPOKH 4 1 5).

W3 tabauuel BuaHO, uto nepexox ot cuctem 100G k cucre-
mam «400G» BOBce He 03HAYAET MOBBILICHHUS NPONYCKHOM CIIO-
cobHocTH cHcTeMbl B 4 pasa. Jia KOPPEeKTHOrO CpaBHEHU: TPO-
IycKHO# criocobHocTH pasnuyHbix BapuantoB DWDM-cuctem
HEOOXOJUMO YYHTHIBATE HE TOIBKO KaHAJIBHYIO CKOPOCTh, HO H
LIAPHHY CIIEKTPAJIBHON I0JIOCK], KOTOPYIO 3aHHMAaeT OJWH Ka-
HaiL. [l 9TOro MCronb3yercs TakoW rapaMerp, Kak CleKTpalib-
Has ] deKTUBHOCTE (IIIOTHOCTE HH(OPMALIMOHHOTO NOTOKA Ha
1 'y cnexrtpa).

Teopernueckuii mnpeaen CHeKTpanbHOM A (EKTHBHOCTH
s moaynsumn DP-QPSK — 4 6ur/c/T'm, ana MoOIyIsuud
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DP-16QAM - 8 6ut/c/T'n. Cymecrsyloue pemenus «400G» na
ocHOBe Moayisauuu DP-16QAM uMeloT cnektpanbHyo 3¢ dek-
THBHOCTE B cpenHeMm okono 4 omt/c/T'm (Makcumym — 5,3).
Psan crarteii o peanuzauun DWDM-cuctem Ha OCHOBE MOIYJsi-
mun DP-16QAM OGwin nmpencrasneH Ha koHpepeHimn OFC B
r. Can-®pannucko B mapte 2014 r., Tadmn. 2.

Tabnuna 1

CnekrpaiabHasn dpdekTHBHOCTE DWDM-cHcTEM

.N'f_'l Tun CumponbHas | ®opmar moay- | [onoca, CrekTpansHas
peteHus | ckopocThk, ['6oa | naumu (uucno [T (P heKTHBHOCTE,
OHT HA CHMBOJI) our/c/Tn
1 [Ix100G |25 DP-QPSK 50 100 I'dur/c /
B CEeTKE (2*2=4 dur/c) 50ITu=2
50T
2 |Ix400G |100— DP-QPSK - -
TEXHHYECKH (2*2=4 dur/c)
HEBOIMOKHO
3 3x100G |25 DP-QPSK 100 300 I'éur/c /
B CETKE (2%*2=4 dur/c) 100ITu=3
100 Ty
4 2x200G |25 DP-16QAM 100...75* [400 I'6ut/c /
B CETKE (2*4=8 dut/c) 75...100 T
1001 T =4...53
5 |Ix400G |50 — cnoskHo DP-16QAM 100 (7) 400 I'dur/c /
B CETKE [peajn30BaTh (2*4=8 dut/c) 100ITu=4
100 T

*) Haxce npu ucnoneszoeanuu kanaiom 2x200G nonocwt, Hoaee yakoll,
wem 100 I'Ty, 6 peanbibix cemax npudémea 3adeticmeosants NONHbIN Kanan
Mmyrasmuniaexcopa 100 I'Ty.

Tabnuna 2

Pemienns «400G», npeacrasaennsie Ha OFC 2014

Bennop | Tun skcnepu- | Cropocthb Ha Hecyuryio | Dopmar JlansHocTh
MEHTa M LLIHPHHA CIEKTPa nepesayH
Alcatel |Real time 200G na necyuryio, PDM- 400 kM ans
7] S0TTu(4b/sHz)u  |16QAM |50 TTn
37,51Tu(533) (300 km
s 37,5)
Siena [8] |Real time 200G Ha Hecyuyo, DP-16QAM |410 kM
42 1T (4.76)
Huawei |Offline DSP* |200G na nHecymyto, PDM- 3040 km
[9] ocumtorpag |50 I'Tu (4) QPSK
NEC Offline DSP*  [200G na Hecyuyto, DP-16QAM |630 km
[10] ocummtorpad  |37,5 I'Tu (>5)
NEC Offline DSP*  [200G na Hecyuyio, DP-8QAM |485 kmM netns,
[11] ocummtorpag |44 I'Tu (4.54) CHMYTISILIUA
6787 kM
Alcatel |Offline DSP*  |400G na Hecyuyio, DP-16QAM [400 km neTs,
[12] ocumanorpad (120 I'Tu (3,3) CHMYIALLASA
4800 kM

*) Offline DSP - npuém cusnana na yugppoeom ocyunnozpaghe, sanuce
pesynbmamos na Ouck u nocaedyiowan ux obpadoma na komnslomepe.

