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Onucano OCHOBHI MiAXoau 10 miABUIEHHS eHeproeeKTUBHOCTI TeJeKOMYHikamiiiHuX
Mepe:k, a 0COOJUBY YBAry 30cepel:KeHO Ha TEeXHOJOriYHUX i apXiTeKTypHUX migxomax.
BceraHoBiieHO, 110 BU3HAYAJIbHY YACTHHY €HEPro3arpar CTAHOBUTH NMPOMIKHE ONTOeIeKTPOHHE
NMepeTBOPEHHSI, a TaKo:K podoTa siApoBoro Mapuipyruszaropa. HaBeaeHo mnepcneKTHBU
BUKOPUCTAHHS MOBHICTIO ONTUYHUX KOMYTATOPIiB i koHBepTopiB. Ha mpukiaani po3paxynky
NMOKA3aHo, 0 eHeproe)eKTUBHICTL TPAHCIOPTHOI ONTHYHOI MepexKi 3pociia Ha 63 % 3aBasKH
BU/IAJIEHHIO TPOMIZKHOI0 ONTOEJEKTPOHHOTO NMEePEeTBOPEHHS.
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ANALYSISOF THE ENERGY BALANCE OF OPTICAL
TRANSPORT NETWORK BASED ON THE TECHNOLOGICAL
AND ARCHITECTURAL APPROACHES
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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

120



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

ChoromHi TeleKOMyHiKalliiHe 00IaJlHaHHS CIIOKMBA€E MPUOIN3HO 5 % eneKkTpoeHeprii i3 3aranabHOT
BHUpOOIeHoT noTyxHOoCcTi [1]. [TonmuT Ha TemeKOMYHIKAIliiHI MOCTYTH 3pOcTaE i Hajami, IO MPU3BOIUTH
BJIaCHE JO 3pOCTaHHSA I[LOr0 IIOKa3HUKa. [lomysspHicTe IHTEpHETY Ie HE J0csAria amorer, 1
XapaKTepU3YEThCsl EKCIIOHEHIIATBHUM 3pOCcTaHHsIM Tpadiky, sKkuii nepenaeTbes mo Mepexi. Lle 3pocranns
3yMOBJICHE 30UTBIICHHSM KUTBKOCTI a0OHEHTIB, SKi XO4yTh OTPUMATH TEBHI TEIEKOMYHIKAIIiHI MTOCTYTH,
MPUYOMY 13 BUCOKOIO IIBUIKICTIO TIEpEAaBaHHs, BUMOTH JO SIKOT 3pOCTAalOTh i3 KOXKHUM POKOM, a TaKOX
MOMYJIAPHICTIO IHTEPHET-MOCIIYT, OCKUIBKH KOXXEH KOPHCTYyBad XO4€ 3aJI0BOJILHUTH CBOI MOTPEOH 00
3aBaHTa)XCHHs KOHTeHTY. CBO€I0 ueproro, 3pocTaHHs Tpadiky NPU3BOAUTH 0 IIEepe3aBaHTAXKCHHS
TEJICKOMYHIKAI[IHMX MEPEeK 1 BCTAHOBJICHHS JOAATKOBOro oOnamHaHHsA. Bel BuieonucaHi oOCTaBUHU
MPHU3BOAATH JI0 3pOCTaHHS HEOOX1THOI KUTBKOCTI €IeKTpOEHEPTii A1l pOOOTH TEIEKOMYHIKAIIHIX MEPEeX.
Tomy 3aBIaHHS 3MEHIIICHHS CHEPrOCIIOKUBAHHS ChOTOJ/IHI aKTyallbHE 1 MOTPIOCH KOMITICKCHUH MiAX0 10
foro BupimieHHsA. Takuii miAXig TOBHMHEH TmepeadayaTd HE TUIbKM IHPHUHIUIN  3MCHIICHHS
CHEPrOCIIOKUBAHHS, a i pO3pOOJICHHSI METOIIB JUIS iX JTOCSATHCHHS.

Llentp eHeproedeKTHMBHOCTI TEIEKOMYHIKAIii B MenpOypHi BUAUISE YOTHPU IIIXOAM IIOIO
BJIOCKOHAJIGHHSI MEpEXeBOi eHeproeeKTHBHOCTI [2]: TEXHOJOTi4Hi, apXiTeKTypHi, MpPOTOKOJbHI, the
cloud. Meroro 11i€1 poOOTH € aHami3 MEePIIMX JBOX IiIXOMAIB 1 HABSACHHS JJISl HUX OCHOBHHUX MPHUHIIUIIIB
010 3MEHIIICHHS SHeprocnoxuBanHsa. Bei 11 migxoamn 0e3mocepeHbo 3aIeKaTh OJUH BiJl OMHOTO, SAKi B
KOMITJIEKC1 BIUTUBAIOTh Ha €HEproe()eKTUBHICTh TENEKOMYHIKAIIMHUX Mepex. Puc. 1 neranbpHimme
MPEICTABIISAE 3B’ A3KH LIUX 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 nioxoois niosuuyenst
eHepeoepexmueHOCmi MpaHCnoPMHOL Mepesici

