ITANEITIXTHMIO PHTHX
2XOAH OETI QN EINMIXTHMQN
TMHMA EINIXTHMHX YTIOAOT'IETQN

YAOIIOIHXEH TOY YITOXYXTHMATOX AIAXEIPIZHX
ITOAAAITAQN OYPQN TOY METAT'QI'EA ATLAS I
2E FULL-CUSTOM CMOS VLSI

Tewpyloc E.  opvépog

Metoantuyiokn Epyocia

HpdiAero, Iovviog 1997



il



YAoroinon tov Yrocvotiuotog Awoyeipiong IMoArlomdlwv Ovpadv
tov Metarywyéa ATLAS 1 oe Full-Custom CMOS VLSI

Mertantuylokn epyocio
OV LIOPANONKE GTNV EMLTPOTN UETATTLYLOKOV GTOVIMV
oL Tufpatog Emotiung YroAoylotov
¢ o oA G OeTik®v Emotnuadyv
tov [Moveniotnuiov  pHINg
G€ LEPIKT| EKTAN|POOT TOV KTOLTGEWY Y10 TNV OTOKTN O™ TOL
AITTAQMATOX METAIITYXIA HXEIAI EYXHX
HpdixAero, Iovviog 1997

JUYYPOPENC:

T'edpylog E. opvépog
Turuo Emotiung YroAoylotav



v



E&etaotikt| Emtpornn:

Mowoing  otefaivng,  o®nynTii
(EnémTng)

Anéotorog Tpoyavitng, AvomAnpmtig obnyntig
(MéXog)

Anunitplog Xepndvog, Enikovpog  abnyntiig
(MéXog)

AekT):

[Tévog wvotovtémovAog, oabnyng
[Tp6edpog Emtponiic MeTomTuyloK®yv Zroudmv



vi



YLomoinon 1Tov YTOGVGTILOTOG SLoEipLoNG
TOAALOTA®V 0vpAV Tov puetoywyéo ATLAS I o¢
full-custom CMOS VLSI

TewpylocE. opvépog
Meromtuyoxn Epyacio

Turquo Emotiung YroAoylothv
I[Movemotiuio  pMNTNG

INEPIAHYH

O1 OO T GELG Y10 TTOLOTNTOL VRN PECLAOV T GUYY POV SiKTLO 00N YOVV GTN YPTIoN e~
Toywyéwv vymAnig omddoons. To tpwtapylkd anopoitnto otorxeio 6” cvTovg elvou N doi-
Tiipn oM Kou 1 Sty elplon TOAAUTA®MY 0vpdV, N ontoio amontel VAomoinom ce hardware dote
VoL EMLTELYO0VV LYNAEG T VTN TEG,

Avt N gpyacio arotereiton amd tn oyedioon, o€ full-custom VLSI, Tov peyolhtepov
UEPOLG TOV VITOGLGTHLOITOG dLayeiptong ovpayv Tov ATLAS 1. To ATLAS I elvon évag peto-
yoyéog ATM oloxAnpmuévog oe éva chip pe mtpoonpetikd Edeyyo pong pe fEon moTMoEeLC.
AvT6 10 chip Tov 4 exatoupvpimy transistors oyedidleton kon 6o VAoTOINOel o€ T VOLOYiD
0.35 wum CMOS, e 5 eninedo petdAAov Ko téiom Aettovpyiog 3.3 V, Tpoceépovtog G-
VTLIKE TAEOVEKTIUOTA, OTMG GLVOAKT Topoy 1 20 Gbit/s, Kowvdypnotn uviun 256 Kuttd-
pav TOToV pipeline, 3 eninedo TpoTepOLdTNTOG, KOt multicasting.

To tuipo dtayeiprong ovpayv tov ATLAS I eivon pio St mopdAANAN pipeline, ) onoio
Stoyepileton T1g TOAUTAEG OVPES ETOLU®YV KVTTEP®V, TIG TOTACELS OV OO0 POTIC, KO
oL KUTTOPOL TOV TEPLUEVOLY TLOTOOoN. AVTEG ot pipelines twv 3 Kou 4 Babuidwv, ot omoleg
xewpilovton yeyovoto pe puBpd dg aoiEng 1 ovoydpnong KuTTépouv Ko Piog deEng mi-
GTMONG OVE KOKAO pOAOYLOD, YPNGLLOTOLOVY TOAVTOPTEC LVHUES, KOOMS KO LWVTLES OLVOL-
ttnong Béoet mepreyouévov. Yronomooe oe full-custom 3-mwopteg ko 4-mopTeg UWVHEG
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CAM ko1 SRAM mtov vrootnpilovy e161K00Hg THMoVG TpooneAdcemy. Eniong, To Tuiuo dlo-
YELPLOMNC OVPAV TTEPLEYEL EVOL VED UNYOVIGULS Y POVOTPOYPOUUATIGLOD, 0 0TO10G dtonTnTeVEL
UETOED pODV 0PYOVOUEV®Y GE OULAOES, ToPEXOoVTOG EYYVToELS dikatoovvng. To uépog full-
custom g dtoyeiprong ovp®v mepLéyel mepimov 65 y1Addeg tpaviiotopg oe Aoyt kou 14
Kbits 6e dtéipopeg e101KEG UVILES, KOTAUAOUPBEVEL X MPO 2.3 TETPOYOVIKA XIAOGTA, KOTHVOL-
Awvel 270 mWatt (6t xelpotepn mepintmon), kot Aettovpyel otor 80 MHz (o1 xerpdtepn
nepintoon), vovtt Tov 50 MHZ mov oot tohvTon Yo Ty VTooTipLEn TV GLVIECLMOV TOV
uetorywyéa, oto, 622 Mby/s.
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Implementation of Pipelined Multi-Queue Management of
ATLAS I Switch in full-custom CMOS VLSI

George E. Kornaros
Master of Science Thesis

Department of Computer Science
University of Crete

ABSTRACT

The Quality of Service (QoS) requirements of contemporary networks lead to the use of so-
phisticated high-performance switching schemes; the primary ingredient of these is the main-
tenance and management of multiple queues of cells, which needs hardware implementation
to achieve high speeds.