Ioauepkném, yro Ha OFC 2014 Hu 0uH NPOU3BOAMTENL HE
IpeJCTaBUIl pesyibTaThl JUlsl peajibHoro obopyoeanus ¢ 400G
Ha Hecyulyro. IMEHHO MOSTOMY B JAHHOH CTaThe MBI MHIIEM
«400G» B KaBbIYKAX.

TakuM oOpa3oM, mepexoj OT CHCTEM C KaHAIBHOH CKOpO-
cteio 100G Ha ocHoBe Mmomynsuuu DP-QPSK k cucTemam
«400G» Ha cerogHSMIHHH JIeHb MO3BOJIAET TOBBICHTH CIICK-
TpanbHYI0 3((eKTHBHOCTH B cpeiHeM Bcero B 1,5 pa3a (B He B 4,
KaK MOKET MOKa3aThcs Ha MEPBBIi B3I ).
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Ilpu cpaBHeHun sxoHOMHYecKol 3¢ dexkruBHocTH DWDM-
cHCTEM HeOOXOJMMO YYHMTHIBATh HE TOJBKO CHEKTPAIBHYIO 3(-
(DeKTHBHOCTB, HO M JIAJIBHOCTH TNepeaiayn (MaKCUMAIBHYIO JUTHHY
pereHepalMoHHOr0 y4yacTtka). JlalbHOCTh Nepenavn onpeaenseT-
csl IOPOTOBOH YYBCTBHTENBHOCTHIO MPUEMHHKA (1b): pH KakoM
OTHOLIEHHH YPOBHSI MMOJIE3HOTO CHTHAJIA K YPOBHIO IIyMa B JIU-
HHUH OH eIlg crnoco0eH NPUHATE M pacinpoBaTh MOCTYAOMIHH
curHain. B Texuuke cBA3M 5Ta BenuuuHa HaseiBaetca OSNR,,
(«TpebyeMoe OTHOIIEHHE CHTHAI-IIyM», «TpebyeMbrii OSNR»).
UYem HWKe MOporoBas 4YyBCTBUTEIBHOCTh NMPHEMHHKA — TEM
nyuure. Ha Takom 00opy10BaHMH MOKHO CTpOMTH Oosiee npoTs-
KEHHBIE TMHUH CBsA3M Oe3 pereHepaluu curHaa.

Ipu nepexoze k Oosee BEICOKUM (popmMaTaM MOIYJISLMH, [10-
poropas 4yBCTBHTEIBHOCTh NPHEMHHKA HEM30EIKHO yXyALIaeTcs
(Bo3pacraer) u3-3a OoJiee IJIOTHOTO PACHONIOKEHHS COCTOSHHIA
curHana B (azoBoMm npocrtpanctie. [lostomy nepexon k Oosee
CJIOXKHBIM (popMaTaM MOAyIALMM BiIedéT 3a coboil cymiecTBeH-
HOE (B HECKOJIBKO pa3) CHIJKEHHE JaIbHOCTH Mepeaayu, puc. 3.

« 2 ® 100G DWDM-cucrema «Bonrax, T8
% E O 100G DWDM-cuctema 3 Gur/cilTy, T8, npoekt
§ E ® 100G DWDM-cucTeme: 3apyBemHex NPOUIBoaUTEne:
-~
22 52 O 200G DWDM-cHcTEMBI, SKCNEPUMEHTL
sz ¢ 5w oy
25 & MCNEHHOE MOAENMPOBaHKE
10 000 4
1000
O O siena (4.76)
' oAkaI»l 53
DP%QF’SK DP-16 QAM
100 ——T T T T T T T >
10 ' 15 20 25 Mopor uyscTaMTEnLHOCTH
! npuémHuka (OSNRTp), ab
12,5 pb ~20...22 pb

