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AHAJII3 EHEPTETUYHOI'O BAJJAHCY OITHYHOI
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Onucano OCHOBHI MiAxoau 10 miABHIEHHS eHeproeeKTUBHOCTI TeJeKOMYHikamiiiHuX
Mepe:k, a 0CO0JUBY YBAry 30cepel:KeHO Ha TEeXHOJOriYHHUX i apXiTeKTypHUX migxomax.
BceraHoBiieHO, 110 BU3HAYAJIbHY YACTHHY €HEPro3arpar CTAHOBUTH NMPOMIKHE ONTOeIeKTPOHHE
NMepeTBOPEHHSI, a TaKo:K podoTa siApoBoro Mmapupytuszaropa. HaBeaeHo mnepcneKTHBU
BUKOPUCTAHHS MOBHICTIO ONTUYHUX KOMYTATOPIiB i koHBepTopiB. Ha mpukiaani po3paxynky
NMOKA3aHo, 0 eHeproe)eKTUBHICTL TPAHCIOPTHOI ONTHYHOI Mepexki 3pociia Ha 63 % 3aBasKH
BU/JIATEHHIO TPOMIZKHOI0 ONTOEJIEKTPOHHOTO NMEePEeTBOPEHHS.

KirouoBi ciioBa: onTuyHa Mepexka, ciokuBaHa nory:kuicts, DWDM, onTuynmii nepeMuxay.
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ANALYSISOF THE ENERGY BALANCE OF OPTICAL
TRANSPORT NETWORK BASED ON THE TECHNOLOGICAL
AND ARCHITECTURAL APPROACHES

© Kaidan M. V., Andrushchak V. S, Pitsyk M. V., Pashkevych V. Z., 2015

In this paper presents the main approaches to improve energy efficiency of
telecommunications networ k. The main attention is focused on technological and architectural
approaches to reduce power consumption. Shown the correlation approaches to improve
ener gy efficiency.

I'n technological approaches presented the main technical parametersthat determine the
ener gy efficiency of optical switches and converts, where the main approach of such devicesis
to removal expensive and energy intensive optoelectronic conversion. Presented all-optical
switches, their energy and time switching. There are also advantages of all-optical converters
based on nonlinear effects in terms of energy efficiency. Main attention is drawn on the
directions of development of all-optical devices and found that the most relevant today is a
device based on optical effects. The work presents prospects are searching electro-, acousto-,
ther mo- and nonlinear optical coefficient for these devices.

Reviewed the prospects of effective using of available wavelengths because each of these
waves consume about 1.2 kW of electricity.

Shows the prospects of use asynchronous transport technologies such as Optical
Transport Network (OTN) and Gigabit Ethernet and benefits in term of energy efficiency,
because transport technologies Synchronous Digital Hierarchy (SDH) inefficiently uses
bandwidth of optical channel that influence on energy efficiency telecommunication network.
Presented the advantages of using crosscutting-channel with removal of intermediate
optoelectronic conversion.

Established that the lower limit power consumption of telecommunication networks
determine access network, where for today the most energy efficient technology is passive
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optical network (PON). No less important factor in the energy consumption of telecommunications
networ ks deter mines the hardware manufacture. Found that one of the less energy efficiency
devicesis corerouter and shows the main part that define its energy consumption.

In architectural approachesto improve network energy efficiency presented the transfer
of infor mation processing from the router to the lower level.

Done calculation of energy consumption of telecommunications equipment for typical
network with intermediate optoelectronic conversion and without it. In calculated example
shows that energy efficiency transport optical network increased by 63 % when removed
inter mediate optoelectronic conversion and opening crosscutting channel.

Key words: optical network, power consumption, DWDM, optical switch.

Beryn

ChoroziHi TeneKoMyHiKalliiiHe 00NaJHaHHs CIIOXKUBAE MPUOIH3HO S5 % enekTpoeHeprii i3 3araibHOi
BHUpOOsIeHO01 ToTyHOCTI [1]. TTomuT Ha TelTeKOMYHIKAI[iiHI MOCAYTH 3pOCTaE i Hamami, 10 IPU3BOIUTH
BJIaCHE JIO 3pOCTaHHSA I[LOI0 IIOKa3HUKa. [lomysspHicTs IHTEpHETY Ie HE J0csAria amorer, 1
XapaKTepU3YEThCsl EKCIIOHEHIIANBHUM 3pOCcTaHHAM Tpadiky, sKuii nepenaeTbes mo Mepexi. Lle 3pocranns
3yMOBJICHE 30LTBIICHHSM KUTBKOCTI a0OHEHTIB, SKi XO4yTh OTPUMATH TEBHI TEIEKOMYHIKAII{HI MTOCTYTH,
MPUYOMY 13 BUCOKOIO MIBUIKICTIO TIEpeAaBaHHs, BUMOTH JO SIKOI 3pOCTAalOTh i3 KOXKHUM POKOM, @ TaKOX
MOMYJIAPHICTIO IHTEPHET-MOCIIYT, OCKIIBKH KOXXEH KOPHCTYyBa4 XO4€ 3aJI0BOJLHUTH CBOI MOTPEOH MO0
3aBaHTa)KCHHs KOHTeHTY. CBO€I0 uYeproro, 3pocTaHHs Tpadiky NPU3BOAUTH 10 IIEepe3aBaHTAXKCHHS
TEJICKOMYHIKAI[ITHUX MEPEeK 1 BCTAHOBJICHHs JOAATKOBOro oOnamHaHHsA. Bel BuieonucaHi oOCTaBUHU
MPHU3BOAATH JIO 3pOCTaHHS HEOOX1THOT KITBKOCTI €leKTpOeHEPTii A1t poOOTH TEIeKOMYHIKAIIITHIX MEPEeK.
Tomy 3aBIaHHs 3MEHIIICHHS CHEPrOCIIOKUBAHHS ChOTOJ/IHI aKTyalIbHE 1 MOTPIOCH KOMITICKCHUH MiAX0[ 10
foro BupimieHHsA. Takuii WiAXiA TOBHMHEH mepeadayaTd HE TUIBKM IPUHIUIN  3MCHIICHHS
CHEeproCroXXKUBaHHS, a i pO3pOOJICHHS METO/IIB ISl 1X JIOCATHEHHS.