This work consists of the design, in full-custom VLSI, of the majority of the queue manage-
ment subsystem of ATLAS I. ATLAS I is a single-chip ATM switch with optional credit-based
flow control. This 4-million-transistor chip is being designed and will be implemented in a
0.35 micron CMOS technology with 5 metal layers and 3.3V power supply, offering important
features: 20 Gbit/s aggregate I/O throughput, a 256-cell pipelined shared memory, multicast-
ing, and 3 levels of priorities.

The queue management block of ATLAS I is a dual parallel pipeline that manages the mul-
tiple queues of ready cells, the per-flow-group credits, and the cells that are waiting for credits.
These 3- and 4-stage pipelines, which handle events at the rate of one cell arrival or departure
and one credit arrival per clock cycle, are using several multi-port memories, as well as some
that can be searched by content. Two, three and four-port CAMs and SRAMs which support
special access operations are laid out in full-custom. In addition, a new scheduling mechanism
is incorporated in queue management, which arbitrates among flows arranged in groups rather

than independently, providing fairness guarantees. The full-custom part of queue management

X



contains approximately 65 thousand transistors in logic and 14 Kbits in various special memo-
ries, occupies 2.3 square-mm, consumes 270 mW (worst-case), and operates at 80 MHz (worst
case) versus 50 MHz which is the required clock frequency to support the 622 Mb/s ATLAS I
switch links.



Evyopirotieg

Evyoptotd 6Aovg 6c0u¢ e Borincay vo OAOKANPHOo® oruTiV TNV gpyocio. Tnv yevikn
enifAeym kon koBodynon €kove o eLOTTING KOO YNTHS Lov MowvoAng  artefoaivng, Tov o-
moilo Ko evyoploTd Bepud YU ovvtriv. H Aemtopepnic oxedioom ko vAoroinon éyive oe ote-
V] Guvevvénon kot Ttk cuvepyocio pe tnv Iévn BatcoAdkn, tnv onoio eniong ev-
xoPLoT® Pobd. H mpokatopktiky] oxedioon Tng opylteKToviKN g dtoyeiptong TOAAOTAMY
ovp®v Tov ATLAS I éytve o6 tovg  olvpdikn, Batoordkn, ko  otefoivn. Eniongta ke-
Q&Aoo 1 Ko 2 ouTi¢ TNG EPYOCTOC TPOEPYOVTOL OO TN GLVOPT] KOV} oL dnuocievon
LLE TOVG TPELS TOPOTEV® cLVEPYATES (ZuVvEdpLo ARVLSI 97).

Eniong, evyopioto toug Kobnyntég Andéotoro Tpoyovitn Ko AnUitplo XZepméivo yio
TN GLUUETOYN TOVG BTNV EMTPOTY| ASlOAGYNONG LTAG TNG EpYaGiag. AKOUN, ELXOPLOTHD
10 IM'dpyo Anuntpiédn yio tn Porifeta tov 610 cHoTNU IATEX 2¢.

Evyoapltotd axdpo 1o Ivetitovto ITAnpogopiknig tov Idpvuartog Teyvoroyloc- 'Epevvog
YLOL TNV OLKOVOULKT Ko TeXVIKT vtootipién. H epyasio vt vrootnpiytnke otKovouLkd
ond to mpdypoupa "ACTS” (Advanced Communication Technologies and Services) tng Ev-
porouknig 'Evoong, uéom tov €pyov "ASICCOM” (ATM Switch for Integrated Communica-
tion, Computation, and Monitoring).

TéAoG, TeEPLEGATEPO 0TS GAOVE BELM VOL EVYOPLOTIIGM TNV OLKOYEVELE LLOV YLOL TNV Y-

7N Ko VTOGTHPLEN TOVG KOTE TN SLEPKEL TOV UETOTTLYLOKHOV GTOLIMY LOV.
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godAono 1

Elcoyoy

Ot emelepyaoTéc, Ol UVIUES, Ol peTaywyeic, kon To interfaces £166801V/e£030V KmOTELOVV
T0V¢ PBao1KoVg SoULKOVE ABOVE TV GUYYPOVAOV KOL TWV LEAAOVTIKHOV GUOTNUETOV 1K TV-
®V VTOAOYLGT®V. To dikTvo SlooVVOIESTC KOTEYOLV KEVTPLKO pOAO Ge OAEC TIg KAIHOKEG :
otd TO X MPO TWV GLGTNUATOV, MG TO TOTLKE AAAG KoL To dlkTLO EVPETOC TEPLOYT|C. (TTOAAD
OéuoTar apyLTEKTOVIKOD YopokTiipa elvon dpota oe OA0 ovTé To emimedar). To dlkTLO dLoL-
GVVOECTG LYNANG TOY VTNTOG X PNOYLOTOLOVV GLVOEGLOVG onpelov Tpog onueio Ko LeTa-
YOYELG, €T DOTE VoL AmoPeLY 00VV 01 KBLGTEPT|GEL TOV OPEIAOVTOIL OE Lo TNGLOL, KO Y10t
va, avénBel 0 TOPAAANAMOUGG GTNV EXLKOLV®VICL.