Puc. 3. Peuienus ¢ pazHoi TUIOTHOCTBIO pacnonokenua kaHanos 100G
u 200G. Xapakrepuctiukn DWDM-cuctem 3apy0ekHbIX
NPOH3BONTENEl OLleHEeHbl MPHMEPHO Ha OCHOBE JOCTYTHBIX JaHHBIX.
B ckobkax ykazaHa cnekrpaibHas 3 (ekTHBHOCTE

Takum oOpaszomM, cucteMsl 100G Ha ocHoBe Moaynsiuu DP-
QPSK ¢ MIOTHBIM pacmoloKeHHeM KaHAIOB M0 CBOEH CIeK-
TpaabHOW 3()(HEKTHBHOCTH JHIITL HE3HAYMTENBHO YCTYMAIOT CY-
mecTByomuM cucreMam «400G» Ha ocHoBe Moayisaiuu DP-
16QAM, a 1o MpoM3BeIEHHIO MAKCHMATBLHOH EMKOCTH Ha [allb-
HOCTh Nepeiayn — CyIIECTBEHHO MPEBOCXOIAT HX.

Jerpapaumns CHrHaJa noj AeHcTBHEM

HeJIHHeHHBIX 3 exToB

3nauenne OSNR,, B peanbHOMH THMHMH OKa3bIBAETCA 3aMETHO
BBILIE, YEM IPH MPAMOM COEJIMHEHHH MepeaTyuKa ¢ NMPHEMHH-
koM (back-to-back, BTB). Hanpumep, aust 100G Tpancnonaepa
«T8» OSNR,, Ha peanbHBIX TMHHAX MOkKeT Aocturate 17-20 nb,
B TO Bpemst kKak OSNR.,,, g = 12,5 ab. Pa3nuna mexny OSNT,,
peanshoit muuun 1 OSNR,, prp HasbiBaetcst «urpadoM Mo
OSNR» n1st 9T0M THHUH.

[Ipuunna BosuukHoBeHus wrpada no OSNR — nerpanauus
ONTHYECKOI0 CHIHala 1107 AeHcTBHEM HeJWHEHHBIX ((EeKTOoB.
B cBs3u ¢ 3THM 0cO0YI0 aKTyalIbHOCTH MPHOOpETaeT Hecie 0Ba-
HHE XapaKTepa Jerpajalii KOTePEHTHBIX ONTHYECKUX CUTHAIOB
noj JeicTBueM HelnuHeHHBIX >(¢exkroB B DWDM-cucremax
BBICOKOI €MKOCTH.
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C npakTH4YecKOH TOYKHM 3peHHs, Haubollee BajKeH aHAIIN3
BO3/ICHCTBUA HEIIMHEHHBIX 3(P(EKTOB HA KOTEPEHTHYIO JIHHHIO
CBS3H JUIA JIBYX OCHOBHEIX KOH(pHrypauuii BOJIC:

e Kanan 100G B oxpyxenuu kaHanoe 10G B auHMsX
KOMIIEHCATOPaMHU JHCIIEPCHH

o  Kanan 100G B 1uHHSX 6€3 KOMIIEHCATOPOB JHCIICPCHH

ITepBas koH(purypauus BO3HMKAeT NpPU Pa3BUTHH CYIIECT-
BYIOIIMX MaricTPaJIbHBIX JTHHHI CBA3H H TOCTENEHHOM YBEIH-
YEeHHH WX IPOMYCKHOH CrIOCOOHOCTH 3a CYET 3aMEHBI HEKOTOPBIX
kaHanoB 10G Ha korepenTHble KaHanbl 100G (npu 3TOM B YacTH
DWDM-kananor npoaoikawT paboTars TpaJHLMOHHBIE CHCTE-
MBI CBSI3H C NPAMBIM JETEKTHPOBAHUEM U ONTHYECKOH KOMITEH-
cauuei qucnepeuu). Bropas koHpurypauus BO3HHKAET NpH M0-
CTPOEHHH HOBBIX JHHHI 0€3 KOMIEHCATOPOB JMCIIEPCHH, Cpa3y
paCC‘IHTaHHb[X Ha KorepeHTHb]e CHCTEMEI CO CKOPOCTHMH
100 I'but/c u Gonblue.