Llentp eHeproedeKTHMBHOCTI TENEKOMYHIKAIii B MenbOypHiI BUAUISE YOTHPU IMIIXOAM IIOIO
BIIOCKOHAJICHHS MepexeBoi eHeproeeKTUBHOCTI [2]: TEXHOJOTiuHi, apXiTeKTypHi, MPOTOKOJbHI, the
cloud. Meroro miei poboTH € aHaNi3 MEPIMX ABOX ITAXOMIB i HABEAEHHS U HHX OCHOBHHUX MPHUHIIMIIIB
II0JI0 3MEHIIICHHS SHEeprocnoxuBanHsa. Bei 11 migxoamn 0e3mocepeHbo 3aIeKaTh OJUH BiJ OJHOTO, SAKi B
KOMITJIEKC1 BIUTUBAIOTh Ha €HEeproe()eKTUBHICTh TENEKOMYHIKAIiMHUX Mepex. Puc. 1 neranbHimme
MPEICTABIISAE 3B’ 3KH IHX ITIIXO/IB.

BH3HAUEHHA PEMMMIB

MPMHWLMNA KO MYTaLLT

nep eaasaHHA JaHMK
BrBHaAYEHHA Bup ol Hik MepeHeceHHA NpoLUecy
ONTO ENEHTPRD HHHX ofipo 61M Tpabiky Ha
marepianis ana HIHHI piBHi
ONTHYHMX N PUCTROIE

BHHOpHUCTEHHA
\ HinbricTs xewas WDM | = BCHHXPOHHMX
-
CHCTEM TPAHCNOP THHX
TEXHOADTIH

Puc. 1. Cmpyxmypua cxema s3anexcnocmi nioxooie niosuuyensi
eHepeoepexmueHoCmi MpaHCnoOPMHOL Mepesici

AHAaJIi3 TEXHOJOTTYHUX MPUHIMIIB MiTBUIEHHSA
eHeproe)eKTUBHOCTI ONTHUYHUX TPAHCIIOPTHUX MEPEXK
Tpunyun xomymayii
ChorofiHi TeNeKOMYHIKaIiliHI OmepaTopd MaloTh JBa BapiaHTH ONTHYHHX KOMYTATODIB JUIs
YIpPaBIiHHS IXHBOK MPOIYCKHOK 3IaTHICTIO, a came komyrtaTop Ttumy O-E-O (3 onToeineKTpoHHUM
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MEpPETBOPECHHSIM) 1 TMOBHICTIO onTu4Hi, (oroHHi komyrtatopu O-O-O. 3 eHepreru4Horo MOrsIy
0-0-0O xomyraropu nopiBusaHO i3 O-E-O Burpauarots 10 96 % MeHIE eNeKTPOSHEPTil, a TaKOXK OLIbII
MmaciirtaboBaHi i 3a0e3nedyrots ekoHoMmito 10 92 % 3a momero [3]. Kpim Toro, Bukopucranus O-O-O
3a0e3MeYnTh CKOHOMIIO BHTpPAaT Ha JEKUTBKOX pIBHAX, a caMe CKOHOMIl0 Ha CHEPreTUYHOMY i
PO3MOILHOMY 00JIaIHaHHI, TAKOMY sIK OaTapei, BUIPAMIIAYL i Au3enb-reHepaTtopu. KokeH 3 1iux OJIOKiB
MOBHHEH OyTH 30€peXeHHid, OJJHAK MOTpedye MIOMICSYHUX MPOIEAyp TECTYBAaHHS, TOMY € MOXIHBICTh
3a0MaJIMTH Ha OOCIyroByBaHHI. HapemTi, omnepaTop MOBHMHEH MiATPHUMYBATH KOHAWIIIOHEPH, SKi
3a0e3MeuyIOTh ONTUMANBHUN POOOYUI PESKHMM MPHUMILICHb. 3a3HAYMMO, IO SKIIO TEICKOM YHIKaI[IHHMI
npuctpiii BuTpayae 1 Bt enekrpoeneprii, HeoOXinHo BuTpatut 1 BT eHeprii mwis oro oxonomkeHHs [4].
ExonoMist Ha X ornepaliifHuX 3aTpatax € YAMAJIOK JUIs TeJIeKOMYHIKallilfHOTo oreparopa.

CydJacHuil PUHOK TPONOHYE IIMPOKUH BHOIP TMOBHICTIO ONTHYHHX KOMYTaTopiB (auB. maba. 1),
MpOTe ACSKI TeXHIYHI peaiailii uX MPUCTPOIB MOKH 1110 3aHINAI0ThCA Ha CTalil HAYKOBUX JOCITIIKEHb.
Hani B Tabn. 1 3i0paHo 3 TEXHIYHUX XapaKTEPUCTUK PEANbHUX MPHCTPOIB, & TAKOXK CyYaCHHUX HAYKOBHX
JOCITI/PKEHb B HANPSIMKY (DOTOHHUX KOMYTaTOPiB.

Tabauys 1
IopiBHANbHA XapaKTepPUCTUKA BU/IB MOBHICTIO ONTHYHUX KOMYTallii
Tun xomyramii Yac xomyraii Brpatu, nb CnoxuBaHHs, MBT BupoOHux

<20 mc <115 420 LightBend
MexaHiKOOIITHYHA <4 mc <0.6 230 JDSU

<10mc <13 420 LightBend

<10wmc <18 325 JDSU
MEMS <30 mc <24 500 Di(_:on

<10 mc <1.3 170 Agiltron

<20 mc <11 40 Sercalo
EJICKTPOOIITHYHA <10 HC <4 9,4 EOspace
MarHeTOONTHYHA <200 Mxc <1.2 30 Gigalight
piAKOKpHUCTaNiYHA <100 He <3 - fraunhofer
TEPMOOIITHYHA <22 mc <75 11 [5]
aKyCTOONTHYHA <10 mKkc <1 - (6]

Jns mpaBuiabHOI Ta e(EeKTUBHOI OIIIHKM eHeproe()eKTHBHOCTI ONTHUYHHX KOMYTATOpIB CIiJ
BUJUTNTH B HHUX TakKi TEXHIYHI EJIEMEHTH Ta TapaMmeTpu. BXiJHA MOTYXXHICTb ONTHYHOTO CHUTHAIY,
Bukopuctanisi O-E-O, BUKOpUCTaHHS XBUJIBOBHX KOHBEPTOPIB, BHECEHI BTPATH, PiBEHb BHXIJIHOTO
CHTHAIY.