AHAaJTi3 TEXHOJOTTYHUX MPUHUIMIIB MiIBUIEHHSA
eHeproe)eKTHBHOCTI ONTHYHHUX TPAHCHOPTHUX MepPex
Tpunyun xomymayii
ChoroziHi TeNeKOMYHIKaIiliHi OmepaTopd MaloTh JBa BapiaHTH ONTHYHHX KOMYTATODIB JUIS
VIIpaBIiHHS iXHBOIO TMPOMYCKHOK 3/aTHICTIO, a came komyrartop tunmy O-E-O (3 onroenekTpoHHUM
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MEpEeTBOPEHHSAM) 1 TMOBHICTIO onTWYHi, (oroHHI Komyrtaropu O-0O-O. 3 eHepreTHyHOro MOrIISAY
0-0-0 xomyraropu nopiBHsAHO i3 O-E-O Butpauaroth 10 96 % MeHIIE eIeKTPOCHEPTii, a TaKOXK OLIbII
MaciTaboBaHi i 3abe3meuyoTh ekoHOMio 10 92 % 3a muromieto [3]. Kpim Toro, Bukopucranas O-O-O
3a0e3MeYNTh CKOHOMII0 BHTpPAaT Ha JEKUTBKOX pIBHAX, a caMe CKOHOMIl0 Ha CHEPreTUYHOMY i
PO3MOILHOMY 00JIaIHaHHI, TAKOMY sIK OaTapei, BUIPAMIIAYL i au3enb-reHepatopu. KokeH 3 1iux OJIOKiB
MOBHHEH OyTH 30€peXEHHid, OJJHAK MOTpedye MIOMICSYHUX MPOIEAYp TECTYBAaHHS, TOMY € MOXIHBICTh
3a0M@JINTH Ha OOCIyroByBaHHI. HapemTi, omnepaTop MOBHMHEH MiATPHUMYBATH KOHAWIIIOHEPH, SKi
3a0e3MeuyIOTh ONTUMANBHUN POOOUYUI PESKHM HPHUMILICHb. 3a3HAYMMO, IO SKIIO TEICKOM YHIKAI[IHMII
npucTpiii BuTpadae 1 Bt enekrpoeneprii, HeoOxinHo BuTpatuTi 1 BT eneprii mis oro oxomomkeHHs [4].
ExoHoMist Ha UX OmnepaliifHuX 3aTpaTax € YAMAJIOK JUIs TeJIeKOMYHIKaIliifHOTo oreparopa.

CyyacHHl PHHOK TNPOINOHYE HIMPOKWH BUOIp MOBHICTIO ONTHUYHHX KOMYTaTOpiB (muB. maba. 1),
MpoTe JesKi TeXHIUHI peanizamii X MPUCTPOIB IMOKH IO 3AJIMIIAIOTHCS Ha CTaJil HAYKOBUX JOCII/IKEHb.
Hani B Tabn. 1 3i0paHO 3 TEXHIYHUX XapaKTEPUCTUK PEANbHUX MPHCTPOIB, 8 TAKOXK CyYaCHHUX HAYKOBHX
JOCITI/DKEHb B HANPSIMKY (DOTOHHUX KOMYTaTOPiB.

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

<20 mc <1.15 420 LightBend
MexaHiKOOIITHYHA <4 mc <0.6 230 JDSU

<10 mc <1.3 420 LightBend

<10 mc <1.8 325 JDSU
MEMS <30 mc <24 500 Di(?on

<10 mc <1.3 170 Agiltron

<20 mc <1.1 40 Sercalo
€JIEKTPOONITHYHA <10 HC <4 9.4 EOspace
MarHeTOONTUYHA <200 MKc <1.2 30 Gigalight
piAKOKpHUCTaNiYHA <100 e <3 - fraunhofer
TEPMOONTUYHA <22 mc <7.5 11 [5]
aKyCTOONTHYHA <10 Mkc <1 - [6]

Jdns mpaBuibHOI Ta e(EeKTHBHOI OIIIHKM eHeproe()eKTHBHOCTI ONTUYHHX KOMYTATOpIB CHiJ
BUJUTMTH B HHUX TakKi TEXHIYHI EJIEMEHTH Ta TMapaMmeTpu: BXiJHA MOTYXXHICTh ONTHYHOTO CHUTHAITY,
Bukopuctaniss O-E-O, BUKOpUCTaHHS XBUJIBOBHX KOHBEPTOPIB, BHECEHI BTPATH, PIiBEHb BHXIJIHOTO
CHUTHAIY.

PosrisiHeMo koKeH 13 eneMeHTiB JeranbHinie. [y mpoBeneHHs Tpollecy KoMyTallii HeoOXimHui
JOCTaTHIM piBEHb ONTHYHOTO CHTHAY, OCKUIBKH TPHCTPId BHOCHTH TAaKOXK BJACHI 3aracaHHsi (BHECCHi
BTpaTH). Tak, HAPUKIIA], i/ Yac eJEKTPOONTHYHOI KOMYTAIlil BHECEHI BTpaTH MOXYTh caratu 5 ab [7].
ToMy JuIs MOXIHBOCTI JETEKTYBaHHs ONTHYHOTO CHTHAIY TMOTPIOHO BUKOPHCTATH IOMEPEIHIN
MIJCUJIIOBAY, SKUH 3a0e3MeUnTh HEOOXITHUH PIBEHb ONTHYHOTO CHTHATY. YJIOCKOHAJCHHS METOIIB
OITUYHOI KOMYTaIlii JaCTh 3MOT'Y 3MEHILUTH BTPATH, SKI BHOCATH I1i PUCTPOT, 110, CBOEIO YEProk0, YCYHE
HEOOXITHICTh BUKOPUCTAHHS IMOMEPEIHIX MIACHIIOBAYiB a TaKOX BHXIAHMX IIIJICHIIOBaviB (piBeHb
BHXIJTHOTO CUTHAIY), IO JOAATKOBO CIIOKHUBAIOTh €JIEKTPOCHEPTIIO.

HaykoBi po3poOKH TOBHICTIO ONTHYHHUX KOMYTAaTOpiB CIPSIMOBAaHI Ha PO3POOJICHHS HOBHX Ta
BJIOCKOHAJICHHSI HASBHUX MPHCTPOIB, SIKi IPYHTYIOTHCS Ha PI3HUX ONTHYHUX e(eKTaxX, OCKUIbKH BOHH
3a0e3MeuyI0Th MIBUIKAN Yac KOMYyTallil 32 HU3bKUX CHEPreTHYHUX 3aTpar. [lo TakKuX ONTUYHUX e]eKTiB,
IO BHUKOPUCTOBYIOTHCS Y IHUX MPHCTPOSX, HANEKATh aKyCTO-, EICKTPO- Ta TEPMOONTHYHI e(peKTH.
LleHTpanbHUM EIIEMEHTOM Y TAaKHX IPUCTPOSX € ONTOCIEKTPOHHHMA MaTepial, SKHH XapaKTepH3yEThCs
neBHUMH akycTo (My)-, enekrpo (rj)- ta TepmoontuuHuMu (dn/dT) xoedinienramu. Illo Bummit Takuii
Koe(illi€HT, TO MeHIEe MOTPIOHO BHKOPHCTOBYBATH EHEPTii Uil JOCSATHEHHS TOT'0 YH IHIIOTO e(deKTy,
HaTPUKIIA]], U aKyCTOONTHYHOTO e(heKTy, IKUI MOIacThCs TaK:

122



s

€p oM, xP, XL
& 2xH

/2

h =sin’ (D

.
ol
2

Ll
o NN

ne P, — akyctruHa moTyxHicTh; M, — mapaMerp akycToONnTHYHOI sikocTi; L i H — reomerpuyni po3mipu
3paska; A — JOBKHMHA XBUIII.