Ttoeonueptvé diktvo StocHvEES G LITAPYEL LLENUEVO EVILOLPEPOV YLOL TOLOTITOL LTI PE-
oLV (QoS). Amd T po SLMS, BEATIOUEVT TOLOTNTOL VIINPECLMOV GUVERAYETOL ULLKPT] KOOV-
otépnon yio kivnon vynAng tpotepatdtTnTog, To omoio onuoivel LeTaEy GAL®OY Ko ypo-
vompoypouLationd Béoel tpotiunong (preemptive scheduling) 6toug petorywyeic, dmmg Ad-
YOU X&pM OTN UETOYDYT] TAKETOV 1) TOGOTITOV ULKPOV LeYEBOLS (o€ dV0 ONUOPLAELG Te-
YVOAOYIEC, VLTO EMLTLYYAVETOU X PN CLLOTOLWVTOG KUTTOP O GTNV T VOAOYioL Asynchronous
Transfer Mode (ATM) [LeB92], 1] flits to Wormhole Routing [DS87]). A6 tnv GAAN TAevpd,
Yo vo, BeATLoBel ) TotdtnTa vINpectdV amonteiton eEelntnuévog Eleyyog pong, 0 0moiog
Baociletor otn droyeipion kGOBe pong atolkd™.  atd cuvénelor avTd onuaivel T dortn-
pnon ko t doxeiplon TOAAATA®Y 0vp®V. Enionc, ToAAEC 0vpEg amontoHVTON Y10 VOL OUTTO-
@evy el 1o pouvéuevo urrokopicuotog otny opyn Te ovpdg (head-of-line blocking), étot
®ote va elvor duvartdv MNAadn ot poég LYMANG TPOTEPOLHTNTAS 1) Ol LGVUPOPTTES POES VOL

*ovvdeon, opddo omd GuvOEceLS, 1} GET A TAKETOL

1



2 epdAoto 1. Elcaywyn

TPOGTEPBEGOVV QLVTEG TOL €LVl YOUNASTEPNC TPOTEPOLITNTOG 1) SLVHPOpPMUéveS. H vAoTol-
Non TOALATADY 0VPAOV KoL M Lo elplon] TOVG o€ YNAEG Tary VTN TEG KOTEXEL EVOL OOV TL-
K0T0aTo pOAO 61N oYedlaon HeToy®YEmv Yo dlkTuo LYNAHG oddoomnc.

Avt M gpyocio Topovctdlel TNV LAOTOINGT NG dLo elpLoN G TOAAXTAMY OLVPHOV KoL
e€elntnuévou eréyyov ponig oe hardware, péoo o évo petarywyéo VYN ARG ToOTNTOG. ZU-
YKEKPIUEVOL TOPOVOLALETONL O TLPTIVOC TOL TULOTOG EAEYY OV EVOC LeTarywyéar ATM, oAo-
KANpwpévog oe éva. Lovadikod chip, pue 16x16 chvdeouovg Tov 622Mbps Ko TpoopeTikd
éLeyyo pong Paciouévo oe motmoelg (backpressure avé opdoo poric). Avté to chip, ovouo-
Céuevo ATLAS 1, éxel 4 exatoupvpio tpoviiotop, mapéyel duvordtnto multicasting, Tpio
EMIMEdQL TPOTEPOLATNTOG, OLOLUOLPOGUEVO X MPO EVIApiELONC, KoBLGTEPTON Yo cut-through
Alyétepn omd €val KPOJELTEPOAETTO, SLVATOTNTO OLAIOTOINGNEC CVVIEGULMV, TIVOKOL [LE-
TAPPOLON G ELKOVIK®Y LOVOTOTIAV/KVKAOUATOV (VP/VC) Kot VtooTipi&n Yo TapokoAov-
onon ko éreyyo eoptov. O ATLAS I Bpicketon vtd avarTLEN Ko B0 KOTOOKELUOTEL GV-
vioua o€ texvoloyiot CMOS 0.35 micron.

70 TOPEABOV M LETAY YY) YIVOTOV GUYVE OE EMINESO AOYIGULKOV, GE VTOAOYLOTES YEVL-
K00 GKOTOV 1 (PN CULOTOLOVTOG ENEEEPYUOTEG GLYKEKPIUEVOL YLOL VTG TO GKOTO ELOLKAL OE
neplfaAlovta Tomikov 1 vph diktHov (LAN, WAN). Metaywyeic €€ ohokAfipov o€ hard-
ware €youv ypnolonomOel kuping oe ToAveneepyooTés. pepo SU®E, Le TNV MOV
Yo BEATIOUEVT] TOLHTNTO VINPEGLAV, TOV GUVETAYETOL WKPES KOOVOTEPTOELS KO KVTTOL-
po LLKpov Leyéboug, ol petorywyeic vymAang amddoong npénet va vAorolovvtal o hardware
[Tob90], Kou vor eVGOUAT®VOLV SOUES OESOUEVOV KOTAAANAES YLOL TOL KVTTOPOL TTOV OTOoON -
KevoLV, o1 onoieg dev toy amapodtnteg mptv [CST88]. H ovyypovn texvoroyion VLSI mopé-
XEL TN SLVOTOTNTO Y10 VOL OAOKAN P OOV TEéTOL01 eEEAYUEVOL PeTarywYelg o€ éval Lovaidtikd
chip, amogevyovtog €T61 T0 LYNAS KOGTOC KO TO, LELOVEKTHLOITOL TGS0CN G TOL OLPOPOVV
AVoeLg TOALDY chip. Atoyeipion eEelntnuévav doudv dedouévmv oe hardware uéoo o€ ie-
toywyelg éxel eppaviotel ko moAldtepo e dpoporoyntég wormhole, dnwg otovg [TF88],
iWarp [B190], Spider [Gal97], oALG ko o petorywyeic ATM mov €xouv avamtvéet o
[KES*91], [SMST91], Prizma [DEI95], k...