PosrisiHeMo koKeH 13 eneMeHTiB JeranbHimie. [ mpoBeneHHs Ipollecy KoMyTallii HeoOXimHui
JIOCTaTHIN pIBEHb ONTHUYHOIO CHUTHAIY, OCKUIbKH MPUCTPii BHOCHTH TAKOX BIACHI 3aracaHHsi (BHECEHi
BTpaTn). Tak, HAPUKIIA, i/ 9ac eNeKTPOONTHYHOI KOMYTallii BHECEHI BTpaTH MOXYTh csiratu 5 1b [7].
ToMy s MOXIHMBOCTI JETEKTYBaHHs ONTHYHOTO CHTHAIY TMOTPIOHO BUKOPHCTATH IOMEPEIHIN
MIJCUJIIOBAY, SKUH 3a0e3MeUnTh HEOOXITHHUH PIBEHb ONTHYHOTO CHTHATY. YJIOCKOHAJICHHS METOIIB
OITUYHOI KOMYTaIlii JaCTh 3MOT'Y 3MEHILUTH BTPATH, SIKi BHOCATH I1i PUCTPOT, 110, CBOEIO YEProk0, YCYHE
HEOOXIHICTh BHUKOPHUCTAHHS IIOMEPEAHIX IMMIACHIIOBAYIiB a TaKOX BHXITHHX MiacuiaoBaviB (piBeHb
BUXIJIHOTO CUTHAJTY), IO JIOJATKOBO CIIOKHBAIOTh €ICKTPOCHEPTIIO.

HaykoBi po3poOKH TOBHICTIO ONTHYHUX KOMYTAaTOpiB CIPSIMOBAaHI Ha PO3POOICHHS HOBHX Ta
BJIOCKOHAJICHHSI HAsSBHUX MPHCTPOIB, SIKi IPYHTYIOTHCS HAa PI3HUX ONTHYHUX e(eKTaX, OCKUIbKH BOHH
3a0e3MeuyIOTh MIBUIKAN Yac KOMYyTallil 32 HU3bKUX CHEPreTHYHUX 3aTpar. [lo TaKMX ONTUYHUX e]EeKTiB,
IO BHUKOPUCTOBYIOTHCS Y IHX MPHCTPOSX, HANEKATh aKyCcTO-, EJIEKTPO- Ta TEPMOONTHYHI e(eKTH.
LleHTpanbHUM E€IIEMEHTOM Y TAaKHX IPUCTPOSX € ONTOCIEKTPOHHHMA MaTepiall, SKHH XapaKTepH3yEThCs
neBHUMH akycTo (My)-, enekrpo (rj)- ta TepmoontuunumMu (dn/dT) xoedinienramu. o Bummit Takuit
Koe(ilieHT, TO MeEHIe MOTPIOHO BHKOPHCTOBYBATH EHEPTii Uil JOCSATHEHHS TOr0 YH IHIIOTO e(deKTy,
HATPUKIIA]], U aKyCTOONTHYHOTO e(heKTy, IKUIl MOIacThCs TakK:
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ne P, — akyctruHa moTyxHicTh; M, — mapaMerp akycToOnTHYHOI sikocti; L i H — reomerpuyni po3mipu
3paska; A — IOBKHMHA XBUIII.

[Tapamerp M, xapakrepu3ye MaTepia, 0 BUKOPUCTOBYETHCS SIK aKyCTOONTHYHA KOMipka. B [8-9)]
MPOBOMATLCSA JIOCTIPKEHHS IIOJ0 BHOOPY OpieHTAIil 3pa3ka 3 MaKCUMaJbHUM 3HaueHHS Moy, s
3MEHIIIEHHS P,, IO 703BOJIsIE 3MEHIIUTH CHEPro3aTpaTH Ta 30UTBIIMTH Yac e()eKTHBHOTO BHKOPHCTAHHS
KOMIpKH.

AHaNoOriyHO 1 B IHIIMX MPUCTPOSX, SIK 1 B EIEKTPOONTHYHUX, TAKOXK € BH3HAYAIBHOIO 3MiHA
MOKa3HMKA 3aJIOMIICHHS, SIKy 0e3 1HIeKCHUX To3HaveHb i eekty [Tokkenbca MOJKHA MOJIATH Y BUTIISI

2 2

I B [8, 10] mpoBOAMIHCH JTOCITIHKEHHS sl €PEKTHBHOTO BUKOPHUCTAHHS €IEKTPOOIITHYHOI KOMIPKH
B 3a3HAaYCHUX MPUCTPOSIX.

Komyraropu, ocHOBaHI Ha BIACTUBOCTSIX OINTHYHUX €QEKTiB, MalOTh IepeBard HaJ IHIINMH
TEXHOJIOTISIMU peaizallii OBHICTIO onTUYHHX KomyTaropiB Tumy O-O-O. Taki mpucTpoi HpaiionTsh B
TPEThOMY BIKHI TPO30pPOCTi, SIKE CHOTOJHI HAHOLIbIIE BHKOPUCTOBYETHCSA, KpIM TOro, 3a0e3neuyroTh
HaWBHUIIMI yac komyTailii, sskuii mocsirae 10 He [7]. Tomy MoxHa 3p0OHTH BUCHOBOK, IO [UIsi KOMYTATOPIB,
B SIKMX KJTFOYOBUM €JIEMEHTOM € ONTOEIEKTPOHHHIT MaTepiall, MO>KHa BBKATH OJJHUMH 13 HAHTIEPCTICKTUBHIINX
TEXHOJIOT1H ISl peati3arii MOBHICTIO ONTHYHIX KOMYTaTOPIB.

JlocnigkeHHsI MiJBHMINCHHS €HEProe(eKTHBHOCTI MOYKHAa TaKO0X IPOBECTH IS ONTHYHHUX
MOAYJIATOPIB, JJsg 0araTboX 3 SKUX KIIOYOBHUM €JIEMEHTOM TaKOXX € OINTOCICKTPOHHUN Matepial
[11-12].