[Mapamerp M, xapakrepu3ye MaTepial, 110 BAKOPHCTOBYETHCS K aKyCTOONTHYHA KoMipka. B [8—9]
MPOBOMATHCSA JIOCTIDKEHHS IIOJ0 BHOOPY OpieHTAIlil 3pa3ka 3 MaKCUMaJbHUM 3HaueHHS M,, s
3MEHIIIeHHS P,, 1O 703BOJIsSI€ 3MEHIIUTH CHEPro3aTpaTH Ta 30UTBIIMTH Yac e()eKTHBHOTO BHKOPHCTAHHS
KOMIpKH.

AHaNOriyHO 1 B IHIIMX MPUCTPOSX, SIK 1 B EIEKTPOONTHYHUX, TAKOXK € BH3HAYAIBHOIO 3MiHA
MOKa3HHUKA 3aJIOMIICHHS, SIKy 0e3 1HIeKCHUX To3HaueHb i eekty [Tokkenbca MOoJKHA MOJIATH Y BUTIISII

o2 @

I B [8, 10] mpoBOAMIKCE TOCTIKEHHS ISl €PEKTHBHOTO BUKOPUCTAHHS €IEKTPOOIITHYHOI KOMIPKH
B 3a3HAaYCHUX PUCTPOSIX.

Komyraropu, ocHOBaHI Ha BIACTUBOCTSIX ONTHYHUX €QEKTiB, MalOTh IepeBard HaJ IHIINMH
TEXHOJIOTISIMU peasizallii OBHICTI0O onTUYHHX KomyTaropiB Tumy O-O-O. Taki mpucTpoi HpaiionTs B
TPEThOMY BIKHI TPO30pPOCTi, SIKE CHOTOJHI HAHOLIBIIE BHKOPHUCTOBYETHCS, KpIM TOro, 3a0e3neuyroTh
HaMBHUIIMIA Yac komyTanii, sskuii nocsirae 10 He [7]. Tomy MoXKHa 3p0OHTH BUCHOBOK, IO JJIsi KOMYTaTOPIB,
B SIKMX KJTFOYOBUM €JIEMEHTOM € ONTOEIEKTPOHHMI MaTepiall, MO)KHA BBYKATH OJJHUMH 13 HAHTIEPCTICKTUBHIINX
TEXHOJIOT1H JIsl pealti3alii MOBHICTIO ONTHYHUX KOMYTATOPIB.

JlocnigkeHHsI MiJBHMINCHHS €HEProe(eKTMBHOCTI MOYKHAa TaKO0X IPOBECTU JJIsS ONTHYHHUX
MOJYJATOPIB, Uil 0araTh0X 3 SKHAX KIOYOBUM €IIEMEHTOM TaKOX € ONTOCICKTPOHHUN MaTepial
[11-12].

BuxopucTaHHsl ONTOEIEKTPOHHOIO TEPETBOPEHHSI € BH3HAYAJIBHUM MapaMeTPOM EHEProCIIOKUBAHHS
ONTHYHOTO KOMYTAaTopa, SIKe BHKOPHUCTOBYIOTHCS UIS BCTaBJISIHHS KIIIEHTCHKUX CHTHAJIB, MPOBEICHHS
XBHJILOBOI KOHBEpTAIlil, a TAaKOX IMPOBEICHHS BJIACHE NPOIECY KOMYyTallil. 3ayBa)KUMO, IO BCTABIISHHS
KITIEHTCHKMX CHUTHANIB Ha TMPOMDKHUX BY3JaX, a TaKOX BHKOPHUCTAHHS XBWIBOBUX KOHBEKTODIB 3
ONTOCJIIEKTPOHHUM TEPETBOPEHHSM BHU3HAUYAIOTh J0 85 % CIOXHTOI ONTHYHHM KOMYTaTOpOM
enekrpoeHeprii (muB. puc. 2) [13]. BupgaseHHS ONTOENEKTPOHHOrO OOJaJHAHHS CYTTEBO 3MEHIIUTH
CHEepProClOXKMBaHHA ONTHYHHX KOMyTaropiB. Byxe € 3amiHa jgoporomy 1 eHeproaTpaTHOMY
OITOCJICKTPOHHOMY TEPETBOPEHHIO. Hampukiian, BCTAaBISHHS KITIEHTCHKUX CHUTHAJIB 0€3 BHKOPHUCTAHHS
MPOMIDKHOTO ONTOETIEKTPOHHOTO TEPETBOPEHHSI MOXKE 3JIHCHIOBATHCS 3a JIOMOMOTOK CTaTUYHHX YH
PEKOH(IrypOBaHUX ONTUYHUX MYJIBTUIUIEKCOPIB BBOAY/BUBOMY [14], a E/O XBUIbOBI KOHBEPTOPH MOXKYTh
OyTu 3aMiHEHI Ha ONTHYHI, sIKi PO3pOOJIeHI Ha OCHOBI HemiHiWHUX edekriB [15]. HaBememo ocHOBHI
napaMeTpH, sIKi BU3HAYAIOTh CHEPrOCIIOKUBAHHS ONITHYHUX KOHBEPTOPIB: BXiJHA TOTYXHICTh ONTHYHOTO
CUTHaIly, BXi/JIHA TOTYXXHICTh JIOMIOMDKHUX ONTHYHHUX CHTHAIiB, BHUKOPHUCTAHHS HAIIBIIPOBIIHUKOBHX
ONTHYHUX TIJICHITIOBAYIB, BUOIp HENMHIMHUX MaTepialiB, BUXiHA MMOTY>KHICTh ONTHYHOTO CUTHAITY.

