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Iepidnyn

Ta televtoia xpovia o1 TNAEPOVIKEG eTalpeiec o€ OAO TOV KOGLO amopacilovv
vo cvopmeptAdfouvv v Mo LIAPYovca VTOJOUY| TOTMK®OV PPOY®V TOL YVMOGTOV
ovveoTpappévov-Cevyaptoh  yoAkov oto  gvpulovikd diktva  mpdoPacng. Ot
amottovpevol vyniol pvBuoi petdooong dev eivar epiktol pHECH TOV  KAAMII®V
YOAKOV, T Omoio. adLVOTOVV Vo UETOPEPOVLY  GLYXPOVMOG VLANPECIES QWVNG,
“interactive video” Kot GAA@V ynorakodv dedopévav. H mpocséyyion “Fiber all the way
to the home” (FTTH) etvon axopa amayopgutikd akpifn og pio ayopd mov odnysiton
Ao TOV aVTOYOVIGHO Topd To KOGTOG. Mia VOALAKTIKY AVoT, TOv Umopel v yivel
OUVTIOUO. EUTOPIKE TPOKTIKY, €lval O OLVOLOGHOG OIKTOOL ONTIKMOV WOV Kol
VRLOPYOVIOV KAAMII®V Y0AK0D HEG® CLOKELAOV TOL OVOUALOVTOL OMTIKES LOVAOEG
dwctvov (Optical Network Units). Avtr| n tomoroyia, mov ovopdleton “Fiber to the
Neighborhood” (FTTN), cvvdéel éva eEmtepikd evpulvikd SIKTLO HE TOV TOTIKO
KOouPo mpdcsPaocng tov dwkrvov DSL pe ontikn iva, evd n oM vdpyovca vwodoun
KOA®MII®V YOAKOD GTOVG TEAIKOVG YPNOTES TOPAUEVEL AOKTT).

M and T1g teYvoroyieg mov Kabiotd dvvatny v tomoroyia FTTN eivon

teyvoloyia VDSL (Very High Speed Digital Subscriber Line). To VDSL petadidet



TANPOQOPiO LE LYNAY TOYLTNTO HECH TMOV THAEPOVIKOV YPOUU®DV GUVECTPOUUUEVDV
KOA®II®V YaAKkoV, 1 omoio KupoiveTon avaAoyo pe To ukog g ypapuns. O péyietog
TPOTEWVOUEVOC  pLOUOG  peTAdooNg TPog TNV KOTeEVBULVON  TOL  TOPOANTTY
(downstream) givar peta&d 51 ko 55 Mbps o€ ypapun péyietov prxovsg 1000 moduwv
(300 pétpov). H tiun avt) pmopel va mécel ota 13 Mbps, av 10 PiKog TG YPOUUNG
Eemepdioet Ta 4000 modw (1500 pétpa). O pvOUdE peTAdOoN S TPOS TNV AVTIGTPOPT
katevBuvon (upstream) mpoopiletal, TOLAGYIGTOV GTNV OpYIKT LAoToinon tov VDSL
va gtval acOppetpog, akpifog Omweg Kot oty mepintmon tov ADSL, pe taydtnteg
and 1.6 £éwg 2.3 Mbps.

H vlomoinom evog “VDSL chipset” amottel v avantuoén ynoerokov kot
avVOAOYIKOD VAKOD KoBMOC emiong Kot T0 AOYICHKO Tov €lval amopoitnto yio TV
YnowKY enegepyocioo GNUATOG Kol TN OMpovpyio SEmae®V. TNV €pyacio ovTh
yiveton 1 oxediaon evog avaroykod KUKAMUATOG IOV PPIicKETOL OTN LEPLE LETAOOTG
Tov onuatog otn ypauun. To kKoKAmpa Kaieitoar 0dnyoc ypauung (Line Driver) kot
elval 1o televtaio pog oelpdc avaloyikav kukAopatwv (Analog Front End) mov
Bpiokovion 610 HEPOG peTddoong Tov onpatog. To kuKAmpa givol IKOvO Vo LETOOMGEL
avaAoywkd ofua gupovg Covng péxpt kot 30MHz, dedopévov 0Tl awtd €ivor To
avOTEPO OPl0 GLYVOTNTOG OV UTOPEl va petapepBel amd Eva cuvestpappévo (gvyog
KOA®II®V yoAkob yopic onuavtikn aroppoenon. To mAdTog Tov 6NUOTOC EVIGYVETOL
Kol TAnclalel To 0p1lo mov BEtel ) téion Tpopodocioc. To mAdtog awtd dratnpeital Yo
éva gupV pdopo DC typuev mdAwong oty €icodo tov KukAdpatoc. To evicyvuévo
onpa Tpocsopuoletal oe YopaKTPIoTIKn eumédnon ypouung 100 Ohm. Ta mapamdveo
YOPAKTNPLOTIKE cuvdLdovTon pe T PAcUATIKY KafopdTnTo TOL GNHOTOG, TO 0TOoio
EXEL YOUNAY] GLVOMKT] OPUOVIKT TOpapUOpemon Kabhg e&épyetor amd 10 KOKAMUAL.
Kat' avtd tov 1pdmo, ot appovikég cuyvotnteg vyniotepng TaEng e Bepeiiddovng,

Omol0 Kol LETAPEPEL T YPNOLUN TANPOPOPIQ, TPOKOAOVV OUEANTEN TOPEUPOAN).

Enénng: Andctorog Tpayavitng
Avaminpotmc Kadnynmce Emtetung Yroloyiotmv
[Mavemotuo Kpnng
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Abstract

During the last years, telephone companies around the world are making
decisions to include existing twisted-pair loops in broadband access networks. The
desirable high bit-rates are not attainable by the existing copper wire, which comes up
short when asked to carry voice telephony, interactive video, and high speed data
communications at the same time. Fiber all the way to the home (FTTH) is still
prohibitively expensive in a marketplace driven by competition rather than costs. An
attractive alternative, soon to be commercially practical, is a combination of fiber
cables feeding neighborhood Optical Network Units (ONUs) and last leg premises
connections by existing copper. This topology, which can be called Fiber to the
Neighborhood (FTTN), connects a regional broadband network to a local Central
Office (CO) with fiber, while the rest of the infrastructure to the end users remains
intact.

One of the enabling technologies for FTTN is Very high rate Digital
Subscriber Line, or VDSL. In simple terms, VDSL transmits high speed data over
short reaches of twisted-pair copper telephone lines, with a range of speeds depending

upon actual line length. The maximum downstream rate under consideration is



between 51 and 55 Mbps over lines up to 1000 ft (300 meters) in length. Downstream
speeds as low as 13 Mbps over lengths beyond 4000 ft (1500 meters) are also in the
picture. Upstream rates in early models will be asymmetric, just like ADSL, at speeds
from 1.6 to 2.3 Mbps.

VDSL chipsets implementation demands digital and analog hardware as well
as software necessary for Digital Signal Processing and interfaces. This work deals
with the design of a circuit included in the Analog Front End, which is the analog part
of the transmitter hardware. The circuit is called a Line Driver and is the last of the
units that constitute the Analog Front End. It is capable of transmitting an analog
signal that can reach 30MHz of bandwidth, since this is the upper limit of frequencies
that are transferred on copper twisted pairs. The signal swing reaches the supply rails
and retains it for a wide range of DC offset input values. The amplified signal to be
transmitted on the line is matched to a 100-Ohm impedance. The benefits of signal
amplification, wide DC input range and impedance matching are combined with its
spectral purity, since the line driver produces an output signal with low Total
Harmonic Distortion (THD). In this way, the higher-order harmonics of the

fundamental frequency that carries the useful data, cause insignificant interference.
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Associate Professor
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Evyopotieg

2mv ekmovnon g epyociog avtg cuvéfalov kaBoploTiKd OPIGIEVOL TOVG
omoiovg Ba BeXa va EvyOPIETHOW.

[Mporta Ba NBeha va evyapiotom tov emPAETOVTA pLov, AmdcToho Tpayavitn,
Avaminpot) Kadnynt tov Tuqpatog Emomung Ymoloyiotov oto Tlavemotiuo
Kpnme, kv Epevvnm) g Oupddog Awtoov kot Pnewkov Enuwowveovidov tov
Ivotitovtov Emotung Yrnohoyiotdv, oto Tdpupa Texvoroyiag kot ‘Epevvag (ITE). H
eunepio Kou 1 kaBodnynon tov KaBOAN ™ SdpKEW NG EPYOCIOG NTOV TOAD
OTNUOVTIKES Y10 TV TOLOTNTA KO TV TEAMKT €MLTLYi0 TG OYEdiaong.

Eniong, Ba nbeha va evyopiotiom tov Mavoin Katefaivn, Kabnynt tov
Tuquatog Emomung Yrmoioywotdv oto avemommuo Kpntg, kot emkepain g
Opadag VLSI ko Apyrrektovikng Yroroyiotav (CARV) tov Ivetitovtov Emotung
Ymnoloyiotowv, oto Topvpa Teyvoroyiog kar ‘Epevvoc (ITE). To epyaoctipio tov
CARV mpocépepe v teyvikn kot N0 vrootmpi&n, mov 6€ GLVOLAGUO HE TIC
napadocel; Tov oe pobnuota vAkov (hardware), mopeiyov pio TPOCEKTIKN Kot
Aemtopepn kotavomon TV PaCKOV opyOV TOL OVTIKEWWEVOL TG oyxediaong
OAOKANPOUEVOV KUKAOUATOV.

[ToAd onuoavtikn Mtav 1 cvpPorn tov Xpnotov Xwtmpiov, Epgovnm) g
Opédwoag VLSI ko Apyrtektovikng Ymoroyiotdv (CARV) tov Ivotitovtov Emotiung
Ymnoroywotav, oto Topvpa Teyvoroyiog ot ‘Epevvag (ITE). H Bonfeid tov Mrav
ToAVTIUN o€ Kplowa onueio g epyacioc. H yvooelg tov yopm amd to poviéha g
GLYKEKPIUEVNC TEYVOAOYIOG HECM TNG XPNONG TOVG OO TO GYESOTIKO £PYOAEID TNG
Cadence mov ypnolOTOMONKE, CUVETELEGE GTI ONLOVPYIO. TOV AVOVTIKOTAGTATOV
nmepParrovtog oyediaong Paciopévon o€ PLOUNYOVIKESG TPOOLOYPOPES.

Téhog, mpémer vo evyopiommom OAlo ta péEAN g Oupddoag VLSI «at
Apyrtektovikng  Ymoroywotov (CARV), tg Opddoc Awtoov kot Pneuokov
Enwowvovidov tov Ivetitobtov Ememung Yroloyiotdv, oto Topopa Texvoroyiog kot
‘Epevvag (ITE) aAAé kot tov Tunuatog Emomung Yroroyiotav tov [avemotipion

Kpnmg yia v vAtkoteyvikr] vTootipi&n mov mopeiyoy.

[Tavrog N. Popmoytavvéxng
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EIZATQI'H

To DSL (Digital Subscriber Line), 6T®¢ SNAGVOLV Kol Ol EMUEPOVS AEEELS
OV GLVIGTOUV TNV ovopocio tov, amoteAel pio ymeokn (“digital”) teyvoloyia
npocPaong ypapung (access “line” technology), n omoia epappoldpevn 6o yYvmOTO
and TovV KOGUO TNG TOPUOOGLOKNG TNAEP®VING PUOIKO HEGO TOL GLVEGTPOUUEVOV
Cevyoug TV YdAKIVOV KaAmdiwv 610 Tomkd Bpdyo (local loop), eEac@alilel vymAéc
Tay0NTES MPOSPaocng amd tov eEomMopud Tov cuvdpountn (“subscriber”) péypt o
Tomkd tnAemikovoviakd kévipo (central office — CO) 1oV TOPOYEN VANPECLOV
npocPaong (network access provider — NAP) (BA. Zy. 1). Icodvvapa, to DSL cuvictd
pio teyvoroyion modem, m omoio epapudleror ovapeca otov €£omAopd TOL
neldtn/cuvopountn (customer premises equipment — CPE) Kot 10 T0mK0 KEVIPO €vOG
TNAETIKOVOVIOKOD QOpEa Yo TV ££00@AAon vynAoD 0povg {dvng Tave amd Tov

tomkd Ppoyo (broadband local loop) [1].

KED®AAAIO 1

Ewsayoynq otnv teyvoroyio DSL

1.1
Teyvohoyia mpocPaoncDSL

To DSL vAomoidvtog cOyypoves TEXVIKES EMEEEPYACIAG YNPLOKDOV CTUATOV
(digital signal processing) kot eEehypéveg pebodovg dapdpemong (modulation
methods) emitvuyydvel v Tapoy Thve amd 10 TMAEPOVIKO YbAkivo (e0y0g KOA®IimV
OV EKTEIVETOL KOTE UNKOG TOL TOTIKOV Ppdyov, vynAmv puludv HETAd0ONMS TNG
14ENG Tov ekatovtadwmv kilobits 1o devtepdiento (kbps) péypt dekddwv Megabits to

devtepOrento. Q¢ teyvoloyioa modem omortel v vmapEn modem kat ota SHo Gkpa
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0V TOTKoV Bpdyov, OG0 GTNV TAEVPA TOL GLVIPOUNTH OGO KOl GTNV TAELPE TOL

mopoyéa g vanpesiog DSL (Zy. 1).

________________________

I O T e
B Rack of operator's

= DSL modems i

B =

[3) :- Customer
I— e o Premises
- - 1 Equipment
=3 ] 3

| O O T . ) =

| Cjemmy ] Subscriber's

DSL modem ~ "®L
DSL

Typa 1. H teyvoroyia tpdcPacng ypapung DSL.

Yvvendg 10 DSL evtomiletar oto eminedo 1 (layer 1) 1 @uowod emimedo
(physical layer) tov povtéhov avaeopdac OSI (OSI reference model) kot epapudleton
oT0 OV0 GKPa TOL TOTKOV Bpoyov. g ek TOLTOV 1| TEXVOAOYiat Tov DSL dev Oa mpémet
exiapfPdaveror g éva mpwtdkoAlo N pio Teyvoroyio 1 omoio vAomolel pia amd dipn
oe axpm (“end-to-end”) vanpecio evdg diktvov WAN evpeiog {dvng. Avtibeta, to
DSL cvviotd pia teyvoroyio mpocBacng Tov puokol emimédov, n omoio epapproletan
TAVe amd TO0 QUVOIKO HEGO TOV KOW®MV TNAEQPOVIK®OV YOAAKIVOV KOA®SI®OV Yo TNV
TopoyN VINpPecI®V TPdsPacng evpeiog {MVNG KATA UNKOG TOL TOmkoV Bpdyov.

To DSL, AMyo axpiPdg t@v vymAdv emddcewv oe puOuotdg tpodcPaong mov
e€aoparilel 6ToVg GLVOPOUNTES, GLVIGTA Wi TEXVOAOYiO 1) OTTOl0 CLYKATAAEYETAL GTO
evpOTEPO GVHVOLO TV TEYVOLOYIDOV TPOSPacmg, Tov aviaymvifovtol Heta&d Tovg 6To
YEVIKO TAOUGLO Y100 TNV TapOyN «VINPecI®V gvupeiog (dvng oto onity (broadband to

the home — BTTH) [2].
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1.2

Apyrrektovikn Tov dktvov DSL

210 Xy. 2 amewkovileTor ) apyteKTOVIKY| TV OkTvev TpdcPacnc DSL kat to

YEVIKOTEPO TAGICIO TO Omoio 1oYVEL OTNV TEPIMTOON TNG TAPOYNS OIKTLOKADV

VANPECIOY LYNAOD emmédov (m.y. Internet access) pe ypron ™S GTOYEIDOOVG

vanpeociog npdsPfacng DSL. H apyitektovikn avty €xel datvnwbel and 1o DSL

Forum [1] ka1 woyvet yio k60e tomo teyvoroyiag DSL.

Agdopévou 011 to DSL amotedel pia teyvoroyio modem yia tov tomikd Bpdyo,

0l GLOKEVEG Ol OTTO1EG GLUUETEXOVY GTNV LAOTOINon ™G vanpeciog tpdsPfacng DSL

evromiCovtal oo 600 AKpa TOL TOTKOV BPoyov Kal eivar ot akdiovBec (BA. Xy. 2):

DSL network termination (DSL NT) 11 DSL transmission unit remote
(DTU-R). IIpdketron yio v cvcokevr] modem 1 omoia VEAPYEL GTNV TAELPE

TOV €£0MMGLOV TOV GLVOpoUNTH/TELdTN TG vanpeoiag (CPE).

CPE POTS splitter. [Ipoxertar yia v cvokevn mov evromileTol GTOV
eComlopd Tov mehdtn/cuvopountn g vanpeciog (CPE) oty mepintwon n
mopoyn ¢ vanpecsioag POTS péoa amd v ypouun DSL Paciletar oty
omapEn  oidtpov  otov  gfomhopd  tov  meAdtn/cuvvopountyr|  (splitter-
based/splittered DSL). H cvokevun avt) tov splitter vAomotel éva mabntikd
eidtpo (passive filter) yio Tov doy@pPopd TOV GNUATOV TOV SLPOPETIKMV
OLYVOTNT®V TOV OVTIIGTOYYOUV OTNV  KukAopopio dedopuévov Kot TNV
KUKAOQOPIOL VNG TG TTapadoctakng thiepovikng vanpeciog (POTS) npwv
NV TALTOYPOVN HETASOOT AVTOV GTO KOWO HEGO TOL TOTKOV PBpoyov. Ztnv
ovokevn avt kotoAnyet to DSL NT xabog kot ot cvokevés POTS tov
ocvvopount (.y. TAEpwvo, thiepwvntg, fax). H cvokeun tov CPE POTS
splitter pumopel va vAomoEiTol Kot G £00TEPIKT cvuokevr] 6to DSL modem

TOV GLVOPOUNTY.
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. DSL access service .

(access network) :
downstream
<
upstream
>
TE ([E)ST'[,["RT) POTS
) Splitter
: local loop
CPE (copper wires) Fc’:ont'fjnt
with splitter-based roviaer
DSL access service .
. Regional
—] Broadband
Network
local loop /

(copper wires)| / DSLAM\ N
: AN

e
EH

I

Corporate

" Telephone(s) // AN Network
N
. CI?E e N
with splitterless r |
DSL access service ' |
from CPE SR |
! (o o O: » |
o |0

: POTS splitter ool 2 |
| olel |2 !

from CPE ﬁ oo } é —> tlo regional brodband network

v ol |0

I =S : ol | @ I
| ' ' ol|o o |
I — : ool | 8 |
from CPE E. 5000 2] [O] < |
' p—t DSL LT |
: POTS splitter (DTU-C) |
I
I DSLAM [

Tyfqpna 2. Apyttektovikn diktowv mpocfaong DSL.

o DSL access multiplexer (DSLAM). Ilpoxerton yoo TV GLGKELY] M Oomoid
VILAPYEL OTO TOMIKO KEVIPO TOL TNAEMIKOWVMOVIONKOD (QOPEN KOl GTNV OToin
KATOAN YOOV OAQ TO KOAMO YOAKOD TOV TOTIKOV Bpoy®V HioG YEOYPUPIKNG
nepoyng (my. yewwovid 1 ovvoikia). To DSLAM, 6mwg onidver kot m
ovopacio Tov, amotelel pior cvokevn molvmhe&iog (multiplexing equipment)

TOV YNEUIKOV HETOOO0EMV TTOV TPoépyovTal amd/ mpoopilovtal mpog Eva
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obvoro DSL modems cuvopountov (DSL NTs). H cvokevny tov DSLAM,

Omm¢ eaivetol Kot 6to Zy. 2, cuvioTatol 6Tig aKOAOVOES EMUEPOVG GULOKEVEG:

e DSL line termination (DSL LT) n{ DSL transmission unit central (DTU-C).
[Ipoxertar yio v ovokevy] modem 1 omoio. LVEAPYEL GTNV TAELPA TOV
egomMaopod DSL tov mAienkovmviakod gopéa, avtictoyyn tov DSL NT oty
TAELPE TOL GLVOPOUNTT. ZTNV GLGKELT] QLTI TPOYLOTOTOLEITOL O TEPUOTIGHOG
(termination) TV KuKA®patov/ypappmv DSL tov cuvdépountav [2], €& ov
Kol 1 ovopocio g cvokevng ¢ DSL line termination. e kdBe DSL modem
ocvvdpountn (DSL NT) avtictoryet éva DSL modem oto tomikd kévipo (DSL
LT).

e Access multiplexer (AM). [Ipoxettat yio To GOOGTNA TOL Y10 TNV KatevBuvon
avodov' viomotel Ty AettovpydTnta TG mOAMdTAEENS (multiplexing) Twv
ynoeokov onpdtov mollaridv modems (DSL LTs) oe éva ynorokd onuo
YL TNV HETAAOOT) TOV GTO TEPIPEPELAKO OTKTLO gVpeiag {DOVNG TOV O1UGLVOEEL
T DSLAMS pe ta $ikTuo Tmv TopoxEmV TV VANPECLOV VYNAOD ETLTEOO
(n.x. content provider, ISP). Ttnv katedbvvon kaBddov® 0 GVHOTNHO AVTO
viomolel @) v Aettovpyia ¢ amomoAivmieing (demultiplexing) evég
YNEKOy GHLOTOG O YNeLokd ofpato Kaféva amd to omoio. cuVieTd pon
KukAogopiog mpoopilduevn oe ocuvvopountn kot B) v dpopordynon
(routing)/pet@6001 TOV CNUATOV QVTOV 6TOV TOTIKO BpdY0 TOL GLVIPOUNTI-

amodék [2].

YvvolMkd M ovokev tov DSLAM eivar empoptiopévn pe v €KTEAEST TOV
aKOALOLOOV AEITOLPYIDV:

Tov TepUATICHO TV Ypoupov DSL tov cuvdpountov. H Astrtovpyia avti
npaypatonoteiton amd ta DTU-Rs mwov neprhapPdvovror oto DSLAM, éva yio ke
modem g&unnpetovpevov cuvdpountr (DTU-C).

™V ovykévipmon/molvmieén tov DSL ypapudv mpoc 10 mEpipepelakd SikTvo

evpelag {mvng daovvoeong twv DSLAMs pe ta diktva tov mapoyémv vanpeciov. H

Q¢ katevbvven avédov (upstream direction) opiletar 1 KorevOVvon pe Popd omd Tov eomhoud
tov cuvdpounti/teldn (CPE) mpog 1o tomikd tnienicoveviokd kévipo (CO) (BA. Zy. 2).

Q¢ kotevBvvon kabodov (downstream direction) opiletar n kKatevBuvon pe Popd omd TO TOMKO
mAemkowmviakd kévtpo (CO) mpog tov eEomAopd Tov cuvdpounti/reddt (CPE) (BA.Zy. 2).
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Aertovpyion ovtn exteAeital omd to otolyeio Tov moAvmAéktn (AM) mov viomoteital
oto DSLAM. To DSLAM ovoupdleton emiong xou képfog mpooPaocng (access
node — AN).

Onwg paivetal kal 610 Xy. 2, 10 dikTvo Tpocfacns (access network) ivor To
diktvo mov ekteiveton amd v DSL cvokeun npodcPaong tov cuvdpountr (DSL NT)
péypt v DSL ocvokevn ouykévipwong mpdsfacng Tov THAETIKOW®VIKOD (Popéa
(DSLAM). Xvvenag, to diktvo mpocPaong meprapfdver to DSL modems otnv
Agupd Tov eEomMapov tov meAdtn/cuvdpounty (DSL NTs/ DTU-Rs), tov tomKo
Bpoyo, ta DSL modems otnv mievpd tov mapoyéa tpdésPaocng (DSL LTs/ DTU-Cs),
KkaBmg kot To cuoTNua ToAVTAEENS TpocPaong (AM). Ta dvo televtaio (DSL LTs +
AM) o6mw¢ avapépnke oyetikd, cuviotodv TV cvokevn Tov DSLAM 7 tov koupo

npocPaons (AN) mov tonobeteitar 6to TomKd TAETIKOWVOVIOKO KEvTpo (CO).

1.3
Tomor DSL (xDSL)

To DSL, 6mwg avtd opiotnke Kol TEPLYPAPNKE TOPATAV®, GLVICTO pio
YEVIKOTEPT TEYVOAOYiIO TPOGPaoNC Tave amd Tov TOmIKO Ppodyo, KAT® omd TV omoin
eVTOooETOl €V0L GUVOAO OO  EMPUEPOVS VAOTOUWGELS MOV  GLVIGTOUV  TOVG
dtpopeTikovg Tomovg tov. Ot drapopetikol avtol THmOL TG TE)XVOAOYing Tov DSL
vroonAmvovtal okpog omd 1o Ypdppa “x” otov opo xDSL, o omoiog
YPNOUOTOIEITOL MG  OVOYVOPIOTIKO TNG OIKOYEVEWS TOV  OlPOPETIKOD  €100VG

teyvoroyidv DSL.
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1,5 Mbps 640 kbps 18.000 ft v
ADSL .
8 Mbps 1,544 Mbps 12.000 ft splitter
ADSL Lite v
= (G.Lite, 1.5 Mbps 512 kbps 18.000 ft oy
<
;-; UADSL) splitter
oy 1,5 Mbps 640 kbps 18.000 ft v
e RADSL .
< 8 Mbps 1,544 Mbps 12.000 ft splitter
13 Mbps 1,6 Mbps 5.000 ft S,
VDSL 26 Mbps 3,2 Mbps 3.000 ft ;
splitter
52 Mbps 6,4 Mbps 1.000 ft
IDSL 144 kbps 144 kbps 18.000 ft x
1,544 Mbps (T1 1,544 Mbps (T1
HDSL P ) P ) 15.000 ft X
2,048 Mbps (E1) 2,048 Mbps (E1)
=
7] HDSL 2 1,544 Mbps (T1) 1,544 Mbps (T1)
a2 18.000 ft x
‘51 (S-HDSL) | 2,048 Mbps (E1) 2,048 Mbps (E1)
=
= 1,544 Mbps (T1 1,544 Mbps (T1
A SDSL B () 10.000 ft x
2,048 Mbps (E1) 2,048 Mbps (E1)
v
VDSL 34 Mbps 34 Mbps 1.000 ft )
splitter

InueiOoeg

" Ta peyén ot avaeépovtar 6T PéyIoTn ToyOTITO TOV HITOPEL VO TAPEYEL O GUYKEKPIEVOC TOTOG TG
teyvoroyiag DSL pe v mpodmdbeon g Hrapéng 10avik@v cuvinkdv oto Tomkd Bpoyo. Ot 1davikeég
ouVOnKeG AVTEG PeTaPPAlovTol o€ KOANG ToldTNToS KaAddo (diduetpog 24 AWG), oe anovoia bridged
taps, kot og andotacn tov CPE and to CO pikpodtepn M ion amd v Pé€ytotn duvatn yuo Ty tohTNnTo
ouT.