Ye ovyKplon SUmG e owTég TIg epyocieg 0 ATLAS dotnpel TOAAEG AOYLKEG OVPEG OTNV
€€000 w¢ éva SLoOLPOoUEVO Y dPo otd avayvoplotég (identifiers) pe évov povadikd xot-
VOXPNOTO EAEYKTY], ATOPEVYOVTOC £TGL TO YNASG KOGTOG GE X DPO TMV EVIOULEVTAOV KO TMV
eELEYKTAV avé ovpd €680V dnmg otov petaywyéo Prizma [DEI95]. Emiong, n Aettovpyio
T0V pHovodtkov edeykt otov ATLAS I eivon pipelined, pio ko wpémet vou dtoxelplotet Tig



SoUEG OedOUEVOV TV KVLTTEP®V GE TTOAD VYNAGTEPOVS PLOUOVS amd GTL TOACLOTEPOL LLE-
tayoyeic [TF88], [KEST91]. O petorywyéog ATLAS vAomolel €Eleyyo porg moALdY Ampidwv
(multilane) BoclIOUEVO GE TIGTHOCELS, EVA GALOL peTorywYelg elte dev TapEyxouy EAeYY0 PONG
[DEI95], [KEST91], [TF88], 1§ Lovéy o EAeY)0 pONC orTopKdV Awpidmy (single-lane) [SMSTI1].
Optopévor dpoporoyntég wormhole, 6mwg o iWarp [BT90] ko o Spider [Gal97] vrootnpi-
Covv éAeyy 0 ponrig TOAAUTA®GY Ampidwyv (multilane) yio évor ikpd op1lBUd KovaALldVY 1 OpLd-
WV pOMdV KO VAOTOL0UV 0OVPEG UE EVaY EVTOULEVTT] 6TAOEPOD LeYEBOLE oV KOovAAL. O AT-
LAS T an6 tnv GAAN Thevpd vrootnpilel 65536 ouddeg podv (4096 yio kobepd oo Tig 16
00peg ToV), dtaxelpileton 54 ovpéc €600V amd “‘éTolua’” KOTTOPOL, OTMG Ko Evay oplopd
ond KuTTopo xmpig motdoelg (‘‘creditless™). OAa Ta KOTTOPO KO 01 0LPEG potpdlovTon
OLVOULKE Evay LOVOOLKO Y ®po omodrikevonc. TéAog, 0 ATLAS vAomolel Ao To Topamév®
YOPUKTNPLOTIKE OE éva, Lovadtkd chip, TopéxovTag Ho LKOWVOTOIN Tk AVom 660 apopd

70 K6GTOG Yo ik TVOL SLOLGVVIEGN G VYNANG T VTN TOG,

Sounepocuotikd, o ATLAS I tpoc@épel évor GuvOLOGUS atd EAeY 0 PO LYNANC TO-
XOTNTOG TOAALATAEG OVPEC UEGOL GE VOV KOLVOXPNOTO EVIOULELTH, Kol duvatdTnToe mul-
ticasting, GLVOLOCUOC TOL elvor LOVAILKOG aVAUEGO GTOVE dpooAoYNTEG wormhole ko
otoVG petorymyeic ATM. H vAomoinomn autdv Tov xopakTnploTik®dv omottel o e&elnn-
puévn Hovado eAéyyov péoo 6’ ovtov Tov petorywyéa oe VLSL H Aettovpyia tng Pacileton
oe 000 mopdAANAEG pipelines : M pio xelpileton api&elg Kot ovoy®proeLg KLTTAP®Y KoL 1M
devtepn aitelg motdoewv. Ot e€apTiioelg Tov dnuovpyohvion 6° uTég Tig pipelines Twv
TPLOV Ko TEGGEPV PobUidwy eMAVOVTOL LE TPOCTEPAOUOTOL, £TCL WOTE VO, LTOPELY O0VV
QOVOUEVOL OKLYNTOTOIN OGN G TOVG. Emiong 0 eAeykTig ouTOG Y PNGIULOTOLEL UN TETPLUEVEG
OOUEG OeOUEV@Y @ Ol OLPEC TMV ““ETOLOV” KLTTAP®YV VAOTOLOVVTOL G SLOLGVVOEIEUEVEC
MoTteg, o1 ddeleg 0€aelg Tov eviopulevT avoryvopilovton omd pio Moto ehetbepmv Bécemy,
Ko T€A0G o1 6VVAESHOL €£GS0V eVHG KLTTEPOV KOl O SLOOECIUEG TIOTMGELS TOV VTP

GTAVOVTOL e LOOKEC.

H povado eAéyyov elvor KEVTPLKOTOINUEVT KO AELTOVPYEL TTEV® OTLC EMKEPAALIDES TV
KUTTOP®V GTLG SLIEVOVVGELG KOl GTOVG OVOLYVOPLOTES TOV TOTACEWV. O UéYLoTOg pLOUOS
Aertovpyiog g KoTédelEe TV avaykn xp1ioNg TOAVTOPTOV UVNULAY KoL UWWNUHOV TPOOTE-
AGOIL®V BAOTM TOV TEPLEYOUEVOL TOVE, DOTE VoL VAOTTOINO0VV 01 Topomdvm hardware do-
pég dedopévmv. H e€elntnuévn AELTOVPYIKOTNTO QLTOV TV LWVNUGV, 1| 0Toio Topovotéle-
TOUL EKTEVMG GTOL KOAOVOO KEQAAOLOL, ELGT|YOLYE TNV CVELYKN XPTIONGS TEXVIK®V o edloong
oe full-custom VLSI. Avt 1 epyocio tapovctdlel akptpog tnv vAoroinon oe full-custom
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VLSI 10V Y ToGLGTHUOTOC SLoElPLoNC TOAAXTA®MY 0VPWV ToL ATLAS 1.