BxiHa TOTYXHICTH ONTHYHOTO CHTHAJy € OJHHM 13 BH3HAYQJIBHUX IapaMerTpiB podOoTH
ONTHYHUX XBHJIBOBHX KOHBEPTOPIB, OCKUIbKA KOHBEPTOPH, PO3pOOIICHI Ha OCHOBI HENMIHIHHUX e(EeKTiB,
Jal0Th 3MOI'Yy OTPMMATH BHXIiAHI curHamu Oym3bko 0,1 % Bia aMIUIITYId OCHOBHOI'O BXIJIHOTO CHUTHAITY
[15]. Ile mnorpeOye BHKOPHCTAHHS MONEPEAHIX 1 KIHIIGBMX IMIJICHIIOBAYiB, M0 MiABHIIYIOThH
CHEeproCrOXXKUBaHHS TAKOTO MPUCTPOIO, MPOTE iX HEBUKOPUCTAHHS MPHU3BEIE 10 HU3bKOTO PIBHS BHX1IHOTO
CHTHAIy, IO BUSIBUTHCS Y HEMOXKJIMBOCTI JCTEKTYBaHHS ONTHYHOTO CUTHAIY MICIsl TPOXOKEHHS depe3
nei mpuctpid. Buxomom 13 1iei cuTyamii € BHKOPHUCTaHHS MaTepiaiiB, y SKUX e(peKT HeNiHIHHOCTI
NPOSIBIISIEThCS HaWCHIIBHIIIE, TOOTO Kpammi koedimieHT HemixiiHocTi (di). Habip Takux wmarepiaiB
HaBeZeHO B poOori [16].
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Puc. 2. Cnooicusanns enekmpoenepeii KOMnOHeHmi6 hOMOHHO20 KOMYMAamopa
3 X6UNbOBUMU KOHeepmopamu, sKL 3atimatomsb 50 Y% nasenux nopmis [ 11]

PobounM eneMeHTOM Yy TaKuX NPUCTPOSX € HAIMBIPOBIAHUKOBUHA ONTHYHUAN IiJICHITIOBAY
(Semiconductor optical amplifier — SOA). KonBeprtop, ocHoBanmii Ha Kpoc-(pa3oBiii Momysmsiii,
BuKopuctopye nBa SOA mincuimoBadi, mpore morpedye MEHIIOi TOTY)KHOCTI BXiJHOTO CHTHaly, a
KOHBEPTOpP Ha OCHOBI KPOC-MOAYJIALII IHTEHCMBHOCTI Iepeadayae BUKOPUCTAHHS JIMIIE OJHOIO TaKOIro
migcumoBaya [17]. 3abe3medeHHs] ONTHUMAIbHOTO 3HAYEHHS BXIAHOI MOTYKHOCTI ONTHYHOTO CHTHAIY i
KitbKocTi mincumoBadieB SOA MiABHIMTE eHeproeeKTUBHICTh TaKuX MpHCTPoiB. OJHAK BHIIAICHHS
OITOCJICKTPOHHOT'0 MIEPETBOPEHHS € KITFOUOBHM ITiIX0I0M 1010 MiABHINECHHS SHEPTeTUYHOI e)eKTUBHOCTI
(hOTOHHUX KOMYTATOPIB 1 XBIIILOBUX KOHBEPTOPIB.

Kinvkicme xeune WDM cucmem

Sk BimOMO, cyMapHa MOTYXHICTh, SIKY MOJKHA BBECTH B ONTHYHE BOJOKHO, CTAHOBHUTH HE OLIbIIE
Hik 100 MBr (20 nb) [18]. OueBumHo, mo 30imbIIeHHS KilbKocTi XBwib WDM cucrem mependadae
3MEHILICHHS TTOTYKHOCT1 KOXKHOI 13 JIOCTYITHUX JIOBXHH XBUJIb JUIsl HENIEPEBUILICHHS CyMapHOI OTYXHOCTI,
OCKUIBKHU Y pa3i Mepexony 1€l MexXi CIIOCTEPIraeThes Iijla HU3Ka ONTHYHUX HemiHiiHuX edekris [19]. Lle
K MPU3BOAUTH JI0 3MEHIIICHHS JAOBXHHM PereHepalliiiHol TUISHKY 1 BIAIOBIIHO YaCTIiIIION0 BUKOPUCTAHHS
pereHepaTopiB Ha JUISHII ONTHYHOTO TPakTy. Tak, uiss 80-kaHaJIbHOI CHCTEMH PiBeHb MOTY)KHOCTI Ha
KaHas cTaHoBUTH 1 ab, mis 40-kananpHoi 4 1b, a misg 32-kananpHoi 5 1b. 3a3HaunMo, M0 BUKOPHUCTAHHSA
JOJIATKOBOI KUIBKOCTI XBWJIb CIPUYMHSE JOAATKOBI KamiTajdbHi (0O0jagHaHHSA) W eKCIUIyaTallifiHi
(enmexkTpoeneprist) BUTpaTH. BuTpaTa enekrpoeHeprii Ha ofHY JOBXHHY XBWJI — O0mu3bko 1,2 kBt [4]. I3
BHIIIECKA3aHOI'0 MOYKHA 3pOOMTH BHMCHOBOK, IO OJMH 13 METOMIB JUI IIJBHIICHHS CHEPreTHYHOL
edexruBHOCTI DWDM Mepex — 3aBaHTaXXyBaTH KOXKHY JIOCTYITHY XBHITIO, HACKUTEKHU 1€ MOXKITUBO.