? To pey€0n onTd avopéPovTal 6To PEYIGTO PKOG TOV TOTKoD Bpoyov, T armdctacng tov CPE amd to
CO omv omoia pmopel va mapéyeton vanpecio tpdsPacng DSL tov cvykekpyévov tomov oTnyv
avtiotoyn HEYLeTn TaXvTNTa.

? To peyédn g oTHANG avTig sivan exmeppacuéva o modio (feet — ft). YrevOopiletar 6t 1t = 30,48 cm.

“ H ot autq agopd otV dmopén f amovcion SuvoToTTag TONTOXPOVIG TAPOYNS TAPOSOGLKNG
vnpeciog mispoviag (POTS) mhve and to kikiopa DSL 1ov cuykekpipuévov tomov (xDSL).

Mivakag 1. Awwpopertikoi tomot teyvoroyiog DSL
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O1 dpopetikoi avtol THmoL TG teYvoroyiag DSL ot omoiot veictavtor otnv
ayopd vnpeciav tpdsPacnc DSL eivon ot axdrovBor {[1], [3]}:

o Asymmetric DSL (ADSL)

o ADSL Lite W G.Lite 1 splitterless ADSL 1| Universal ADSL (UADSL)

® Rate-adaptive DSL (RADSL)

e ISDN-like DSL (IDSL)

o Symmetric DSL 1\ Single-pair DSL 1 Single-line DSL (SDSL)

e High bit-rate DSL 1\ High-speed DSL (HDSL)

e High bit-rate DSL 2 | High-speed DSL 2 (HDSL 2) 1 Single-pair High bit-rate
DSL (S-HDSL)

o Very high bit-rate DSL 1| Very high-speed DSL (VDSL)

Ta yapaxTploTiKd TOV SPOPETIKOV aTdV TOT®V Te)voroyiag DSL cuvoyilovion

otov [Tivaka 1 kot weptypaeovtat avoAvTIKOTEPO OTIG ETOUEVESG TOPAYPAPOVG.

1.3.1
Tomor teyvoroyiag DSL acopperpov yopaxtipo

1.3.1.1
ADSL

To ADSL (Asymmetric Digital Subscriber Line) amotekel évav amd TOVG O
cvuvnBiopévoug Tomovg yevikd g teyvoroyiog DSL kot e10oOTEPA TOV AGVUUETPOV
yxopoktpa ekddsewv avtng. Ta yapaktnpiotikd tov cuvoyilovrot otov [livaka 1.

H oaocvppetpwcomta tov ADSL, ovvovoaouévrn pe to  “always on”
yopaxtnpotikd tov DSL, v kabiotd o¢ aviky teyvoroyio mpdsPaong yo
epapuoyég/umnpeciec mpocPaong oto Internet (Internet access), OmOPOKPLOUEVNC
npocPaong etapikdv dSiktvmv (access VPNs), video kat’ anaitnomn (VoD) kot dAdeg
OCVUUETPOV YOPAKTIPO LYNAOD emmédov vanpecieg amevbuvouevec 1060 GTOV
owtako ypnotn (residential’/home user) 6co kot tov emayyeApatio ypnot (business
user).

To DSL Forum [1] amotekel évav @opéa mov cvotdbnke 10 Agkéufplo tov
1994 (og ADSL Forum) pe oxond v mpo®dnon g teyvoroyiag tov ADSL kot v

TPOUYMYN TNG €pyaciag yw TV avamtuén apyrtektovik®v cvotnudtov ADSL,
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TPOTOKOAM®V Kol dlemap®dv yuo. Pacikés spapuoyéc ADSL. Emiong 1o American
National Standards Institute (ANSI) &xel mpofel omnv £yKpion €vog TPOTOTOL Y1 TO
ADSL vy puBpovtg petadoong kabosov pexpt 6.1 Mbps (ANSI Standard T1.413). To
European Telecommunications Standards Institute (ETSI) &xer ovveiopépel oy
TPOTLTTOTOINGT OVTN UE VO TOPAPTNUA TO OO0 KOTAYPAPEL TIG OTOLTIGELS Y10 TO
ADSL otov gvponaikd yopo. Eniong to DSL Forum, 6nwc xou to Digital Audio
Visual Council (DAVIC) acyolobvtal HE TNV TPOTLTONOINCT GCULYKEKPLUEVMOV
Oepatov Yo 1o ADSL, 0nwg .y, {ntnudtov mov drtovot g petapopidc ATM navem
and ADSL (ATM over ADSL). XuvoAikd, m epyacio yoo TMV TPOTLTOTOINGM

dapopav Bepdtov yro to ADSL cuveyiletor otovg popeig avtolc.

1.3.1.2
ADSL Lite

To ADSL Lite anotehel pio pukpotepov emddcewv ékdoon tov ADSL, 1
omoio. Opm¢ e€aleipel amd tovg mopoyeic v avaykn eykatdotaong POTS splitter
oTov y®po tov cvvdpount (CPE POTS splitter, Zy. 2). H anovcio tng GuoKeLNG TOL
POTS splitter dev apapel amd avtéov tov TOomo tov DSL 10 y0opoktplotikd g
TOVTOYPOVNG TOPOYNS TNG TAPAdOGLaKNG VINpesiog TnAepwviag (POTS) mhveo amd to
kokhopo DSL. H vanpesio POTS pmopet va mapéyeton dmwg oto kavovikd ADSL, n
un dmapén dpwg CPE POTS splitter €xet o¢ avtitipo v dvvatdtra emitevéng
pkpodtepwv puludv petadoong and to ADSL Lite cuykpitikd pe to ADSL (ITivaxog
1).

H &&dhetyn g avaykng yw tovg mapoyeic eykatdotaong POTS splitter
GLGKEVNG OTO YMPO TOL GLVOPOUNTH] GLVEMAYETOL YO OVTOVG ATAOTNTO GTNV
gykatdotaon g mopeyopnevns vanpeciog DSL, kdtt to onoto petagpdletar 10660 cg
HEIWUEVO XPOVO TOpOYNG OCO KOl GE HEWUEVO KOOTN. Xvvenwg, to ADSL Lite
amotelel pior owcovoutkdtepn Avon amd avt tov ADSL yia v mopoyn vanpecidv
vynAov emmédov Omwg mpocPaong oto Internet, amopokpuvopévng mpodcPaong
etapikdv diktowv (access VPNs), tiepwviog oto Internet (Internet/IP telephony)

K.G.
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H mpoondBeia avimtuéng kot kabiépmong tov ADSL Lite Eekivnoe amd to
Universal ADSL Working Group (UAWG), pia opddo omd mopdyovteg fropnyaviog n
omoio EpYACTNKE TPOG TNV KOTeEVBVVON TNG dNovpyiog evog TAyKOGUIOL TPOTVTOV
yw. to ADSL Lite oto mhaicto tov ITU. To mpdtumo yio to ADSL Lite and to ITU
(G.992.2), gykpibnke tov OxtdPpro tov 1998, eved emmpdobetn dovieia mpog v
katevBuvon g mpotvmonoinong Oepdtov mov drtovror tov ADSL Lite ekteheiton
and 10 ANSI, 1o ATM Forum, xaOag ko 1o DSL Forum.

Awgopetikég ovopacieg tov ADSL Lite amotedovv to G.Lite, 10 splitterless

ADSL, xa0o¢ kot to Universal ADSL (UADSL).

1.3.1.3
RADSL

To RADSL (Rate-adaptive DSL) amotehel pio ékdoon tov ADSL, 1 omoia
napéyel Toug dovg pulpovg petddoong pe avtovg tov ADSL (ITivaxog 1), dpwmg
StBE€TEL TNV dVVATOTNTO SLVOUIKNG TPOCAPHOYNG TOV PLOUDY HETASOCNG OVTMOV GTA
Slpopo. UNKN Kol TG TOWKIAEG TOWOTNTEG TOV YOAKIVOV KOAW®OIOV TOV TOTIK®OV
Bpoywv twv cuvdopounT®V.

Me to RADSL eivatl dvvot n ouvoeon Tvm amd SPOPETIKES YPAUUES OE
nowkideg tayvmntes. H taydmmto obvdeong pmopel vo emheyel Otav m ypopun
ovyypoviletar katd TV gyKatdotaon pio oOvdeong avapecsa oto dvo modems
(ADSL NT — ADSL LT), 1 va tefel amd v mhevpd Tov eE0TAIGHOD TOV TOPOYE LE
éva oo and to CO.

Agdopévav TV 1600VVau®V emdocemv pe avtég tov ADSL, to RADSL givan
KOTAAANAO Yo TNV TTOPOYT VANPEGUOV TPOSTIOEUEVNG 0EIOG TOPOUOUDV [LE VTMV TOV
ADSL.

Epyacia ywu v mpotvmomoinon Oepdtov mov agopodv oto RADSL

nmpaypatonoteiton amd v T1E1.4 opdoa epyocioc tov ANSI.
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1.3.1.4
VDSL

To VDSL (Very high bit-rate/high-speed DSL) anotelel v te)voroyia DSL
He TOVG UEYOADTEPOVG €mMTEVEOVS pLOUOVG peTddooNg amd KAbe GAAov TOTO
teyvoroyiag DSL acvpperpikod yopokmipa. Ot vymiég avtég emododooelg tov VDSL
emrvyydvovtar oe  Papog g pé€yotng omdéctoons tov  €EomMouod  Tov
ocvvdpount/reran (CPE) and to tonud tiemkovoviaxkod kévipo (CO) mov givon n
pupdtepn amd KaOe aAlo tomo DSL. Avaivtikd, ta yapaktnpiotikd tov VDSL oty
ACLUUETPIKN £KO00T ToL cuvoyilovtan [Tivaxa 1.

Ady® ™G TEPLOPICUEVNG OITOCTOONG VAOTOINGNG TOV OAAL KOl TOV DYNADV
tov emdocemv, 10 VDSL cuvBwg ypnowonoteitor 6e cuvdvacpd pe v vmapén
VTOOOUNG OTTIKNG VOIS GTO GALO GKPO TOL TTEPLOPICUEVOL UNKOVG KAAMOIOV Yolko,
OMA. mépa amd 10 Tomkd thAemikowwviokd kévipo (CO). To VDSL omAi. cvuvnBog
oLVVAVTATAL 6 VPPOKA/ HEKTA TEPIBAAAOVTO PUOIKOD UEGOV, E TNV ONTIKY v va
AmOTELEL GUVEXELD TOV YAAKIVOV KOA®imY Tov Tomkod Ppdxov (FTTC/FTTN?).

Extoég amd TG epapuoyéc mov avoeEépOnkav omnv mEPINTOon TG GAANG
acvppetpng teyvoroyiag DSL, avtig tov ADSL, 10 VDSL A0y® TtV vynAdv TOUL
emddoemv pmopel va ypnopomondel yuoo v mwopoyn Kot GAA®V OGLUUETPIKOV
VANPECIOV/EQOPUOYDV HE VYNAES amonthoelg o€ €vpog Ldvne. Metald avtdv
neptlopPdvovior ot vanpecieg mopoyNg VYNMANG avaivong tAedpaong (m.y. high
definition television — HDTV, extended definition television — EDTV *), ynetoxo0

Q¢ «omtikn va oto welodpouio» (fiber to the curb — FTTC) M « omuy iva, oty yertoviay (fiber to
the neighborhood — FTTN) opiletar 1 apyttektovikn npocfacng yo v mopoyn evpeiog {dvng
vimpeoidv oto onitt (BTTH), n omoia cvviotator oty ¥mopén cuvovaoHod QUGIKOY HEGMY
ocuveoTpappévov (evyovg yGAkivav koAmdiov kot omtikng ivag. To cuveotpappévo Levyog
KoAwdiov exteivetar and tov €£0MAOUO TOL GLUVOpOUNTN MEYXPL pio OTTIKY OIKTLOKY GLOKELT|
(optical network unit — ONU) 1 omoia tomoAoyikd Bpicketan oto melodpdpio tov cmtimv. Kabe
tétora ONU g&umnpetetl peptkés dekddeg omiTior GLVOPOUNTMOV GTO eMimedO NG YeELTOVIAS [2].

H oynlic evkpiveias wredpoon (high definition television — HDTV), xa0dg kot extetopévig
evrpivelog theopaoy (extended definition television — EDTV) omotehoOv TOmOVG pETASOONG
TNAEOTTIKOV GNULATOG 01 07010l TPOSPEPOVY KaADTEPN TTOdTNTA EWKOVOS (HeyaAdTepES AVAADGELS)
OLYKPUTIKG pE To cuvnOopuévn TAEdpaoT). ZVVIGTOOV YEVIKEG EVVOLEC TOV OVAPEPOVTOL GTNV
EMOLEVT YEVIA TNG eKTTeEPmOpEVNG TNAEOpaoTS. [a mapdderypo, 1 HDTV katd mpocéyyion mapéyet
o0 @opég kaAvtepn ovdAvon amnd 1o TPATLTO TNG THAEOPUONG TOL YPNOLUOTOlEiTaL oNuEPA
(national television standard committee — NTCS) Kot 01 0noUTNGELS TNG O YOPNTIKOTNTA UTOPEL VOl
kopaivovtot peta&d 90 kat 900 Mbps yio LETAS00N U CUUTIEGUEVOD GTULOTOG.
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video (switched digital video), d10cHVOEONG AMOUAKPVGUEVOV ETAPIKMOV OKTH®V
(intranet/extranet VPNs) k.4.

To VDSL ekt0¢ amd pio acvppetpikod yapoktipo teyvoroyio DSL,
VAOTOEITO KOIL GE GUUUETPIKT LOPON.

Epyasio yia v mpotvmomoinon Oepdtov mov agopovdv €dikd to VDSL
npaypatonoteiton and v VDSL Study Group opdoda epyaciag tov DSL Forum, and

v TIE1.4 opdda epyaciog tov ANSI, v IEEE 802.14 ko 1o ATM Forum.

1.3.2
Tomow teyvoroyiag DSL coppeTpikov yopoxtipo

1.3.2.1
IDSL

To IDSL (ISDN-like DSL) amotehel évov GUUUETPIKOD YOPOKTAPO TOTO
teyvoroylag DSL, o onoiog viomoteiton mhve amd povadkd (edyog kKalmdimv yorkov
napéxovtag puouovs pHeTddoong mov VIO WOVIKEG GLVONKES avEPYOVTIOL UEYPL TO
144 kbps kot yo TiG 300 katevdvveelc avodov kot kafddov . To IDSL dev viomotei
v dvvatodTnTa TOpoyN G vanpeciag POTS.

To ovvoro Tov yapaktprotikadv tov IDSL cuvoyileton otov ITivaxa 1.

1.3.2.2
HDSL

To HDSL (High bit-rate/High-speed DSL) amotelel pio amd TIG MO OPIEG

teyvoroyieg DSL, Bacel towv €ykoTOOTAGEDV NG, M OOl TOPEYEL GLUUETPIKOD

> Tty ovykekpuévny avtq Ty tov 144 kbps ogsikel ev pépet to IDSL Vv ovopoocio tov.

Yvykekpipéva, to IDSL pmopet va ekAngbel wg pio vanpesio tpdcPacng pe amddoomn avaroyn pe
avt piog vanpeoiog ISDN Basic Rate Interface (ISDN BRI) oty omoia ot puOpoi petddoong twv
emuépoug kavolmv g abpoiloviar divovtag pio vanpesio cLVoAKNG yopntikotntag 144 kbps
(128 kbps Twv 600 B-channels + 16 kbps tov D-channel).
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YOPOKTN PO VINPEGIES TPOGPaons. XNV TEPITTOOT LAOTOINGNG TG TOV® 0md SUTAO
Cevyog KOA®OI®V YOAKOV, EMLTLYYAVEL pUOLOVG HETAAOONG OL OTTOI0L AVEPYOVTOL GTNV
Ty tov 1,544 Mbps (T1), eved oty mepintwon ypnoiponoinong tpurhov (g0youg
KoA®diov emTuyydvovtot pubpoi petdooong péytomg tiung 2,048 Mbps (E1).

Adyo TV €mdOcE®V TOV KOOMG Kot TNG GLUUETPIKOTNTAS Tov, To HDSL
YPNOUOTOIEITOL OO TIG TNAETIKOWVOVIOKEG ETOUPIEG MG Uio. EVOALOKTIKY) ADON TMV
wobopévov kokiopdtov (local & repeatered T1/E1 leased lines). H oyetikd
TEPLOPICUEVT] LEYIOTT omOoTOoT cLYKPLTIkG pe 10 ADSL omnv omoio to HDSL givon
AELITOVPYIKA EVEPYO, OVTILETOMILETOL PE TNV EYKOTACTOON EMOVOANTTAOV (repeaters).
Ot EMOVOANTTEG CLVICTOVV Wil OIKOVOLIK( CULPEPOVCH AVGT| 1| OTTOl0 EMEKTEIVEL TIG
duvatotnteg tov HDSL, cuvenmdg Kot Tig duvatdtnteg tov mopoyén npodcPacns oto
TA0{c10 TG TOPOYNG VINPESIOV PIcBoUEVEV KUKAOUAT®V. 'Etol To HDSL propel va
ypnoonomel og evarraktikn Avon tov repeatered T1/E1 picbopévov ypapuov.

EmnAéov, m viomoinon tov HDSL o ¢@uowd péoco o600 1M TpLov
OLVEGTPAUUEVOV (EVYDV KAA®OIOV GE GUVOLAGUO LE TNV CLUUETPIKOTNTAE TOV, TO
KaO10Td 10aviKd Yoo epapuroyés Omwg duovvoeon PBXs, dtaucvvdeon ynoelakmv
Tomk®v PBpdywv, Oacvvoeon onueiov mapovsiog (PoPs) tniemikowvoviakov
TOPOYE®V  HEYOANG amdotaong (inter-exchange carriers —IXCs), xabog Ko
SGVVOEST OIKTVMV GE TOTIKOV YOpaKTNpa TEPPAAAOVTO EKTETAUEVNG EKTOONG (TT..
campus networks). Emiong pmopei vo ypnowomombel oto mAaiclo g mopoyns
vInpeclOV intranet/extranet VPNs.

Epyosio ywo tv mpotvmomoinon Oepdtov mov  agopovv oto HDSL

npaypatonoteiton and v T1E1.4 opdoda epyocioc tov ANSI.

1.3.2.3
HDSL2

To HDSL 2 (High bit-rate/High-speed DSL 2) W HDSL II npoteivetal and 1o
ANSI xou 10 ETSI o¢ n endpevng yevidg €kdoong tov HDSL. Tlopéyer tig idieg
CUUUETPIKOV YapokThpa emdocels pe to HDSL, onA. pvBuodg petadoong ot omoiot
avépyovtal otnv T tov 1,544 Mbps (T1) yio v Evponmn 1 tov 2.048 Mbps yia
v B. Apepwn|. H dwapopdc opmg pe to HDSL eivon 6t to HDSL 2 mapéyet avtéc tig
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eMOO0ELS TAVD povadIKd cuvestpappévo (ebyog kadwdimy, T oty mov to HDSL
ypnoonolel dwmhd 1 TpwmAd (evyog xoAwdiwv. Emiong to HDSL 2 emrpémet
HEYOALTEPES OmOOTAGES Yoo TO TOomKO Bpdyo (18.000 ft) oe oyéon pe to HDSL
(15.000 ft).

Yvvenwg, 1o HDSL 2 og pia «Beitiopévn» €kdoon tov HDSL pmopel va
ypnoporombei yuo epapuoyég avtiotoryeg pe owtéc tov HDSL mov avaeépOnkav
TOPOTOVE.

Epyasio yuo v mpotvmonoinon Oepdtov mov apopovv oto HDSL 2, dnmg

kol o HDSL npaypatomoteiton amd v T1E1.4 opdada epyaciog tov ANSI

1.3.24
SDSL

To SDSL (Symmetric DSL 1 single-pair DSL 1 single-line DSL) mopéyel GUUUETPIKOD
Yopaxtnpo vanpecieg mpocPaong pe puvBuovg petddoong i010V¢ pHE OVTOVS TOV
HDSL. H dwpopd tov SDSL o€ oyéon pe 1o HDSL evronileton a) oto 611 to SDSL
xpnowonolel povadikd Cevyog KoAwdimv oe avtiBeon pe 10 dSumhd N tputhod Levyog
KaAwdiov Tov HDSL kot ) oto 611 to SDSL €xet pio pé€yiot Ae1tovpyiky| amdcTao
nov avépyetatl oto 10.000 ft, n omoia givar moAv pikpodTEPN amd avt tov 15.000 ft
tov HDSL. T'evikd opwg, to SDSL, A0y tng mapoyng iduwv emddcemv e TO
HDSL/HDSL 2 kot tng vA0moinong tov méve amd povadikd {evyog kalmdiov émwg
to HDSL 2, 8swpeitat (to SDSL) w¢ npdopopog tov HDSL 2.

Agdopévng G GLUUETPIKOTNTOC, TOV PLOUOV HETAOOONG GAAL KOl TOL
TEPOPIOUOD oVTOD otV UEYIOTN AElTovpylkn oamdotact, to SDSL umopel va
ypnoporomBel yio epappoyéc avéroyeg pe avtég tov HDSL, pe to dedopévo PEPara
™G MKPOTEPNG LEYLOTNG OTOGTOGNG AEITOVPYIOG TOV.

I'evikd, epyocio yio v mpotvmonoinon Oepdtov mov a@opovv €01KE TO
SDSL, 6nwg kot to HDSL/HDSL 2 mpayupatomoteiton amd v TIEIL.4 opdda
epyaciog tov ANSI.
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1.3.2.5
VDSL

To VDSL (Very high bit-rate/high-speed DSL), ek10¢ omd pio. AGLUUETPIKOD
yopaxtnpa texvoroyia DSL, vAomoleiton kot oe pion €k600MN TOPOYNG CLUUETPIKMDV
VANPESIOV ®G TPOS TOLG pLOUOVE petddoons. Ta YapakTPIoTIKA TOL 6TV £KJ00M
avt cvvoyilovtar otov [ivaka 1.

Extog amd 11g epoppoyég mov avapépnkay TponyodUEVE GTNV TTEPITTMOON
TV AoV cvppetpikedv DSL texvoloyiwv tov HDSL kot tov SDSL, to VDSL oty
CUUUETPIKN TOL £KO00T, AOY® TOV VYNADV TOV EMOOGEMV UTOPEL Vo ypnoipomombet
Yoo TV Topoyn Kot GAA®V LYNAG®V OmouTtoE®V GE €0POC {ADVNNG CUUUETPIKAOV
VN PECLOV/EPAPLOYDV.

Epyacia yio v mpotvmonoinon Oepdtov mov agopovv €dwkd 1o VDSL
npaypatonoteiton ond v VDSL Study Group opdda epyaciag oo DSL Forum, and

mv T1E1.4 opdda epyaciog tov ANSI, v IEEE 802.14 xor to ATM Forum.
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KED®AAAIO 2

XTOIXEIA EEEAIEHX TOY VDSL

2.1

Ewsaymyn: O cuvovacpog EAKIVOV KOIA®OIMV KUl OTTIKOV VAV 6TN)

HETAPOPE TANPOPOPILOG

H mieoynoio tov miepovikov etoapeidv omogacilovv va coumeptidfovv
™V MON VIAPYOLGA VLTOOOUN TOTIKAOV PpOY®V TOV YVMOGTOD GULVEGTPOUUEVOL-
Cevyaplov yoAkov ota gupulmvikd diktva mpoécPacnc. Méca kowng mpodcPaong,
o6mwg 1o “Hybrid Fiber Coax-HFC”, to omoio €ival amodotikd 1660 6TV ovoA0yiKn
0G0 KOl OTNV YNOUIKN HETAO0GN, OOLVATEL VO HETAPEPEL CLYXPOVMG VINPEGIES
QwVNG, “interactive video” kot dAhov ynolokov dedopévov. H tpocéyyion “Fiber all
the way to the home” (FTTH) elvar axopa amayopeutikd akpipn oe po ayopd mov
odnyeitol amd ToV AvIay®VICHO Tapd T0 KOGTOC. Mia eVOAAAKTIKY) AOGN, TOv umopel
Vo YIVEL GOVIOUOL EUTOPIKE TPAKTIKY], EIVOL O GLVIVACUOG SIKTHOL OTTIKMOV WAV Ko
VIOPYOVTIOV KOA®II®MV YOAKOD HEGH GLOKELOV TOL OVORALOVTOL OMTIKEG LOVAOES
dwktvov (Optical Network Units). Avt n tomoAoyia, mov ovopdaletar “Fiber to the
Neighborhood” (FTTN), cuvdéel éva e€mtepikd evpulviKd SIKTLO HE TOV TOTIKO
KOuPo mpdsPaocng tov diktvov DSL pe ontikn iva, evd m oM vdpyovca VTOJOUN
KAWLV YOAKOD GTOVG TEMKOVS YPNOTEG TAPAUEVEL AOKCTY).

Mo and T1g tEYVOrOYieg mov KaboTd dvvatny v tomoroyia FTTN eivor
teyvoloyia VDSL (Very High Speed Digital Subscriber Line). To VDSL petadioet
TANPOQOPie e LYNMATN TOYVTNTA HECH TOV TNAEPOVIK®OV YPOUUODV GUVECTPOUUEVOL
KOA®MSITOL YOAKOV, 1 0moia KUHOEVETOL avAaAOYd e TO UNKOG TNG YPOUUNS. O péyiotog
npotewvopevog  pubudc  petddoong mpog TNV katevhuven  TOL  TOPUANTTN
(downstream) givor peta&y 51 ko 55 Mbps o€ ypapun péytotov prxovg 1000 moduwv
(300 pétpov). H tiun avt) pmopel va méoel ota 13 Mbps, av 10 PiKog TG YPOUUNG
Eemepdoel Ta 4000 modwa (1500 pétpa). O pvOUOC peETAdOONC TPOS TNV AVTIGTPOPT

Katevbuvon (upstream) mpoopiletar, TOLAGYIGTOV TNV apyikn vAomoinom tov VDSL
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va gtvar acOUUETPOS, aKpBOS 6mwg kot oty mepintwon tov ADSL, pe toydtnteg

and 1.6 £éwg 2.3 Mbps.