BuxopucTaHHsl ONTOEIEKTPOHHOIO TEPETBOPEHHST € BH3HAYAJIBHUM MapaMeTPOM EHEproCIIOKUBAHHS
ONTHYHOTO KOMYTAaTopa, SIKe€ BHKOPHUCTOBYIOTHCS Ul BCTaBJISIHHSI KIIIEHTCHKUX CHTHAIIB, MPOBEICHHS
XBHJILOBOI KOHBEpTAIlil, a TAaKOX IMPOBEICHHS BJIACHE NPOIlECY KOMYyTallii. 3ayBa)KUMO, IO BCTABIISHHS
KITIEHTCHKMX CHUTHANIB Ha TNPOMDKHUX BY3JaX, a TaKOX BHKOPUCTAHHS XBWIBLOBUX KOHBEKTODIB 3
ONTOCJNIEKTPOHHUM IEPETBOPEHHSAM BHU3HAUYalOTh J0 85 % CHOXWTOI ONTHYHHM KOMYTaTOpOM
enekTpoeneprii (muB. puc. 2) [13]. BupaneHHs ONTOEIEKTPOHHOrO OOJNAaJHAHHS CYTTEBO 3MEHIIHTH
CHEepProClOoKMBaHHA ONTHYHHX KOMyTaropiB. Bixe € 3amiHa jgoporomy 1 eHeproaTpaTHOMY
OITOCJICKTPOHHOMY TEPETBOPEHHIO. Hampukiian, BCTAaBISHHS KITIEHTCHKUX CHUTHAJIB 0€3 BHKOPHUCTAHHS
MPOMIDKHOTO ONTOEJIEKTPOHHOTO TEPETBOPEHHSI MOXKE 3JIHCHIOBATHCS 3a JIOMOMOTOK CTaTUYHHX YH
peKOH(DIrypoBaHMX ONTUYHHX MYJIbTUILICKCOPiB BBOAY/BUBOAY [14], a E/O XBHIHOBI KOHBEPTOPH MOXKYTh
OyTH 3aMiHEHI Ha ONTHYHI, sSKi po3poOiieHi Ha ocHOBI HemiHiiiHMX edektiB [15]. HaBememo ocHOBHi
napaMeTpH, sIKi BH3HAYaIOTh CHEPrOCIIOKUBAHHS ONITHYHUX KOHBEPTOPIB: BXiJHA TOTYXHICTh ONTHYHOTO
CUTHaly, BXiJIHA TOTYXXHICTh JIOMIOMDKHUX ONTHYHHUX CHUTHAIIiB, BHKOPHUCTAHHS HAIIBIIPOBIIHUKOBHX
ONTUYHMX IIJICUITFOBAYIB, BUOIp HENMHIHHUX MaTepiajliB, BUXiTHA MOTY)KHICTh ONTUYHOTO CUTHAIY.

BxiHa TOTYXHICTH ONTHYHOTO CHTHAJy € OJHHM 13 BH3HAYQJIBHUX IapaMerpiB podoTH
ONTHYHUX XBHJIBOBHX KOHBEPTOPIB, OCKUILKA KOHBEPTOPH, PO3pOOIICHI Ha OCHOBI HENMHIHHUX e(EeKTiB,
Jal0Th 3MOI'y OTpUMAaTH BHXiAHI curHamu Oymsbko 0,1 % Bim aMIUTITYad OCHOBHOIO BXIIHOTO CHUTHAITY
[15]. IIe motpebye BHKOPWCTAHHSA TOMEPEAHIX 1 KIHIIEBUX IIJCHIIOBAYiB, IO IIiABHIIYIOTH
CHEeProCrOXXKUBaHHS TAKOTO MPHUCTPOIO, MPOTE iX HEBUKOPUCTAHHS MPHU3BEIE 10 HU3bKOTO PIBHS BHX1IHOTO
CUTHaITy, IO BUSIBUTHCS Y HEMOXKJIMBOCTI JACTEKTYBaHHSI ONTHYHOTO CUTHAIY MICIsl TPOXOMKEHHS Yepe3
nei mpuctpii. BuxomoM 13 1iei cuTyalii € BHKOPHUCTaHHS MaTepiaiiB, y SKUX e(peKT HeNiHIHHOCTI
NPOSIBIISIEThCS HaWCHIIBHIIIE, TOOTO Kpammi koedimieHT HemixiinocTi (di). Habip Takux wmarepianiB
HaBeJIeHO B poboTi [16].
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Puc. 2. Cnooicusanns enekmpoenepeii KOMROHeHmMi6 hOMOHHO20 KOMYMAamopa
3 X6UNbOBUMU KOHeepmopamu, sKL 3atimaiomsb 50 Y% nasenux nopmis [ 11]

PobounM eneMeHTOM Yy TaKMX WPUCTPOSX € HAMBIPOBIAHUKOBUHA ONTHYHUAN TiJICHITIOBAY
(Semiconductor optical amplifier — SOA). KouBeprop, ocHoBaHHii Ha Kpoc-(ha30Biii MOmYIALI,
Bukopuctopye nBa SOA mincuimoBadi, mpore morpedye MEHIIOi TOTY)KHOCTI BXiJHOTO CHTHaly, a
KOHBEPTOP Ha OCHOBI KPOC-MOJYJIALII IHTEHCHBHOCTI Iepeadadae BUKOPUCTAHHS JIMIIE OJAHOTO TaKOTO
mincuaroBaya [17]. 3abe3neueHHs] ONTUMAIBHOTO 3HAYCHHS BXITHOI MOTYXHOCTI ONTHYHOIO CHUTHANY i
KibkocTi mincumoBadie SOA MiABHIMTE eHeproeeKTUBHICTh TaKuX MpHCTPoiB. OJHAK BHIIAICHHS
OITOEJIEKTPOHHOT'0 MIEPETBOPEHHS € KITFOUOBUM ITiIX0I0M 1010 MiABHINECHHS SHEPTeTUYHOI e)eKTUBHOCTI
(hOTOHHUX KOMYTaTOPIB 1 XBHIILOBUX KOHBEPTOPIB.

Kinvkicme xeune WDM cucmem

Sk BimOMO, cyMapHa MOTYXHICTh, SIKY MOJKHA BBECTH B ONTHYHE BOJOKHO, CTAHOBHUTH HE OLIbIIE
Hibk 100 MBt (20 nb) [18]. OueBuano, mo 30uIbmIeHHS KitbkocTi xBuwib WDM cuctem nepenbauae
3MEHILICHHS TTOTYXXHOCT1 KOXKHOI 13 IOCTYITHUX JIOBXHH XBUJIb JIsl HENIEPEBUILICHHS CyMapHOI IOTYXHOCTI,
OCKITBKM Y pasi mepexoy Iiei Mexi CrrocTepiraeThes Iijia HU3Ka ONTHYHUX HemiHiiaux edekris [19]. Ile
K MPU3BOAUTH JI0 3MEHIIICHHS JAOBXHHM PereHepalliiiHol TUISHKY 1 BIAIOBIIHO YaCTIiIIIOr0 BUKOPHUCTAHHS
pereHepaTopiB Ha JUISHII ONTHYHOTO TpakTy. Tak, uiss 80-kaHaIbHOI CHCTEMH PiBeHb MOTY)KHOCTI Ha
kaHaj ctaHoBUTh 1 b, s 40-kananeHoi 4 1b, a g 32-xaHanbpHoi 5 AB. 3a3HaunMMO, 1110 BUKOPUCTAHHS
JOAAaTKOBOI KITBKOCTI XBHJIb CIPHYHHSE JOJATKOBI KamiTambHi (oOmamgHaHHs) W excruryartartiifui
(emexTpoenepris) BUTpaTu. BuTpata enekTpoeHeprii Ha onHy IOBXHHY XBHJII — Onusbko 1,2 kBt [4]. I3
BHIIIECKA3aHOI'0 MOYKHA 3pOOMTH BHMCHOBOK, IO OJMH 13 METOMIB JUIA IIJBHIICHHS €HEPreTHYHOL
edexruBHOCTi DWDM Mepex — 3aBaHTaXXyBaTH KOXKHY JIOCTYITHY XBHITIO, HACKUIBKHU 1€ MOXJIUBO.