Bukopucmanmsa acunxponHux mpaHcnopmnux mexHoni02it

3aBasSKA BUKOPUCTAHHIO ONTHYHMX BOJIOKOH SIK Ha PiBHI TPaHCHOPTHUX MEPEX, TaK i Ha piBHI
arperanii Ta JOCTYyIy, BJAJOCS BHPIIIUTH MPOOJIEMy BIacHE 3a0€3MEUCHHS HEOOXIAHOI CMyTH
nponyckanHs., OjHak Oe3mocepenHe mneperBopeHHs [P makera Ha ONTHUYHUN CHTHAJI CHPUYHMHSE IUTY
HU3KY KamiTaJbHUX Ta OIlEpalifHuX BUTpaT, SKI BHUILIMBAIOTh 13 HEE(PEKTHBHOTO BHKOPHUCTAHHS
JOCTYITHOTO ONTHYHOTO cepemoBuina. Jlms BupimieHHs i€l mpobIeMH ChOTOJHI BHKOPHCTOBYIOTHCS
TPAHCIOPTHI TEXHOJNOTIT Ha MPOMDKHOMY piBHI MiX onTudHUM 1 IP piBHem. TpaHCOpTHA TEXHOIOTis
SDH, sKky me akTHBHO 3aCTOCOBYIOb BITUHM3HSHI W 3aKOpAOHHI OIepaTopH 3B’S3KYy, Hee(pEeKTHBHO
BHUKOPHUCTOBYE TPOIMYCKHY 3[IaTHICTh KaHAJIB 1 MOraHo ajanTyerbes mia BuOyxoBuit IP tpadik [20]. Ha
npotuBary SDH, aktuBHO BrpoBamkytoThes TexHomorii OTN Ta Gigabit Ethernet. Bukopucranus nux
TEXHOJIOT1H Jae 3Mory eQeKTHBHIIlE BHUKOPHUCTOBYBATH JIOCTYIHY IPONYCKHY 3IaTHICTH ONTHYHOI'O

124



CepeNoBHIIa, OCKUILKY Yac BiANPaBICHHs TPAHCIIOPTHOTO MOAYIIS Ud (peliMy HEe € CTPOro BU3HAYCHUM 1
JOCTYIHY CMYT'y MO)KE BUKOPUCTOBYBATH 1HIINH aboHeHT. OHier0 13 royioBHUX nepeBar Texnosorii OTN
€ BUKOPHCTaHHS MeXaHi3MiB Kopekilii momminok FEC, 1o mo3Bonse oTpuMartd ngoiatkoBo 6 ab o
ONTHUYHOTO OI0JPKETY JiHii [21], a 1le € BayKIIMBUM apaMeTpoM sl 30UTbIICHHS TOBKUHH pereHepariiitnol
ninsHke  (quB. 1. Kimexicmu xeune WDM  cucmem). BukopucraHHS acHHXpPOHHHX TPaHCIOPTHUX
TEXHOJIOT1H Pa3oM i3 po3poOICHHSIM METO/IIB MeperpynyBaHHs MOTOKIB AaCTh 3MOT'Y 3MEHIUTH HEOOX1MHY
KUIBKICTh POOOYMX XBWJIb, II0 MPHUBEAE A0 MIABHINCHHS CHEProe(EeKTUBHOCTI TPAHCIIOPTHUX MEPEXK,
OCKUTBKH, SIK HAroJolIyBaJIOCh BHIIE, BUTpaTa €IEKTPOCHEPTii Ha ONHY JOBXKHHY XBHJI — OJIM3BKO
1,2 kBT.

Busnauenns pesxcumie nepeoaéanus OaHux

ChoroziHi € 1Ba OCHOBHI peKUMU Tiepenadi qanux. Lle pexxuM i3 onToeNneKTpOHHUM TIepETBOPESHHIM
1 mpo3opuil pexxuM, KO BiIOYBa€eThesl Tepenava AaHUX 0e3 TpakTyBaHHA iX 3Mmicty. [lepmmii pexxum
XapaKTePU3YEThCs THTEIEKTYaIbHICTIO, IPOCTOTOI0 KEPYBAaHHS MEPEXKEI0, CYMICHICTIO OOJaJHAaHHS Bif
pI3HUX BHPOOHMKIB, a TaKOX 3JaTHICTIO 10 XBWJIbOBOI KoHBepTamii [22]. IIpore 1e morpelye
BUKOPUCTaHHSI JIOPOTOT'0 ¥ EHEepro3aTpaTHOrO ONTOECIEKTPOHHOTO TIEPETBOPEHHS Ha KOXKHOMY i3
MPOMDKHUX BY3JiB. [HIMIA peXuM — Tpo30puid, mependadae BIACHE YCYHEHHS IIbOTO IMPOMIDKHOIO
ONTOCJIEKTPOHHOT'O TEPETBOPEHHS, a TaKOX 3MEHIIUThH 00csr iH(opMarllii, skuii mepenaBaTUMEThCS Ha
BEpXHIl piBEHb, TOOTO 3MEHIIUTHCS BUKOPHCTAHHS MPHUCTPOIB, IO CIPUSITHME EKOHOMIi eIeKTpoeHeprii
Ha MPHUCTPOSIX BUIUX PiBHIB. Ha BUIII piBHI BiIOYBaTHUMETbCS TIepeiada BUKITFOUHO CITYKO0BHX aHUX abo
ONoKka JaHWX, SKOIO Ied By30JI KiHIEBHHA. 3a3HAYMMO, IO MPO30pUI pEeKUM mependadae BiAKPUTTS
HACKPI3HOTO KaHajy MK JBOMa KiHIIEBUMH BY3JaMH, TOMY BiZIOyBa€ThCsSl pe3epBYBaHHS 11O JOBXHHH
XBHIJII HE3aJISKHO, BiJl TOro, sikuii 00’eM Tpadiky nepenaerbcs. Takuil migxia morpebye po3poOiIeHHs
METO/IiB, SKi JO03BOJSIOTH MaKCHMAJIBbHO 3aBaHTaXXyBaTH KOXXHY JOCTYIIHY JOBXKHHY XBWJ (IUB. TI.
Kinvxicmo xeuns WDM  cucmenm). 3Bigcn MokHa 3pOOMTH BHCHOBOK, IO BHUKOPHCTaHHS MPO30pOTO
pPeXUMY TepeaBaHHs JaHUX MiIBUIIYE eHeproe)eKTUBHICT TPAHCIIOPTHUX ONTUYHUX MEPEXK, OCKLIBKH
He TOTpiOHE jgopore | eHepro3aTpaTHE ONTOCNEKTPOHHE NEPETBOPEHHs, a TaKOX pPO3BAHTAXKCHHS
MPHUCTPOIB BEPXHIX PiBHIB i€papXii.