AxolovBel pioe cuvorTiKy meptypoen Tov petarywyéo. ATM ATLAS 1.

1.1 O petoyoyéog ATM ATLAS I

O ATLAS I elvou évog petoryay€og yeviko 6Komov, OAOKANpmUévog o€ éva. LLovaditko chip,

poopt{OUEVOC YioL ¥pTiOT GE GLGTHUOTO VYNATG TOPOYTG KO UIKP®Y KOOVOTEPT|CEMV,

OV LTOPOVV Vo kKupaivovton otd diktvo evpelog meploxng (WAN) oe tomkd (LAN), odpo

Ko g cvotipoto ypopeiov (SAN/DAN), vrootnpilovtog TotkiAio VINPECLHOV KoL EQOpP-

HOY@V, 0té TNAETIKOIVOVIKEG 0 TOAVUESO KO TOAVETESEPYOLOTEG THTOL BLKTVOL GTH-

nov gpyaciog (networks of workstations : NOWs). O ATLAS 1 avantioceton vid 1o npod-

ypoppo "ASICCOM™f

0*;7—4>
1*;7—4>
2*;7—4>

15’,‘;—‘>

622 Mb/s

ATLAS I: Single-Chip ATM Switch

Gen. Purp. Bldng Block for Universal Netw.
20 Gigabit/s aggregate I/O throughput
GBaud serial HIC links, link bundling
CMOS (0.35 micron), 50 MHz core
sub-microsecond cut-through latency
256-cell shared buffer

3 service classes (priority levels)

54 (logical) output queues
translation/routing table, multicasting

flow control: EFCI, credit (multilane backpr.)

load monitoring (acceler. CLP meas. HW)

‘;ﬁ—|>15

622 Mb/s

Xynuo 1.1: Zvvortikn meptypaer tov chip ATLAS I

To oyxnuo 1.1 tapovoidlel pio cuvortikt meptypor] Tov ATLAS 1. Eivon évag peto-

yoyéog 16x16, e celplakovg GuVIESIOVE oueiov Tpog onueio otor 622 Mbits/sec 0 KOOE-

vog. O ATLAS T umopel axoun vo Aettovpyricel og petorywyéog 8x8 otar 1.25 Gbits/link, 1

fxpnuortodotovuevo amd o Tpéypoppo "ACTS™ tng Evpomnoikiic Eveaonc (Advanced Communication Tech-
nologies and Services). To ASICCOM Consortium anotedeiton omnd cuvepydites Tov Propnyovikov ywpov (IN-
TRACOM, EALGSa; SGS THOMSON, T'oAAilo kot Itodic; BULL, T'oAAio), Guvepyditeg TOL X HPOL T®V TNAETL-
Kowvovidv (TELENOR, NopfBnyica; TELEFONICA, Ionovia), kot epeuvntikd wvetrtovto (FORTH, EAAGSo; SIN-
TEF, NopPnyio; Politecnico di Milano, ItaAio; NCSR Democritos, EAAGSQ).
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¢ 4x4 ota 2.5 Gbits/link, kTA. Ot GVOvdecsuol pépovv ATM KvkAoopio Tédve omd To IEEE
Std. 1355 ““HIC/HS” [HIC95] ¢ @uoikd eninedo, xpnOLULOTOL®MVTAG TOVG TOUTOJEKTES OEL-
pLoK®V cuvoEouwy ‘STRINGS” tng BULL [MCLN93]. To HIC npotiurinke and 1o SONET
AOY® T™NG WKPOTEPTG TOAVTTAOKOTN TG GTC KLKAMUATO, TOV LKPOTEP®V KOBVLGTEP|GEDY
KOOMG KoL TNG dJuvaTHTNTOS KMOLKOTOINoNG TV Tothoewv. Ecwtepikd o ATLAS I Aet-
tovpyel wg crossbar, pe évav Kotvéyxpnoto eviopevt yio 256 kottapo. O ATLAS I vio-
notel Tplo eminedo mpotepondHTNTOC, OTOL TO KOBEVL €xeL TIG dLKéG TOV oVPEC. Ta KVTTOPOL
OTOV KOLVOYPNOTO EVIOULIELTH elvarl Aoyikd opyovouéva o 51 ovpéc e£6dov (16 £Eodot
ouv 1 0Vpa droyeipiong Yo KoBeutd omd TIC TPELG TPOTEPOULOTNTES) KOl AAAES TPELG OV-
péc yioe multicasting?. EEontiog tov eéyyov e&’ohokAripov oe hardware, ko TOV £1KOVIKOD
cut-through mov mopéyet To crossbar, n KaOLOTEPNOM EVOC KLTTEPOL LEGH TOV LETOYWYED
oVEPYETOL OE ALYOTEPO O €Vl ULKPOOEVTEPOLENTO GTOWV TO dMKTLO PEPEL ELALPPV POPTIO.
O ATLAS I napéyxetl évav mivaka dpopoidynong ko petdppaong VP/VC, duvotdtnto yo
vrnootipién multicasting, hardware yio TaporkoAovONomn Kot EAEYY0 POPTIOV, KOl VITOGTH -
piEN tov oTEvTapvT eAEYYOoL po1ig Tov ATM Forum, tov EFCI (Error Forward Congestion

Indicator).