UccnenoBanus nokassiBaT, 4to B Kopotkux BOJIC wnm B
quHHelx BOJIC ¢ xommeHcaTopaMu JUCIIEpCHH HelHHelHble
3(ppeKTHl MPOABIAIOTCS B OCHOBHOM B BHJIE HCKaKEHUH (OpMBI
[EpPEIaBaEMBIX ONTHYECKUX CHIHAIOB. B nuHusx Oe3 onruye-
CKOl KOMIIEHCALlHH XPOMATHYECKOH JUCIIEPCHH MEXaHW3M He-
JIMHEHHOW Jerpajallii CHUTHala OKa3bIBAeTCs CYIIECTBEHHO
WHBIM U MOXKeT OBITh ONHCAaH KaK HAKOIUIEHHE HeTHHEHOTO
UHTep(EPEHIIMOHHOTO 1IyMa.

100G ¢ oxpyscenuu 10G ¢ komnencamopamu oucnepcuu

B nunMaX, rae curHanel B opmate DP QPSK pacnpoctpa-
HArOTCA coBMecTHO ¢ 10 I'6ut/c curnamamu B (hopmate OOK,
OCHOBHOH mNpHuMHOH IuTpada sABmderca (Ha3oBas Kpocc-

mMoaynsuus ot kaHagoB 10 I'6ut/c [13]. Ha puc. 4 nokazana da-
30Basg MarpamMMa OJHOHM M3 NOJAPHU3AIHMOHHBIX KOMIOHEHT DP
QPSK currana npu pacnpocTpaHEHMH B JIMHHH COBMECTHO C
kanajoM 10 I'6ut/c Ha paccrosiunu 100 I'Tu. Bugno, uro cocen-
Huii kaHan 10 I'Gut/c BBI3BIBAET 3aMETHOE HMCKaKEHHE CHIHAia
DP QPSK.

Puc. 4. Uckamenue curnana DP QPSK 100 ['6Gut/c npu
pacrnpocTpaHeHHH B TMHUH coBMecTHO ¢ cirHanom OOK 10 I'éut/c (cnpasa).
Cnesa — Heuckax€nnblii curnan 100 I'out/c

Takum oGpazoM, HeTMHEHHEBIE HCKAXKEHHs, CO3/1aBaeMBbIe CO-
cenuumu 10 I'6ut/c kaHanamu, CyIIECTBEHHO YXYIIIAKOT Xapak-
tepuctkn DP QPSK 100 I'6ut/c kanana. llltpad ans xanana
100 I'6ut/c, coznaBaemslif cocenuumu 10 I'6uT/c KaHamamu, 3a-
METHO 3aBHCHT OT uMcia kKaHaioB B DWDM-cucreme. Brinsane
Ha kauecTBO 100G KaHana 0Ka3pIBAIOT HE TOIBKO COCEHHE, HO H
yJaJIeHHBIE TI0 YAaCTOTE KaHAIbl: HAIPUMED, B INHUAAX HA OCHOBE
BojokHa NZDSF HeoOxoaumo yunThIBaTh BO3aciicTBHe a0 40
COCe/IHNX KaHAJIOB.

85



TEXHONOIMMA

Kauecteo nepemaun 100G curHana B OKpYKEHMH KaHaJIOB
10G moxeT OBITh YIY4IIEHO B HECKOJIBKO Pa3 3a CUET MCIOJIB30-
BaHHA CHEHHAIBHBIX anropuTMoB odpaborku. Tak, kommanuen
T8 Obl1a peanu3oBana HoBas TexHosorus obpaborku 100G cur-
HaJla, KOTopasi [03BOJIHIIA yBEeaTHUYHTS 3anac no OSNR Gonee yem
B JIBa pa3a. BeIMIpeII N0 Ka4ecTBY CHIHANA NMPH NMPUMEHEHHH
HOBBIX alropuTMoB 06pabotku cocrasun 3-5 1b, puc. 5.
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Puc. 5. 3aBucumocts Tpedyemoro OSNR ot BpemeHH HacTpoiiku
napameTpoB npuémuuka, kanan 100G B okpyskenun asyx kavanos 10G
¢ urrepsanom 100 ['Tu, nurus 4x100 kM ¢ KoMNeHcalHel qucnepcHn