AHauni3 eneproeeKTHBHHX TEXHOJIOTiH Mepex 10CTymy

ChoromHi € Iijla HU3Ka TEXHOJIOTIH JJI1 MEPEXK JIOCTYIY, KOKHA 13 AKMX 3a0e3reuye HeoOXimHy
MIBHJIKICTH Tepe/iadi, MPUUOMY CIOKUBAIOYH PIi3HY KUTBKICTh enekTpoeHeprii. Sk BuaHo i3 puc. 3, a,
OE3MPOBIHI TEXHOJOTIl CHOXHUBAIOTh MOPIBHSIHO 3 MPOBITHUMHU OUIBIIY KUTBKICTH enekTpoeHeprii [23].
Texnonoris PON (Passive Optical Network) 3a0e3mnedye HaiBuIly eHEproe()eKTUBHICTE CTOCOBHO IHIIUX
TEXHOJIOT1H Mepex JocTymy. MeTa i€l TeXHONOriT — 3a0e3Me4nTH IMUPOKOCMYTOBY Tiepeiauy iHpopMarii
y €KOHOMIYHHUM crmoci0, a ocHoBHA iges PON — ne BukopucTanHs juiie ogHoro mounyist B OLT(optical
line terminal) jutst epenaBanHs iHpOpMAIlii Biz 6e311iui aDOHEHTCHKHX MPUCTPOIB [24].

[MpaBunbpHUiT BHOIp TEXHONOTIT MepeX JOCTYIly HaJa€e OIepaTopy MOXKIUBICTh 3MEHIIUTH
orepalliiiHi BUTPaTH Ha €IEKTPOCHEPTi0, OCKUTBKU EHEProCIOKUBAHHS MEPEX JOCTYIy BH3HAYAE HUKHIO
MEKY 3araJibHOl €HEeproCIOKHBaHHS TEIEKOMYHIKAIIIMHUX MepEeX (IHB. prc. 3, 0).

Bupobnux obraonanns

CyuacHull TenekoMyHIKamiiHui puHOK npeacraBieHuii Lucent, Nortel, Alcatel, Cisco, Ericsson ta
IHIIUMHA KOMTIaHISIMH, sIKi 3a0e3MeuyloTh MHUPOKUH BUOIp TelmeKoMyHiKaliiHoro obnagnanHs. KoxeH i3
TaKMX MPUCTPOIB XapaKTEPU3YEThCSA IIJIOK0 HHM3KOK TEXHIYHMUX IMapaMeTpiB, MOYMHAOUM Bif Bepcil
nporecopa, KUIBKOCTI TIOPTiB, PEXHUMIB pOOOTH 1 3aBEpUIYIOUM IapaMeTpoM eHeproeeKTHBHOCTI.
HaiiGinbin eHeproe)eKTUBHMM CydacHUM OOJIaqHAHHIM € oOjagHaHHs kommaHii Juniper [4]. KpiM Toro,
sapouii  Mapmpyrtuzatop Juniper T1600 BcranoBuB pekopn eHeproedekTuBHocTi B [P/MPLS
mapmpytuzanii B8 2008 p.. [Ipore BoHM He 3a0e3meduyloTh Takoi BHCOKOI mpoaykTuBHOCTI, sik CISCO
CRS-1.
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Puc. 3. Cnooicusanus erexmpoenepeaii’
a — mexHonoziamu mepesic 00Cmyny; 6 — 3a2aibHOI0 MeneKOMYHIKayitinoio mepeoiceio [ 23]

AHaJi3 apXiTeKTYpHHX pillleHb MiIBMIIeHHA eHeproe)eKTUBHOCTI
AnpoBuit [P MapmpyTuzaTop € OAHUM 13 €IEMEHTIB TPAaHCIOPTHUX MEPEX, M0 HaHOLIbIIe
CNOKHMBAIOTh, MOPIBHSIHO 13 iHIMMHU Tipuctposimu [2] (puc. 4, a). BimoMo, 110 eHepreTuvHe CIIOKUBAHHS
IP mapmipyTH3aTopa BU3HAYaIOTh TaKi eJIEMEHTHU: KHUBJIECHH:A 1 oxoiomkeHHs (PS&C), pobora mprcTporo
(FE), xomyramiiina ¢abpuxa (SF), muiommua ynpasniaas (CP), Bxinai/Buxiani kaptu (I/0), oydepu (B).
Ha puc.4, 6 npeacrapiieHO BiICOTKOBE CITIBBIHOIICHHS IIUX €IEMEHTIB.
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Puc. 4. Enepeocnosicusanmsi. a — npucmpoie mpancnopmmoi mepedici [ 2]
6 — enemenmis 10po6o2o mapwpymuzamopa [ 23]