'‘Eva omd T xopakTnplotikd tov ATLAS I elvon 1 SuvortdtnTol (TPOoailpeTLKn}) VTOGTH -
pLENG eAéyyxov ponc POCIOUEVOD GE TIGTMGCELS : TOL KUTTOPOL OTOCTEALOVTOL GTOV TP~
K&t yeitovo Lévo dtov €xouvv amokTioel po TioTmot. Ol TOTOCELS AVTITPOCHOTEVOVV
eYYUNOELC EAEVOEP MV BEGEDV GTOV EVTOULEVTY|, £TGL WGTE O1 EVTIOULEVTES VOL UMV VITEPYELM -
CouV TTOTE KOl GLUVERMG TOL KVTTOPO VO, UMV amoppinTovton ToTé. O UnyavicUos TIGTOGEWY
t0v ATLAS I elvon mtapdporog pe ovtdv tov QFC [All95], aArd elval Tpocoprocuévog ylo
viomoinon o€ hardware Tévm 0d GLVIEGLOVS 0ELOTLOTOVE KoL LLKpoV pijkovg. H duvatd-
mTo Yo EAEYXO POTIC LECH TIOTOCEWMVY, OTMG B0 SOVUE GTOL ETOUEVO KEQEALOL, TPOKOAEL
ONUOVTIKEG AMOUTGELG Otd TNV Hovado doxeiptong ovpdv tov ATLAS 1. O petoywyéog
ATLAS T unopei eniong va cuyyovedel ToAAUTALG e1oepy SUEVES OUEOEC poV o€ pia eEep-
xéuevn opdda pong, eEacearilovtog eyyuiioelg ikonosHVNG OVEUESO OTLG GUYYWOVEVS-

UeVES pOEG, BAom evHg VEOL UNYXOVIGILOV X POVOTPOYPOULOTIGILOV.

[eprocdtepeg mANpo@opieg Yo Oéuota Tov ATLAS I mov dev avaAvovTon Ge VTV TNV
epyocio umwopovv vo Bpefovv oto [KSVI6].

o1 ovpég eE650v eEopovi{ouy To TPSPANLO uTAoKaPicHOTOC OTNY 0pyN TG ovpdic (head-of-line blocking
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1.1.1 Awdypoppo tov petoywyéo

>10 oynuo 1.2 eodveton éva opketd opnpnuévo ddypappo tov ATLAS 1. To cduo twv
KUTTOPWV 0moNKeHETOL GTOV KOLWVOYPNOTO EVIUULEVTH]. AVTOG O EVTOULEVTIG elvort VAO-
TOINUEVOG GUUPMOVOL LLE TNV 0PYEVE®GT LVIUNG Kortd pipeline Ttpémo, n onoio tpoc@épel om-
povTtikG mAeovektriporto [KVE9S]. O pipelined evtopevtiic uropel vo Eekivioet pio Aet-
tovpyio (dtéPocua 1§ Ypdyio) o€ évor KOTTOPOo ave KOKAO poAoyloV. AvTd TO YeEYOVOS
KoBopilel Tov EAGYLGTO OPLOUS KOKA®Y pOAOYL0D avé TO SLEoTNUa X PSVoL VOGS KLTTH-
POV : OTOLTOVVTOL TOLAGYLOTOV 16 KOKAOL YL TNV eEvmnpétnon 16 e166dwv, cuv 16 Yo
T1g 16 €£6000¢, oLV éva emmTAE0V KVKAO TEPLOTACLOKE Yiow TN OVpa Storyeiptong. To did-
oua xpévou evég Kuttdpovu eivor Alyo mopomdve omd 700 ns yio puOud dedopévmv 622
Mbits/sec Téved 610 6OVOeGU0. O ATLAS T cuvendg ypovileton pe évo poAdt cuyvétntog
nepinov 50 MHz, €161 dGTE Vo LGP 0LV TOVAGYLOTOV 33 KOKAOL poAOYLOU 0tvE TO Y PEVO
SLbpKreLog evOg KLTTAPOV. ATO TNV AAAN TAELPA ) TEXVOAOYIOL KOTHGKEVTIG TPOCPEPETALL
Yo AE1TOVPYioL KUKAMUATOV GE LEYAAES TOYVTNTES, £TOL MGTE VOL VITEPYEL EVOL GNULOVTIKO
TePLODPLO HOPEAELOG TNV T HTNTO TOV TLUPTVA ToL ATLAS T (oyedidllovpe Tor KUKA®D-
HOLTOL VOL AELTOVPYOVV e KOKAO poAoYLoV 12 ns e xelpdtepn nepintmon, Ke@EALo 3).

Incoming Links

. cell bodies —

input latches

shared

/" buffer
Control: Cell %)ra205eG cells

gement Addr queties

cell ‘ ]? Pipelined

headers arb sréth hﬁf (r:c|1| htrf Memory outgoing Links
credits | arp | cll ((::Itl htrf hr’?rf output muxes |+ :
Time-Shared (16 out + 16 in) headersT [credits

Dual-Ported (cells I/O, creditsin)
Pipelined (1 cell + 1 credit / cycle)