2.2
Adyor vrapéng Tov VDSL

Q¢ “teyvoroyioa mpooPaong” to VDSL ovykpivetar HE OVIOYOVIGTIKES
teyvoloyieg omwg m “Fiber to the Home-FTTH” , ta acOpuato tomikd dSiktva
(Wireless Local Loop), kat m teyvoroyia “Power Line”. Xto mhaicio avtd, m

Blroocyomra tov VDSL Bacileton kupimg ota akdAovba onpeia:

e H evkolia tov mapoyéa vanpecidv (incumbent service provider-ILEC) va
deopevtel yoo T xpnon MON LVIEAPYOVOAS OIKTLOKNG LTOOOUNG, KATL TOV
AmOAAAGGEL OO P apyIKT OLKOVOULKT] OEGLELOT).

e H dvvatdémra tov VDSL va mapéyetl 1o GOVOAO TV DANPEGIOV £VOS SIKTHOV
evpelag Covng yopic ovuPifacpods oty  TaydTNTO  HETAPOPAS TNG
TAnpopopiag.

Inuoavtikotepog Adyoc avdamruéng tov VDSL eivor n mopoyn vymAod pubuot
HETAPOPAG 0£dOUEVOV TTEPIGGOTEPO GTOV WOIDTN TOPA GE o emXEipnon, yopic n
duvatdTTEG €POPUOYNG v amokAgiovv 1o OevTepo. TloAAég etaipeieg Exouvv
TPOTIUNGEL TN XPNON OIKTLMOV OTTIKAOV VAV, KABMG TO E0POg PAGLATOG GE [0l OTTTIKT
tva olver 1 OJvvardotnra emitevéng molhamAdoiwv  pvOumdv petdooons. To
nieovéktnua tov VDSL givon 6Tt pmopet va ypnotponomcet £va 110m vapyov diktvo
OTTIK®OV VAV GE GUVOVLOGHO LE EVa YEITOVIKO KOAMII®MV YOAKOV, KATL TOL HEUDVEL TO
GLUVOAIKO KOGTOG Kol KAVEL TNV TEXVOAOYi VT TO POt oTov 1WiwTh. H cuveyng
TPOOOOC OTIC TEYVIKEC GLUTIECNG KOl SOUOPP®ONG TNS TANPOPOPIag UTOpEl va
odnynoet 6 axodpa peyarvtepn toyvtnta petddoong yo to VDSL. To yeyovdc avto,
oe ouvdvacud pe v arokAelotiky (dedicated) poper| ypnong yia kabe cHvoes, TOLv
mAeovektel €vavil GAA®V TEYVOAOYI®V TPOcPacnc Kowvoy pécov (my. ‘“‘cable
modems”), divel To emmMALOV TAEOVEKTNUO 1TNG TANPOVS EKUETAAAELONG TOV

drfEctov evpovg PAacHaTog omd Kabe aveEapTnTo YPNOTN.
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2.3
Ieproyéc epappoyng oo VDSL

To VDSL mopéyet 11 vanpecieg npocPoong tov “tehevtaiov pidiov” (last-
mile) péypt tov WOWOTN. ATO TN OTYU) 7OV EMITPEMEL TNV EKUETAAAELON TOAD
HEYOADTEPOL €VPOVG GACHOTOS Oamd ocvvaeelg teyvoloyieg DSL, m ypnon tov
ovvovdleton pe TV Tapoyn ynekov tokétov (“bundles”), dnAiadn v tavtdypovn
napoyn evOg GuvOAOL VIMPESLOVY. Yoot piletar | epaployn Tov ypryopov internet
(fast internet) aAAG Kot 1 copPatdoTNTO PE TV TOpadostaky ThAepwvia. [Ipopavag,
etvar duvatn M TawTOHYPOVN LIOGTAPIEN TAPUAANA®Y KOVOM®OV @OVAG. AAAN pia
dvvatotnrta eivar N wapdAAnAn petapopd “MPEG” kmoikomomuévng minpopopiog
pe puiuod 6 wg 8 Mbps waote va eEac@aileTan 1) LYNAN TOLOTNTA EIKOVOAG TOL OTOLTEL
n vanpecia “video on demand”.

Ot vynAég amaitnoel o €0POg GACUATOS TOL €xel pio etaipeio 1 €va
gepeLYNTIKO 1dpvpo pmopodv va  kavoromBovv oe onuoavtikd Pobud and v
teyvoroyia VDSL. H gveh&ia ypriong tov VDSL 610 cuvdvacud Siktdmv OnTiKdv
WOV KOl YOAKIVOV KOA®SIOV ivol onNUOVTIKN 0 TEPLOYEG OMMG Ol TAPOTAVE®, CTIS
omoieg vVIAPYoLV TOAAG KovTivd Kou ave&aptnto ktipro. Mio emiong onuovtikn
epopuoyn mov yivetor duvatny pe v texvoroyia VDSL eivon 10 1duwtikd Ethernet
(“corporate Ethernet”) mov amattel coppetpikd pvOud petapopdg 10Mbps, o omoiog

Bpiloketat otig duvatdTTeg TOL VDSL.
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2.4
Dopeic KoL TPOTAGELS TPOTLAOTOIN OGNS TS TE(VOrOYiag VDSL

Onwg ovuPaivel oty TEPITTOON TOAADV TEYVOLOYLUDV QPLGIKOV EMTESOV
(physical layer), to American National Standards Institute (ANSI), 1o European
Telecommunications Standards Institute (ETSI), «oBog xar International
Telecommunications Union — Telecommunications Standardization Sector (ITU-T)
EUMAEKOVTOL EVEPYA OTNV TPOCTADELL Yo TNV SOTVTMOOT] TPOTHTWV TOV OPOPOLY
6TOVG O14PopoLg TOTTOVG TEYXVOAoYiag DSL.

Emiong, dedopévng g HeydAng OLVOUIKNIG TOV QEPOVV Ol TEXVOAOYIEG TOL
ADSL kot tov VDSL omnv dtopdépemon pio TAAT@OpHOgG Yo TV TOPOYT VITNPECLOV
evpetag {ovng oe owakovg kvping ypnoteg (BTTH), emumhéov @opeig and avtovg
OV AVOPEPONKAV TOPATAVED 0GYOAOVVTOL Le CNTALOTO TPOTLTTOTOINGNS KOl 0PIoHOD
TPOOLALYPUPDV Y10l TOLG dVO GLYKEKPIUEVOLG avTovg TOmove DSL teyvoloyudv, T0
ADSL ka1 to VDSL. Ztovg @opeilg avtodg mepihappdvovion to DSL Forum, 10
Universal ADSL Working Group (UAWG), to ATM Forum, n Telecommunications
Industry Association (T1A) xau to Digital Audio Visual Council (DAVIC).

Ov mpotdoelg mov €yovv yivel amd kdbe opyavioud mapovcsidlovton

avaAvtikd oto [apaptnpua 1.

35



2.5
Hpodwypagéc Tng TeYvoroyiag VDSL

2.5.1

Expetrailedopo ¢aopo cvyvoTiTOV

H rteyxyvoloyia tov VDSL epoapudlovtag edkég teyvikés emesepyociog
ynowkov onuatog (digital signal processing), emTuyydvel TV EKUETAAAEVLOT
OAOKAN POV TOV PAGLOTOS GLUYVOTHTMOV oL £ivol O1BEGIHO Yo LETAOOGT YNPLKO
ONULOTOG GTO PUGIKO HECO TMV YOAKIVOV KOAMOIwV Tov Tomikov Bpdyov. Tvmikd, yia
TO TNAEQOVIKA KOADI YOAKOD TOV TOTKOD PPOyov, TO UG TOV GUYVOTTOV GTO
omoio pmopel va vdpéetl petddoon, kopaivetar oty mepoyn tov 0 Hz éog 30 MHz,
TNV GTIYU TOV TO E0POC GLYVOTHTMV OV YPNCULOTOLEL 1] TEYVOLOYI TOV OVAAOYIKMDV
modems (analog/voiceband modems) eivar ¢ t4éNg tov 4 kHz oty meproyn 0-
4 kHz. T'a 1o ISDN otv BRI vinpecio Tov 10 avtictolyo ekpeToAAEDOIUO €0POG
ocuyvotntOV Kkvpaivetor oty mepwoyn 0-0,1MHz. Avt] n  dwgopd oTIg
EKUETOAAEDOIUEG GLYVOTNTEC OVAUESH OTIS Tpoovapepbeioec teyvoloyieg modem,
akpPog e€nyel Kol TOvg TOAAATAGGCO HEYOADTEPOLG PLOUOVE UETAOOONG TOL
napéyovv ot xDSL vmnpecieg mpocPaocng, £€vavit towv mapadocstok®dv dial-up
vInpestdv TPdGBaonS TOV VAOTOWVY o avoloyikéd modems (.. V.90 modems®)

kot To ISDN BRI

25.2

Awyeipron o100€o1Hov PAORATOS GVLYVOTHTOV

To xOxkopo DSL mov viomoteiton katd HUNKOG TOL GUGIKOL UEGOL YOAKOD
TOV TOTIKOV PPpoOYov, YeViKd cuvicTatol o€ Tpio SLPOPETIKA TANPOPOPLUKA KOVAALa,

a) éva KovaAl yuoo Ty HETAd00N NG KuKAOPopiog 0E00UEVAOV KATA TV Katevhuvon

36



kaB6d60v (downstream channel), B) éva Kavai yoo TNV HETAOOT TNG KLKAOQOPING
dedopévav Katd v KatevBovvon avodov (upstream channel) kou y) éva POTS 1 éva
ISDN kovaAtl yio tnv HeTdooom T KUKAOQOPINS VIS TNG TNAEPOVIKNG LANPEGIOG
(POTS/ISDN channel). To tekevtaio oavtd KOVAAL, LOICTATOL GTNV TEPITTMON TOV
vmpectov DSL mov mapéyovv v duvatdtnto G TopadoCloknG LANPESIOG
mAepaviog mave amd v ypapuun DSL.

H onuovpyio tov kavaldv autdv yivetar pe v olaipeon tov dabéstpon
(QAGLOTOS GLYVOTNTAOV TOL YAAKIVOL KOAMOIOVL GE 164pIOa LE TO KOVAALL TUMLOTOL.
¥to POTS/ISDN kavai, 6tav viomoteital, aviiotoyiletol T0 pacua cuyvotntov 0-
4 kHz, ev®d n katavoun Tov LIOAOUTOL GACUATOG GLYVOTHT®V HEXPL o 30 MHz
yiveTon oTo 500 AN KOVEALD VALY [E TV CUUUETPICOTITO. 1] ACVUUETPIKOTN T
¢ vanpeciog tpocPacng DSL. H snuovpyio tov kavolov ovtov arnd ta DSL
modems yivetot pe £vov amd Toug akOA0LOOVE dVO TPOTOLS: TV ToAdTAESH diaipeons
ovyvotnrog (frequency division multiplexing — FDM) xou v armotoipn nyovs (echo
cancellation). O 300 avtég pebodot ameikoviCovrar ota Xy. 3(a) ko (B) avrictoryo.

Katd v teyvucn FDM, éva ¢@dopo cvyvot)tov mopoympeitor yio v
petddooon g pong dedopévmv Kotd v katevbuvon kabddov (downstream band) kot
opoimg éva GALO SLOPOPETIKO PACLO. GLYVOTHTOV Yol TNV HETAOOCT TG PONG TWV
dedopévev katd v KatevBvvon avodov (upstream band). To kabBéva ond ta
QACLOTO GLYVOTHTOV oVTA TOTE Ywpiloviol e YPAON TNG TEXVIKNG TOAVTAEENG
dwipeong ypovov (time division multiplexing — TDM) o€ éva 1| TeptocdOTEPO VYNANG

TOYOTNTO KAVAALYL KO VO 1) TEPLGGOTEPQ YOUNANG TOYVTNTO KOVAALL.

% To V.90 sivon o tehevtaio mpotumo (standard) g ITU yia to avaroyucd dial-up modems tov

56kbps. Ilpoyevéotepa mpdTuTo. CwTov g€ivan to V.32 (14,4 kbps), to V.34 (28,8 kbps) kot 10
V.34bis/V.34+ (33,6 kbps).

Mia vinmpecio ovoudleton acvuuetpixiy (asymmetrical service) dtav mapEYEL & LapopeT LKOUG
pLOLOVG HETASOONG OTIC OLPOPETIKES KATELOVUVOEIG KaBOdOoV KOt avOdov. ZUYKEKPIUEV, O
mapeyopevog puluds petddoong kabodov (download/ downstream rate) gival peyoldtepog and tov
avtiotoyo pubud petdadoong kabddov (upload/ upstream rate). Avtibeta, pio vanpecio ovopdleTol
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Frequency (KHz)

Xyfqpna 3(a). Awayeipion tov eaopatocVDSL pe moilvmietio ot ovyvotnta (Frequency Division
Multiplexing-FDM).

POTS upstream downstream

z ;ISDI\ / \
4 80 300 700

10000 30000
Frequency (KHz)

Zyqpa 3(B). Awyeipion tov pdopatog VDSL pe v teyvikn g anaioipng nyovs (echo cancellation).

AmO ™V GAAN TAELPA, KATO TNV TEXVIKN TNG OTOAOLPNG MYOVS, TO PACLOL
CLYVOTNTOV TOL TOPOUYOPEITAL Yoo TNV HETAS00N TNG POoNG dedouévev KoTd TNV
katevBuvon ovodov (upstream band) emKOAVTTEL AVIIGTOUYO (AGUO GLYVOTHTMOV
(upstream band) mov TapaywpeiToL Yoo TNV HETAGOOT TNG PONG OEOOUEVMOV KATH TNV
Katevhuvon avodov. O do®ploog TV dVO AVTOV VIEP-KOAVTTOLEVOV PACHATMOV
YIVETOL e TNV EQOPUOYN TNG TEYVIKNG TNG OMAAOLPNG TOMIKNG NYOVS, MO TEYVIKNG
mov epapuoletan emiong ota V.32 kot V.34 avaroywd modems yio ™ e€dAenyn kot
TO PIATPAPIGHO OVETIOVUNTNG EVEPYELOG ONLLOTOG TNG NYOVE TOV TPOKOAEITOL Ol TO
KOPLO LETOSOOUEVO GTLLCL.

H teyvic g amaioteng nyovg (echo cancellation) ypnoiponotei 1o dtabéoipo

€0pog {®OVNG KATA O OmOd0TIKO TPOTO GLYKPITIKA UE TNV TEYVIKN TNG TOAVTAEENC

ooppeTpiky (symmetrical service) 60tov mapEYEL TOVG (5 Loug PLOUOVG PETAGOONG KOl Yol TIG dVO
rkatevBuveoelg kabodov Kot avodov.
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dwipeong ovyvomrag (FDM), pe avtitipo Opo¢ avénuévi) TOALTAOKOTNTO Kot
k60T0¢ vVAomoinong. Kot yuo tig 600 teyvikég, 1o @dopa cvyvottov 0-4 kHz mov
avtiotoryel oty vanpecio POTS, 6tav avt mapéyeton pe to DSL, dwywpiletor and
T0, VTOAOUTO. PAGLOTO GUYVOTNTAOV HE EQOPUOYT TEXVIK®OV QAtpapicpatog (filters).
Ta @iltpa vAomolovvTal gite ecwtepikd oto DSL modem tov cuvdpounty| gite otig
eCotepikés  ovokeves tov  POTS  splitters  (splitter-based/splittered  DSL).
EvaAloktikd, to pdopa cvyvotitov g vanpeciog POTS propel va mpoototeveton
and OAANAEMIOPACELS HE TIG CLYVOTNTES TOV KAVIAMY OEO0UEVOV PEGO Omd TNV
vAomoinon dAAwv teYVikdv amd to DSL modem extdg avtig tov @iktpov
(splitterless DSL). Ilapdderypo piog tétotog texvikng tval o ovtdpratog meplopiopoc
TOV €0POVG GLYVOTHTOV TV KOVOM®OV dedopévav, Kabe gopd mov 1 vanpecsia POTS
tietan oe ypnon (m.y. Aepwvikn cvokevn off-hook). O mepropiopodg avtdg v
KOVOAM®OV 0ed0UEVOV GE pio LIKPOTEPT) TEPLOYN TOV PAGLOTOG GLYVOTHTMV, YIVETOL GE
T£T010 onNueio OGTE vor UV veioTovTon TPOPANUATE OAANAETIOPAONG AVALESH GTA
KavaAla dedopévav kot o kovii POTS. H dadwocio avthy ovopdletot dtodikacio
toxeias mpooopuoyns (fast-retrain procedure), vAomolgitor TNV mEPIMTOON 1TNG
teyvoroyiag DSL tov tomov ADSL Lite xou cuvendystor v peimon tov puOudv

uetddoong dedopevav g ypopung DSL 6tav n vanpesio POTS tibeton o ypnion.

253
Teyvikég S10popP®OENG oNNATOG

Ot  1egpvicég  dSwpdppwong  onuatog  (modulation  techniques)  mov
yxpnoonoovvior oto ddpopa €idn tov DSL (xDSL) yia v xmdikomoinon g

HeTadWOHEVNC TANpOPOpiaG, TeEplopilovion 6TIC aKOAOVOES TPELS:

e Discrete Multi-tone (DMT)
o Carrierless Amplitude Phase (CAP)
e  Multiple Virtual Line (MVL)

H CAP anotéhece to Brounyavikd mpdtuomo kot tnv mEPiodo TOV TPOTMOV

viomomoemv tov ADSL, evog cvykekpiévov tomov DSL, péyxpt v mepiodo 1996-
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1997 omdte kot o1 Popeilg TpoTvIOTOiINoNG 6TO YMPO NG TEXVOAOYiag DSL dpyioav
yopiloviar og dvo pépn vmoompiEng g DMT kow CAP teyvikng Stopopemong
onpatoc. Tov Iavovapto tov 1998, to ANSI vioBétnoe o DMT wg standard teyvikn
dapodpemong kot v idta teyvikny akorovOnoav n ITU-T (2/98) ko to ETSI. 'Etot
onuepa n CAP cuveyiler va viobeteiton amd opKETOVG KATAOKEVOOTEG, AOY® TNG
HIKPOTEPNG TNG TOALTAOKOTNTOS AP0 KOL KOGTOVUG LAOTOINONG CLYKPITIKO WHE TNV
DMT rteyvikn. Ouwg, n DMT ocuvviotd to viofetnuévo and v ANSI tpodtumo yia T1g
dtbpopeg DSL teyvoroyleg (ANSI T1.413 Issue 2), 6mwg kor ond v ITU-T (ITU
992 — G.dmt) oG 1 Pacikr| TEXVIKN SLUOPPOOTC.

H avagepdpevn og tpitn mopondve texvikny dwupdpemons (MVL), anotelel
pio tpitn texvikn Sapdpemong 1 omoio Uropel va epaploctel 6TV LAOTOINGT TOL
DSL. T'evikd Opwmg oev eivor yio tovg Kataokevootég DSL eEomiiopod 1660

OMNUOPIANG 0G0 01 dVO AALEC.

254

Aourég Tpodrwaypo@ég petddooong onpuatov VDSL.

Ta vrdéAouto YOPOKINPIOTIKA TOV onudtemv mov petadidovtal Pacel Tov
TpoThoewV Yo TV ovartuén tov “standard” yio o VDSL avaeépovior avorivtikd

oto [Hapdptnpua 2.
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KE®AAAIO 3

TO ANAAOI'IKO MEPOX METAAOXHX XHMATOX
THX 'PAMMHX VDSL

210 Xy. 4 TopovclaLETOL TO GYNUATIKO SLAYPOUUO GE EMIMTEOO UTAOK TOV
oLvorlov TV chip mov amotelobv To amapaitnto VA (hardware) vAomoinong
¢ petadoong onuatog VDSL [11]. Av vrotebel 6t1 1 Kodikomoinomn Ypouung
mov &yer emieyBel eivar m DMT (Discrete Multitone Transmission), to
SbEG10 VP0G PACUATOG dlapeital o £vo. GUVOAO 1GOTEYOVI®V PpePOVTOV. H
nAnpogopio. petadideton oe kébe @épov pe ™ ypnom ™G opboywVIKNG
dtopopewong katd mtAdtoc (Quadrature Amplitude Modulation-QAM).

I

| vV V | pair

onlly oo e OO

Twisted

Zyfpa 4. Zymuatikd ddypoppo petddoons oto VDSL o€ eninedo daypappotog umiok.
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3.1
Ynoewoko pépog

O pvBudg petddoong pmopel va aArdcel pe ) pHOuion TV poroYIDV
tov ynowkov FIR  ¢iitpov, kabopilovtag €101 SOPOPETIKO  TPOTO
Aertovpyiag. ‘Etot, o puBuog petddoons e€aptatar amd v €XA0YN TOL TPOTOV
Aertovpyiog, mov eival, Opmc, o€ KAOe mEPIMT®ON KAT® Omd TO NUICL TOL
pvOLOY petatpomng. O pvOudg petddoong petafdAieTor pe TV €l0AyOYN
pundevikmv (interpolation) péow piag cepdg ynowokov eidtpov. H toktikn
OUT EAOTTAOVEL TO VTOAOYIOTIKO @OPTIO NG OYeTWOUEVNS  WNPLOKNG
enefepyacioc onuatroc (DSP), kavovtag dvvaty v vmapén evog cvoTAMETOg
TOAMOANG  ovumieonc-omoovunicong (multiple-codec) kot  tavtdypove amAng
ymoaxng eneepyaciog onpotog (single-DSP) mov cuvtelel ot peiwon tov pvOpov
dwkormv “I/O”. H petagpopd g mieioyneiog g TOALTAOKOTNTOS TOV GIATPOV GTO
YNOWKO UEPOG EMTPEMEL TOV OLGTNPOTEPO EAEYXO TNG AMOKPIONG TV QGIATPOV,
EAAYLOTOTOEL TV TTapapOpemon kabvuotépnong pécw g xprong ocvppetpikov FIR
QIATPOV Ko YOUNAOTEPNS TAENS OVOAOYIKAOV GIATP®V. AKOUN, 1| LIKPOTEPT] EMLPAVELL
KOATAANYNG OTO OAOKANPOUEVO KOKAOUO AOY® YNOuoKOV GIATpoV, SIKOOAOYEL T
HETAPOPE TOALTAOKOTNTAS Omd TO avoAoyikd oto ynowakd pépos. Emiong, ot
TOALOTAQGLOGHOL G aLTOV Tov €idovg Ta PIATpo Yivovior HOVO LE HETOPOPES Kot
TPOGOECELS OTAV Ol GUVTEAEGTEG TAPLGTAVOVTOL LE KOVOVIKO TPOCTLUOGUEVO Y pia,
pue kabe mapdyovta vao amoteAel oLVOLAGHO OPVNTIKGOV dSuvdupewmyv tov dvo. H
emmALoV pPel®oN NG YNOKNG TOAVTAOKOTNTOS OmOLTEL TNV TPOCAPUOYN TV
OLVTEAEGTOV £TG1 MOTE VO EAAIGTOTOMNOEL 0 aptOUOC TV afpoIsTOV.

H mapepfoin oto pviuod deryatoinyeiog oo DAC emrtuyydvetor pécm tplov
FIR BaBvmepatdv @iltpov, kabéva amd ta omoio avédvel to puOud detypatoinyiog
omv €ic00d Tov. XvvBwg, KaBe éva amd ta dadoyikd Pabvmepatd eidTpa eivon
YOUNAOTEPNS TAENG Ko peyalvtepns Covng petdfoaong and to mponyovuevd tov. H
petaoAn Tov puhuod HETASOONG EMTVYXAVETOL HEC® TNG EICAYMYNG UNOEVIKMOV KO
T0 K€PO0G TPocapuOleTan Yo KABe TPOTO Agttovpyiog £T01 doTE KAOOAO TO KOG TOV
KOVOALOD TO onpa va €xel ) péyot T tov. H mietoymeia tov mpodiaypapmv

EMTLYYAVETAL OO TO APYIKE GTASIO TOV PIATP®V, LE TO ETOUEVA GTAIIO VAL OLPALPOVV
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o €0®AC OV TPOKLATOLV GE GLYKEKPIUEVEG QOCUATIKEG TEPLOYEG OmMO  TOL
nponyovpeva otadwa. Oia ta FIR ¢@iltpa €govv cvyvdtteg amokomng iceg pe 1o
HEYIOTN TN TOV €UPOVG (QAGLOTOS TOV EKUETOAAELOUOOTE, GUUQ®VO HE TOV

€KAOTOTE TPOMO Agttovpyiog.

3.2
Avaioyiké Mépog

3.2.1
Mé£pog petd0001g TOVL GNNATOG

3.2.1.1
Ynoerwkiéc-oe-Avaroyiké Metatponéag (DAC)

O DAC mov Bpioketon 610 HEPOG PETAdOONG ONLOTOG Eivol akpifelog TOAA®DY
bit kot odnyeitar amd pedpa, yoploUevog e dVO GLUUETPIKESG SLOTAEELS, ekEivn TV
nePlocoTEPO onuovtik®v bit (Most Significant Bit-MSB) kot ekeivn tov Arydtepo
onuavtik®v bit (Least Significant Bit-LSB), pe xé0e pio vo omoteleiton amd 10 Hpicv
TV ocvvolkov bit. o moapdoetypa, évag DAC oand 14 bit pavepover 611 1 MSB
Sitaln amoteleiton amd 27 = 128 mnyéc pedpatoc, pe KGBe Ty Vo amoKOnTETAL Yo
axpifelo TiNG, evd avtkobiotatol amd pio GAAN oe cOvVIopHo ypovikd dbdotnua. H
emBountn GLYVOTNTO EMAEYETAL PETOED TOV PACUATIKOV TEPLOYDV TNAEPOVING Kot
VDSL yiwa va unv ennpedlet kapio ek TV d00.

H andiewn emotpoerg nyovs (Echo return loss-ERL) eivar n peiwon oto
HETAOIOOUEVO N, HESH TOL VPPLOKOD KukAmpatog (hybrid), mov gppavifetor oty
€16060 Tov modem otV TAeVPA TOL amodEéKTN. To GUVOAO TV bit TOL ATOTEAOVY TOV
DAC bits kaBopileton amd 10 €id0¢ TOL dypdupatog aoctepiopov (constellation

order) kot ™ onpoarofopvPikn oxéon (Signal-to-Noise ratio, SNR) mov mpémet va
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dwbétel KaBe épov. Akoun, pio vynAn tiun tov ERL avédvel 1o cuvolkd aptBuod

TV bits, kaO®O¢ emParet Evav akoun yoaunAdtepo B0pvpo KPavTicHov ToV GYUATOG.