Tak, IP mapmpyrusarop st 00poOku omHoro Oita iHdopmaillii criokuBae mpuoauzno 10 vk
enexTpoeneprii [2]. BiamoBigHo apyruii piBeHb, Ha SKOMY MpalioloTh Taki TexHomorii, sk SDH, OTN,
Gigabit Ethernet, amst 06poOku ogHoro 6ita iHdopmarii cnoxusae 6mus3bko 1 H/DK. A s Tpadiky, skui
KOMYTYBaTHUMeTbcsl BUKITFOUHO Ha WDM piBHi (1 piBeHs), mist 00podku 1 6ita morpibHo numre 0,1 vlx.
Tomy B pa3i ycyHeHHs1 00p0oOKH cy)00BOi iHPOpMAITT Ha SAPOBUX MAPIIPYTU3ATOPAX MPOMIKHUX BY3IIiB
BJIACTHCS CYTTEBO MIBUIIUTH eHeproe)eKTUBHICTh TpaHCHOpTHOI Mepexi. Lli Mapmpyruzatopu OynyTh
BHUKOPUCTOBYBAaTHCh JIMIIE HAa KIHIIEBUX BYy3Jax IepelaBaHHs AaHuX. [lepmmii piBeHb, Jie TMpaltoe
texHonoris WDM, € HalieHeproedeKTHBHIIIUM 3 OISy OOpOoOKHM Ciayx00BOI iH(OpMaIi, mpoTe
peanizamis komytamii juiie Ha WDM piBHI € CKJIaJHOI TEXHIYHOI 3ajaucio. ToMy ONTHMaJbHUM
pillIeHHSAM € BIPOBa/DKEHHsI TpoIlecy OOpOOKM Ha JIPyroMmy piBHI, SIKUM y3rO/DKEHO TpaIloBaTHME i3
nepmmM 1 TperiM piBHeM. [Ipore Taki pimieHHs TOTPeOyIOTh PO3POOICHHS METOMIB, SKi JaayTh 3MOTY
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yCyBaTH Bijl Tpoiecy OOpOOKM TNMPOMDKHI SIPOBI MapIIpyTH3aTopu. Takok He ciij 3a0yBaTH, IO
BIIKPUTTS HACKPI3HMX KaHATIB (IUB. I. Busnauenus pesicumie nepedasanHs Oanux) mependadae mporec
KoMyTallii BUKIrouHO Ha WDM piBHi i3 pe3epByBaHHAM HEOOXIHMX YaCOBUX 1 CHEKTPAILHUX PECYypCiB,
10 TAKOX MIIBHIIYE SHEProePEKTUBHICTH MEPEKI.

Po3paxyHox 3aTpar ejieKTpoeHeprii 1JIs ONTHYHOI TPAHCHOPTHOI Mepexi

B pobGori 3mificHEHO pO3paxyHOK 3aTpaT eIeKTPOCHEprii i Mepexi JocTymy/arperamii Ta
TPaHCMOPTHOI Mepexi I yac nepenaBanHs oxHoro [P makera, i3 goBxunoro 1000 Gaiir. Po3paxyHok 3a
MEPEXKEBOIO CTPYKTYporo (puc. 5). s BU3HAYCHHS eHepro3arpaT AOCIPKEHO TEXHIUYHI XapaKTePUCTHKH,
a caMme CIIOKMBaHy MOTYXHIcTh oOnannanHs kommnaHii Cisco, Huawei, EOspace. Kinnepuii kopucryBad
Ma€ JIOCTYI JI0 Mepexi 3a JornoMoroto MojaeMuoi Texuonorii ADSL (Asymmetric Digital Subscriber Line)
31 mBuakicTio 10 Moit/c. IlIBuaKICTh MepenaBaHHs BCepeauHi sapa Mepexki cranoButh 10 ['6it/c. Y Tabd.
2 HaBEJICHO CHEPI'eTUYHE CIIOKUBAHHS TEICKOMYHIKAI[IHHOIO 00JIa JHAHHS.

Puc. 5. Jocnioocysana cmpyxmypa
MmeneKoOMyHIKayiliHoi Mepesici

Tabauys 2
EneprocnoxkuBaHHs TeJIeKOMYHiKaUiiiHUX MPUCTPOIB
O0aHaHHS Eneprocnioxxusants, Bm/200 Mapxka Mofiesti, 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
0/0/0 xomyraTop 0,0094 EOspace Electro-optic switch
O6aaHaHHSI Eneprocnioxxuanus, nBmloim INocunanus
Core router 2,7 [23]
TpaHCIIOpTHA TEXHOJIOTs 0,27 [23]
O/E nepeTBOpeHHS 0,336 [25]
E/O neperBopenHst 0,722 [26]
Komyramiitna dadpuka (O/E/O) 0,405 [23]

Sk HaronoIIeHO BWINE, PO3PAXyHOK 3aTpaT eIeKTpOeHeprii 3AiHCHIOEThCS Ha TPUKIai
nepenaBanHs onHoro [P makera Bij KiHIIEBOrO KOpHUCTyBada J0 JAaTalleHTPY, BKIIOYAIOUYH JIMIIEC YaCTHHH
TeNeKOMYHIKamiiHoi Mepexi (Mepexi Jgocrymy/arperaimii Ta TpaHCOPTHOI Mepexi). st KoxHOro
oOyiagHaHHs OyJi0 3HAMAEHO 3aTpaTy eleKTpoeHeprii Ha oOpoOKy oaHoro Oira iHgopmallii Ha OCHOBI
MapaMeTpiB €HEProCHoKMBaHHs 00JaJHAHHS 1 MaKCHMAaJIbHOI KINBKOCTI MaKeTiB a00 IOTOKY, SIKY BiH
MOXe 00pOOUTH 32 OMHMUIIIO Yacy.

[Ticnst poro BH3HAYAEMO 3aTpaTy eNeKTpOeHeprii ais mepenadi mpucTpoeM oaHoro [P makera,
cepenmHs JIOBXKWHA sIKOro craHoBuTh 1000 GaiiT. Po3paxyHKH MpoBeneHi Ui JBOX PEKUMIB pOoOOTH: 3
ONTOCJIIEKTPOHHUM TIEPETBOPEHHSM Ha MPOMDKHHMX BYy3JIaX 1 0e3 HHUX, TOOTO BIIKPUTTSIM HACKPI3HOTO
KaHaJIy MK JIBOMa KiHIIEBUMHU BY3JIaMH TPAHCIIOPTHOI Mepexi. B ocTaHHROMY BHITaJIKy Ha BEPXHi PiBHI,
TOOTO PiBHI, HA SKUX MPAIIOE TPAHCIIOPTHA TEXHOJOTIS 1 SAPOBI MapIIPYTU3aTOPH, TEPEIAETHCS JIHIIE
cimyxx6oBa iHpopmarliis [P makera (3aromoBok makera — 20 0aiiT), a HE BeCh MAKET, IK Yy PEKUMI 13
ONTOCJIEKTPOHHUM TIEPETBOPEHHIM. Takok MpUiMaEMo, IO MaKeT MPOXOUTh TPH MPOMDKHI BY3JIU B S/Pi
Mepexi. B pesymbraTi oTpEHMyeMO CyMmMapHy 3aTpaTy eIeKTpOeHeprii Juls mepeiadi OJHOro Iakera,
JleTaNbHUH CKIIaJ1 SIKOTO MO/IaHo B TaOI. 3
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Pe3yabTaTu 004uC/IeHb