[TosyueHHbIil pe3y/bTaT MO3BOMNACT JOOMTHCA 3HAYMTEIIBHO-
ro sKcmiyaraionHoro 3amnaca no OSNR jaxke B Tex ciyuasx,
rae panee TpeGoBasack pereHepauus curasa. IlpumeneHue
HOBOrO ajropurma o0pabOTKM CHMIHAJIOB MO3BOJISET LIHPOKO
ucnonb3opate DWDM-cucremy «Bonra» ans anrpeiiia cyue-
creyomux DWDM-iuuuit co ckopoctamu 10G nmyrem jno6as-
nenust 100G kananos.

Henuneiinvie uckaycenus 6 1uHuax

fe3 komnencamopos oucnepcuu

B BOJIC 6e3 onTHuyeckoi KOMIIEHCAHH JUCTIEPCHH ONTHYE-
CKoe rojie npuobpeTaer ciydaiiHbIi Xapakrep M3-3a JHCIEpPCH-
OHHBIX 3((peKTOB, NPUBOAAIIMX K MPOCTPAHCTBEHHOMY Iiepe-
KPBITHIO COTEH MIIM ThICAY NIEPENaBAaEMBIX CHMBOJIOB. Benencr-
BHe OOJIbLIOH HAKOIUIEHHOH AMcnepcHH Bo3jeiicTBHE HeluHedi-
HbIX 3(ekToB ocnabisieTcs, CTAHOBUTCS CITy4aiiHBIM 1O CBOEit
NPHPOJIE H NPOSBIAETCA Ha ONTHYECKOM IPHEMHHMKE KaK ILyM,
puc. 6.

HenuuelHbIA IIyM He DPErHCTPUpYETCSl MPU H3MEpPEeHUsIX
OSNR ¢ nomolpl ONTHYECKOrO CIIEKTp-aHalu3aTopa, IIo-
CKOJIbKY €r0 CIEKTpP COBIAJAeT CO CIEKTPOM CHTHAla WM He-
3HAYMUTENBHO YUIMPAET CHEKTp curHana. MiMeHHo mnosTomy
OSNR,;,, HM3MEpEHHBIi C TMOMOIIBIO ONTHYECKOrO CIEKTp-
aHa/IM3aTOpa HA pealbHOl JMHHMHK, OKa3bIBAETCA BBIIIE, 4YEM
OSNRl—p BTB-

Ecin npennonoxuTs, 4To HEMMHEHHBIH LIyM rayccoB W Jd-
HEeifHO CYMMUPYETCS C YCUIIEHHBIM CIIOHTAHHBIM M3ITy4eHHEM, TO:

P

OSNR ., =———
PR P + Py
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Puc. 6. Ps — MmowHocTs curnana, Py — MOLIHOCTE HeNMHEHOro 1yma,
P Asg — MOLIHOCTE YCHJIGHHOIO CIIOHTAHHOTO W3/TY4YEHHS

Dra Qopmyna mMoxeT ObITh MCHOJIB30BaHA Ul KOCBEHHOIO
H3MEPEHUA MOIUHOCTH HEIMHEHHOro iyma. M3mepumbiMu na-
pameTrpamu peanbHoit nuHuu aeisiioTes BER o FEC (kotopsiii
H3MepsieTCs HemocpeAcTBeHHO TpaHcnonaepom 100G npousso-
ctBa «T8») u OSNR gk (koTOpHBIH MOMXKET OBITH M3MEPEH OINTH-
YeCKMM CrnekTp-aHaiausaropoM). C Mcnosb3oBaHueM Kanubpo-
BOYHOH KpHBOH TpaHcmonzaepa (B3aumMoceszb OSNR u BER no
FEC B konurypamuu «back-to-back»), Ha ocHOBe H3MepEHHOTO
BER Bbruncisiercst OSNRggg.