3.2.1.2
BaOvnepato @iktpo peradoong

Amd 1t otiyu] mov To ymeokd QIATPO KAVOTOWOULV TO GUVOAO TMV
TPOJAYPUPAOV UETAGOONG, KUPLOG GKOTOG TOL avaroywkol Pabumepatov ¢iltpov
elvalr n amopdkpouvorn Tov €0®A0L ToL ofpatog ££6dov tov DAC. ‘Eva ¢idtpo
Chebyshev 11 Butterworth tpitng 16éng pe kopatiopd g téEng tov 1.0-dB eivan
owvnBg apkeTd Yoo TOV TEPLOPIGUO TOV €0DAOL otnv £€0d0 Tov DAC Kdtm omd
paoko HETAO00NS (QUCUOTIKNG 1o(00G, €VM TAPOAANAL TPOKAAEl TEPLOPIGUEVO
KOUUOTIGHO 1| TGO otV emtpent) {ovn petadoons. H ovyvomnta amoxomng eivol
30MHz ko1 oyeddaleton pe evepyés RC teyvikés yuwoo yopnAotepo 0opuvfo ot
LEYOADTEPN YPOUIKOTNTO. AKOUN, TOPEYEL TNV UETATPOTY| PEVUATOS GE TAGT Y1 TO

dtapopkd onpa pevpatog tov DAC.

3.2.1.3
Odnyog ypappig

H amaitmon tov ehéyyov ¢ KatavaAmong 1oy00G OVOPEPETUL TPOTAPYIKA
GTOV 001Y0 YPOUUNG, YIOTL KOATAVAADVEL TAV®O 0O TO PUICO TNG GUVOAIKNG 16YVOC TOL
avaroywol pépovg petadoong VDSL. Emiong, n onuavtikdtepn amaitnon eivor m
YOUNAT TR TG GLVOMKNG approvikig mapapopewong (Total Harmonic Distortion -
THD), n omoia mpénetl va kpatnBel kdtw amd éva apketd yoaunAd oplo dB, kdatt Tov
emrvyydvetolr omd €va otdoo  eE60ov TAENG-AB kol katd@AAnAovg Ppodyovg
avdopaonc. AlPopeTikd, 1 amdd0ooT, TOGO TOL TOUTOV OGO KOl TOV OEKTN, MEPTEL
ONUOVTIKA AOY® TOV QOIVOUEVOL TNG UM YPOUUIKNG MYOVG. Xuvnomg, TANpoC
SPOPIKEG OOUES eMAEYOVTAL £TG1 MGTE 0 BOPLPOG KL 1] APUOVIKY| TOAPAUOPPOCT VO
nepropilovral. Emiong emBounto etvan éva ofjpa e£0d0v pe péylotn T Kovid otn
fetikn tpo@odocion kot EA(OTN KOVTIE OGTNV OPVNTIKY, £TGL OGTE 1 EMTALOV

amotioels evioyvong amd 10 LVPPWIKO KOKA®po mov akoiovbei (“hybrid”) va
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ehaylotomolovvtat. [a o Adyo avtd emhéyetol tpopodocia oyediaong ion pe 3.3 V.

Ot Aemtopépeteg g oyediaomng divovtatl 6to Kupiwg HEPOg TG epyociog.

3.2.14
YBprowké kokiopo (Hybrid)

H Aettovpyio Tov vPp1dod KuKAM®UATOG £YKELTOL GTNV TPAYLATOTOINON TNG
dlemapng tov cvvestpappuévoy Cebyoug (dVvo Kohmodiwv) pe t ocvokevr] DSL mov
amoteleitoan omd 4 kaA®Ow, £Tol OCGTE Vo €ivar duvaty 1 TANPOS oueidpoun
Aertovpyia. Avtd onuaiver 6t 1 pHeTddoon OedOUEVOV Umopel va Yivel Kol TPOg Tig
dvo koatevbivoelg Tovtdypova. To KOKA®UO ovTO OVORALETOL KOl GUOKELT TPO-
axvpwong ovaloyikng nyovg (analog echo precancellation device). To Wdavikd
VPPOKO KOKA U Bo emTOYYAVE TNV TANPN OKOPMOOT TOL HETASOOUEVOD GNIATOG,
V. Emiong, xaver Aryotepn amortntikn 1t Asrtovpyio tov ADC. Av vroteBel oT
emTuyyavov e pio amoppdenomn A Tov HETOOOOUEVOV ONUATOS Vix, TOTE TO GNILOL GTO
uépoc Ayng umopel va evioyvbel pe t ypnon evog evioyvtr| (Automatic Gain
Control-AGC) képdovg A €tor wote N Aertovpyio Tov ADC va keAvmter OAn v
KMpoko. 1o Xy. 5 eaivetal n Bactkn apyr Asttovpyiag evog vPPLOTKOD KUKADUOTOG
xDSL. To xovéit perddoong (tx-transmit path) amoteheitor and tov 0dNyd YPOUUNG
LD, tv avtictoon teppotiopnod g ypapuuns Rt, to petaoynuatiom) (eHéng ypouung
Kot 10 Bpoyo petddoonc. To pépog tov KuKA®UATOG OV amoteleitat amd Tig Rt ko

Zyept OmOTEAEL AVTLYPOPO TOV TPAYHATIKOD KAVOALOD HETAOOCTG.
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Vrx
R VvV, 1:n
] A%
}
Driver MA %
* R, V, Twisted pair
Zrepl
AGC

Tyqpa 5. Apyn Aettovpyiag Tov VPPLOIKOD KUKAMLLOTOG.

Me Rt” = Rt kot Woviké Ziept = Zigop » 1| ThoM Vi elvar

_ Zloop
Vl T ' + X
Z,, +Rt
H tdom V, anoterel 10 1060010 TG Vik
Z
Vz = Vtx o
Z.,+Rt

repl

H téon V3 oty gicodo tov AGC eivor n dapopd towv Vi kot V. Enedn Ziep =

0o etvar kot

V3=V -V, =V,
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H wavoroinon g ox€ong Zwpl = Zioop , OMOUTEL TN HEAETN OPKETAV
SPopeTIK®V Ppoywv petddoons. Kalmoto dtopopeTikng OapETPOy Kot LKovg oA
Kol oateppatiotov dwkiadwocewv (bridged taps) petafdiiovv onUOVTIKE TNV
EUTEONOT E1GOO0V TNG YPOUUNG GUVAPTIGEL TNG GLYVOTITOG.

Amovoio ateppiTIoTOV SOKAAODGEDV, 1 Zip OMOTEAEITOL OO £vo amAd
“RC-ladder” wavo va amoppopnoetl TV Vix. Avtifeta, 0Tov vadpyovV oTePUATIOTEG
KA DGELS, £va oeplakod diktvo RLC cuvoéetar mapaiinia oto “RC ladder”. OAa
to mnvioe gvtog tov chip (on chip) vAomowovvtar g yvpdtopeg (gyrators). H
TPOGAPUOYY] TNG Zrepl OTNV ZLioop HTOPEL VAL YIVEL KOL VE TN YPNOT EVEPYAV QIATPOV M)
akopa Ko eviehdg emtepikd (modems). H Bédtiomn emdoyn sivor m ypnon tov
“gyrators” oe ocvvovacud pe modNTIKA otoyyeio, KATL TOL OONYEl OE KATAANYM
LKPOTEPNG  EMPAVELDNG OAOKANPOUEVOL KUKAMUOTOG KOl £YEL MG OTOTEAEGLN

YOUNAOTEPES TIES BOpHPOV aTd EKEIVES TOV EMPEPEL 1] XPTOT EVEPYDV PIATP®V.

3.2.2
Mépog Myng Tov ofpaTog

3.2.2.1
Avtépartog 'Eleyyog Képdovg (Automatic Gain Control-AGC)

To ebpoc Aertovpyiag tov AGC pvbuiletoan étor dote va afomotel 6co
nePLocOTEPO Yivetar to duvoukd €bpog Aettovpyiag tov ADC. Eivor dvvatd va
mopatnpndel yoMdlopog oto onuo. €£600V TOL EIATPOV AMOKOMNG OTO YNPLUKO
népog, AMoym evicyvpévou onjpatog omd tov ADC. H mopatipnon avt (o1jpa 166500
nov pmopel va vrepPel péxpt ko 10 70% TOL PEYIGTOVL EMTPENTOV GTLOTOG)
ypnoonotleitot yio T puduion g Aettovpyiog tov AGC. H phOuon yiverot katd to
“Yyoyxpo ECexivnua”, mwoapdAinia kot pe ) pvluion tov vVPRpKod KuvkA®upatog. O
AGC oyedaleton étor mote va £xel vynAotepo SNR aAAd Kot ypoppukotto omd Tov
ADC «xaBoc mponyeitor avtod kol emopéves evioyvel omolovonmote 06pvfo
napdyetar and ovtdév. Emopévoc, oamoutodvior oyeTikd pEYAA®V  Ol00TAGEMV

tpaviictop otV kotackeLy] Tov AGC MOTE VO EMTLYYAVETOL TO OTOLTOVUEVO KEPOOG
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onpatog. Emiong, ypnotpomoovvtal aviloTtdoels YaunAng Tiufg yo m poduion tov

KEPOOLG HECH POV avadpaomg.

3.2.2.2
®iktpo amo@uyng dwacvpuPforikiig emKaivyng

To ¢iktpo avtd (anti-aliasing filter) sivon éva Pabomepatd @iltpo pe této10
CLYVOTNTO OTOKOTNG DOTE VO OMOKOTTOVIOL onpota and v gicodo tov ADC 7
TOLAGYIOTOV TO. OTOPPOPA MOTE Vo PNV enNpedlovv T Agttovpyiot TOv VITOAOUTOV
KukAopotog. Iveton amoppoenon Tov onudtov ekeivov mov Ppiokoviol o€

OLYVOTNTEG TOL TPOKOAOLV OUGUUPOMKY  EMIKAALYN KOl ETOUEVOS  OITMAELN

TANpoeopiag.

3.2.2.3
Avaroyikoc-oe-ynorwoko Metatporéag (ADC)

To avoloyikd QIATPAPIGUEVO GO VITEP-OELYLOTOANTTEITOL KOl LETATPETETOL
oe ynowkd. H avédivon tov ADC npénel va eivon avtiotoyyn ekeiving tov DAC, ko
emopéveg eoptdtonr amd Ttov oplud TOV QEPOVIMV GTO GULYKEKPLUEVO €DPOC
QACHOTOS OAAG Kol amd Tov puBud derypotoinyioc. EmmAéov mepBmprlo mpémet va
TOPEYETAL YIOL TNV NY® TOV GNUATOG TOv VEdpyel otnv €icodo tov ADC og éva
modem “Echo Cancellation”, kdtt mov onuoaivel 0Tt amoitovviol meplocdTepa bits

avdAvonc.
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KED®AAAIO 4

H APXITEKTONIKH TOY OAHI'OY THX T PAMMHX
VDSL

H oyedlaon tov odnyod ypopung yivetor €161 OGTE VO 1KAVOTOOUVTOL Ol
Tpodlaypapég mov BEtovv o1 mpotdocelg Yo to “standard” tov VDSL. Ot dvo mpidteg
TOPALETPOL TOV TPEMEL VAL 1KOVOTOIN OOV glval T0 TAATOS TOV UETOIOOUEVOD GIUATOG
KOl 1] TPOGOPUOYN TOL GTY| YOPOKTNPIOTIKY EUTESNON TNG YPOLLUNG.

Ta mAdTOC TOL PETAOOOUEVOL ONUATOG OeV £xel Kaboplotel axoun emakpimg omd
TIC oapuodieg emurpomés. ‘Eva oyetkd kpumplo  omotelel M ovtiotoym T
uéyomng/eldyotng taong and to “standard” tov ADSL, n onola eivar opiopévn ota +7/-
7 Volt avtictoyya. H yopakmpiotiky eumédnon g ypopupuns petddoong onudtov VDSL
&xel tpotadel otnv Ty Tov 100 Ohm. Béost tov tapandve, yivovtar ot e€Ng emAoyEc.

To yeyovdc g ovveyolg peimong g TAONS TPOPOOOGING GTNV TEXVOAOYiN
OAOKANPOUEVOV KUKA®UATOV, KaB1oTd dtobécieg Teyvoloyies pe tdon tpopodociaog 1.8
Volt. 'Etol, n teyvoroyio mov emdéybnke 7y ™ oxedloon tov OAOKANP®UEVOL
KukAopatog eivar 1 UMC 0.18um CMOS, n omoia dwatiBeton amd v Virtual Silicon.
Ymv teyvoroyio avtr dwtiBeviar poviéda tpaviictop mov Agttovpyodv pe Tdom
tpopodociag 1.8 arrd katr 3.3 Volt. ['a ™ oyedioon emléybnkov to povtéda VYNNG
TAONG TPOPOJOGIaG, £T6L MGTE VO TPOGEYYIGOLUE OGO TO SLVATO TEPIGGOTEPO TIG TILES
péyotng thong tov onuotog VDSL. H 1y mAdtovg 2V Ba elvar kavomomtiki,
happavovtag vmdéyn tOo yeYovog OTL otV €000 TOL KLKAMUATOG 0oKkoAOLOEl
LETOCYNMOTIOTNG LETATPOTNG TOL CNLOTOG HE avaAoyia 1:n.

H yapaxmpiotikn epnédnon 100 Ohm g ypoppng amortei n cvvletn avtictaon
€€000v TOV KLVKADMOTOC Vo gival apketd yopmAdtepn, OCTE TO OHUA Vo datnpel Tig
péyloteg Tipég mAdtovg. Avtd Ba emtevyfel amd €va KatdAAnio otddo €£G60L TOL

KUKADLLOLTOG,.
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Ot apéowg emdpeveg TPodloypaPEG TOV TPEMEL VO, KOAVTTEL TO KOKA®UO €ivat ot
TIHEG TOL TTOGOOTOL OmOPPIYNG KOOV ofuatog €66dov (Common mode Rejection
Ratio, CMRR) ka1 ™ ¢ cuvolkng appovikng mapapdpemong (Total Harmonic Distortion,
THD). To CMRR avtictoyel oty tkavotnto Tov KUKAOUOTOS va dtatnpel otabepd o
KéPOOG aveEdptra amd T petafoin tov kotvov DC ofjpatog oty (0000 Kot TPETEL VoL
vrepPaivel ta 35dB. H mpodwaypagn ot emttuyyaveton pe KatdAAnAn oyedioaon tov
otadiov €l0000v. H THD mpénel va Bpioketan katw and to 45 pe 50 dB yia v amoguyn
TAPEUPOANG LLE YELTOVIKG GTLLOTO KO ETLTVYYAVETOL OO TO GTASO ££000V.

Bdoel tov mopandveo, 1 opyitektoviky Tov 0dnyov ypouung VDSL opiletor wg
e&ng: emiéyetal tororoyio 3 otadiwv, e TO TPMOTO GTAOO VO, EE0GPAAILEL TNV TIUN TOL
CMRR, 10 0€0tEPO VO diVEL TO OMOPOITNTO KEPAOG CNUATOC, KO TO TPITO VO EMLTLYYAVEL
™ yopnAn t m¢ THD kot v mpocappoyr] epumédnong otn younAn avtictaon g
YPOUUNG.

AALO éva ONUOVTIKO YOPOKTNPIOTIKO TOV KUKAMUOTOG €lval 1 S10popikn dou|
oL amd TV €ic0do PPt v £€€0d0. H emhoyn avt pewwver v THD ko duthacialet
10 KEPOOC Tov onpotog otnv £€odo. To Sdypappa coe eminedo “block™ Tov XZy. 6

TOPOVGLALEL TNV TPOTEVOLEVT] OPYLTEKTOVIKT).

& 5 — ' s S | §
ouT - & s I+ + 1 Z
wn ~—
E Chan L+ + Z H
g . 5 Input Stage '5 -|_ _l_ g
| +

Lo

IN - IN +

Figure 6. Atdypoppa o€ eninedo “block™ NG TPOTEWVOLUEVIG OPYLTEKTOVIKNG TOV 0dnyoL ypouung VDSL.
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4.1
APXITEKTONIKH TOY XTAAIOY EIXOAOY

4.1.1
To otd610 oTOOEPT S OLOYOYIHOTNTOS (Em)

YKkomog Tov otadiov €160600v eivar va  gEoceoiotel otabepn TR NG
dwyoypuoémrtag, avesdptnt ond m petoforn g DC o1d0ung tov onuatog £160d0v.
Teleotwkol evioyvtég pe dapopikd Cevyog 16600 PMOS éxovv éva evpog kotvemv DC
TILAOV €16000V OV TEPAAUPAVEL TNV APVNTIKT TPOPOS0Gia (GLVIHOMS TO SLVALKO UNdEV
g yelwong). To Beticd gvpog Tindv mepropileTan evrovtolg oe 1.4 €wg 1.6 V kdto and
™ Oetikn tpogodocia, 6tav avt Ppioketon ota 3.3V [14]. Teleotwkol evioyvtég pe
dwpopkd Cevyog €10600v NMOS €yovv 11 avtifeteg 1010mteg. “Exovv €va €upog
kowav DC tipav €16660v mov mepthappdvet ) Oetikn tpo@odocia, eved TO apvnTiKod
evpog etvar amd 1.4 o 1.6V mave and v apvntikn tpogodocia. [a Tig epapproyég
omov kKowég DC tpég e10000v vepPaivouv 1 mepthapfdvovy TovAdylotov Kot Tig dVo
TPOPOO0Gieg, 0 TEAEOTIKOG amortel £va 6TAd0 €10600v pe €vo NMOS kol éva PMOS
dtpopwd Cevydpt mov cvvdéovtal mopdAAnio. Awbéoiues eivar obpopeg dopég
TEAESTIKMV eVIGYVTOV pe €0pog DC Tipdv £16000V OV EKTEIVETOL OO TNV APVNTIKY| MG
Ko tn Otk Tpoodocia [15, 16]. EmmAéov, n tomoroyio avtn, mov @aivetal oto Xy. 7
ouvtedel Kol og (ol VYNAN avaloyio onuatog Tpog 06pvPo Yo YopNAEG TPOPOSOGIES

[17]. Avtd 10 61010 £16000V amatel TPOPOSOGI TOLVAYYIGTOV:

Vsup,min = Vgsp + Vgsn +2Vdsat (4 1)

Omov Vg Kol Vgen M Sta@opd dvvoptkod petald mnyng kot moing yw éva PMOS ko
NMOS avtictoyo Kot Vs 1 aropoitntn Ttdomn téong (Kopesov) 6T GKpo Hog TyNg
pedpatoc. Tomikég TYég yro v teyvoroyio mov emdéyovpe efvar ot Vg = 0.6V, Voo = -
0.7V ka1 Vgsat = 0.15. T va 1oyver 1 (4.1) mpémer | tpogodocio va eitvar peyardtepn omd

3.3V, SNA0SH Vaupply = 3.3V,
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Figure 7. I1eproyn kowvov DC tipudv ya to “rail-to-rail” otddio €16050v.

‘Eva. petovékmnuo tov otadiov €16000v Tov Xy. 7 amotelel to yeyovog OTL 1)
dyoyudmTd Tov dimhactaleTot yio evotbdpeceg DC tipég 160000, yiati TOTE dyouv Kot
T, OVO dtaPopikd Levyn €16600V, evd Yo akpaieg Eva puovo amd ovtd. H petafoin g
SyOYHOTNTOS, €KTOC amd TO yeyovds OTL petafdider to KEPOOG mov BEAovue va
dtnpnBel otabepd, gumodilel kot v aviiotdduion cvyvomrag. o va dwoutnpndel
otafepn N TN ™G SWYOYIUOTNTOG Em TPETEL Vo avENBel Katd 2 yio TIg akpoies TYUES
€10600v. Emeidn 10 gy, elvatl avaioyo g pilag Tov pedatog mov 1o Sloppéet, T0 PELLLOL
noAoNG KaOe drapopucod {evyoug mov givar avorytd mpémet va avénbei 4 popécs.

AVTO €MITVYYAVETOL LE TN LETOTPOTT TOV KUKADUATOG OTWS POIVETOL GTO GYNLLOL
8 [18]. To kuKA®MA EAEYYOL TNG OOy OYIUOTNTOG VAOTOIEITOL e OVO S1OKOTTES PEVUATOG,
M;s ko Mg, ko dvo kabpénteg pevpotoc, Mg — M7 kxoau Mg — My, kaBévog amd tovg
omoiovg &yt KEPOOG 3.

"Etot, yia yopuniéc kowég DC tipég 160000, onhadn Tég peta&d Vs kat Vss + 1,

Aertovpyel povo 1o drpopikd (evyog PMOS. O daxkdnng pevpatog Ms givon avorytdc,
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nepviel OA0 Tto pevpa ler otov kaBpémtn Mg — M; oand Ttov omoio e&épyeTon
TOAMATANGIOCUEVO KOTA 3. X1 cuvExela TPOoTIfETOL GTO e, AQOV Tl Lrer KO Loy Elvait

ioa, 10 pevpa TOAwong Tov drapopikov {evyovg PMOS givat ico pe 4lr.

3.3

?
Wl ilm i, | e

V1N+O—F M, —@\i1 M, |— ij-‘—ovm_

M»g —— :Mw — QMB | 1

Figure 8. 14810 106600 “rail-to-rail” oto omoio 1 Sty@YOTNTA gy EAEYYETAL E KAOPETTES OVAAOYIOG
1:3.

INo gpappoyn evotbpecsmv kovav DC Tipuomv €16000v, dnAadn tipég petald Vss +
1.3V ko1 Vpp - 1.3, kot o 600 dropopikd (ebyn dyovv. Xnv mePloyn ot Kot ot do
dlakomTeg pevpatoc Ms kot Mg givanl kKAeiotol Ko kdbe drapopikd (ehyog moAmveTal pe

pedpa 160 UE Lief.
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Mo vynAég kowvég DC tipég e16600v, oniadn Tég peto&d Vpp kot Vpp - 1,
Aertovpyel povo to dapopkd Lgvyoc NMOS. O dwokomtng pedpotog Mg eivar avorytdc,
(evdd 0 M5 kherotdg) mepvaetl 6A0 10 pevpua lep otoV Kabpéntn My — My amd tov omoio
e&épyetan molhamAacstoopévo katd 3. Xt cvvéyelo Tpootifeton 6To Leri. AQPOV Ol Lepy
Kot Lep €tvan ioa, To pedpa mOAwong tov dtapoptkov (ehyovg PMOS givat ico pe 4lr.

INa kaBe meproyn DC tipdv €160d0v T0 gy diveTon amod ™ oyéon

gm = yKI 4.2)

ref
omov K= upcox(gj =n,C., (Ej (4.3)
p n

Kol 1L TNV ukivnoia Tov gopémv, Cox T Y@pNTIKOTNTO TOL 0&E1i0V NG TOANG, W ko L
TO TAGTOG KOl TO UNKOG TOL KavaAloh Tov Tpoviictop avtiotoyo. Amo 1t oyéon (4.3)
napaTNpovUE OTL Yo ivon 1) ion N ayoypdmmra Tov P-dtapopikov (evyoug e ekeivn tov

N-drapopikod {evyovg, Tpémel va 1oyveL 1| oxEon

o 1)

= (4.4)

"

Enopévmg, n dtoyoyipdmmta gy, dratnpeital otabepn yu OA0 T0 EDPOS TV KOWVMV

= £

DC tipuov €16600v, €kT0G 0md TIC 000 WIKPEG TEPLOYES emkdAvyng tov pecaiov DC
TILOV E1GOJ0V UE TIG YOUNAEG 1 TIG YNAEG TES, ot omoleg glvan ot (Vss + 1, Vss + 1.3)
kot (Vpp — 1.3, Vpp — 1) avtictoya. Xtig meployég avtég 10 pevpo Tov SEPYETAL OO

Kké0e drakomtn pevpartog (Ms, Mg) petafdiietarl and 0 og Ler kot avtictpo@a.
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4.1.2

H mapoyn képoovg amod éva otdaoro tororoyiog “folded-cascode”

YKxomdg Tov oTadiov KEPOOVE elval N emmALOV gvioyvon Tov oTafepod KEPAOLG
ONUOTOG OV £EACPUAMGALLE amd TO GTAO0 €600V HEG® NG 6TadEPOTOINoNG TG TIUNG
T0V gn. H amaitmon ovt) mpénel va cuvovaoTel Le To yeyovog TG HOPPOTOinong evog
ONUOTOG TOL 1 HEYIET TN ToL Bo TANGLalet kotd To duvatd ™ BeTIKN TPOPOOOGia, EVED
N eAdylotn TV apvnTiky Tpogodocio (“rail-to-rail swing”). H tomoloyia evicoyvti mov
wavonotel T1g 6v0 moapandve amotnoelg ovopdletor “folded-cascode” (avadimimpévog
“cascode”), dnAdvovtog Tn JOeopd He TNV TomoAoyio Tov oamiol ‘“‘cascode” mov
mpaypatonoleitor amd Eva tpaviictop mov £xEl O EvePYO @optio otnv ££000 TOL Eval
akoun tpaviiotop. Ot amhodoTEPEG TOV VAOTOMGE®MY Yo TIG OVO OTEG TOTOAOYIEC

eaivovtot 6to akolovbo oynual12].

VDD VDD
4 @1
Vout Vin °—1 ° Vout
Vbo-—{ MZ : I—- Vb
vil'l 0'_| M1
@ 1,
(u)
VDD

(b)

Figure 9. Kvihdpota “Folded cascode™.

Boaowotepo mheovéktnua g tonoAoyiog “folded-cascode” amotelel o yeyovodg
OTL droB€TEL PEYOADTEPT YPOUUIKY TEPLOYT Thong eE6d0v (“dynamic linearity range”). To
YOPAKTNPIOTIKO TNG avTd, KaODS Kol To KEPOOS oL TaPEYEL, OAAG Kol Ol cuvOnKeg

TOA®oNG TV TpoviicTop TOL TNV amoteAoVV TEptypdpovtal oto [Tapaptua I
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H emdoyq g 7tomoioyiog “folded-cascode” vy 10 014010 KE€POOLG
TPOGOPUOLETAL GTN OOUY] TOL TPOTYOVUEVOD GTASIOL TOL KUKAMUOTOS, TO OTOi0 £)El
oA dropopikt| £€€000. Onwg eaivetar oto Xy. 10, 1 £€£000¢ amd 10 dapopikd (evyog
NMOS e16000v, ewoépyetar otic manyéc tov Mz, My mov tomobetovvian oe
ovvdeoporoyia “folded-cascode” kot molmvovion omd T1g TNyEg pevpatog M -Mi,. ‘Etot,
T0 Gved MUGL ToV oTadiov avTod divel otov kKOPPo €€600v Eva onua pe DC Ty moAv
Kovtd ot Betikn Tpoeodocia. H cuopminpopatikn toroloyio ToV KATO NUICEDS TOV €V
AOY® oTadiov €xel G amotéAesa TV mapoyn otov KOpPo e£6dov evdg onpatog pe DC
T TOAD KOVTA ot apvnTiky tpogodocia. To amotélecua gival £€va GUVOAIKO oTjua
eEd6oov mov amoterel to dBpolcpa TV dvo mopomdve Kot apo PeTaPaAlETOl peTASD
HEYIOTOV TW®V 7ov mpooceyyilovvy 1 Oetikny Tpoeodocios Kol EAAYIOTO®V OV

npoceyyiCovv v apvnrtkn (“rail-to-rail swing”).