Bukopucmanmsa acuHxponHux mpaHcnopmHux mexHoni02it

3aBasSKM BUKOPUCTAHHIO ONTHYHMX BOJIOKOH SIK Ha PiBHI TPaHCHOPTHUX MEPEX, TaK i Ha piBHI
arperanii Ta JOCTYyIy, BIAJOCS BHPIIIUTH MPOOJIEMy BJIacHE 3a0e3MEUCHHS HEOOXIAHOI CMyTH
npomyckanHa. OmHak Oes3mocepenHe mneperBopeHHs |P makera Ha ONTHYHHMA CHUTHAN CHPUYMHSE LTy
HU3KY KamiTaJbHUX Ta OIlepalifHuX BUTpaT, SKI BHUIUIMBAIOTh 13 HEE(PEKTHBHOTO BHKOPHUCTAHHS
JOCTYITHOTO ONTHYHOTO cepemoBuina. Jlms BupimieHHs i€l mMpoOIeMH ChOTOJHI BHKOPHCTOBYIOTHCS
TPAaHCIOPTHI TEXHOJNOTI Ha MPOMDKHOMY piBHI MiX onTudHUM 1 IP piBHem. TpaHCOpTHA TEXHOIOTis
SDH, sKy Ime akTHBHO 3aCTOCOBYIOb BITUHM3HSHI W 3aKOpJOHHI oOmnepaTopu 3B's3Ky, HEe(pEKTHBHO
BUKOPUCTOBYE TPOIMYCKHY 3[aTHICTh KaHAIB 1 MOraHO ajantyeTbes min BuOyxoBuii IP Tpadik [20]. Ha
nporuBary SDH, aktuBHO BripoBamkytothes TexHonorii OTN Ta Gigabit Ethernet. Bukopucranus nux
TEXHOJIOT1H Jae 3Mory eQeKTHBHIIIE BHKOPHUCTOBYBATH JIOCTYIHY IPONYCKHY 3IaTHICTh ONTHYHOI'O
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CepeloBHIIa, OCKUILKY Yac BiANPaBICHHs TPAHCIIOPTHOTO MOAYIIS 4d (hpeliMy He € CTPOro BU3HAYCHUM 1
JOCTYIHY CMYT'y MO)KE BUKOPUCTOBYBATH iHIINK aboHeHT. OmHier0 13 TONOBHUX mepeBar TexHonorii OTN
€ BUKOpHCTaHHS MexaHi3MiB kopekilii momuinok FEC, mo mo3Bonse orpumatu ngomatkoBo 6 ab 1o
ONTUYHOTO OrOKeTy JiHil [21], a 11e € BaXKJIMBUM MapaMeTpoM JUis 30UIbIICHHS TOBXKHHHU pereHepariinHol
nitsHkd  (muB. 1. Kinexicme xeuns \WWDM - cucmem). BHKOpUCTaHHS ACHMHXPOHHUX TPAHCIOPTHUX
TEXHOJIOT1H Pa3oM i3 po3poOICHHSIM METO/IIB MeperpynyBaHHs MOTOKIB AaCTh 3MOT'Y 3MEHIUTH HEOOX1MHY
KUTBKICTh pOOOYMX XBHJIb, IO MPHBEIE 1O MiIBUIICHHS CHEProeeKTUBHOCTI TPAHCIOPTHHX MEPEeXK,
OCKUTBKH, SIK HAroJoNIyBaJIOCh BHIIE, BUTpaTa €IEKTPOCHEPTii Ha ONHY JOBXKHHY XBHJI — OJIM3BKO
1,2 kBr.

Busnauenns pesxcumis nepeoasanus 0aHux

ChOrojiHi € 1Ba OCHOBHI peXKUMHU Tiepenaui qaHux. e pexxum i3 onToeIeKTpOHHUM MePETBOPECHHIM
1 mpo3opuil pexxuM, KoM BiIOYBa€eThesl Tepenava AaHUX 0e3 TpakTyBaHHA iX 3micty. [lepmmii pexxum
XapaKTePU3YEThCs THTEIEKTYaIbHICTIO, IPOCTOTOI0 KEPYBaHHS MEPEXKEI0, CYMICHICTIO OOJaJHAaHHS Bif
pi3HHX BHPOOHHKIB, a TaKOK 3JaTHICTIO 10 XBHIb0BOI KoHBeprarlii [22]. TIpore me morpedye
BUKOPUCTaHHSI JIOPOTOr'0 ¥ EHEepro3aTpaTHOrO0 ONTOECIEKTPOHHOTO TIEPETBOPEHHS Ha KOXKHOMY i3
MPOMDKHUX BY3JiB. [HIMIA peXuM — Tpo3opuid, mependadae BIACHE YCYHEHHS IIbOTO IMPOMIKHOIO
ONTOEJIEKTPOHHOT'O TEPETBOPEHHS, a TaKOX 3MEHIIUThH 00csr iH(opMarllii, skuii mepenaBaTUMEThCS Ha
BEpXHIl piBEHb, TOOTO 3MEHIIUTHCS BUKOPHCTAHHS MPHUCTPOIB, IO CIPUSITHME EKOHOMIi eleKTpoeHeprii
Ha MPHUCTPOSIX BUIUX PiBHIB. Ha BUII piBHI BiIOYBaTHUMETbCS Tepeiada BUKITFOUHO CITY)K00BHX aHuX abo
OJloOKa JaHWX, SIKIIO IIed BY30J KIHIIEBUU. 3a3HAYMMO, III0 MPO30OPUH PEXKUM Tependavae BiIKPHUTTS
HACKPI3HOTO KaHaly MK JBOMa KiHIIEBUMH BY3JIaMH, TOMY BiJOyBa€ThCsl pe3epBYBaHHS 11O JOBXHHH
XBHJII HE3aJIEKHO, BiJi TOro, sikuii 00'eM Tpadiky nepenaerbcs. Takuil migxig morpebye po3poOiIeHHs
METO[IB, sIKi JIO3BOJISIFOTh MaKCHMAJIbHO 3aBaHTa)XyBaTH KOXKHY JOCTYIHY JOBKHHY XBHJI (IMB. II.
Kinvkicmo xeune WDM cucmem). 3Bincu MOXHa 3pOOMTH BHUCHOBOK, 1[0 BHKOPHUCTAHHS MPO30POro
peXUMY TepeaBaHHs JaHUX MiIBUIIYE eHeproe)eKTUBHICT TPAHCIIOPTHUX ONTUYHUX MEPEXK, OCKLIbKH
He TOTpiOHE jgopore W eHepro3aTpaTHE ONTOCNEKTPOHHE TEPETBOPEHHs, a TaKOX pPO3BAHTAXKCHHS
MPHUCTPOIB BEPXHIX PiBHIB i€papXii.