HccnenoBanus MoOKa3pIBAlOT, YTO B JHHHAX 0€3 KOMIEHca-
IIMH JUCTIEPCHU HEJTMHEHHBIN mTpad) HakanaIuBaeTcs MeieHHee
MO JUIMHE JIMHHH, YTO TIO3BOJISET JOCTHYL CYLIECTBEHHO O0OIb-
mei pansHoctH BOJIC, puc. 7. [3].
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Pue. 7. ,H,OI'IYCTHMaH BXO/HAaA MOUIHOCTE KaHala 14 MHDFDI’[pDJ’Ié’THHK
JIHHUI ¢ KoMmIieHcauuei JHUCTIEPCHH H 0e3 KoMIeHcalHK JHUCIIEPCHH,
B 3aBHCHMOCTH OT HpOT}I}KEHHOCT[r{ JIHHHH
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Puc. 8. Cxema skcniepumenta 10 x 100G va 500 km

B 2012 r. komnaunwueii «T8» Obu1 nocTasjieH MUPOBO#i pexop/l
JaneHocTH nepeqayn kanana 100G B 80-kanansHoit DWDM-
cucreme 0Oe3 KOMIEHCATOPOB AMCIEpcHH M 0e3 pereHepaniu
curnana: 4000 km [3]. Ilpn 9TOM JOCTUTHYTas JAlbHOCTB Iepe-
Jayd Oblna orpaHWueHa HE BEJIMYMHON LIYMOB (JMHEHHBIX M
HEJTMHEHHBIX ), 4 MAKCUMAIILHOH BEJIMYMHON HAKOTUIEHHOH Xpo-
MAaTHYECKOH UCMEPCHH, KOTOPYI0O MOKET KOMIEHCHPOBATh
uudpoBoii  npoueccop, ucnonsdyembiii B DWDM-cucreme
«Bonray. 3anac no OSNR no3posiser OUEHHTh MAKCHMATILHYIO
J@JIBHOCTD MEpe/iavH, OTPaHH4YEHHYIO YPOBHEM ILIYMOB, BE/IHYH-
HAMH 1opsjika 6—8 ThICAY KHIOMETPOB.

IKCNepHMEHT:

1 Tont/c na 500 km ¢ ypanénnoi HaKavKoM

B Hos6pe 2013 1. komnaung «T8 ocyiiecTBuia nepenauy ae-
catu kananos 100 ['6ut/c Ha paccrosuue 500,4 kM B ogHONpO-
NeTHON nMHUH 0e3 MCMONb30BAHHUSA PEereHePaIllHOHHBIX MMyHKTOB
WIIH TIPOMEKYTOUHBIX YCHIMTENEH ¢ 2JeKTPHUECKUM [TUTAaHHEM
[2]. D10 AocTHKEHHE ABNSIETCA ASHCTBYIOLIMM MUPOBBLIM PEKOp-
oM. Cxema sKcriepuMeHTa npejacrasieHa Ha puc. 8. Obo3Have-
uusa: DCF — moayns komnencaimu aucnepeun; WDM — ontude-
ckmii pazBerButenb; EDF — BomokHo, nermpoBaHHoe spOmHeM;
Booster, Pre-Amp — ycunurtenh MOIIHOCTH W TIPEIyCHIIMTEINb,
YCTAHOBIIEHHbIE B TEPMHHAJIAX JTHHHH.

VBenuueHue UTMHBI TIEpeayl JOCTUrHyTO OGnaromapst npu-
MCHEHHIO BCTPEYHOI0 pPaMaHOBCKOTO YCHJCHHA W YaJICHHOMN
Hakayke >pOueBblxX ycuuuteneit (ROPA). Jlna moaynauuu cur-
Hana npumensics ¢opmar DP-QPSK u korepeHTHBI npueM.
Jlns nepenaun cHrHaza MCHolb30BaJOCh OJHOMO/IOBOE BOJIOKHO
SMF-28 ULL co cBepXHH3KHM 3aTyXaHHEM M HM3KOH MONspH-
3alMOHHO# MOI0BO# mucniepcueii ot komnanun Coming. B skc-
nepumente wucnoibzoamuck 100G Ttpancnongeps TS-100E
«Bomra» (OSNR;, g3 = 12,5 1b) npoussoacrea komnannn «T8».

bromxer nunun — 78,9 nb. 3aryxanume Ha nponérax npen-
craBiieHo B Tabu. 3.