3.3

?

Méjﬂ ™, o—fMA [ Muﬁ: :ﬁMn

MlSj i T i EMM

VIN+THM3 —|E|M;f7;||— METVIN‘
o—@ws Ml 1 L

M9I;l|__| :MIO o— I;‘MB l Lrery

v

GND
Figure 10. 214610 képdovg tonoroyiog “folded-cascode™ .
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4.2

To otd610 €£060V

4.2.1

Ewoaymyn ot Osmpio Tov 610dimv ££600v.

Boowkog 6tdHy06 Tou 0T0diov €£000V £vOG TELECTIKOD gVioyLTN £ival 1 tkavoTnTa
odMynong oG peyaiang yopntikoémmrog (péxpt tpég taéng towv nF) wour pkpng
avtiotaong (taéng dekddmv Ohm) dote T0 oNUa €000V va £XEL YOUNAT T OPLOVIKNG
TOPAPOPEMONS. AAMOV éva 6TdY0 amoteAel 1 duvaTdTTag AMYNG oNUATOS 6000V UE
péyrotec/erdyioteg Tipég mov mAncldlovv Tig 6vo TpoPodocies avrtictorya. o To Adyo
avtd, ebv emAéloope éva. NMOS kot éva PMOS yw to otddio €£6d0ov, avtd Oa
tomoBetnBohv o cuvdeopoAoYia KOWNG TTNYNG, MOTE N TTOCT TAoNG ond v ££000
uéxpt kébe tpoodocio va eivar Vg, OmAadn opketd pikpn. Ta  mopomdvo
YOPOUKTNPLOTIKE 00MYOUV oTNV €mAoyn evog “push-pull” ctadiov ££6dov, dnwe eaiveTat

oto Zy. 11 xon meprypdpetor avarvtikd oto apdaptnua A.

Figure 11. “Push-pull” CMOS oc1td4d10 ££6d0v pe petafoin tov onpotog “rail-to-rail”.
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4.2.2

APYLTEKTOVIKI] TOV 6TUS10V EE000V.

To o14d10 €£6dov Aertovpyel oe 14&n AB kar mopovoidletor oto Zy. 12.
Amotereitan amd ta Tpaviictop Mys kKot Mag, o omoia TomofeTobvtor 6e cuVOEGHOAOYIN
KOWMG TNYNS, T0 omoiol 001N yovvTal amd dV0 GLUEACIKE onjuata L kot Iy aviictovyo.
To khkhopa eAéyyov TOAmonNg TV Mas kot Mo amoteheiton and ta Mg kKot Mag. Ta Mas

— M4 kot My — My, og ouvdeoporoyio 510600 TOAMVOLV TI TOAEG TV Mg Kot My

[ g

avtioTorya.
3.3
?
—|E ® Lig
My,
® Iy '
I
A (i
N |
My [F—"¢
My
— -
Iin2 M23
ORI Lis @

—° OUT

GND
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Figure 12. Xt4610 €£680v “rail-to-rail” oe Aeitovpyio taEng AB.



To pedpo npepiog Tov otadiov e£600v Kabopileton oe kdbe Pdon aywyng amd
dvo Bpdyovg mov amoteAovvtal and ta Tpaviictop Moy, Moy, Moy ko Mas kot Mg, Mas,
Mas xkor Mae.H Aettovpyia o 164En AB e€acparileton kpatmvtag otabepn tn dopopd
duvapkol peta&d twv dvo TLAGV TV Tpaviictop e£ddov. Kabmg ta pedparta Ly kot lin
gloépyovion oto tpoviictop Mys kot Mys avtictoya. Otav €16épyoviol 6To KOKA®LLOL
eMEYXOV Mg — My, TO pedpa Tov My avéavetal, evd o pedpa Tov TEPVAEL oo T0 Moy
avéavetor Katd 1o 100 mocd. Kotd avtd tov 1poémo, t0 SuvOoUKd OTIG TOAEG TMOV
tpaviictop €£600v avéavetat. Apa, To oTddo €650V Tpafdel pevdpa amd TO POPTIO TOVL,
KétL mov ovveyiletar péxpt to peduo mov OEpyxeTol amd to Mg yiver ico pe Iy
AvtioTouyo 16Y0OLVV Y10 TN TEPIMTOGT TOV TO GTANI0 GTEAVEL PEVLUO TTPOG TO POPTIO TOV.

‘Eva petovékmmpua tov otadiov 1aéng AB givar to yeyovog 0Tt 10 pedpua npepiog
10V oTadiov €000V e&aptdtol amd peTaforég TG TAONG TPOPOSOGING TOV LETAPEPOVTOL
0TO oMU €£000V HEG® NG UETOPOANG TOV SAPOPHV OLVOLKOD HETAED TNG TOANG Ko

NG TNYNG TOVG.
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4.3

YvvoMki) Tomoroyia Tov VDSL Driver

O ovvnOng tpoTog oyediaong evog evioyvt 2 otadimv, eival 11 6OVOEoT Gg Gepd
ToL oTadiov €16600V, amotedovpevoy amd to M;—My ko M;1—Mjs Kou tov otadiov
eE6oov 1aENC—AB, 10 omoio amotereiton amd ta M9-Mag, OTT®OC Qaivetol oto oynuo 13.
Mo Aoyovg amhdmrag €xel ayvondel 1o kOKA®UA EAEYXOL TNG O0Y®YIUOTNTAS Em TOV
oT0di0Vv €16000V. AV Ko £Yovpe EMTOHYEL i O GLUTOYT TOTOAOYIO, 1| TPOGEYYION OVTH
&xel onuoavtikd peovektquata. To mpdto omd ovtd eivar 611 T0 KEPOOG ONUATOC
peloveTon yloti ot Tnyeg pevpatog Iy Kot Iy mov moAdvouv 10 6tddto €600V cuvdéovtal
napdAANA pe To Mis kot Mig. AkOun, ektoc omd ta tpaviictop 166600 M-My ko My -
Mz, 0AAG kot T Tnyéc pedpatog Iys kot Ips, 010 BO6pLPO KO TNV ATOKAIOT €150d0V
oLVTEAOVV Kot ot TNYEG pedpartog Ivs kot Iy;. Avtd cvpPaivet ylati 1o k€pOOg pELUATOC
HETOED TV TNYOV PEVUOTOS TOV TOADVOLV TO KOKA®UA EAEYYOL TOV GTAdI0L 5050V KOt
TOV TNYOV PEVUATOG TTOL TOADVOLV TO GTAS0 €160J0VL elvar ico pe 1.

Ta pelovektiuato avtd pmopovv va Eemepactodv av mpootedel éva evoldueco
016010 petalh twv 000 MOV ATOTEAOVV TOV EVIGYLTH. AVTO TO EVOLAUEGO GTAOIO TOL
aroteieitoan and to Tpaviictop Ms; kot Ms, av&dvel to k€pdOG pevaTOg HETAED TOV
otadiov €10600v kot TV Iy kot Iy7. Koatd avtd tov tpomo peidverar o B0pvPog mov
npoépyetor amd TG e Ko Iy, 0AAG oav&dvetor M em@dveln KATOANYNG TOV
OAOKANPOUEVOD  KUKAMUOTOG HEWOVETOL 1  oLYvOTNTO povadloiov KEPOOLG TOL
KuKAOMOTOG. AV epappootel aviiotdduon Miller, Tote 11 cuyvdéTHTO pOVOSLOHOV KEPAOLG

TOV KUKADUATOG petdveral kotd 2 [17].
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3.3
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Figure 13. Tomoloyia 600 GEPLOKE CLUVOEOUEVOV GTASIMV.
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Figure 14. Tonmoloyio Tp1dV GEPLOKH GLVIEOUEV®Y GTOSIWOV.
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"Evag d109opetikdg Tpoémog va peudcovpe to B0pufo kot v andkAion 16000V
oL TPOKAAEL TO GTASL0 EAEYYOL TAENG-AB, Ywpic To KOGTOG TG AHENONG EMUPAVELNG TOV
OAOKANPOUEVOL KUKADUOTOG KOl TN LELMOT TNG GLYVOTNTAG LoVadLaiov KEPAOLGS, elval M
petapopd T@v Mg — Myy 6t0 mponyovpevo otddo twv Mi-Mjgs, OTmg aivetor 6To
oynqua 15. Katd avtd tov tpoémo, 10 kOkAopo eréyyov 1aéng AB moldvetal amd ta
eoptia Tov otadiov képdove. 'Etot, o B6pvPog xabopiletar kupiog and ta tpaviictop
€10000V Kol TO 6TAS10 KEPOOLG.

‘Eva petovékmnpo mov €xel 1 eveopdtwon tov otadiov eréyyov 1aéng AB oto
TPONYOVUEVO, €lval TO YeYovog OTL T0 otabepd pedpa TOA®oNG Tov oTadiov 5660V
(Iquiescent) €€aptétar amd T1c petaPoréc g DC otdbung tov onpotog €16660v. Avto
ovpPaiver yori n petaforn g DC tiung 010 onua €16030V £XEl MG OMOTEAEGUO TNV
aAAOYT) GTNV TN TOL PELLATOG TTOL dtappéet T TpaviicTop 16600V, Apa Kot GTO PELLLA
7oV dlappéet To. evepyd eoptia Tovc. 'Etot, to pedpa moOAwong tov otadiov eaéyyov AB
KOl EMOUEVAS KOl TOL PEVLOITOG TOL TOAMVEL Ta Tpaviiotop e£d6dov aAldlel. H Abon oe
avtd t0 TPOPANUe divetar av Tt M -Mus xkow Mis-Mjg ovvdoeBodv 6e TomoAoyia
kaBpéntn pevpatog. KabBévoag oamd ovtodc tovg kabpémteg moAdvetar amd 600
avegaptnteg myEg lps kot Ips, OToG @aivetar oto Zy. 16. Kot ot dvo mhevpés kabe
kaBpéntn moAwvovtal omd ica DC pevpata mpoepydpeva amd 1o 6Tad10 16000V M-My.

Emeion ta Iy ko Ipg eivon ica, 1o pedpo e£600v KaOe kabpéntn elvar ico pe Iys.
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Figure 15. Toroloyio 300 6Tadi®V |E EVOOUATOOT TOL KUKADWIOTOG EAEYYOV TENS AB 6710 mponyoduevo otddio.
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Figure 16. Toroloyio 600 otadimv. To abBpoiotikd KikAmpa KEpdovg moAdvetat amd 600 aveEdptnres Tnyég peduatog, TG ly; Kot lys.

65



‘Eva petovékmmpua tov oveEaptnto molopévev Kabpentdv pedpatog eival 4Tt ot
TYEG TOV TOAMVOLV UE PELLO TOVG KaBpEMTeg cuveElsPEPoLY 6To BOpLPo TOL EVicKLTY.
Avtd ovpPaivel yoti to KEPOOG PEVUATOS HETOED OLTMOV TOV TNY®OV PEVUOTOS KOl TOV
pevpatog twv tpaviictop €166d0v gival ico pe 1. T va Egmepdoovpe avtd to TPOPANUQ,
o1 KaBpénteg pedpatog moAdvovtot pe pio Ty pedpotog Iys, 6mwg eaivetot oto Xy. 17,

N omoia dev empépel emumiéov avénon tov Bopvfov [24], [25].
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3.3
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Figure 17. Tonoloyia dVo ctadiov. To aBpototikd khkAopa kEpdovg Tepiéyet dV0 KaBpENTES PEOUATOS TOL TOAMVOVTAL 0t pio Ty pevpatog (Ips).
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Figure 18. TonoAoyia dVo ctadiov. H myn pedpotog I,z vionoteiton amd ta tpaviictop M7, Mas.
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To otddo eréyyov théng AB kot emopévog Kot to pedua mpepiog TV
tpaviiotop €£600v eapthron amd petaforég g tdong tpoodosiag. o va to
amo@OyoLpE avTO TPEMEL M| TNYN PEVMOTOC Vo e&apTdtal pe Tov 1010 TpOTO amd TIg
petaforéc e Tpo@odociog, dmwg Kot To KuKAmua eAEyxov tdéng AB. Xto Xy. 18
eatveTar avty N vAomoinon pe v IyN PEOHOTOS va aroTeAeiTtan amd Ta TpaviicTop
M;7-Mag ko va €xel vAomomBet pe Tov 1010 TPOTO OTTMG Kol TO KOKAMUO EAEYXOV TOL
PEVUATOC TOAMONG TOL oTadiov e£0d0v. H tiun tov peduatog moAmong kabopiletal
and to PBpoyxo tov tpaviictop Mii, Mo, M, Mag aAAd Kou amd to PBpdyo mov
amoteleitat omd To M7, Mas, Mo, Mys. Ot kaBpénteg pevpatog M 1-Mjs kot M 5-Mg
HETOPEPOLVV TO PEVLA TOV SAPOPIKDOV (ELYDV £16000V M -M; kot M3-My avtictouyo.
H tipm ko0evog amd avtd ta pedpoTo Kot ETOPEVOS Kot 1 daopd duvapukod Vs ot
M koar M7 adAGler pe ) petaforn g DC tiung tov ofjpotog e166dov. Otav avtn
N T TANodlel ) BTk TPOoPod0Gia, T0 KOKA®U EAEYYOL TNG JAYOYIUOTNTOS Em
Ba avénoet to pevpa Iy, evd tavtoxpova Ba peidoet to peopa Iy, Emopévog, n téon
Vs 670 My pewovetat, eved 6to M7 avéavetat. Opmg, avtd dev petafdArel Tnv Tiun
TOV PELLOTOC OV divel 1 YT oL £xel VAo Oel amd ta Mp7-Mag, yroti pio adénon
MG tdong Vs o€ évav and tovg kabpénteg pedpatoc aviiotaduiletor omd pia
avtioTolym peimon otov GAAO.

Amo ™ otiyun mov M Iy PEVMOTOS oL VAoTolEiton omd o Mp7-Mag €xet
OO0 SO UE EKEIVI TOV KUKADUATOG EAEYYOVL TOL oTadioV ££000V, TOL AmOTEAEITON
amo to Mjo-Mag, 1 LETOPOAT] GTO PELLA TOV EVOC KUKAMUATOS Ol TIG OAAXYES GTNV
tdon tpoodoaciog avtiotaduiletor amd ™ petofoir tov dAlov. To amotélecpa gival
T0 pevpO Npepiog 6To 6Tdd10 €000V va givar aveEdpTnNTO TOV HETAPBOADY TNG TAONS

TPOPOOOGING.
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4.4

Ylomoinon Tov npotdoemv 6yediaong

4.4.1

To 616010 £16000V 6TOOEPNS LAY OYIUOTNTOS 1y

To onpa mov petadider o VDSL Driver mpénet teAkd vo mpocaplootel oe
YOPOKTNPIOTIKY eunédnon mov €xet Tiun 100 Ohm. To yeyovog avtd, oe cuVILAGUO
pe v amoaitnorn HeTaPOANC TOL GNUATOS KOVTA GTIS dVO0 TPOPOS0GieS (TOv 1 ETAOYN
toug elval ota 3.3 V ko 0) Béter oe mpdtn mpocsyyion v TéEN peyéBovg tov
pevpatog moAmong kébe dopopucod (ehyovg Tov GTAdiOL €1GO00V GTNV T TOV
ImA. H Aeutovpyio tov tpaviictop ommv meploy] KOpeopov (meployn otabepov
KkEPOOLG oNUATOG) EMPAALEL TNV KaTAAANAN Ty Tov Adyov W/L (aspect ratio), 6mwov
W 10 mAdtog to0v KOovoAlov tov Tpaviiotop ko L 1o pnxog tov. Ot mopomdve
amaLTNOES 00NyovV otV enthoyn Tov W/L oty tyun S50um/0.25pum ywe to0 M;-M,
tov NMOS S1apopikov (ghyovg e16600v.

H emoyn g tyung tov L (uxog tov xavaAiov) yivetor étor @ote: (o) ot
0o TAoELS TOV TPOvVEIoTOp Ko ETOUEVMG OAOKATPOV TOL KUKAMDUOTOG Vo vl KaTd
10 duvatd UIKPEG, HE OTOXO TNV KATAANYN WKPOTEPNG EMPAVELNS OAOKANPOUEVOL
KukAmpatog, (B) ta petovektipata tov Tpaviictop kovailoh pikpov pnikovg (“short
channel”) (BA. Keop. 2) va amogedyovtal kot (y) M TOPOCITIKY YOPNTIKOTNTA TOV
tpaviiotop peydrov L va unv etvar 1060 peyain dote va KAveL od0voTn Tn LETAO0CN
0V ofpotog ovyvotntoag 30MHz. Metd v enthoyn tov L, n tyun tov W emidéyston
€161 MOTE T0 TPAVCIoTOP TOL HOG EVOLAPEPEL VAL AEITOVPYEL OTNV TTEPLOYN KOPEGLOD.

H mywm molwong pedpatog ImA tov tpaviictop mov omotelobv Ta dVO
owpopikd Levyn e€10600v emtvyyavetor pe to tpaviictop My kot Mp mov
Aertovpyobv ¢ mnyég pedpatog kot £ovv W/L pe tpés (40pm/0.5pm) won
(25um/0.5pum) avtiotorya. Ot TYWEG aVTEG amaltohv TOA®ON TG TOANG TOV Ma oTa
1.71V xou tov Mp ota 1.21V, dote kabBéva amd avtd va diver ImA ot0 avtictoryo
dtapopikd Levyoc.

H emiioyn olov tov mopondveo mopapétpov et kobopicel v T g

Sy @YHOTNTOS Em Y10t To NMOS d1apopikd {evyog 16000V amod T oyéon
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gy = \/ZHHCOX(gj Ls =6.325mA/V

pe nCox = 100 pA/V?

O Adyog W/L yuo t0 ouumAnpopotikd dtaeopikd (gvyog PMOS mpémel va
wKavomolel v amoaitnon Kowov gn. Emedn yio ta PMOS g ovykekpiuévng
texvoloyiag oydel 0Tt PpCox = 35 UA/V? ko Gpa i/ U = 2.86, N 100TMTA Emn = Emp
0o woyoer av (W/L), / (W/L), = 2.86. Emopévewg, (W/L) = (143um/0.25um),
KPOTOVTOS TO 1010 UNKOG KOVOALOD Yo Vo amo@OYOLUE TO TPOPANUA TNG OTTMOAELNG
npocapuoyng (“mismatch”). Av AdBovpe vadyn 1o yEYOVOg OTL N TIUY TOV Emp Ot
elvar Alyo owgpopetikny amd v OBeopntikd vmoroyllopevn T g AOY® TOL
eawvopévov copatog (“body effect”), n tyun tov (W/L), Ba aArhdSer kot ot pe
oelpd g €101 wote va ggakolovdnoel va kavomoleitalr n 10o6TNTO TOV gn. H
TPOGOHOimoN Tov KVKA®pOTOg Katédese ot mpémel (W/L), = (140pum/0.25pum) étot
wote yw oo eoption oV €000 kdbe drapopikov Levyovg, To o va £yl TO 1010
TAATOG (KATL TOL ONUATVEL KOO g Yo TaL 600 (evyn).

H ocvvolikn tiun tov gn tov otadiov €166060v divetar amd to ABpoiouo TG
Swyoyuomtoag kdbe dapopikov Levyovg mov to amoterel, a@ov Ta dvo Levyn
ovvdéovtol mopdAinia. H mpaypatikn tiun yo 1o gn kébe {ebyovg vmoAoyileTon amd

™ oyéom mov divel To k€PSOS Tdong Tov 6Tadiov £16600V

n
output amplitude _ 100 = SmV. =g 100=>¢g =5mA/V

10mV

A=gmt, =

mn

inputamplitude

H tym tov mAdtovg oty €000 &ival 10 amoTtéAeca TG TPOCOUOIMGONS TOV
oTadiov €16660V pe TAATOG ofpatog €l06d0v SmV kot iogg avtiotdoelg 100 Ohm og
Kk@Oe drapopikn £€000. H tyun twv SmA givor moAd kovtd oto Bempntikd vroroyioud
tov 6.325mA. H peioon opeidetar 6to @ovopevo cmOUATOS (TOV PELOVEL TO KEPAOG
Tdong péc® NG 16000VaUNG SY®YWOTNTAS TOL gmb). Emopévmg, m cuvolkm

Oy ®YLUOTNTO TOV 6TAOI0V 10000V Elval
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Zm total = Zmn + Smp = (5 + 5) mA/V =10 mA/V

H mym avt) npénet va kpatnOei otabepn aveEdptnra and petaforés g DC
6T1a0UNGg Tov GNUOTOG €16000V. AVTO TO TETVYAIVOVUE HE TAL OVO GUUTANPOUOTIK
KuKA®poTa Tov TEPAaUPdvouy Toug kabpénteg avaroyiog 1:3 kot Tovg avticToryovg
dwokomteg pevpatoc. O Adyog W/L yuo awtd ta tpaviictop kabopiletar amd to 6T1
TPEMEL VO UTOPOVV VoL TOPEXOVV PEYIETO pevpa ico pe 3mA. Ot kabpénteg peduaToC
yivovton o akpipeig otV wavomoinomn g 16OTNTS PELLATOG E1GO0V-EEGS0L, OTAV
T0 UNKog Kovoioy twv tpoviictop tovg eival peyoivtepo. ‘Etol, emAéyovpe L =
0.5pum avti yo 0.25um kot o1 TpokVLTTOVGES TIWES Yo TO TAdTog W KaBe tpaviictop

eaivovtal oto Xy. 19.
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Figure 19. Emiloyn tov W/L ywo to 614010 £166500.

210 Xy. 19 avagépovror kot o1 TOAOCELS 0TI TOAES TV Mg Ko Ms, o1 omoieg
EMTPEMOLY N OYL TN SPPON TOVG OO PEVLM, COUPOVO, LE TN XOUNAT 1| VYNAN Ty
téong ewoodov. H amaitnon avt) wovoroleiton amd tipég moAwong 1.7 ko 1.4V oy

TOAN T0V Mg Kol Ms avtictoyyo.
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4.4.2

H vAiomoinon ¢ Tomoroyiog avadrrriopévov “cascode” (“folded-cascode”)

Boowog 6t0)0¢ g oyediaong elvar 1 emitevén vynAov k€PSOLE GNLOTOC GE
GLVOLACUO UE TIUEG TAATOVS ONUATOS TOV TANGLALOVV TIS dVO TpoPodocies. Mia
Tomoloyio TOL GLVOLALEL AVTA T OVO TAEoVEKTH AT, ovopdleton “folded-cascode”.
AOY® ™G AN d1poptkng €000V TV dVO drapopikdv Cevydv (M) — My), (M3 —
M,), d0o avtiotoyo Cevyn doung “folded-cascode”, ta (M3 — Mis), (M5 — M),
ocuvvdéovton o€ kdBe pio amd oavtéc Tic €£0dovg avtiotorya. H mpotewvopevn
ovvdeoporoyio amoutel tov (M — Myz), M17 — Mig) ®¢ Tnydv pedHatog mov
TOADVOLV e TO amapaitnto pevpa to (M3 — Mys), (M5 — Myg), dote avtd va divovv
10 péytoto duvatd kEPOOG Tdong oto onua. H 1y tov peduatog méOAmong mov
emAéyovpe elvar 1.5mA. 'Etor, ot “folded-cascodes” (M3 — Mys), (Mis — Mje)
molwvovtol pe ImA, apov 0.5mA amoppopd kabe dtapopikn gicodog, otav 1 DC
TN TOV KOwov onpatog €60dov givar 1.65V. T yapmiéc f vymiés DC tyég
€106000, kae drapopikn 160d0¢ amoppoPd 2mA, ki £16t pével ImA yio v TéAwon
tov “folded-cascodes”, kabmg mTAéov o1 kabpénteg pevuatog (M — Myp) or (M7 —
Mig) divouv 3mA kabBévoc oty avtiotoyn meployn xouniov 1 vymiodv DC tipuadv
e10600v. Emopévamg, to (W/L) yia ta M1, Mz emhéyeton oty tipn (110um/0.25um)
Kot Yoo T M7, Mg og (50um/0.25um) dote va mopéyovior ot emBuunTéG TIHEG
PELUATOC TOAMOTG.

Eniong, ov Aoyor (W/L) tov Mi;, Mjps etvar (200um/0.25um) @wote vo
eEac@aAiletal CUUUETPIKN OPOPIKT| AetTovpyia Kot 1 TOA®ON otV TOAN KaBeVOS
2.2V dote va mapéyovv 0.5mA 1o kabéva. Baoet g 101G Aoyikng, ot Adyor (W/L)
TV Mjs, Mg etvan (60um/0.25um) evéd m téomn otig moieg tovg 1.2V. Ot mopoandvo
oLVVOLACLOTL AOYWV Kol TOAMGE®V eEAcPaAIlovy Kat TN Agttovpyio v M3-Mjs otV
TEPLOYT KOPEGLUOV TOVG.

Ta 600 Cevyn tov “folded-cascodes” M;3-Mj4 kot M 5-M 6, GuVOEoVTaL GE Eval
Koo KoK oo péocm tov (Mg — Mag), (Ma7 — Mag). H cvvdesporoyio avtr| evioyvet
T0 K€POOG Ko TV dvo “folded-cascodes”, ool 10 LWOAOITO NUICL TOV KLKAMUATOS
TPOG TOL TAV® 1| TPOG TO KAT® omoterel evepyd eoptio yio kébe Levyog Mz, Mis 1
Mis, Mjg, mov av&avel v avtiotaon €£600v kabevog and avtd. Ot diuotdoelg Tov

Mg givar (75um/0.25um), evd yio to My (25um/0.25um). H méAwon g moing sivor
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1.5V yia to M9 and 1.4V yia to My, €161 ®OTE va dtatnpeiton 1 1l6oppomior PEVUATOG
nov e&acpoiilovv ot kKabpénteg pedatog mov mToAdvovy tovg “folded-cascodes”. Ot
dlotdoelg Tov Mp7 kot Mag elvat (25um/0.25um) kot (60pum/0.25um) avtictotryo yuo
va €£00PaAGoVV 160 pedpa TOAMONG KOl GTO OVTEPO PPOYO TOL KUKADUATOG. XTO

2y. 20 mapovotdletor T0 KOKA®UO TOV TEPTYPAONKE.

33
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Figure 20. YAomoinom g tomoloyiag tov “folded-cascodes”.