AHauni3 eneproeeKTHBHMX TEXHOJIOTiH Mepex 10CTymy

ChoromHi € Iijla HU3Ka TEXHOJIOTIH i1 MEPEX JIOCTYIY, KOKHA 13 AKMX 3a0e3reuye HeoOXimHy
MIBHJIKICTh Tepe/iadi, MPUUOMY CIOKHBAIOYH PIi3HY KUTBKICTh enekTpoeHeprii. Sk BuaHo i3 puc. 3, a,
0e3MPOBIIHI TEXHOJOT] CIIOKUBAIOTh TOPIBHIHO 3 MPOBITHUMH OUIbIIY KiTBKICTh eleKTpoeHeprii [23].
Texuonoris PON (Passive Optical Network) 3a6esneuye HaiiBuilly eHeproe()eKTHBHICTh CTOCOBHO IHIIUX
TEXHOJIOT1H Mepex JoCcTymy. MeTa 1i€l TeXHONOriT — 3a0e3Me4nTH IMUPOKOCMYTOBY Tiepeiauy iHpopMmarii
y eKOHOMIYHHU# crmocib, a ocHoBHa ifges PON — 1ie Bukopucranns juire ogaoro monyas 8 OLT(optical
lineterminal) nst mepenaBanns iHpopMaltil Bix 6e3mivi aDOHEHTCHKUX TIPUCTPOIB [24].

[IpaBuibHUET BHOIp TEXHONOTIT MepeX JOCTYIy HaJa€e OIepaTopy MOXKIUBICTh 3MEHIIUTH
orepalliiiHi BUTPaTH Ha €IEKTPOCHEPTiI0, OCKUTBKU EHEeProCIOKUBAHHS MEPEX OCTYIy BH3HAYAE HUKHIO
MEXY 3arajbHOI €HeproCIoKUBaHHS TEICKOMYHIKaIiitHUX Mepex (muB. puc. 3, 0).

Bupobnux obraonamnns

CyuacHuii TeleKoOMyHIKamiiHuii puHOK mpeacrasienuii Lucent, Nortd, Alcatel, Cisco, Ericsson ta
IHIIUMHA KOMTAHISIMH, sIKi 3a0e3MeuyloTh MHUPOKUH BUOIp TemeKoMyHiKamiiHoro obnaananHs. KoxeH i3
TaKMX IPUCTPOIB XapaKTCPU3YEThCSA IIJIOK0 HHM3KOK TEXHIYHUX IapaMeTpiB, MOYMHAOUM Bif Bepcil
mporecopa, KUIBKOCTI TIOPTiB, PEKHUMIB pOOOTH 1 3aBEpUIYIOUM MapameTpoM eHeproe(eKTHBHOCTI.
HaiiGinbin eHeproe)eKTHBHIM CydacHUM oOJlaJiHaHHAM € oOnaaHaHHs Kommawii Juniper [4]. Kpim Toro,
sapoBuii  Mapripyrusatop Juniper T1600 BcranoBuB pekopa eHeproedextuBHocti B IPIMPLS
mapipytu3aiii B 2008 p.. [Ipote BoHM He 3a0e3neuyroTh Takoi BHCOKOI mpoayktuBHocTi, sk CISCO
CRS-1.
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Puc. 3. Cnooicusanus erexmpoenepeaii’
a — mexHonoziamu mepedic 00Cmyny; 6 — 3a2aibHOI0 MeNeKOMYHIKayitinoio mepeoicero [ 23]

AHaJi3 apXiTeKTYpHHX pilleHb MiIBMIIeHHA eHeproe)eKTHBHOCTI
AnpoBuit [P MapmpyTuzaTop € OAHUM 13 €IEMEHTIB TPAaHCIOPTHUX MEPEX, M0 HaHOLIbIIe
CIIO)KUBAIOTh, MOPIBHSAHO 13 iHIIMMHU mipucTposimu [2] (puc. 4, a). Bimomo, 1o eHepreTuyHe CrioKHBaHHS
IP mapiipyTr3aTopa BU3HAYalOTh TaKi eleMeHTH. sKuBAeHHs i oxomomkenus (PS&C), pobora mpucTporo
(FE), xomyrariitna ¢abpuka (SF), mnomuna ynpasninas (CP), sxinai/Buxinui kaptu (1/0), 6ydepu (B).
Ha puc.4, 6 npeacrapiieHO BiICOTKOBE CITIBBIHOIICHHS [IUX €IEMEHTIB.
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Puc. 4. Enepeocnosicusanmsi. a — npucmpoie mpancnopmmoi mepedici [ 2]
6 — enemenmis 10po6o2o mapwpymuzamopa [ 23]