Tabnuua 3
3aTryxanue Ha npoaérax

Juuus 3aryxaune, ab/km Jlmna, km
Ilepselii nponer 0,162 (1550 um) 52,8

Bropoii nponer 0,155 (1550 um) 303,3
Tpetwnii nponer 0,158 (1550 um) 146,7

ROPAI - nocraska | 0,2/0,159 (1480/1550 um) 50,5

ROPAI - nocraska 2 0,2/0,159 (1480/1550 um) 50.4

ROPA?2 - nocraska | 0,2/0,159 (1480/1550 um) 147.6
ROPA2 - noctaeka 2 0,2/0,156 (1480/1550 um) 147,2

T-Comm #9-2014

Ha puc. 9 npejicrapnensl pesyibTathl 3Kcnepumenta. Yacro-
Ta ouroBrix ommbok (BER) Bo Beex jecaru kananax 100 I'out/c
He npessinana npeaensubiil ypopens (BER threshold) B Tewenue
BCEro BPEMEHH MPOBEECHUs SKCIIEPUMEHTA.
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Puc. 9. Pesynerarsl sxkcnepumenta (10 kananos):
8-yacosoe Tectuposanune 13.11.2013 (01:00 — 09:00)

Bo3smosknoctH yBeandenns émxkocts DWDM-cuerem

Ha npotrszkenun Muorux ner éMkocts DWDM-cucrem Bo3-
pacTajia NpoNnopIHOHAILHO YBEIHYEHHI) KaHAJIbHOW CKOPOCTH.
[Ipu 3TOM yaaBajoch COXPaHATH AAIBHOCTH MEPeavyd 3a Cuér
pa3IMyYHBIX TEXHHYECKHX MPHEMOB, NMpexae Bcero, Onaropaps
MCIIONBb30BAHMIO JIOTIONTHUTENBHBIX CTerneHeid cBobo/ibl CBETOBO-
ro M3IY4YEeHUS M Pa3sBUTHIO TEXHOJIOTHH KOPPEKLUMH OLIMOOK.
Tak, npu nepexoze ot 2,5G k 10G pansHOCTh nepejayun Oblia
COXpaHeHa 3a CYET HCHOJIB30BAHUS YNPEXKIAOMEeH KOppeKIHu
omndok FEC. I1pu nepexone ot 10G k 40G — 3a cu&r uenons3o-
Banug (azopoil moaymsiuun DPSK u texuonmornn SuperFEC.
ITpu nepexone ot 40G k 100G — 3a c4éT KOrepeHTHOTO NMpHEMA,
MCIIONB30BAHMA JIBYX MOJspH3alunii curHana (dpopmar momyns-
o DP-QPSK) 1 TexHOIOrHH yrnpe:kaaroneid KOppeKun onm-
00K ¢ MarkuM nipuHsaTHeM petenuii (Soft FEC).

Opnako ¢ nossinennem cucrem 100G B 9T0# TeHACHIMH Ha-
metuics nepenom. B cucremax 100G ¢ KorepeHTHBIM IPHEMOM
Obl1a AOCTUTHYTA npejenbHas YPPEeKTHBHOCTL HCIOIB30BAHUS
HE3aBHCHMBIX MapaMeTpoB CBETOBOTO MiilydeHHs ((asza u mos-
pusauus), AajbHeiillee YCIOKHEHHE MOAYIALMH HEH30eXKHO
BE/ET K CYIIECTBEHHOMY MaJIeHUIO JanbHOCTH nepenayn. Takke
ObLI JIOCTUTHYT [PEJIeNl CUMBOJILHOI CKOPOCTH Nepeiaydu, onpe-
JenseMblid  (QM3MYECKUMHM XapaKTEepHCTHKAMM Marepuana: eg
npejiellbHbIE 3HAa4eHHs HaxoiAaTcs Ha ypoBHe 50 ['Gon, «kom-
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(opTHBIE» (C TOYKH 3PEHUS pean3allMu Ha CTaHJIapTHOI dje-
MeHTHOI 0a3e) — Ha yposue 25 ['6oa.