Ot JwoTdoelg Kol Ol TOAMGCES TV TPaviioTop ©€ GLVOLOCUO E TNV
EMAEYOLEVT] GLUVOEGLOAOYIOL GTOXEVOVV GTIV GUUUETPIKY] EVIOYLGT TOV GNUOTOS OTIS
e€6dovg TV Ms kor Mg €t01 ®oTE M PETAOAN TOL GNUOTOS VO €IVOL GUUUETPIKTY
otav mAnowler kdbe tpopodocia. ' evdibdpeceg DC tyéc oty €icodo tov
KUKADOUOTOG, ONAadT Yo TnéG petald 1 ko 2V, n dtakdpavon oe kdbe £€000 eivon
ton pe 250mV. I'a v ) 1.65V, 10 onfua oe kdbe pia and avtés t1g €£6d00V¢

eaivetal ota oynuota 21 ko 22 avtictouya.
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Figure 21. Awxbdpovon tov ofjpotog otny £€£0d0 tov M4 GLUVAPTHGEL TOL YPOVOUL.
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Figure 22. Awxopaven tov onpatog oty €£000 100 M6 GUVOPTAGEL TOV XPOVOL.
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4.4.3

To otdo610 €600V

Onwg avaeépdnke mopamdve, ta tpaviictop Mg — My mov amotelolv
evepyd @oprtia otovg “folded-cascodes” Mj; — M4 kot Mjs — Mg, amotehovv 10
KOKAOUO EAEYXOV TOAMONG TOV 6Tadiov ££000V Taéng AB. Bdocel tov emAloydv oTIg
doTdoelg kot v moAwon Kabe tpaviictop, ot muAeg tv tpaviictop ££6d0V Mys
Kot Myg drotnpovvtor otafepd maveo and 2.15V and 0.6V avtictoya, yio 6An v
nepoyn xowvav DC tpuav e166dov. Emopévaog, n 010popd duvapikod HETaEDd twv
TOA®V TOv Mps — My Olamnpeiton otabepd méveo omd v tun tov 1.55V
TPOKOADVTOG éva otafepd pevpa molmong npepiog oty €£0d0 ico pe ImA,
ave&aptnto and tic DC tipég 16600v.

Ta onpoata mov eaivovion oto Xy. 21, 22 g1oépyovion oTig TOAES TV Mas, Mo
avtiotolya. H ovvdeoporoyio tov otadiov £660v amotelel KOKA®UA AOpOIoNG TOV
ONUATOG TOV KVHOIVETOL KOVTH 0T BETIKN TAGT TPOPOSOGING Kot TOV aAVTIGTOLYOL TNG
OPVNTIKNG G€ VO GUVOAIKO OO TOV PETOPAALETOL 0 TN pio TpoPodoGio PEXPL TV
GAAN. Kdabe onua déyeton pion emmAéov evioyvon omd ta tpaviictop €£dO0V,
ATOKTMOVTOG £Tol TNV TEMKN Tov Otakvuavorn. Katd avtd tov 1podmo, evoeyduevn
AGLUUETPIO TV SNUAT®V OV E1GEPYOVTAL 6To dVO TpoviicTop €600V, dev emmpedlet
TO TEAIKO onpa, Ady® TG Bpotong Tovg oe awtd. To TeEMKd KEPSOG € GLVOLOCUO e
NV TPOCAPUOYN EUTEINONG TOL GTAdioL ££000V divouvy v embountn HOPEY TOL
onpotog €£0dov. H emioyn tov daotdcemv yio ta Mas, Mag gtvor (400um/0.25um)
kot (200um/0.25pum) avtiotorya. Koatd oavtd tov 1poémo yivetar 1 mpocoppoyn
eumédNong €660V GTN YOPAKTNPIOTIKY TN EUTEOMONG TG YPouUnG Tov 100 Ohm. H
TEMKY HOPON TOL KLKA®MUATOG 7ov divel v pio and 11 dvo €5600VG TOL
KUKAGOUHOTog (pior omAn €6000G OV GE GLVOLOGHO LE TN CLUUETPIKN TNG Olvel TN
dwpopkn €€0do) mapovcialetar oto Xy. 23. H yopokmplotikn eumédnom g
YPOUUNAG OV QopT®VETAL oty 5000 Tov KuKAGpotog eivar 100 Ohm evod n
YOPNTIKOTTA TG Toaplotdvetal ond évav mukvot) Tiung 10pF mov cuvdéeton
TopaAANAC pe oty Vv avtiotaon. To onfua oty €€0do aivetar oto Xy. 24 yuw

kown DC tipn tov onpatog e166dov ion pe 1.65V.
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Zyfqpa 23. Zovolkn Tomoloyia aning e£650v.
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4.4.4
AC ké€poog oNpuaTog

2.4g * oulput signal
1.7 é
1.30 ;
S@@m é

Se0m L

Xympo 24. Znpo aring eE6dov.

H dwkdpoavon tov ofjuatog €£000v amd Kopuen o€ KOPLPY GTNV TOTOAOYiN
amAng e£0dov eivan ion pe 1.87V. Iaipvovtag v copuminpopotikn g £660V VTN
Kol TEAKA pia dtopopikn) ££000, 1 O10KOUOVGT) TOV GNHTog 6000V QTAvEL Ta 3.74V.
H tomoloyia drapopiknc e£6d0v paiveton 6to Xy. 25, 610 0m0i0 TOPOUTNPOVLE OTL GTO
apotepd MUuKOKAopo €xovv mpootebel 000 emumAéov  avTIGTPOPElS Y va
dnuiovpyndei n drapopd edong 180° peta&d tov dvo ££6dwv. To dapopikd cruo
e€ddov @aiverar oto Xy. 26, kot A yio v DC i eieo6dov 1.65V. Enopévac,
dedopévou 0Tl T0 oo €16000V £YEl OLOKVUAVOT OO KOPLPY GE KOPLPN 1o e

20mV, to xépdog thong eivon ico pe % = 187 11 45.41 dB. Ot tiuég tov
m

KéPOoLg onpatog ywo. dapopeg DC tég e1c600v avapépovion otov Ilivaxoa 2.
Omnoladnmote eMmMALOV EVIGYLOT CNUATOC ATOPAITNTN YOl TN UETAOOGN GTI YPOLUN
VDSL yiveton amd Tov HETACYNUATIOT KOTAAANANG avaroyiag (evioyvong onuatog

I:n).
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Tympa 25. Tomoroyio drapopikng ££6S0V.
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Zyfqpa 26. Awapopikd onpa e£600v.
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DC EIZOAOX (V) [AC EZ0AOZ (V)| AC KEPAOX (dB)
0.0 2,08 40,34
0.1 2.1 40,42
0.2 2,12 40,51
0.3 2,136 40,57
0.4 2,146 40,61
0.5 2,166 40,69
0.6 2,18 40,75
0.7 2,2 40,83
0.8 2,298 4121
0.9 2,674 4253
1.0 3,286 44,31
11 3,638 452
12 3,708 4536
13 3,706 4536
14 3,716 4538
15 3,724 454
16 3,728 4541
17 3,756 4547
18 3,862 45,72
1.9 3,938 4588
2.0 3,49 44,84
2.1 2,488 41,9
2.2 1,838 39,27
2.3 1,646 38,31
2.4 1,61 38,16
2.5 1,594 38,03
2.6 1,584 37,97
2.7 1,57 37,9
2.8 1,558 37,83
2.9 1,542 37,74
3.0 1,528 37,66
3.1 1,512 37,57
3.2 1,49 37,44
3.3 1,47 37,33

MMivexog 2. Tyég tov AC képdovg yio oAoKANpN TV teptoyn DC tindv g1o6d0v.
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Common DC input (V)

Xympa 27. Képdog onpatog tdong oe dB cuvaptiost twv DC tipdv giddov oe Volt.

4.4.5

Adyog améppwyng kowvov ofpatos (Common Mode rejection Ratio -

CMRR)

H evioyvon xowov onpatog and 10 6Tdo10 16030V HETUPAALETAL GLVAPTNGEL
tov DC tudv kool onupatog €ico6dov, ywori o NMOS éyovv dtopopeticd
oLVTEAESTN evioyvong kowvoy onpotog an’ ot ta PMOS. To yeyovog avtd meplopilet
t0 CMRR 1ov otadiov €1c6d0v. H peyiotomoinon tov CMRR emttvyydveton pe
otafeponoinon o€ YOUNAES TIHEG TOL KEPOOVLG KOOV OTUOTOS YOl TY| GUVOALKN
nepoyn Kowwmdv DC Tindv €160000, KATL TOV KOTOUPEPVOVLE LLE TO KOKAMUO EAEYYOV
0V gn. Metpnoelg tov CMRR cuvapmost tov DC tipdv 166600 avapEpovtol GTov
[Tivaxa 3 ko mopovcidlovion ypagikd yoo v meployr] otabepov (Kot HEYIGTOV)

képdovg (1 —2V), oto Zy. 28.
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DC EIZOAOX (V) DC KEPAOX CMRR (DB)
0.0 153 36,73
0.1 0,765 4533
0.2 0,513 52,17
0.3 0,385 57,19
0.4 0,308 61,15
0.5 0,258 63,86
0.6 0,22 67,13
0.7 0,195 69,61
0.8 0,206 56,25
0.9 0,309 64,71
1.0 0,580 54,66
11 0,738 50,64
1.2 0,730 50,82
13 0,687 51,9
14 0,61 53,99
15 0,61 54
16 0,584 54,82
17 0,6 54,59
18 0,730 51,35
1.9 0,974 4529
2.0 1,190 38,87
2.1 1,370 33,8
2.2 1,220 34,85
2.3 1,170 35,39
2.4 1,128 35,94
2.5 1,086 36,54
2.6 1,047 37,41
2.7 1,01 37,66
2.8 0,978 38,13
2.9 0,947 38,61
3.0 0,918 39,06
3.1 0,89 39,47
3.2 0,86 39,95
3.3 1,53 36,73

Mivakog 3. Tyég tov DC képdovg kat tov CMRR yia oddoxinpn v meproyn DC tipdv g166d0v.
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Yympo 28. CMRR og dB cvvaptioet DC tudv giod6dov (1V —2V).

4.4.6

Yvvoikn Appovikn Hapapopemon (Total Harmonic Distortion-THD)

H ocvvolun appovikn mopapdpemon amotelel Evav TOTO TOPAUOPPOCNG TOV
TapAyEL VYNAOTEPES APLOVIKEG (GNULATO. GLYVOTNTOS TTOV Elval OKEPALO TOAAATAAGLO
mg ovxvoTTOG TOL OapYWKoV onpatog). Opiletar @G 0 AOYOC TG eVEPYEWNS TOV

VYNAOTEP®V APUOVIKAOV TPOG LTV TNG BepeMddovg kot vtoloyiletan and ) oyéon

Jasl +[As]? +|A42 + .+ [An
A

*)

omov A g i—1aéng apuovikng. Emopévag, to A gival 1o mAdtog g Oepelmoong
appovikng cvyvomrtog. O vmoroyiopog g THD amoutel ) yvoon tov cuvoriov tov
VYNAGTEP®V  OPUOVIKOV TOL TEPEYEL 10 onua. H appovikn mopapdpeoon
avapépeton Kot o¢ %o THD, mov opiletor g n THD eni 100.

To mAdtog TV vymAidtepwv TG BepeMdIOVS appoviK®V vIoloyiletar omd

tov Atokprtd Metaoynuatiopd Fourier (Discrete Fourier Transform - DFT), pe puOuo
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detypatoAnyiog (o omoiog eivar cuviBwg dbvaun tov 2) mov glvar TOLAAYIGTOV
OAGG10¢ amd TV LYNAITEPT GLYVOTNTO TOV TEPLEYETOL GTOV LITOAOYICUO (pLOUAG
Nyquist). H emioyn evoc vymAod puBuod detypatoinyiog emTpEnel To Soy®PIGUo
GLYVOTNTOV OV amEXOLV eAdytoTa M i and v dAAN. Ta arotelécpata tov DFT
Yo To ofjra €£000V 6TO KUKAMUA TOL Xy. 25 mapovaidlovtal ota Zy. 29, 30, yuo DC

Tiun €166oov 1.65V.

1o@ v DFT {output]

b | 11|
T i

1.0
seom |

seEm |

amplitude (V)

4g6m |

2emm |

@

B‘:@@I II:II%@E@M=II=II=Q!§@;MII:Illlir)!é@;M
frequency (Hz)

Zympa 29. TTAdtn vynAdtepmv appovikdv petd v epappoyr Tov DFT oto onpa e£6dov.

7 gm_ " DFT {output)

2.0m
< 3pm
1%}
—
=
= 1.dm
£
[}
—1.2m
_S‘Bm T T T T T T T ; T T T T T T t T T T T T T T |
&AM 147K 27BN ZAEM

frequency (Hz)

Zympa 30. MeyévBuon g meployng TAATOV TV VYNAGTEP®OV OPLOVIKAV.
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H dweopwikn €€080¢ TOV KUKADUATOG £XEl MG OMOTEAECUA TO. TAATN TOV
TEPLTTNG TAENS VYNAOTEP®V APUOVIKAOV VO, aAAnAoakvpdvovtol. Ot vroAoyiopol g
THD Bdoer ¢ (*) mapovoialovror otov Ilivaka XV yo emAeypéveg DC tipég
€16000v. Apa, to TAATN |As|, |As|, ...t@v appovikov mepirtig taEng (90MHz,
150MHz, ...) g€aipobvtal T@V VTOAOYIGU®Y. AKOUY, TA TAATN TOV UPHOVIKAOV TOL
elval vynAdtepeg TG KNG, 0ev TEPAAUPAVOVTOL GTOVG VTOAOYICHOVS AOY® TNG
TOAD LuKpNG TYNG tove. Ta amoteléopota TV vroAoyioumv eaivovtol otov [ivaxa

4 xon Tapovcidlovral ypoaeikd oto Xy. 31.

MA&TOG orpaTog APTIWV APHOVIKWY (MV)

DC EIZOAOZ (V)| 30MHz 60MHz 120MHz THD (dB)
0.0 539 133 15 -12,1
0.2 550 135 15 -12,15
0.4 560 136 15 -12,24
0.7 570 137 15 -12,33
0.9 675 145 10 -13,34
1.1 957,3 65,91 19,76 -22,87
1.3 948,4 8,72 -37,58
1.5 9514 6,57 -39,27
1.8 963,5 0,7 55 -44.8
2.0 918 20 4,5 -33
2.2 473 77 2 -15,76
2.4 409 77 4 -14,5
2.6 402 78 4,8 -14,23
2.9 394 78 -14,05
3.1 384 78 -13,83
3.3 372 77 5,6 13,66

Mivakog 4. [TAGt dptiov appovikdv kot THD yu emideypévec DC tipég e1c6d0v.
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THD (dB)
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1,0 1,5 2,0 2,5
Common DC input (V)

Yyfqna 31. THD og dB cuvaptioet Tov Kool o1otog el6000v.

Otr tipég g THD pmopovv va PeAtiwbBoldv pe v €Qapuoyr| opvnTiKNngG
avadpaong HeTaEy Tov otadiov €£600V Kot Tov mponyovuevoy otadiov. To diktvo
avadpaong aroteAeiton amd €va Pabvmepatd RC @idtpo pe 10 omoio emtrvyydveton
avtiotdOuion Miller [13]. H THD Beitioveton eved to k€pdog onpotog Bo peiwbet
eragpd. Ot Tipég g avtiotaong Kot tov kvt givor 30KQ kot 100pF avrtictoya,
€161 MOTE M GLYVOTNTO OTOKOTNG TOL Qiltpov va Ppioketon Alyo mave amd 1
Oepemodon tov 30MHz. H véa popen tov xukAdpatog gaivetor 6to Xy, 32 Kot to
amoteréopato Tov DFT ota Zy. 33, 34. Ot ripnéc g THD ko ot kouvodpyteg Tiuég
1OV KEPOOVG avapEpovtar atov [livaxa 5 kot mapovsialovtot ypaeikd oto Xy. 35, 36

avtiotorya yio tnv DC gicodo 1.65V.
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Tymqpo 32. Tehkr popen Tov KUKADOTOG LE EPAPLOYT OPVITIKNAG OVAdPOoTS.
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Zyfqpa 33. ITAdtn vynAdtepmv appovikdv petd v epappoyn Tov DFT oto onpa eddov.
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Figure 34. MeyévBuon g meptoyng TAATOV TV DYNAOGTEPOV UPLOVIKDV.

93

J55. oM



MAGTOG OrPATOG APTIWY APPOVIKWY (MV)

DC EIXOAOX (V) |30MHz 60MHz 120MHz THD (dB) AC KEPAOZ (dB)
0.0 455,1 116 13,3 -11,82 38,9
0.1 459,5 116,8 13,36 -12,5 38,98
0.2 463,9 117,5 13,46 -11,87 39,06
0.3 467,9 118,1 13,35 -11,9 39,15
0.4 472 118,8 13,3 -11,93 39,2
0.5 475,2 119,3 13,35 -11,95 39,26
0.6 478,7 119,7 13,41 -11,99 39,3
0.7 484,3 120,4 13,37 -12 39,4
0.8 507,7 122,5 13,02 -12,3 39,8
0.9 600,5 125,3 9,2 -13,59 41,19
1.0 750,2 105,7 6,08 -17 43,046
1.1 833,2 53,71 15,15 -23,5 44,044
1.2 830,6 12,71 7,28 -35,1 44,23
1.3 821,2 55 4,12 -41,55 44,217
1.4 821,4 4,6 3,68 -42,89 44,217
1.5 821,4 4,6 3,68 -42,89 44,238
1.6 822,8 3,67 3,26 -44.5 44,26
1.7 824 2,78 2,83 -46,35 44,27
1.8 836,2 0,73 1,565 -63,7 44,43
1.9 840,9 3,367 0,31 -47,91 44,51
20 760 7,57 1,27 -39,91 43,58
21 569,1 39,08 5,348 -23,2 40,867
22 418 55,96 1,154 -17,46 38,16
23 373 57,38 3 -16,25 37,23
24 364 57,82 3,41 -16 37,03
25 360,5 58,21 3,63 -15,8 36,95
2.6 358 58,6 3,8 -15,7 36,86
2.7 355 58,9 3,94 -15,58 36,82
2.8 351,8 59,17 4,11 -15,46 36,73
29 348,4 59,4 4,3 -15,34 36,67
3.0 344,6 59,59 4,437 -15,22 36,56
3.1 340,8 59,5 4,484 -15,14 36,48
3.2 336,3 59,38 4,64 -15,04 36,36
3.3 330,7 58,89 4,64 -14,96 36,21

Hivexeg 5. [TAd dptiov appovikav, THD kot AC képdog yia emtheypéveg DC tipég e166d0v.
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Yympo 35. THD oe dB cuvaptioel Tov Kovob G1LOTog E1GO00V.

: : , : : , :
-0,5 0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5

Common DC input (V)

Tympa 36. Képdog onpotog tdong oe dB cuvaptoet tov DC tipodv €16660v cg Volt.
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Zyqpa 37. Képdog tdong ofpotog cvvaptioet ™ DC 160500 HETd TNV €QopHOYN APVNTIKNG avAdpaoNC.

feedback
| - — — initial
-104

-20 1
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-40-
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-50 1

-60 4

1,0 ' 1:5 ' 2,0 2,5
Common DC input (V)

Xympo 38. THD cuvaptioetl g DC 166000 petd v epopproyn apvnTikng avadpacnc.
To ovumépacpo mov mpokvmtel eivar 0Tt t0 kéPdog 4 dB otmv tun g THD
kootice Vv anoiele 1.2dB oto k€pdog TAONG ONUOTOC HETA TNV E€QAPUOYT TNG

apvnTIKnG ovadpoons. Mio cLVOMKN EKTIUNGN TOV OTOTEAEGUATOV 7OV  E£YOLV

TOPOVCIoTEL ¢ TO onueio avtd, KataAnyel oto OTL 1 ¥PNoN (HEYIOTO KEPSOG Kot
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CMRR, e&ldyom oappovikn mapopodpemon) mepoy] DC Tuodv ofuoatog €166d0v

Kopaiveror omd 1 wg 2 Volt. Mia apocappoyn e DC otd0ung €1c660v oty meptoym

avtn pe teyvikég ommc 1 “AC coupling” pmopel va eEacparioet T Aettovpyio tov VDSL

Driver oty neployn BEATIOTNG amdd00NC.

4.4.7

Metafoin] Tov KEPOHOVS TAGNS GLVAPTIGEL TOV YOPNTLKOD POPTiov £600V

Meletdpe 10 TAATOG TOL GNUOTOC ££000V GUVOPTNGOEL TNG YOPNTIKOTNTOS TOV

QopTOVETOL 6TNV ££000 TOL. ZT0 XY. 39 QaiveTon To oM 6T0 KOKA®U aning €600V yia

TéG yopntikodtntog £€600v 1pF kot 10pF. Ot 600 kaumdrieg oyeddv cuuminTovy Kot dgv

elvar dvvato va dymprotel  pia omd v AN 6€ oLV TV KAILOKA.

amplitude (V)

s pn

Transient Response

R R Lol
2.8
o, o .
E ’:i \E
3 & £ &
zx’:? s_ . ;r ':: ;g’
% k E
1.0 : ¢ 5 # 5 §
- 5 % : ¥ 7
H . L ; ‘. K
% £ 7 s
5, g'\ t i £
% b % i i
% B K 5, =
o ’eh.__.‘ R
@6
1.6
57@n 5%@n &1idn 636N 65N

time (sec)

676N

Zympa 39. Zoykpion onpatog £660v Yo yopntikd eoptia tov 1pF, 10pF.

H petafoln tov onuotog e£6d0ov and kopven ce kopven (peak-to-peak value)

etvar 1.633V kot yuo To0 dV0 Topamave yopnTikd eoptio. Ta dtaypdppota Tpoépyoviat

amd Vv tomoloyio amAng €£000v. X1 010POopPIKN TOTOAOYiN, 1 TOPUTAVED SIOKOLOVOT|
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oNuatog avtiotolyel oe ké€pdog thomng 44.26dB yio mAdtog ofuatog €10600v 16O e
10mV.

Mia peyéBuvon kovid oty Kopuen TOV S0y PUUUATOV QaVEPOVEL KOBLGTEPNON
QAoMG OTNV MEPIMTOOT MOV TO YWPNTIKO Qoptio e£6d0ov eivar 10pF, onmg eaivetoan 6to
2y. 40. 'Etor, n kabvotépnon onuatog eivor 256pF, dpa (0.256nsec)/(33.33nsec) =

0.0077, emopévamg Ayotepo amd 1% pog meptdooov Tov TaApoD.

Transient Response
- 1gpn
1op "R

e

amplitude (V)
=
=
&
N
\
.
P
>

\
188 / \
4
¥

178 4 :
595n 597n 598n &@1n 6030
fime (s8c)

Yympa 40. Zoykpion onuatog £660v yia yopntikd eoptia tov 1pF, 10pF.
H ovyxpion avt) eravorapfdvetor kot yo TV TEPITTOOT TOL N YOPNTIKOTHTO

e€odov eivar 100pF. To amotérecpa mapovoialetar oto Xy. 41.

Transient Response

DR
e P

amplitude (V)
&
ST

7®@m§ \ } / ! \
426m é \\\j/ x ?_\ : !‘\\
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: \j M \_}
b3 W F .. &

wemt e
S3@n SE@n S9@n BZ2@n B5@n 88@n
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Tyfqna 41. Zoykpion onpatog £650v yia yopntikd eoptio tov 1pF, 100pF.
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H Saxvpavon oto oo anding e£6dov pe eoptio 100pF eivan 1.51V, tiun mov

ovvendyeton €va Sapopikd AC képdog 43.58 dB. Apa, n andrea evioyvong sivor 0.68

dB. H xafvotépnon ofuatog eivar 1.8nsec, dpa 5% tng mepidodov.

Ot mopandveo vroloyiopol emavaiapfdavoviot dtav n yopnTikdTTa £600V Yivel

200pF. To onpa e£660v cuykpivetan pe ekeivo g mepintwong tov 1pF oto Xy.42.

Transient Response

"oGmp"
2.0 P
.:"..\ & ’ Sl }" I.\-
1.4
R AN /AR AN VA R\ W Y
H B : : ¥
v L : B
EL < * 3 s H :
B B : H 5
[=4 SEEME_= H i : : ;
! i % ;
5e0m. ; ;
N R
208m o n e
S4En SB@n S&@n G@En 62N 46N
time (sec)

Tyqpa 42. Zoykpion onpatog £650v yia yopntikd eoptia tov 1pF, 200pF.

H dwxdpovon oto ofjua aning e£66ov pe eoptio 200pF eivon 1.35V, tiun mov
ocvvendyeton va dtapopikd AC képdog 42.61 dB. Apa, n andrewo evioyvong eivar 1.65

dB. H xoBvotépnon tov maipot eivon 3. 1nsec, dpa 9% piog meptodov tov.

Axopa kot 6tav n yopntikodtto e£6dov yiver S00pF, n dwaxduavon 610 onuo

€€6d0v dev elvar moAd yaunAotepn Tov 1V, 6mmg eaivetal oto Xy. 43.

99



amplitude (V)

n5@®pn
rwpn

Transient Response

L/ \ f /
F : _i
5@0mE s : ;
E E'x_ .—'; B 1‘, y
26@me bl i el
540n 560N 5&0n S0En 820N
time (sec)

&4@n

Tyfqna 43. Zoykpion onpatog £650v o yopntikd eoptio tov 1pF, S00pF.

H dwaxvpavon oto onua aning eE6dov pe goptio SO0pF eivar 0.875V, Ty mov

ocvvendyetor éva dtapoptkd AC képoog 38.84 dB. Apa, n andlrelo evicyvong etvor 5.42

dB. H xabBvotépnon tov maApov sivar S.4nsec, dpa 16% piog meptodov.

H dtaxdpavon tov onpatog 6600V eAEYYETOL TEAOG Y100 TNV TIUN YOPNTIKOTNTOG

e€ddov InF kot to anotérecua mapovoidletor 6to Xy.44.

amplitude (V)

e
2.0 p

Transient Response

G@Om; L

SE@m

2m ot

-

S4dn

56N

SEEn
time (sec)

SEEn

Tyfqna 44. Zoykpion onpatog £650v yia yopntikd eoptio tov 1pF, 1nF.
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H dwoxvpavon oto onuo amAng €66ov pe eoptio InF eivor 0.55V, tiuf mov
ocvvendyeton éva Sapopikd AC képdog 34.8 dB. Apa, n anmdAiela evioyvong givar 9.45

dB. H xafBvcotépnon tov maipov etvor 6.94nsec, dpa 21% piog meptodov tov madov.