Tak, IP mapmpyrusarop st oOpoOku omHoro Oita indopmaitii criokuBae mpuobauzno 10 v Dx
enekTpoeneprii [2]. BiamoBiano apyruii piBeHb, Ha AKOMY MpaIioOTh Taki Texuosorii, sk SDH, OTN,
Gigabit Ethernet, s 06pobku oaHoro Oira iHpopMmarii ciokuBae Onmu3bko 1 vHJDk. A st Tpadiky, skuit
KoMyTyBaTHMeThes Bukiouno Ha WDM piHi (1 piBeHs), wis 00podku 1 6ita nmorpiouo nuire 0,1 u/x.
Tomy B pa3i ycyHeHHs1 00p0oOKH cy)00BOi iHPOpMAITT Ha SAPOBUX MAPIIPYTU3ATOPAX MPOMIKHUX BY3IIiB
BJIACTHCS CYTTEBO MIBUIINTH eHeproe)eKTUBHICTh TpaHCHOpTHOI Mepexi. Lli Mapmpyruzatopu OynyTh
BHUKOPUCTOBYBAaTHCh JIMIIE HAa KIHIIEBUX BYy3Jax IepelaBaHHs AaHUX. [lepmmii piBeHb, Jie Tpaltoe
texnonoris WDM, € HalieHeproedeKkTHBHIIIUM 3 OISy OOpOoOKHM Ciayx00BOI iH(OpMaIi, mpoTe
peanizanis komytamii juime Ha WDM piBHI € CKIaJHOI TEXHIYHOIO 3ajaucio. ToMy ONTHMaJbHUM
pillIeHHSAM € BIPOBa/DKEHHs TpoIlecy OOpOOKH Ha JIPyroMmy piBHI, SIKUM y3rODKEHO TpaIloBaTHME i3
nepmmM 1 TperiM piBHeM. [Ipore Taki pimieHHs TOTPeOyIOTh PO3POOICHHS METOMB, SKi JaayTh 3MOTY
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yCyBaTH Bijl Tpoiecy OOpOOKM TMPOMDKHI SIPOBI MapIIpyTH3aTopu. Takok He ciig 3a0yBaTH, IO
BIIKPUTTS HACKPI3HUX KaHAIB (IMB. 1. BusHauenHs pexcumis nepedasanns 0anux) mepembadac Mmporec
KomyTaii BukirouHo Ha WDM piBHi i3 pe3epByBaHHAM HEOOXIMHMX YaCOBUX 1 CHEKTPAILHUX PECypCiB,
110 TAKOX TIIBUIIYE CHEPrOeEKTUBHICTh MEPEXKI.

Po3paxyHox 3aTpar ejieKTpoeHeprii 1JIs ONTHYHOI TPAHCIOPTHOI Mepexi

B pobori 3mificHeHO po3paxyHOK 3aTpaT eJIeKTpOEeHeprii s Mepexi JocTymy/arperamii Ta
TPaHCMOPTHOI Mepexi I yac nepenaBanHs oxHoro [P makera, i3 goBxunHoro 1000 Gaiit. Po3paxyHok 3a
MEPEKEBOIO CTPYKTYporo (puc. 5). [l BU3HAYEHHS €HEpro3aTpaT AOCTIHKEHO TEXHIYHI XapaKTePUCTHKH,
a caMe CIOKMBaHy MOTYXHICTh oOnannanHs kommaniii Cisco, Huawei, EOspace. KinueBuii koprctyBayd
Ma€ JIOCTYII JI0 MEePEKi 3a JormoMororo Moaemuoi Texuomorii ADSL (Asymmetric Digital Subscriber Line)
31 mBuakicTio 10 M6it/c. [IIBuaKicTs mepenaBaHHsa BCcepeauHi siupa Mepexi cranoButh 10 I'6it/c. V Tabi.
2 HaBEJICHO CHEPreTHUYHE CIIOKMBAHHS TEICKOMYHIKAI[IITHOrO 00J1aHAHHSL.

Puc. 5. Jocnioocysana cmpyxmypa
MmeneKoOMyHIKayilHoi Mepesci

Tabruys 2
EneprocnoxkuBaHHs TeJeKOMYHiKaiiiHUX MPUCTPOIB
O0aHaHHS Eneprocnioxxusants, Bm/200 Mapxka Moziesti, BUpOOHHK
DSLAM 187,38 Huawei MA 5016 DSLAM
Ethernet switch 170 Cisco ME 2600x Ethernet Switch
BNG 425 Cisco ASR 9001-S Router
Edge router 150 Cisco 7210 Router
O/O/O komyTaTop 0,0094 EOspace Electro-optic switch
O6agHaHHSI Eneprocnioxxuanus, nBmloim INocunanus
Corerouter 2,7 [23]
TpaHCIIOpTHA TEXHOJIOTs 0,27 [23]
O/E neperBOpeHHs 0,336 [25]
E/O neperBopenHst 0,722 [26]
Komyrariiiina gabpuxa (O/E/O) 0,405 [23]

Sk HaronomieHO BWINE, PO3PAXyHOK 3aTpaT eIeKTpOCHeprii 3AiHCHIOEThCS Ha MPUKIali
nepenaBanHs onHoro [P makera Bij KiHIIEBOrO KOpUCTyBada J0 JATAllEHTPY, BKIIOYAIOUYH JIMIIEC YaCTHHH
TeJeKOMyHiKaiiitHol Mepexi (Mepexi nocrymy/arperaiii Ta TpaHCIOPTHOI Mepexi). s KOXHOro
oOyiagHaHHs OyJi0 3HAMAEHO 3aTpaTy eleKTpoeHeprii Ha oOpoOKy oaHoro Oitra iHgopmallii Ha OCHOBI
MmapaMeTpiB €HEproCHoKMBaHHs 00JaJHAHHS 1 MaKCHMaJIbHOI KINBKOCTI MaKeTiB a00 IOTOKY, SIKY BiH
MoOXe 0OpOOUTH 32 ONMHMUIIIO Yacy.

[Ticnst poro BH3HAYAEMO 3aTpaTy eNeKTpOeHeprii ais mepenadi mpuctpoeM oaHoro [P makera,
cepenHs noxuHa sikoro craHoBuTh 1000 Gaiit. Po3paxyHKH mpoBeneHi Ui JBOX PEXUMIB pOOOTH: 3
ONTOCJIEKTPOHHUM TIEPETBOPEHHSM Ha MPOMDKHHMX BYy3JIaX 1 0e3 HHX, TOOTO BIIKPUTTSIM HACKPI3HOTO
KaHaJIy MK JIBOMa KiHIIEBUMHU BY3JIaMH TPAHCIIOPTHOI Mepexi. B ocTaHHROMY BHITaJIKy Ha BEpXHIi PiBHI,
TOOTO PiBHI, Ha SKUX MPAIIOE TPAHCIIOPTHA TEXHOJOTIS 1 SAPOBI MapIIPYTU3aTOPH, TEPENAETHCS JIHIIE
cnyx6oBa inpopmartisi IP makera (3aroimoBok makera — 20 6aiT), a He BeCh MaKeT, sIK y PEXHMI i3
ONTOCJIEKTPOHHUM TIePETBOPEHHIM. Takok MpuiMaeMo, IO MaKeT MPOXOUTh TPH MPOMDKHI BY3JIH B S/Pi
Mepexi. B pesymbraTi oTpHMyeMO CyMmMapHy 3aTpaTy eIeKTpOeHeprii Juls mepeiadi OJHOro Iakera,
JIeTaNbHUH CKIIaJl SIKOTO MO/IaHo B Talul. 3
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Pe3yabTaTu 004uC/I€eHb