Syquo 1.2: Ardomoinuévo didypogpio tov ATLAS T

To tuipo eAéyxov tov ATLAS I maipvel omo@acelg dpolloAdynong, Hetoppdletl toug
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op1BLovg cvvdeong ATM (VP, VC), xpovompoypolortilel T yp1rion tng LViUNG TOV EVTOL-
UELTH Ko Tng eELmnpétnong Tewv cLVIESUmV, Kou dtaryelpileton Tig ovpég TV KLTTEPWY
KOl TIG TOTACELS. AVTO TO TUN UL EAEYY OV AELTOVPYEL TAV® OTLC EMKEQOALSEC TOV KVTTH-
POV, GTIG SIEVOVVGELG TOVL EVTOULEVTY] KO GTOVE OVOYVOPLGTEC TMV TLGTMOGEMV, dY e Vol
elvon avéykn vo BAémer kaOdAov 10 cpo Tov kuTtdpav. O ATLAS I ypnoyomnotel pio
povadikn povado eAEyyov, n omoio elvor Kovoypnotn 610 }pOvo omd GAOVS TOVG GUV-
Séopovg. H emAoyn o] évavtt Lo < Kortoveunuévng” apyltektovikic’ éyive yia touvg
oKGA0VO0VE AGYOVE

e 'Evoc 01opopeTikdg oplBUoc amd KOTTOPO mOOMKEVUEVOL GTOV EVTOULELTT] OESOUE-
vov uropel va tpoopileton yioo kéibe €£080. Av kbéiBe €€0d0¢ eixe Tov Sikd TG ele-
YK, T0TE KAOE €vog omd crvToHg Ol Empene vor KporTdel Evor ToAD LeYEAo optOud amd
KOTTOPO TEPLOTOOLUKE (256 61Tn X epdtepn TePimTMON). ALTNPDVTOS OUW®S OAES TIG
AOYLKEG 0VPEC UGl G Uil LoVOdLKT, KEVTPLKT] doun} dedopévav (LeyéBoug 256), eEo-
eovileton LTOUATOE 1| OVAYKT Y10t TOGO EMTAEOV X MPO OTOOT KELONC.

e H vionoinom tov multicasting ko TG opadonoinong Guveécumy eivor amAovoTEPT
pe pior KEVTPLKOTOINUEVT CPYLTEKTOVLKT] EAEYYOV.

e OTOV 000 EAEYKTEG GTNV KOTOVEUNLEVT] OLPYLTEKTOVIKT EIVOLL OLVELYKT) VOL ETLKOLV®VT)|-
Govv, amoteiton dtontnocio, n onoio evéyel eEMTAEOV TOAVTAOKOTNTO. XTIV KEVIPL-
KOTownUéVN opyLTEKTOVIKT M dtorttnoio elvon amopaitnn oe évo pévo onueio : v
mpaytn Pabuido tng pipeline eAéyyov.

e HAettovpylo ToV KEVIPLKOV EAEYKTH GUVVQOUVETOL KOl GLYYPOVILETON TOAD KOAK Le
™ Aertovpyion g uviiung pipelined tov evtopievtyy.

O xevtpikdg edeyx g Pefoing mpénel va €xel vYNAGTEPO UEGO PLOUS Aettovpylog otd
KGO éva EexploTd EAEYKTH GTNV TEPIMTOON TNE KOUTOUVEUNUEVNG OPYLTEKTOVIKTC. O ué-
Y167T0¢ OUMC pLOUGG elvon 0 1810¢. 'ETot, M 6 edioioT TOL KEVIPLKOTOINUEVOL EAEYKTY| OLTO-
telel pla mpdkAnom, elvor Opmg eQLKTY] GO AMOJELKVVETOL GE QLUTI|V TNV EPYOGIOL.

I'o vo tkovomon 0et o Péytotog pubudg Aettovpyiog Tov HeTorymyéo, 1| LOVAS EAEY-
x0oL Tov ATLAS I tpénet vo yerpileton aei&elc Ko ovoyympioels KuTTapv Le puouod puiog
ové KOKA0 poroylo¥. o vo emtevyBel avtd n povada dovAevet pe pipelined tpémo. O
PLOUOC OLPLKVOVUEV®V TLOTACEWV GTN XEPOTEPT TEPIMTTMOT GE LOKPDV Y POVIKS SLdGTNUOL

Soe pio koravepmuévn” apylTekTovikn KGe cHVEEGHOG e16680V Ko e£680v éxet Tov K6 ToV eAeYKTT
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0 Incoming Links ] 0
credit ]
: - extrac- cells input latches
15 tion
Y creditsin 16
16 Creditin Q
Buf. & i CreditLess
) Serializ. Cficl"t c PIPELINED
neader - Table i
A Cell List
class,outMask = M :J>
VPVCin/out MEMORY
B
Header VPV C E %
Serializ [ ~|Translation= Head/Tail Ready SHARED
7 | Routing A Reg. File [ Al Queues
| —= ;
| | /Ok B T BUFFER
L Lin | read .
Test/ “|scheduler ! addr Outgglng
Config & Free || bufAddr write Links
Z)Oarrtallell St — PutAddr ouput -\
srROM) I I — o idrop latches/drivers | —= jnqert. '1;5
= Cell = icontrol ?
Counters ---- VPVCout 16
_ F VPVCin
CSwnclh [
ontrol & =—= U1 |accel.CLP CreditOut | _creditsOut
Monitoring [£— Measur. Queueing