To ovumépacpa and v avdivon ooty givar 6Tt 10 KOKA®po givol kavd vo
oonynoel yopntikd eoptia g téEng tov nF, apkel 10 k€pdog tAoMg v evioyvOel
nePlocdTEPO. Mia Tumikn Abon Yo avTd glvar 1 adénon g Oy OYIHOTNTAG Em MECH TNG
avENong TV doTAcE®V TOV TpaviicTop TOV 6TAdioL £10000V CALL Kol TOL PEVUATOG
TOAwoNG Tove. To kK6GTOG NG AVENONS TOL KEPOOVG gival pia aENCT GTNV KATOVIAMOT)

1GY0V0G TOV KUKAMLOTOG.

4.4.8

Agrrovpyia Tov VDSL Driver pe ofjpa e16660v 20MHz

To xoxhopa £xel oyedootel £161 OOTE 1 PEATIOTN ATOSOGT TOV VO, EMLTLYYAVETOL
vyt péytotn ovyvotra petddoong tov VDSL, dniadn avty tov 30MHz. Opwg, ta
petadwopeva onuata tov VDSL gtavouv péypt xon to 1.1MHz (otnVv mepintwon tov
“downstream” ¢ aCOUUETPNG LAOTOINGONG), TIUN TOV OMOTEAEL TO AV®D OPLO TOV
eaopatog petddoons oto ADSL. Enopévag, eivan ypnopo va gheyyBel n amdxpion tov
KUKAMUOTOG GE GNUATO ELGO0V YAUNAOTEP®Y GVUYVOTHTOV. OTOS PaiveTal 6T GUVEXELD,
TOL YOPOKTNPLOTIKE OV €AEYYOVTOL €ivan TOAD KOADTEPO, GE YOUNAOTEPES GLYVOTNTEG,
KaOMOG 10 TEPODPLO TOV APTVEL GTO KEPOOG TO 6TABEPD YIVOUEVO KEPOOVC-EVPOLVG [MdVTG
etvar peyorvtepo. O perprioelg g THD kou tov képdovg thong ofpotog yo ofpo

€166060v 20MHz mapovoidloviol ot cuVEKELD.
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Signal amplitude at (mV)

DC INPUT (V) 20MHz 40MHz 80MHz THD (dB) AC GAIN (dB)
0.0 300 79 8,5 -11,54 41,5
0.2 307 80,5 8,8 -11,58 41,7
0.4 313 81,5 8,9 -11,64 41,9
0.6 320 82,5 9,15 -11,72 42,0
0.8 343 85 9,15 -12,1 42,6
1.0 551 73 3,2 -17,6 46,5
1.2 624 2 1,2 -48,5 47,8
1.4 607 0,8 0,6 -55,7 47,7
1.6 611 0,58 0,53 -57,8 47,7
1.8 624 1,22 0,28 -54,0 47,8
2.0 558 2,37 0,26 -47 4 46,9
2.1 431 15 2 -29,1 44.6
22 312 31,7 0,31 -19,9 41,7
24 269 34 1,35 -18,0 40,4
2.6 263 34 1,5 -17,8 40,2
2.8 258 35,7 1,9 -17,2 40,1
3.0 252 36 2 -16,9 39,9
3.3 240 36 2,25 -16,5 39,5

Mivaxoeg 6. Tyéc tov DC képdovg kat tov CMRR yia oAdxAnpn v weptoyn DC tipndv 166300 Kot
BepeAdon cuyvotnta petddoong 20MHz.

48

46

44 4

42

AC gain (dB)

40

38 T T T T T T T T T T T T T T T T
-0,5 0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5

Common DC input (V)
Typa 45. Képdog onpatog taong oe dB cuvaptioet twv DC tiudv e1cd6dov og Volt.

102




-104
-204
=304

-404

THD (dB)

-50 1

-60 4

. . , .
0,5 1,0 1,5 20 2,5
Common DC input (V)

Xyqpo 46. THD oe dB cuvaptioet Tov Koo G1HOTOG ELGOO0V.
Ta dwypaupoto tov oynuatov 45, 46 eavepovovv pia Peitioon 3-dB oty

evioyvomn onuotog kot pio peimwon 10-dB ot cvuvolkn appHoviki Tapapdpemor|, ce

GLYKPLON LE T OVTIoTOY OmOTEAEGLTA TG TTEPimTOONG ToL onpatog 30MHz.

4.4.9

Agrrovpyia Tov VDSL Driver pe ofjpa e16660v 10MHz
H amdxpion 100 KukAdpotog €€etdletol kot GTNV MEPIMTMOOT TOL TO GHUO

€10600v  €xel ocuyvotnta 10MHz. Ta amoTeAéoHATO TOV TPOGOUOIDCEMY OVAPEPOVTOL

otov [livaxa 7 kot Tapovcsidlovtatl ypapikd ota oynpato 47, 48.

103



Signal amplitude at (mV)

DC INPUT (V) 10MHz 20MHz 40MHz THD (dB) AC GAIN (dB)
0.0 306 86 9,5 -11,0 46,2
0.2 313 88 9,8 -11,0 46,4
0.4 320 89,7 10 -11,0 46,6
0.6 331 91 10 -111 46,8
0.8 359 95 11 -11,5 47,5
0.9 454 103 10,3 -12,8 49,3
1.0 616 90,7 5,2 -16,6 51,8
1.1 713 40 11,1 =247 53,2
1.2 711 7 3 -39,4 53,4
1.3 701 3,36 1,67 -45,4 53,3
1.4 700 2,78 1,4 -47,0 53,3
1.5 701 2,89 1,3 -46,9 53,3
1.6 701 2,46 1,13 -48,3 53,3
1.7 702 2,36 1,23 -48,4 53,4
1.8 711 2,15 0,61 -50,1 53,5
1.9 712 2,52 0,07 -49,0 53,5
20 638 0,48 0,04 -52,4 52,6
21 479 20,94 3 -27,1 49,9
22 338 37,35 0,7 -19,1 46,8
24 289 39,4 1,7 -17.3 45,5
26 282 40,1 2 -16,9 45,3
2.8 276 40,56 23 -16,6 45,1
3.0 269 40,8 2,5 -16,4 44.9
3.3 255 40,24 2,6 -16,0 44.5

Mivaxoeg 7. Tiéc tov DC képdoug kot tov CMRR yia 0AdxdAnpn v mepoyn DC tipnmv e166d0v kot

BepeAdom cuyvomta petadoonsg 10MHz.
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AC gain (dB)

THD (dB)

54 -

52

50 +

48

T T T T T T T T T T T T T T T T
-0,5 0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5
Common DC input (V)

Tympa 47. Képdog onpatog tdong oe dB cuvaptoet tov DC tipodv €16660v o Volt.

-1 0_-
201
_30_-
40
_50_-

-60

1,0 1,5 2,0 2,5
Common DC input (V)

Xyqpo 48. THD oe dB cuvaptioet Tov Koo G1HOTOG ELGOO0V.

Ta dwypappoto tov oynuatov 47, 48 eavepovovv pia Peitioon 9-dB omv
evioyvom onuartog kol pio peiowon 4-dB ot cuvoAlky appoviKy] mopapdpemor, ce
GUYKPION L€ TO OVTICTOWO OMOTEAEGUHOTO TNG Tepinmtwong tov ofuatog 30MHz. H
pikpotep, o€ oyéon pe v mepintwon tov ofuatog 20MHz, Beltioon g Tiung g
OPLOVIKNG TOPOUOPP®oNGS, opeiletal oto 0Tt T0 Pabumepatd RC ¢idtpo eakorovbel va

amokOnmTEL GVYVOTNTEG Alyo move omd to 30MHz pe amotélecuo vo eVIGYVETOL 1|
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ocvyvotnta twv 20MHz, 1 onoia eivon 1 apéomg emdpevn dptiag TaENG appoviky. Béfaa,
amoKOTTOVTOL OAEC Ol LYMAOTEPNG TAENG OPUOVIKEG, EMOUEVOSC VTAPYEL GUVOAIKA

BeAtiowon oy tun g THD.

4.4.10

Evioyvon tov képoovg Tdong

To képdog Taong pmopet vor avéndel onuavtikd, av avénbet n dSryoyudtTe gm
OV otadiov €60d0v. Avtd yivetar avEdvoviag To pedpo TOAMONG TOV SOPOPIKMV
Cevyov ecdoov. Katt té€t010, Opmg, amoutel avdrloyn ovénomn tov Sl0cTACEDV TOV
tpaviiotop mOv To OMOTEAOVV, £TGL MOTE OWTA Vo EAKOAOVOOVY Vo AEITOVPYOVV GTNV
mepoy] Kopeopov. AvEdvovtag 1o pevpa moOAwong omd ImA oe 2mA Ko
dumhacialovtag toug Aoyoug (W/L) tov tpaviictop 10600V, 1 TIUN TNG OYOYLUOTNTOG
€16660v avédvetatl and 10mA/V og 20mA/V kot Kotd avtd ToV TPpOTo duthactaleTon Kot
T0 KEPOOC Taons. To amotédeopa ™G aAAayng eA&yyxetal otav 1 yopntikétnTa 660V
etvar 100pF. To onua €£660v @aivetar oto Xy. 49 yio v tomoAoyio anAng e£660v. Av
10 cvykpivovpe pe o Zy. 41 (mov avaeépetarl eniong oe yopntikomTa ££660v 100pF),

TOPOTNPOVUE OTL TPAYUATL TO TAATOG TOV GYULATOG £XEL OITAOGIOGTEL.
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Transient Respense
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Zypo 49. X1qpa tonoroyiog omAng £6860v HeTd Tov IMANCLOGHO TNG S0 y@YOTNTOS (TO OTOTELEG LN

TPOKVTTEL Yo YopnTIKdTTA 5650V 100pF).

Mo ™ dweopwn tomoroyio mapovsialetar kot to ddypappe Bode, dniaon n

AmOKPIoN TOL KEPAOLS TAGNG GLVAPTNHGEL TG GLYVOTNTOC, TOV Paivetal oto Xy. S0.

&1

bl

47

S

AC Gain (dB)
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frequency (Hz)

Tympa 50. Adypappa Bode dtapopikig Tomoloyiog LeTd TOV SOITAAGIOGHO TNG SLoy@YLLOTTOG.
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4.4.11
OeprokpacrloKd eVPog AerTovpyiog

X ovvéyeln  eAEyyYovpe TNV omOKPIoT]  TOL  KEPOOLG GLVOPTNGEL 1TNG
Oepoxpaciog Aettovpyiag tov kKukAdpatog. Ot petpnoels mov tponyndnkay £ytvav o

Beppokpacia Tov 25°C. EAEyyetor 1 amdKpion ToLV KUKADUATOS Yot OAO TO €DPOG TMV

duvatdv Beppokpactdv Asrtovpyiag, amd 0°C £mg kan 100°C.

DC Sweep Respanse

38 _
2.8 L
< i
(18]
-
2
£
£
o8 L
SEEN S5En GEAEn G5En FEAEn

time (sec)

Yyna 51. Képdog tdomng ot Oeppokpacio tov 0°C .

Y1 Beppokpacio tov 0°C mapatnpeitoar adEnon Tov TAGToVG 6TV Taon ££6d0V
katd 143mV, ka1t mov onpaivel 0Tt T0 KOUKA®UA OTOKPIVETOL KOADTEPO GE YOUNAOTEPES

Oeppokpaciec, axdua kot og avthyv Tov 0°C.
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Transient Response
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Yympe 52. Képdog tdong ot Oeppokpascio tov 40°C .

> Ogppokpocio Twv 40°C nopotnpeitor peioon Tov mAdTovg oty Tdon £680v

Kkatd S0mV, Loyo avéEnong Tov duvaptkov Vgs TV tpaviicTtop Kot ETOUEVOS HETABOANG
twv DC cuvOnkdv TOA®oNg T0V KUKAMUOTOG.

Transient Response
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Yympe 53. Képdog tdong ot Oeppokpascio tov 80°C .
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> Ogppokpocio Twv 80°C napatnpeiton peimon Tov mAdtovg otnv Tdon £680v
katd 310mV, kabmdg to Pavopevo g avénong tov dvvapkod Vas tv tpaviictop givat

EVTOVOTEPO KOl EMOUEVEDS Ko 1 HeTaforn) Tov DC cuvOnkmv moAmong peyoivtepn.

Transient Response

38
2.8 L
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o
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Yyna 54. Képdog tdomng ot Beppokpacio tov 100°C .

Axopa, opwg, kor ot Oeppokpacio tov 100°C, 1 peioon mhdrovg eivar 430mV,

dgv amoKTd ONANOY] TOAD HEYAAN TN, KATL TOV ONAMVEL TN dVVATOTNTO AEITOVPYIOG TOV

KUKADLOTOG aKOLO Kot GE TOAD VYNAEG Beppokpacieg.
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YOUTEPACUOATA,

H avédivon mov mponynonke amotelel pio cuykekpipévn texvikn oyxediaong ue
okomd TNV Kovomoinon Tev omoutnoemv petdadoong tov VDSL. Kdébe otddio tov
KUKADOPOTOG €EA0QOAILEL P 1) TEPIGGOTEPES EK TOV TPOOLAYPUPADV UETAIOONG CYLLATOG.
To 014010 €160d0v eacearilel otabepn TN TOL gy Yo gvpeia meployn kowvav DC
TILAOV TOL ONatog £16000v. To yeyovog avtd eEacpaiilel otabepn TN KEPOOVS TAGNC
Yo TNV TEPLOYN AT Kot Emopévmg vynAn i tov CMRR. Ot “folded-cascodes™ pe ta
EVEPYA QOPTIO, MG TO LIOAOITO TOV TPMOTOL GTASIOV, EVICYVOVY TO KEPAOS TAOMG Y10 TO
onuo, EmMTPEMOVIOS o€ avTd va petofdiietor petald Tumdv mov TAnctalovv ™ Oetikn
Kot apyntikn tpogodocio. To otdolo €£ddov 14N AB metvyaivel v mpocappoym
guUmEdNONG Ot YpoUUy OAAG kol yopmAég TWEG NG GULVOMKNG  OPUOVIKNG
TOPOUOPPOOTG.

Axoun, n wWwwmra tov, aveédptmrov amdé DC petoforés gn oty &icodo,
EMTPENEL TNV OONYNOT VYNAOTEP®V YOPNTIKAOV POPTI®V OpKEl TO gm Vo oTafepomomOet
oe pio véa peyodvtepn ). Kotd avtd tov tpdmo avtiotabpiletor 1 anmdAEl 6TO
K€POOG, M 0Toil0 TPOKAAEITOL AOY® TOL PEYAAVTEPOV YWPNTIKOV optiov ££0dov. To idto
1oYVeL Ko Yo Ty Kabvotépnon oto onua e£60ov. To k00TOC TS aENONS TOL gy ElvaL M
erappd LVYNAOTEPN KaTavAA®on 10006 OALL Kot KATAANYNG EMPAVELNS OAOKANPMOUEVOL
KukA®potog. Avtd ovpfoivel yori avénuévn Tiun tov g, omoutel tpaviictop
UEYOAVTEPMOV OLOGTAGE®V KOl ETOUEVMG KAl LEYOADTEPMOV TILADV PEOLATOG TOADGNS TOVG.
H ovvolikd dtapopikn doun Tov KUKADUATOS GE GUVOLOUGHO LLE TV EQAPLOYN OPVITIKNG
avadpoons HETOED TV GTadlMV €AN)IGTOTOINGE TNV TN TNG GUVOMKNG OPLOVIKNG
TapopOpemong. Ta yopaKINPIoTIKE TOL KUKAMUOTOS PBEATIOVOVTIOL OMUOVTIKG Yio

ONHOTO YOUUNAOTEP®V GLYVOTHT®V TOL Pdopatoc Tov VDSL.
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ITAPAPTHMA A

VDSL Standardization

There are currently three organizations developing VDSL transceiver standards;
ANSI, ETSI and ITU-T (FSAN acts through contributions to these organizations). There
are agreements between all of them to promote cooperation and to work towards the final
standards with as few differences as possible. There are some important differences in the
goals between the different bodies, which results in differences between them in focus

and output.

Al
ANSI

ANSI (American National Standards Institute) has accredited Committee T1 to
create network interconnections and interoperability standards for the United States.
Committee T1, technical subcommittee E1, working group 4 is responsible for VDSL [5].

ANSI Accredited Standards Committee T1 TIEl is in the process of
developing a North American VDSL specification, which is currently composed of three
parts;

Part 1: which defines the VDSL functional requirements and specifications that are
common to both Single-Carrier Modulation (SCM) and Multi-Carrier Modulation
(MCM) based VDSL transceivers.

Part 2: Technical Specification of a Single-Carrier Modulation (SCM) Transceiver.

Part 3: Technical Specification of a Multi-Carrier Modulation (MCM) Transceiver.

Single-Carrier Modulation (SCM) adopts the carrierless amplitude and phase
modulation scheme (CAP). CAP is a proprietary standard implemented by Globespan
Semiconductor. While the name specifies that the modulation is "carrierless" an actual
carrier is imposed by the transmit band shaping filter through which the outbound

symbols are filtered. Hence CAP is algorithmically identical to QAM. The upstream
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symbol rate is 136K baud on a 113.2KHz carrier, while the downstream symbol rate is
340K baud on a 435.5KHz carrier, 680K baud on a 631KHz carrier, or 952K baud on a
787.5KHz carrier. This allows the modem to be symbol rate adaptive to varying line
conditions (see RADSL). The QAM modulation is also rate adaptive by varying the
number of bits per symbol. One advantage CAP claims to have is a lower peak-to-
average signal power ratio relative to DMT. This means that the drivers and receivers
may operate at lower power than DMT because they are not required to have the peak
signal capacity that is required in the DMT circuitry. This is mitigated by the infrequency
of the really high signal peaks in DMT, which may be just considered to be another form
of noise if they happen to clip. CAP's principle advantage is its installed base of modems.
It is actively being deployed in many trial markets and is available from several
manufacturers.

On the contrary, Multi-Carrier Modulation (MCM) takes up the Discrete
multitone (DMT) modulation scheme. DMT is a method by which the usable frequency
range is separated into 256 frequency bands (or channels) of 4.3125KHz each. These are
intimately connected to the FFT (Fast Fourier Transform) algorithm that DMT uses as its
modulator and demodulator. The FFT is not perfect in separating the frequencies into
individual bands, but it does well enough, and it generates spectra, which are fully
separable on the receiving end. By dividing the frequency spectrum into multiple
channels DMT is thought to perform better in the presence of interference sources such as
AM radio transmitters. It is also better able to focus its transmit power on those portions
of the spectrum in which it is profitable to send data. The assignment of channels is less
flexible, but typical settings might be channels 6-31 for upstream (24KHz-136KHz), 32-
250 for downstream (136KHz-1.1MHz). The modulation used on any given frequency
channel is QAM. Channels 16 and 64 are reserved for pilot tones, which are used to
recover timing. The number of bits per symbol within each channel may be
independently selected allowing the modem to be rate adaptive. The use of the FFT is
considered to be somewhat substandard to other orthogonal transformations such as the
discrete wavelet transform that do a better job of isolating the individual frequency
spectra. The FFT is chosen for its computational efficiency. While DMT is off to a slow

start in the marketplace, it is expected to dominate for two reasons: it is thought to
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perform better for technical reasons and there is an ANSI standard behind it (not to
mention Intel/Microsoft support).

The 3 ANSI documents previously mentioned, were agreed to be sent out for
letter ballot from the November 2000 meeting. The process of balloting and resolving
letter ballot comments is now being performed before the documents can be officially
published, since consensus has not been achieved on a single line code.

The T1E1.4 draft Trial Use Standard documents describe two different standard
PMD layers and a third one is included in an informative Annex. One document is based
on Single-carrier Modulation and the other one is based on Multi-carrier Modulation. The
Multi-carrier document contains an informative Annex describing another Multi-carrier
technology called Filtered Multi-tone (FMT).

All three line codes use FDD and a common frequency band plan, plan 998.
Additionally, the use of the band between 25kHz and 138kHz is optional.

Outstanding issues associated with this specification include:

- specification of Upstream Power Back-Off (UPBO)

A2
ETSI

ETSI (European Telecommunications Standards Institute) is a non-profit making
organization whose mission is to produce the telecommunications standards that will be
used for decades to come throughout Europe and beyond. ETSI TM6 is responsible for
VDSL [6].

ETSI TMB6 is in the process of developing a European VDSL specification, which
is currently composed of two parts;
“Part 1: Functional requirements” is available in a second revision as ETSI Technical
Specification TS 101 270-1 ver. 1.2.1.
“Part 2: Transceiver specification” has been published as TS 101 270-2 ver. 1.1.1.

The ETSI transceiver specification contains the description of two different

Physical Media Dependent (PMD) layers, one based on Single-carrier Modulation and
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one based on Multi-carrier Modulation. Both line codes use Frequency Division
Duplexing (FDD) and a common set of frequency plans; frequency band plan 997 and
998. The specified spectrums for use in this first version of the Transceiver specification
is from 138kHz up to 12 MHz, with the use of the spectrum below and above for further
study.

Outstanding issues associated with this specification include:
- disposition of additional frequency band plans such as the Fx plan
- specification of Upstream Power Back-Off (UPBO)

ETSI has started the following two new work items to address these issues and
others;
1. A revision of the VDSL Part 2 document.

2. A study of VDSL services and assessment of the need for more bandwidth allocation.

A3
ITU

ITU (International Telecommunication Union) is the United Nations Specialized
Agency in the field of telecommunications. The ITU Telecommunication Standardization
Sector (ITU-T) is a permanent organ of the ITU. The ITU-T is responsible for studying
technical, operating and tariff questions and issuing Recommendations on them with a
view to standardizing telecommunications on a worldwide Dbasis. ITU-T
Recommendation G.vdsl is being developed by Study Group 15 (Question 4) [7].

ITU-T SG15/Q4 is in the process of developing an international VDSL
Recommendation. The group’s stated target is to develop a single interoperable
worldwide VDSL recommendation. Due primarily to a lack of consensus on the line code
issue, progress so far has been slow and little text has been produced for the
recommendation.

The following points highlight the status of agreements achieved by this group

with respect to the VDSL recommendation:
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- Both Single and Multi carrier line codes have been proposed but neither has achieved
consensus.

- Frequency Division Duplexing (FDD) will be used.

- Three frequency band plans will be specified. Plan 997 and 998 are on equal footing
while a third plan called the Fx plan is “intended for use in Sweden only”. The use of
the frequency band between 25kHz and 138kHz is also under study.

- Upstream Power Back-Off (UPBO) method has been agreed. The agreement calls for
the upstream transmitter to limit its transmit power below a frequency dependent
transmit mask. The shape of the mask depends on the electrical length of the line over
which the VDSL modem pair operates. Further details remain outstanding to

completely specify UPBO.

A4

Background to standardization efforts

A4.1
FSAN

The world’s major telephone companies including BT, BellSouth, France
Telecom, Deutsche Telekom, GTE, NTT, Swiss Telecom, Telecom Italia, Telefonica,
Telstra and U S West have founded the FSAN (Full Service Access Network) initiative to
define standards for the delivery of broadband digital services over fiber and fiber/copper
hybrid networks [8]. The primary focus of the group has been on the specification of a
Passive Optical Network or PON and defining common telecom requirements for VDSL
systems. The group has issued specifications covering PONs resulting in an ITU-T
recommendation G.983 and has deferred to ANSI and ETSI for recommendations on

specifications for VDSL.
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AA4.2
FS-VDSL Committee

A group created in August 2000 to accelerate standardization, implementation and
deployment of a VDSL based network optimized for delivery of a full set of integrated
services, including entertainment video, high speed data, and voice utilizing existing
copper twisted pair loop infrastructure.

The Committee is open for operators, service providers and manufacturers,
focusing on delivery of integrated services based on the more asymmetric (video
friendly) ‘998" VDSL frequency band plan. The Committee will feed input into the

international standards process and where standards are absent define new ones.

A4.3
DAVIC

DAVIC was a non-profit Association based in Switzerland, with a membership, which
culminated at 222 companies from more than 25 countries. It represented all sectors of
the audio-visual industry: manufacturing (computer, consumer electronics and
telecommunications equipment) and service (broadcasting, telecommunications and
CATV), as well as a number of government agencies and research organizations. The
association was closed, according to its statutes, after 5 years of activity and remains only
active through its website [9].

DAVIC created and published a set of specifications to enable the delivery of
broadband services focused on digital audio-visual systems. An end-to-end all layer
solution was enumerated which provides architectural and other information for the
server, the delivery system, and the service consumer systems.

DAVIC developed a specification for a fiber to the curb point to multipoint access
solution, which included “Short-Range Baseband Asymmetrical PHY on copper and

coax”. This specification is NOT discussed within this document as a VDSL standard.
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The DAVIC Publicly Available Specification was forwarded to ISO/IEC JTC for
transposition into an international standard. Parts of DAVIC work are also documented as

ISO/IEC JTC Technical Reports.

A.4.4
VDSL Alliance

An interest group created to promote Multi-Carrier Modulation (DMT and FMT)
as the preferred line code for VDSL standardization. The group develops text proposals
for Multi-Carrier Modulation VDSL and feeds it into the various standards processes.

The organization is open for all with an interest in Multi-Carrier Modulation for VDSL.

A4.5
VDSL Coalition

An interest group created to promote Single Carrier Modulation (CAP / QAM) as the
preferred line code for VDSL standardization. The group develops text proposals for
Single Carrier Modulation VDSL and feeds it into the various standards processes. The

organization is open for all with an interest in Single Carrier Modulation for VDSL.
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ITAPAPTHMA B

VDSL SPECIFICATIONS

This section contains a summary of the service characteristics provided by the
proposed VDSL standards. Differences by standards organization are outlined where

applicable.

B.1

Rate versus Reach

ETSI has defined two classes of operation for VDSL, Class I covering
asymmetrical use and Class II covering symmetrical use; the performance objectives for

these various service types are as presented in Table I [5].