Janbueiimee yennuenue émkoctn DWDM-cuerembl MokeT
JIOCTHraThesl 3a CU&T YIUIOTHEHMS KaHalOB, PACLIMPEHUs CIIEK-
TPAJILHOIO JIMAINAa30Ha, UCMOIb30BaHus Oonee cloxkHbIX hopma-
TOB MOJIYJISILIMH, UCIIOIL30BAHUS MHOTOCEPALIEBUHHBIX BOJIOKOH.,

Takue crnocoObl, KaK paclIMpeHHe MCHOIB3YEMOI0 CHEKTPab-
HOTO JIMara3oHa MM MCHoIh30BaHHE MHOTOCEP/IIEBMHHBIX BOJIO-
KOH, TpeOyIOT KanHTalbHBIX BIOKEHMIi B MH(pacTpyKTypy cetn. B
nepeoM ciyuae, Tpedyercs 3ameHa SpOMEBBIX YCUIIMTENEH U MYJIb-
THIJIEKCOPOB HA BCEX MPOMEKYTOUYHBIX MyHKTax ceTH. Bo BTOpom
ciy4ae, Tpedyercs 3aMeHa BOJOKOHHO-OITHYECKHX Kaberteil.

Haubonbiumii mHTEpEC /Ul ONEpaToOpoB CBSI3M NPEACTABISIOT
TAKHE PELICHUS, KOTOPbIE MOI'YT OBbITh PeaiM30BaHbl HA CYLLECT-
ByHOILCi MH(ppacTpyKType ceTH. K TakuMm perieHusiM OTHOCSTCS
ucnosb3oBanue Gonee ClOKHBIX (HOPMATOB MOIYIBSILUM U (C He-
KOTOPBIMHM OIpaHMYEHMAMHU) ymiaoTHeHHe kaHanoB. Kak Obiio
MOKa3aHo B cTaThe, mnepexol K pemenusm «3x100G» wn
«2x200G» (6e3 3amensl MHPPACTPYKTYPBI) YIKE CErOHs M03BO-
JSIeT IOCTHY b CIIEKTpaibHOil a(dextneroct 3-4 our/c/I'.
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Aspects of development of high capacity DWDM systems

Treshchikov V.N., general director, LLC "T8", candidate of physical and mathe-matical sciences, vi@t8.ru; Naniy O.E., head of depariment, LLC "T8", doctor of physical and mathematical
sciences, professor of the Moscow State University, naniy@8.ru; Leonov A.V., scientific consultant, LLC "T8", candidate of physical and mathe-matical sciences, leonov.av@8.ru

Abstract. The arficle presents results of development of Russian DWDM system with a channel rate of 100 Ghit/s and a speciral efficiency of 3 bit/s/Hz. System capacity is up to 27 Thit/s on a pair
of optical fibers. The review of foreign DWDM systems of comparable capacity is performed, and the analysis of various ways of improving speciral efficiency of DWDM systems is conducted. Itis shown
that the increase of complexity of the modulation format leads to significant decrease of the signal fransmis-sion range. It is shown that the speciral efficiency of 100G systems based on the DP-QPSK
modulc-fion with a dense arrangement of channels are only insignificantly inferior to existing "400G" sys-fems based on DP-16QAM modulation, while the product of maximum capacity by transmis-
sion range for such 100G systems significantly excels the same parameter of existing "400G" systems. A study of the degradation of coherent opfical signal under the action of nonlinear effects in high-
capacity DWDM systems is performed. Two basic configurations of fiber optic lines are considered: a) 100G channel surrounded with 10G channels in lines with dispersion compensators; b) 100G
channel in lines without dispersion compensators. It is shown that in case of propagation of the signal in the DP QPSK format together with 10 Gbit/s signal in OOK format, the last ones cause non-lin-
ear distortion which significantly degrade 100G signal. However, this penalty may be reduced by 3-5 dB by using special algorithms for processing the received signal. It is shown that in the lines with-
out dispersion compensators, the effect of nonlinear effects is reduced, becomes random and is manifested in the optical receiver as noise. A formula is derived which can be used fo indirectly measure
the nonlinear noise power based on measurable parameters of the real line. In conclusion, we present the current world record for fransmission of 100G signal set by LLC "T8" the transmission of ten
100 Ghit/s channels over a distance of 500.4 km in a single-span fiber optic line without the use of regenerative points or intermediate amplifiers with electrical power. Thus, the exclusive specifications
of presented equipment are experimentally confirmed.

Keywords: DWDM, coherent optical systems, 100G signal, spectral efficiency, nonlinear effects, capacity of DWDM systems, distance of fransmission.
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