Tabauys 3

YactiHa Mepexi Pexxum i3 O/E/O Pexxum 6e3 O/E/O
Mepexa noctymy 37,715 37,715

O/E/O 5,603 1,088

0/0/0 0 0,783
TpaHcriopTHHI piBEHb 2,216 0,555

SnpoBi MapuIpyTH3aTOPH 13,85 5,543

CymapHa 3aTpaTa eJIeKTpOCHEepTil 59,384 45,684

Ak  Oauumo, TmiCAA BUAAJNCHHS MPOMDKHOTO OINTOEICKTPOHHOTO IEPETBOPCHHS  3aTpaTH

eNEKTPOCHEPTril 3MEHIIMIIMCH Ha 25 BiZICOTKIB 3arajioM, a JUis TPaHCIOPTHOI ONTHYHOI Mepexi Ha 63 %. Sk
BUJHO i3 puc. 6, Mepexa JOCTyNly BH3HA4Ya€ HIDKHIO MEXY EHEPreTHYHHX 3aTpaT olepaTtopa, IIo
HiITBEPIDKYE MPABUIIBHICTh HALIUX PO3paxyHKiB [23].

5
I 60 n
E \ # Aaposuit
g 50 < MapLpyTU3aTop
z o
g 40 11 TpaHEnOTRHUHA piseHd Puc. 6. 3ampamu erexmpoenepeii
g .
§ 30 80/0/0 ¥ 080X pexcumax pobomu mpancnopmHoi
© 2 ONMUYHOI Mepedct
5 0/E/0
g 10
L Nl Mepesxa goctyny
3NpomikHUM  Be3 npomiskHoro
o/e/o 0/E/0
BucHoBkH

Y poboTi npeacTaBiIeHO TEXHIUHI Ta apXITEKTYPHI MiIXOAU MO0 MiABHUILECHHS eHeproedeKTUBHOCTI
TENEKOMYHIKaIiHHUX Mepek. B TexHIuHuUX 3acobax 3amporoOHOBaHO OOIWTHUCH Oe3 jopororo i
€Hepro3aTpaTHOro ONTOCIEKTPOHHOTO MEPETBOPEHHS B ONTHYHUX KOMYTAaTOpax i KOHBEPTOpax, a TaKoXK
MOJIAaHO AJIbTEPHATUBU BHPIIICHHS MpobsieMu. HaBeneHo OCHOBHI TEXHIUHI mapaMeTpH, sKi BU3HAYAIOTh
IXHE EHEeproCIOXKUBAHHS.

st eeKTUBHOTO 3aBaHTaXKEHHS JOCTYITHHX JIOBKWH XBWJIb YaCTOTHHX Jialla30HiB, BPaXOBYIOUH,
0 KOXHHH criokuBae Onmm3bko 1,2 kBT enekTpoeHeprii, 3aliponoHoBaHO 3/ifICHIOBATH TIeperpymyBaHHs
noTokiB. HaBeneHo mepeBarn BUKOPUCTAHHSI aCHHXPOHHHUX TPAHCIOPTHUX TEXHOJOTIH, sIKi eeKTHBHIIIe
BHUKOPUCTOBYIOTh TPOIYCKHY 37aTHICTh ONTHYHHMX KaHAJIB, IO JO3BOJSE 3BUIBHUTH YACTHHY JOBXKHH
XBHJIb 1 MIIBUIUTH €HEPTeTHYHY e()EKTUBHICTh TEIEKOMYHIKAI[IHHOT MEpEexi.

PosrisiHyTO pexuMH TepelaBaHHS JJAaHWX 1 BCTAHOBJICHO, IO TPO3OPHH PEKUM TMepeiaBaHHs
CYTTEBO 3MEHIIYE SHEPrOCIOXHMBAHHS TaKOi MEPeXi. 30Cepe/KEHO yBary Ha Mepexkax JOCTYIY, 3 SKHX
CbOrOJIHI HalieHeproeeKTHBHIIIOW € TexHomoris mnacuBHUX onTuyHux Mepex (PON). He menm
BYIMBUM YMHHUKOM, SIKHH BIUIMBAE HA CHEProe(eKTUBHICTh TEICKOMYHIKAIIHHIX MEpekK, € BUPOOHUK
o0aIHaHHS, 33 IIMM KPUTEPIEM TTepeBakae KoMIaHis Juniper.

BceranoBiieHo, 1110 SAPOBI MapIIPYTH3aTOPH CIIOKHMBAIOTh YW HE HAHOUIbINE eleKTpoeHeprii
MOPIBHSIHO 3 IHIIMM OOJIAJIHAHHSM TEIEKOMYHIKaiiHUX Mepex. HaBeneHo pilleHHs MOA0 MepeHeceHHs
nporecy oOpoOKK CIy:KOOBUX JaHUX 3 SAPOBUX MapHIPYTH3aTOpPIiB HA HWKHI PiBHI, JIe MPAIIO€ MEHII
eHepro3arpaTHe 00JIaJHaHHS.

PospaxyHok moka3zaB, 10 eHeproepeKTHBHICTh TPaHCIOPTHOI Mepexi 3pocia Ha 63 % micns
BUJIAJICHHS TIPOMDKHOTO OITOCIEKTPOHHOTO MEPETBOPEHHS 3 BIAKPUTTSAM HACKPI3HOTO KaHATY.
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[TokazaHo, 110 HEOOXIAHMHM KOMIUICKCHUH MiIXOMil [0 BU3HAYCHHS CHEPreTHYHOro OallaHCy
ONTUYHOI TPAHCIOPTHOI MEPEXKi, I0J0 HOro 3MIMCHEHHS, OCKIIBKM OIUCAaHI MiIXoau Oe3mocepeaHbo
3aJIeKaTh OJUH BiJ OJHOrO, II0 B KOMILJICKCI BIUIMBAaE Ha €HEproe()eKTHBHICTh TEICKOMYHIKAIIMHUX
MEpEexK.
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