Service Type Downstream Upstream Rate | Best/worst case | Best/worst case
Rate (Mbps) (Mbps) Reach Reach
(m) (m)
[PSD mask 1] [PSD mask 2]
Asymmetric (A4) 23.268 4.096 896/453 995/534
Asymmetric (A3) 14.464 3.072 1,294/729 1,344/820
Asymmetric (A2) 8.576 2.048 1,592/789 1,691/882
Asymmetric (A1) 6.4 2.048 1,689/843 1,791/936
Symmetric (S5) 28.288 28.288 N/A 298/212
Symmetric (S4) 23.168 23.168 N/A 397/261
Symmetric (S3) 14.464 14.464 796/580 845/575
Symmetric (S2) 8.576 8.576 1,245/820 1,294/820
Symmetric (S1) 6.4 6.4 1,392/881 1,444/876

Table I. ETSI Rate vs. Reach
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Committee T1 has proposed a set of data rates for VDSL based on short, medium

and long lines as well as predicted loop lengths:

Service Type Downstream Rate (Mbps) | Upstream Rate (Mbps) Reach (m)
Asymmetric Short 52 6.4 300
Asymmetric Short 38.2 4.3 300
Asymmetric Short 34 43 300

Asymmetric Medium 26 3.2 1000
Asymmetric Medium 19 23 1000
Asymmetric Long 13 1.6 1500
Asymmetric Long 6.5 1.6 2000
Asymmetric Long 6.5 0.8 2000
Symmetric Short 34 34 300
Symmetric Short 26 26 300
Symmetric Short 19 19 300
Symmetric Medium 13 13 1000
Symmetric Long 6.5 6.5 1500
Symmetric Long 43 43 1500
Symmetric Long 23 23 1500

Table II Committee T1 Rate vs. Reach.

The rate and reach values in Tables I and II assume 0.4mm (or equivalent) wire
gauge. The relevant standard for the conditions under which these performance objectives

are achieved, include PSD mask, BER, noise model, test loop, etc..
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Figure 1. VDSL implementation on the local loop.
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Figure 1 presents VDSL in terms of projected capabilities, underlying technology,
and outstanding issues. It follows with a survey of standards activity and concludes with a
suggestion that VDSL and ADSL together provide network providers an excellent
combination for evolving a full service network while offering virtually ubiquitous access
to most PC applications and interactive TV applications as the network develops.

Like ADSL, VDSL must transmit compressed video, a real time signal unsuited to
error retransmission schemes used in data communications. To achieve error rates
compatible with compressed video, VDSL will have to incorporate Forward Error
Correction (FEC) with sufficient interleaving to correct all errors created by impulsive
noise events of some specified duration. Interleaving introduces delay, in the order of 40
times the maximum length correctable impulse.

Data in the downstream direction will be broadcast to every CPE in a premises or
be transmitted to a logically separated hub that distributes data to addressed CPE based
on cell or TDM multiplexing within the data stream itself. Upstream multiplexing is more
difficult. Systems using a passive NT must insert data onto a shared medium, either by a
form of TDMA or a form of FDM. TDMA may use a species of token control called cell
grants passed in the downstream direction from the ONU modem, or contention, or both
(contention for unrecognized devices, cell grants for recognized devices). FDM gives
each CPE its own channel, obviating a MAC protocol, but either limiting data rates
available to any one CPE or requiring dynamic allocation of bandwidth and inverse
multiplexing at each CPE. Systems using active NTs transfer the upstream collection
problem to a logically separated hub that would use (typically) Ethernet or ATM
protocols for upstream multiplexing [4].

Migration and inventory considerations dictate VDSL units that can operate at
various (preferably all) speeds with automatic recognition of a newly connected device to
a line or a change in speed. Passive network interfaces need to have hot insertion, where a
new VDSL premises unit can be put on the line without interfering with the operation of

other modems.
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B.2
Bit Error Ratio

The VDSL rate/reach requirements are defined so that a 6 dB noise margin
degradation would yield a bit error ratio under the test conditions of less than 1 in 10’.
This procedure is defined so that testing can be accomplished within reasonable time
periods. In normal operation the modems are expected to operate nominally error-free
under these conditions. In practice error performance requirements may depend on the

type of service and would be determined by the network operator.

B.3
Latency

The standards define both single and dual latency modes.

In single latency mode, all the system data payload capacity is dedicated to one
channel. This mode provides programmable burst error protection. The latency of this
path is a function of the data rate and the amount of burst error protection. The latency is
programmable by the network management system.

In dual latency mode two channels are provided, a “low latency” fast channel and
“higher latency” slow channel. The slow channel provides programmable burst error
protection as described above. The allocation of capacity between the two channels is
performed according to parameters provided by the network management element

manager.
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B.4

Transmit signal characteristics

B.4.1
Wide-band power

The average wide-band power of the transmitted VDSL signal measured over the
frequency range between 25 kHz to 12 MHz shall be no greater than the values listed in
Table III when terminated with resistive impedance of Ry =100 Ohm [5].

Central office deployment scenario Cabinet deployment scenario

Downstream Upstream Downstream Upstream
(dBm) (dBm) (dBm) (dBm)
14.5 14.5 11.5 14.5

Table III. VDSL maximum transmit power.

B.4.2
Power spectral density (PSD)

Transmit PSD is characterized by the PSD template and PSD mask. The PSD
template defines transmit power limitation measured with the resolution bandwidth of
100 kHz in the in-band frequency range below 1.0 MHz and with the resolution
bandwidth of 1 MHz in the in-band frequency range above 1.0 MHz (usage of a 100 kHz
and 1 MHz sliding window, respectively). The PSD mask defines the transmit power
limitation measured with the resolution bandwidth of 10 kHz in the entire in-band
frequency range. The values of the transmit PSD mask and transmit PSD template at any

frequency f'shall be coupled as:
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mask(f) = template(f) + 3.5, dBm/Hz (D)

The transmit signal PSD templates of downstream (LT) and upstream (NT)
transmission directions for both FTTEx and FTTCab deployment scenarios are presented
in Table V, Table VI and Table VII, respectively. Table V, Table VI and Table VII define
corner values of straight-line graphs of PSD in dBm/Hz. Linear interpolation of the

frequency and these PSD table entries shall be used to obtain a template.

B.4.2.1

Downstream PSD template

For deployment of VDSL from a central office, two PSD templates are defined
for the downstream channel: Template M1 and Template M2. For both cases, the
maximum transmit power shall be 14.5 dBm as shown in Table III. The PSD templates

are tabulated in Table IV and illustrated in Figure 2.

Frequency PSD (dBm/Hz)
(kH7) M1 | M2
0-4 -101
25 -40
1104 -40
1622 -60 -50
3749 -60 -53.5
3750 -80
3925 -105
5025 -105
5200 -80
5201 -60 -55
8499 -60 -55
8500 -80
8675 -107
12000 -107
30000 -110

Table IV. VDSL downstream PSD templates — FTTEx.
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For the deployment of VDSL from a central office, two PSD templates are

defined for upstream channel: Template M1 and Template M2. For both cases, the

maximum transmit signal power limit shall be 14.5 dBm as shown in Table III. The PSD

templates are tabulated in Table V and illustrated in Figure 3.
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FZD template level (dBmiHz)

Frequency PSD (dBm/Hz)
(kH7) M1 | M2
0—-4 -101

25 -38

138 -38

307 -90

482 -100

3575 -105

3750 -80

3751 -60 -53
5199 -60 -53
5200 -80

5375 -107

8325 -107

8500 -80

8501 -60 -54
11999 -60 -54
12000 -80
12175 -107
30000 -110

Table V. VDSL upstream PSD templates — FTTEx.
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Figure 3. VDSL upstream PSD templates — FTTEx and FTTCab
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B.4.3
Cabinet deployment scenario (FTTCab)

B.4.3.1

Downstream PSD template

For deployment of VDSL from a cabinet, two PSD templates are defined for the
downstream channels: Template M1 and Template M2. For both cases, the maximum
transmit power shall be 11.5 dBm as shown in Table III. The PSD templates are
tabulated in Table VI and illustrated in Figure 4.

Frequency PSD (dBm/Hz)
(kH7) M1 | M2
0-4 -101
25 -60
1104 -60
1622 -60 -50
3749 -60 -53.5
3750 -80
3925 -105
5025 -105
5200 -80
5201 -60 -55
8499 -60 -55
8500 -80
8675 -107
12000 -107
30000 -110

Table VI. VDSL downstream PSD templates — FTTCab.
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FPS0 template level (dBEmiHz)
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Figure 4. VDSL downstream templates — FTTCab.

Upstream PSD template

The requirements for the VDSL upstream PSD templates and total transmit power

limit for VDSL the deployed from a cabinet are the same as the requirements for the

upstream transmission in a central office deployment scenario. See Table III, Table V and

Figure 4 for details.

Power control

Transmit power control is intended to reduce potential crosstalk generated by a

VDSL link in specific deployment situations.

128



B.5.1

Upstream power back-off

Upstream power back-off (UPBO) shall be applied to provide spectral
compatibility between loops of different lengths deployed in the same binder. Only one
UPBO mode shall be supported as described below:

(a) It shall be possible for the network management system to set the limiting transmit
PSD template PSD, for the VTU-R to one of the standard transmit PSD templates
(Template M1, Template M2) as previously defined.

(b) The VTU-R shall perform UPBO autonomously, i.e., without sending any significant
information to the VTU-O until the UPBO is applied.

(c) After UPBO has been applied as described in (b), the VTU-O shall be capable of
adjusting the transmit PSD selected by the VTU-R; the adjusted transmit PSD shall be

subject to the limitations that follow.

(d) To enable the VTU-R to initiate a connection with the VTU-O, which will occur
before UPBO has been applied, the VTU-R shall be allowed to cause more degradation
to other loops than expected when using the mode described next. The mechanism by
which the VTU-R initiates a connection and the allowed additional degradation during

the initiation are for further study.

B.5.2
Power back-off PSD

The VTU-R shall explicitly estimate the electrical length of its line, k/y, and use
this value to calculate the transmit PSD template 7xPSD (kly, f). The VTU-R shall then
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adapt its transmit signal PSD to conform to the template 7xPSD (kly, f) and the
corresponding PSD mask.

The transmit PSD template shall be calculated as:

TxPSD (klo, f) = min (PSD_REF (f) + LOSS(klo,), PSDy) , in dBm/Hz ~ (2)

where PSD, as defined in the Upstream power back-off section

LOSS=kl,/f,  in dB 3)

where the LOSS function is an approximation of the loop attenuation (insertion loss).

PSD_REF will depend on the limiting transmit PSD template PSD, and on the
noise model that is relevant for a given deployment scenario. The values of PSD REF
shall be as given in Table VII. The same bandwidth as for all regular transmit PSD masks
previously defined shall be used to check the conformance of TxPSD with power back-
off. Conformance with the PSD template shall be verified using a 100 kHz sliding
window in the in-band frequency range below 1 MHz and a 1 MHz slowing window in

the in-band frequency range above 1 MHz.

Noise A environment Noise F environment

Template M1 Template M2 Template M1 Template M2

Band 1U | —60-22.00f | —53-24.47Jf | —60-18.54Jf | —=53-21.19Vf

Band2U | —60-17.18vF | —54-18.93vF | —60-16.865Vf | —54-18.69vF

NOTE 1 — Bands 1U and 2U are as given in Figure 7.
NOTE 2 — Noise A and F environments correspond to specific deployment scenarios that are defined in a following

section concerning Noise modeling.

Table VII. Reference PSDs (fis in MHz, the PSD level is in dBm/Hz).
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B.5.3

Downstream power back-off

The section on hand is for further study. No applications of the downstream

power back-off have been proposed.

B.6

Egress control

To avoid potential harm to amateur radio service due to radiated emission from
VDSL, it shall be possible to reduce the PSD of the transmit signal within the amateur

radio bands to below -80 dBm/Hz. The corresponding amateur frequency bands are

presented in Table VIII.
Start frequency (MHz) End frequency (MHz)
1.810 2.000
3.500 4.000
7.000 7.300
10.100 10.150
14.000 14.350
18.068 18.168
21.000 21.450
24.890 24.990
28.000 29.700

Table VIII. Amateur radio bands recognized by ANSI.
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B.7

Termination impedance

A termination impedance of Ry =100 Ohm (purely resistive, either source or
load) shall be used over the entire VDSL frequency band for both the LT and NT
transceivers when matching to the metallic access wire-pair.

This termination impedance approximates (and is based upon) the insertion-point
impedance of the VDSL test loop. It enables a compromise high-frequency impedance

match to the various types of unshielded cable in metallic access networks.

B.8

Return loss

The return loss requirement is defined to limit signal power uncertainties due to
the tolerance of the line interface impedance. The return loss specifies the amount of

reflected differential signal upon reference impedance Ry:

RL = 20log,, ? Ry

in dB (4)

v

where Z is the internal impedance of the VTU.

The in-band return loss value of the VDSL transceiver shall be greater than or
equal to 12 dB. The out-of-band return loss value shall be greater than or equal to 3 dB.
In-band and out-of-band frequencies are defined by the frequency plan as shown in
Figure 5 and by the transmit direction.

The value of 12 dB assumes a flat transmit PSD is applied over the entire in-band
region. Requirements may be relaxed in the frequency ranges of reduced PSD values.

The exact value requirements are for further study.
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B.9
Output signal balance

Output signal balance (OSB) is a measure of unwanted longitudinal signals at the
output of the transceiver. The longitudinal output voltage (V.m ) to the differential output
voltage (Vgifr ) ratio shall be measured while the VTU transmitter is active in accordance

with ITU-T Recommendation G.117 and ITU-T Recommendation O.9.

diff

v
OSB = 20log,, v

cm

in dB (5)

The OSB of the VDSL transceiver shall be equal to or greater than 35 dB in the entire
VDSL band.

B.10
Duplexing method

VDSL transceiver shall use Frequency Division Duplexing (FDD) to separate
upstream and downstream transmission.

The frequency plan shall consist of two upstream bands denoted as 1U, 2U and
two downstream bands denoted as 1D, 2D. The bands shall be allocated as shown in
Figure 5. The values of the splitting frequencies f; shall be as given in Table IX.

The use of the band between 25 kHz and 138 kHz shall be negotiated during the
initialization to indicate if the capability exists and select one of the following options:

(a) Use of the band for upstream transmission;

(b) Use of the band for downstream transmission;

The band is not used. Other uses of the band between 25 kHz and 138 kHz are for further
study. The use of the spectrum above 12 MHz is also for further study.
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A

Separating Frequencies £y f; 1, f3 1, f5
(MHz) 025 | 0.138 | 375 | 52 8.5 12
Table IX. VDSL band separating frequencies.
Optional band
1st Downstream (1D) 1st Upstream (1U) 2nd Downstream (2D) 2nd Upstream (2U)
>
fo fi f 4 s Frequency

B.11

Spectral Compatibility

Figure 5. VDSL band allocation.

Ensuring spectral compatibility with existing and future DSL transmission

systems is of paramount importance to Network Operators. The following VDSL spectral

characteristics are separated into those which apply to adjacent wire-pairs, and the same

wire-pair, which may be used as transmission bearers for other forms of service (e.g.

POTS, ISDN, etc.). As an example, working group T1E1.4 has approved a draft standard

to address the spectral compatibility between CO based DSLs and network legacy

systems.

134



B.12
Adjacent Wire-pairs

VDSL systems have been designed to operate with a number of different DSL
systems operating on adjacent wire-pairs in a multi-pair cable. Each of the other systems
will generate crosstalk, which will appear as unwanted noise at the front-end of a VDSL
receiver. Both Asymmetric and Symmetric VDSL systems may be operated on different
wire-pairs within a multi-pair cable provided that they use the same frequency band plan.
No special arrangements are required for pair selection. All VDSL standards provide for
co-existence with an installed base of xDSL systems (e.g. HDSL, ADSL, ISDN, etc.) and

other systems operating in the same multi-pair cable.

B.13

Same Wire-pair

VDSL has also been designed to co-exist with some narrowband services that
may be carried on the same wire-pair. This is to ensure that the VDSL system can provide
a broadband overlay capability. In particular, VDSL is able to operate at frequencies
above POTS and both 2B1Q and 4B3T forms of ISDN-Basic Access. The splitter filter is
used to achieve frequency separation of the VDSL signals from the POTS or ISDN

signals.
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ITAPAPTHMA T’

The folded-cascode stage.

After the two first goals of the design have been taken care of by the first stage,
the next important concern is the amplification of the signal, or in other words the gain.
This demand, however, has to be combined by retaining the signal swing. The amplifying
topology satisfying those two demands is the folded-cascode one, as opposed to a simple-

cascode topology. The simplest example of the two structures is presented in Fig. 1 [12].

VDD VDD
I O
Vout Vin—] ° Vout
Vh-—l MZ [ |—- Vu
Vino—| My o
I2
(i)
VDD

(b)

Figure 1. Folded cascode circuits.

In order to alleviate the drawbacks of telescopic cascode op amps, namely, limited
output swings and difficulty in shorting the input and output, a "folded cascode" op amp
can be used. In an NMOS or PMOS cascode amplifier, the input device is replaced by the
opposite type while still converting the input voltage to a current. In the four circuits
shown in Fig. 1, the small-signal current generated by M; flows through M2 and
subsequently the load, producing an output voltage approximately equal to gmiRoutVin.

The primary advantage of the folded structure lies in the choice of the voltage levels
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because it does not "stack" the cascode transistor on top of the input device. This point is
re-examined further on.

The folding idea depicted in Fig. 1 can easily be applied to differential pairs and
hence operational amplifiers as well. Shown in Fig. 2, the resulting circuit replaces the
input NMOS pair with a PMOS counterpart. An important difference between the two
circuits is that in Fig. 2(a), one bias current, Iss, provides the drain current of both the
input transistors and the cascode devices, whereas in Fig. 2(b) the input pair requires an
additional bias current. In other words, Iss; = Iss/2 + Ips. Thus, the folded-cascode

configuration generally consumes higher power.

VDD VDD
1 "1610 é) P

GD"SS

1 ° Voutc

M, R | o —
'—l ED Vino_]! i ; l I M3 M4|:

Iss1 (I) ? Iss2

(2) (b}
Figure 2. Folded cascode circuits.

Let us now calculate the maximum output voltage swing of the folded-cascode op
amp shown in Fig. 3, where Ms —M replace the ideal current sources of Fig. 2(b). With
proper choice of Vy,; and Vy,, the lower end of the swing is given by Vops + Vops and the
upper end by Vpp — (|Vob7| + [Vony|). Thus, the peak-to-peak swing on each side is equal
to Vpp — (Vobs + Vobs + [Vop7| + [Vope|). In an equivalent telescopic cascode, on the
other hand, the swing is less by the overdrive of the tail current source. We should
nonetheless note that, carrying a large current, Ms and Mg in Fig. 3 may require a high

overdrive voltage if their capacitance contribution to nodes X and Y is to be minimized.
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Figure 3. Folded cascode opamp with cascode PMOS loads.

We now determine the small-signal voltage gain of the folded-cascode op amp of
Fig. 3. Using the half circuit depicted in Fig. 4(a) and writing |Av| = GnRou We must
calculate Gy, and Ry As shown in Fig. 4(b), the output short-circuit current is
approximately equal to the drain current of M; because the impedance seen looking into
the source of M3, that is, (gms + gmbg)'l, is typically much lower than r,,//1os. Thus, Gy, ~

gmi. To calculate Ry, we use Fig. 57(c), with Rop ~ (8m7 + Zmb7)lo7 To9, tO Write

Rout =Ry || [(gm3 + gmb3) To3 (To1|[Tos)] (Ir.1)

It follows that

|Au| ~ gm1 {[(&m3 + gmb3) T3 (Toil[Tos)] || [(€m7 + Emb7) To7 || Too]} (r.2)

How does this value compare with the gain of a telescopic opamp? For
comparable device dimensions and bias currents, the PMOS input differential pair
exhibits a lower transconductance than does an NMOS pair. Furthermore, r,; and ros
appear in parallel, reducing the output impedance, especially because Ms carries the
currents of both the input device and the cascode branch. As a consequence, the gain in

(I".2) is usually two to three times lower than that of a comparable telescopic cascode.
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Figure 5. Effect of device capacitance on the non-dominant pole in telescopic and folded-cascode opamps.

It is also worth noting that the pole at the “folding point” , i.e. the sources of M3
and My, is quite closer to the origin than that associated to the source of cascode devices
in a telescopic topology. In Fig. 5(a), Ciy arises from Cgss, Csps, Cppi and Cgpi. By
contrast, in Fig. 5(b), Cy contains additional contributions due to Cgps and Cppgs,
typically significant components because Ms must be wide enough to carry a large

current with a small overdrive.
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A folded-cascode op amp may incorporate NMOS input devices and PMOS
cascode transistors. Illustrated in Fig. 6, such a circuit potentially provides a higher gain
than the op amp of Fig. 3 because of the greater mobility of NMOS devices, but at the
cost of lowering the pole at the folding point. To understand why, note that the pole at
node X is given by the product of 1/(gm3 + gmp3) and the total capacitance at this node.
The magnitude of both of these components is relatively high: M; suffers from a low
transconductance and Ms contributes substantial capacitance because it must be wide
enough to carry the drain currents of both M; and Mjs. In fact, for comparable bias

currents, Ms - Mg in Fig. 6 may be several times wider than Ms — Mg in Fig. 3.

Voo
rM5 ﬂﬂstﬂl Taall)
xl i-.|| T 1 b2
Y
3 4
Vo2 [E — !ReF2

out
! REF3
M; Mg
} rﬁ | L
= Mg My

Figure 6. Realization of a folded-cascode opamp.

Our study thus far suggests that the overall voltage swing of a folded-cascode op
amp is only slightly higher than that of a telescopic configuration. This advantage comes
at the cost of higher power dissipation, lower voltage gain, and lower pole frequencies.
Nonetheless, folded-cascode op amps are used quite widely, even more than telescopic
topologies because the inputs and outputs can be shorted together and the choice of the
input common-mode level is easier. In a telescopic op amp, three voltages must be
defined carefully: the input CM level and the gate bias voltages of the PMOS and NMOS
cascode transistors, whereas in folded-cascade configurations only the latter two are
critical.

An important property of folded-cascode amps is the capability of handling input
common-mode levels close to one of the supply rails. In Fig. 6, for example, the CM
voltage at the gates of M; and M, can be equal to Vpp because Vyx = Vy = Vpp -500 mV.
By the same token, a similar topology using a PMOS input pair can accommodate input

CM levels as low as zero.
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ITAPAPTHMA A

The “push-pull” stage.

The push-pull stage consists of two complementary common-source transistors Q,
and Q; allowing rail-to-rail output voltage swing. The gates of the two output transistors
are normally driven by two in-phase ac signals separated by a dc voltage [19,20]. When
the input signals are above their corresponding dc values, the drain current of the NMOS
device will be larger than the drain current of the PMOS transistor, and hence the output
stage pulls a current from the load. If, on the other hand, the input signals are below their
dc values, the output stage sources more current than it sinks and thus it pushes a current
into the load.

Another important feature of the output stage is the efficiency, which requires a
high ratio between the maximum signal current that can be delivered to the load and the
quiescent current of the output stage. To achieve this requirement, a class B biasing
scheme can be used. Because an output stage using this type of biasing will provide a
large output current with a quiescent current that is approximately zero. The drawback,
however, is that output stages with class B biasing introduce a large crossover distortion.
The distortion can be reduced by using a class A biasing scheme. However, the maximum
output current of a class A biased output stage is equal to its quiescent current, which
results in poor power efficiency for a rail-to-rail output signal.

A compromise can be achieved between crossover distortion and quiescent power
dissipation by using an output stage that is biased between class A and class B. This is
called the class AB biasing scheme. In the push-pull output stage of Fig. 61, the class AB
biasing scheme can be accomplished by keeping the voltage between the gates of the
output transistors constant. This principle is shown in Fig. 1. To make the quiescent
current and the relation between the push and pull currents independent of the supply
voltage and process variations, the voltage source Vap in Fig. 1 has to track these
parameters. Figure 2 shows the desired class AB transfer function, where the output
transistors are biased with a small quiescent current, which improves the crossover

distortion compared to a class B biased output stage. Also shown is the maximum output

142



current, which is much larger than the quiescent current and increases the power
efficiency compared to a class A biased output stage. To further reduce the crossover
distortion, the transistor that is not delivering the output current should be biased with a
small amount of residual current. This current will eliminate the turn-on delay of the non-
active output device, hence reducing the crossover distortion [21]. This minimum current

is represented by Imin in Fig. 2.

Vas AN L

Figure 1. Push-pull CMOS output stage with class AB biasing.

Two other important parameters of the push-pull rail-to-rail output stage of Fig. 1
are the output voltage range and the maximum output current that is supplied to the load.
To determine the output voltage range, first assume that the input signal voltage in Fig. 1
is increasing. This will cause the NMOS transistor to pull more current from the load, and
thus the output voltage decreases. This process continues until the NMOS device ends up
in the triode region and the output voltage becomes limited. The same happens for the
PMOS device when the input signal decreases. The output voltage swing can be extended
by maximizing the gate-to-source voltage swing and by choosing the largest possible
WI/L ratio for the output devices. The allowable gate-to-source voltage drive and the
dimensions of the output transistors also determine the maximum output current of the
output stage. In conclusion, an adequately designed class AB output stage should allow
the gate-to-source voltage of the output transistors to get as close to the supply rail as

possible.
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A simple, yet very powerful technique that is based on the push-pull stage of Fig.
1 is shown in Fig. 2 [22]. The circuit consists of the push-pull output stage made of
devices Q; and Q. In this circuit, transistors Qs and Qs form a typical gain stage where
the input signal alters the relative conduction levels of the common-gate devices. The

class AB bias circuit sets up the two loops Q;, Qs and Q,, Q4 that fix the voltage drop

n-channel
device ’_\

output device
drain current

quiescent
current

p-channel

(— device

Imin

Figure 2. Output-stage current for class AB biasing.

(load current) I}

between the gates of the output devices.
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Figure 3. Rail-to-rail output stage with common-gate level shifters.
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Referring to Fig. 3, the quiescent conditions of the output stage are established as
follows. The complementary currents I,; and Iy, (In; = Iy, = I) from the bias generator
flow into complementary stacks of diode-connected transistors Q7 — Qg and Q¢ — Qo
whose drain potentials are used to bias the gates of the common-gate transistors Q3 and
Q. In steady state the current I = 2I}, through transistor Qs is equally divided between

devices Qs and Q4, so that each one carries a current equal to I,. Assuming that

()
()

and since Q3, Qg and Q4, Qg carry the same drain currents I, they will have equal gate-to-
source voltages and we have V, = V3 and V| = V4. As a result Q,, Qo and Q;, Q7, will

also have equal gate-to-source voltages and the steady-state output current is given by

(129)

When the output stage is driven to sink a large load current vy, goes low and pulls
v; and v, up to a high level close to Vpp. Under this condition Q4 is completely shut off
and Q3 carries the full current of I = 21, from Qs. The source of Q3 rises to its maximum
point, thus cutting back on the conduction of Q;. The drain of the common-gate device Qs
also goes high, hence pulling the gate of Q; high, making it heavily conductive. Under
the conditions of strong sourcing, Vi, goes high causing v; and v, to be pulled low. In this
case Q; is completely shut off and Q4 carries the full current of I = 2I,. The source of Q4

pulls the gate of Q; low, hence making it highly conductive.
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