Tabauys 3

YacTtrHa Mepexi Pexxum i3 O/E/O Pexxum 6e3 O/E/O
Mepexa gocTymy 37,715 37,715

O/E/O 5,603 1,088

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

SnpoBi MapLIpyTH3aTOPH 13,85 5,543

CymapHa 3aTpaTa eJIeKTpOCHEepTil 59,384 45,684

Ak  Oauumo, TmiCAA BUAAJNCHHS HPOMDKHOTO OINTOEICKTPOHHOTO IEPETBOPCHHS 3aTpaTH

eNEeKTPOCHEePTril 3MEHIIMIIMCH Ha 25 BIJICOTKIB 3arajioM, a JUis TPaHCIOPTHOI ONTUYHOI Mepexi Ha 63 %. Sk
BUJHO 13 puc. 6, Mepexa JIOCTYIly BH3HA4Ya€ HIDKHIO MEXY EHEpPreTHYHHX 3aTpaT olepaTopa, IIo
MiATBEP/KYE PaBUIIBHICTD HAIIUX 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 pesxcumax pobomu mpancnopmHoi
© 2 ONMUYHOI Mepedct
5 0/E/0
g 10
L Nl Mepesxa goctyny
3NpomikHUM  Be3 npomiskHoro
o/e/o 0/E/0
BucHoBku

Y poboTi npeacTaBiIeHO TEXHIUHI Ta apXITEKTYPHI MiIXOAU 00 MiJABHUILIECHHS eHeproedeKTHBHOCTI
TENEKOMYHIKaIiiHUX MepeX. B TexHiuHuMX 3acobax 3amporoHOBaHO OO0IWTHCH 6e3 jopororo i
€HEepro3aTpaTHOro ONTOCIEKTPOHHOTO MEPETBOPEHHS B ONTHYHUX KOMYTAaTOpax i KOHBEPTOpaXx, a TaKoXK
MOJJAHO AJIbTEPHATHBU BHpIMIEHHs MpobiemMu. HaBeneHO OCHOBHI TEXHIYHI MapaMeTpH, SKi BH3HAYAIOThH
IXHE EHEProCIOKUBAaHHS.

st eeKTUBHOTO 3aBaHTaXKEHHS JOCTYITHHX JIOBKWH XBWJIb YaCTOTHHX Jialla30HiB, BPaXOBYIOUH,
0 KOXHHH criokuBae Onm3bko 1,2 KBT enekTpoeHeprii, 3alipornoHOBaHO 3/ifICHIOBATH TIEperpymyBaHHs
noTokiB. HaBeneHo mepeBarn BUKOPUCTAHHSI aCHHXPOHHHUX TPAHCIOPTHUX TEXHOJOTIH, sIKi eeKTHBHIIIe
BHUKOPUCTOBYIOTh TPOMYCKHY 3JaTHICTh ONTHYHHMX KaHaJIB, IO JO03BOJSE 3BUIBHUTH YACTHHY JOBXHH
XBHJIb 1 MIZIBHIATH €HEPTETUYHY e(pEKTHBHICTh TEIEKOMYHIKAI[IHHOT MEepexi.

PosrisiHyTO pexuMH TepelaBaHHS JAHWX 1 BCTAHOBJICHO, IO TPO3OPHH PEKUM TMepeaaBaHHs
CYTTEBO 3MEHIIYE SHEPrOCIOXHMBAHHS TaKOi MEPeXi. 30Cepe/KEHO yBary Ha Mepexkax JOCTYIyY, 3 SKHX
ChOTONIHI HaleHeproeeKTUBHIIIOW € TexHoyoriss nacuBHUX onTuuHux wmepex (PON). He wmeHm
BIMBUM YMHHUKOM, SIKHH BIUIMBAE HA CHEProe(eKTUBHICTh TEIEKOMYHIKAIIHHIX Mepek, € BUPOOHUK
o0JiaiHaHHS, 32 IUM KPUTEPIEM IepeBakae KoMIaHis Juniper.

BceranoBiieHo, 1110 SAPOBI MapIIPYTH3aTOPH CIIOKHMBAIOTh YW HE HAHOUIbINE eleKTpoeHeprii
MOPIBHSIHO 3 1HIIMM OOJIAJIHAHHSM TEJIEKOMYHIKaiiHUX MepeK. HaBeneHo pillleHHs MO0 MepeHeceHHs
nporecy oOpoOKK CIy:KOOBUX JaHUX 3 SAPOBUX MapUIPYTH3aTOpIiB HA HWKHI PiBHI, JIe MPAIIO€ MEHII
eHepro3arpaTrHe 00JiaJHaHHSI.

Po3paxyHok mokasaB, 110 €Heproe()eKTHBHICTh TPAHCIOPTHOI Mepexi 3pocia Ha 63 % micis
BUJIAJICHHS TIPOMDKHOTO ONTOEIEKTPOHHOTO MIEPETBOPEHHS 3 BIAKPUTTAM HACKPI3HOTO KaHAIY.
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[TokazaHo, 110 HEOOXIAHMM KOMIUICKCHUH MiIXOMil [0 BU3HAYCHHS CHEPreTHYHOro OallaHCy
ONTUYHOI TPAHCIOPTHOI MEPEXKi, I0J0 HOro 3MIMCHEHHS, OCKUIBKH OIMUCAaHI MIXoau Oe3mocepeaHbo
3aJIeKaTh OJUH BiJ OJHOrO, II0 B KOMILJICKCI BIUIMBAE Ha €HEProe)eKTUBHICTh TEICKOMYHIKAIIMHUX
MEPEeK.
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