extract cell

Iynuo 1.3: Atdypopipo tov moprive Tov petorywyéo ATLAS T

eivou pio v To xpovikd Stéotnuo tov Stapkel évo kHTTOPO Ko ové ouvdesio eteddov’.
EvtouTtolg, o otrypodiog pubudg motocewy unopel va gtdoet uéypt tor 16 ove tn xpovikni
didprero evog KuTTépov. Avto TpokoAel TEpAGTIOL TOAVTAOKOTNTO, 0tOTE 0 ATLAS I Tte-
propilel To pLOUS aPiemv MOTOoEMY 0 0TOL0dM|TOTE GVVIEGUO G dVO OV TN XPOVIKT
dtbipxela evog KuTtdpov. 'ETol 1o tuipor eAEyyov mpénetl va elvon tkavé vou dtorgetpile-
o Léx P 32 MoTOOELS (2X16 GUVIEGHOL) 0rvEL TN Y POoViIKT ddpKelo VOC KVTTEPOL. Ot €l-
oepyOueveg motaoelg dtayelpilovron amd pio devrepn mopEAANAN pipeline, pe pvoOud piog
ovd KOKA0 poroylot. Ot dVo pipelines Tng Lovadog eAEyyov Eektvovv Ue piow domn dtou-
moiog, Tov eMAEYEL Evoy otd TOVG ELGEPY OUEVOVG GLVIEGLOVG TTOV {NTovV eEvmnpétnon.
H pipeline tov kvttépov cuveyilet otn Pabuido 6mov yiveton n dpopordynon/uetdopoon,
EVO TOPEAANAQ O XPOVOTPOYPUUUOTIOTHG amopacilel av Ba eEumnpetrioet uio €£0d0 1
pio elcodo. O emdueveg Pabuidec €xovv vor K&vouv Ue T dtayeipion Tov ovp®v Ko Ho

e€nynbovv 6to KEPAAOLO 2.

11 nictwon oviictolyel oe xdPo HEGO GTOV EVTOLEVTH OKPLBAC Yio: 1 KUTTOPO
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To oMo 1.3 delyvel Evo oupnpnuévo SLéyp oo ToL TuPriva ToL Letorywyéo. To oKLo-
OULEVOL KOVTLA OOTEAOVV TN LOVAOOL EAEYY OV, OO TOL OTTOLOL TOL GKOVPOYPOUOL GYENEOTN -
ko o¢ full-custom CMOS VLSI.

1.1.2 ®don viomoinong

aTé TO APOVO GLYYPUET|C QLTINS TNG EPYUGLOC TOL TEPLEGHTEPOL TUT|LLOLTOL TOV LETOYMYEX,
éxovv oyxedlaotel TApmg oe eninedo TLADY M TpaviicTop Kon €Aeyyog Ko emoArifevon
Bpiokovton e eE€MEN. H mietoymeio tov chip amoteAeiton ord semi-custom A0yLkn Ko
SRAM yevvnuévn ané compiler, eved évo kpd turjuo énpene vo oxediootel o full-custom.
O ATLAS I 8o kotaokevootetl oe texvoroyion CMOS 0.35 micron, and tnv SGS-Thomson,
Crolles, TaAAloc. To chip o amotedeiton omd €va mup1 Vo Tov Oa Toro0eTn Ol o€ éva TPoL-
Tapyov dakTOAMO Kataokevaouévo and tnv BULL, Les Clayes sous Bois,I'aAAiog. O do-
KTOAMOG €xel e€mtepikd uéyebog 15 mm omd KOs TAevpd, kKo meptlopfdver To pads, TOVG
oVTIOTOLOVE TOUTOSEKTES, Kol 16 KLKADUaTa ovopalopeva <“‘STRINGS” (uetortpomneic Gel-
pLoKov o€ TapdAANA0) [MCLNI3]. O muprivog teptAotféivel oOAGKAN PO TO HeTOywyEo Ko
16 interfaces Guvdéouv (UNYovES TpwTokdAA0L HIC/HS Kou eAooTtikol evtopevtés). H mo-
AVTAOKSTNTOL TOL TVPTVOL POAVETOL GTOV OlKOAOVOO TTiVOKOL, LETPMUEVT OE X1AGdeC TPV i-
67T0p¢ 68 KLKADUoTor Aoyikiig ko o€ Kilobits SRAM. Ot eAooTikol eVTOIEVTEG elvor VAO-
nompévor omd drokprtd flip-flops, YU owtd ko o apdude tmv tpaviictop twv interfaces
TV ovvOEoLmV eaivetol vrepfoikd peyddoc. H peyadvtepn mocdtnta bits uviung oto
chip elvon cuykevipmuévn 6Tov Tivoko SpopoAdYNoNG Ko LETAOPOONG, GTOV EVIOULELTH
KUTTOpV (Lviun pipelined 27 Bobuidwv) Kol 6TOV TIVOKQ TIGTMOGEMV.

ATLAS I Core Complexity
Block Logic | Memory
(Kxtors) (Kbits)

Semi-custom blocks:

Link Interfaces, Elastic Buf. 260 -
Cell Buffer 30 110
Routing, VP/VC Translation 20 300
Credit Table 10 70
Queue management control 10

Scheduler, Control, Misc. 75 6
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IMivaxog 1.1: (continued)

Block Logic | Memory
(Kxtors) (Kbits)

Full-custom blocks:

CLL, HTRF, FL (multi-port RAM/CAM) 65 14
Total 470 503
IMivoxog 1.1: TIoAvTAOKHTNTOL TOL TLPTIVOL TOV UETOYWYEQ
ATLAS 1

1.2 H epyooio ovt

H nopovoo petantuyloxt epyocic cuviotatonr otny teAkn oyedioon, vAonoinon, npo-
Gouelmon Ko ETAAT|0€LOT TOV KLKAOUAT®V TOL VITOGLOTILOTOC SO ELPLON G TOAAXTAMY
ovpaVv 1oL petorywyéor ATLAS 1. Tor KUKA®UOTO VTA TEPLAOUPEVOVY TOAOTOPTES UVTLEG
SRAM, pviueg Ue e101KEG TPOOTEAGLGELS, KOl O1eLBLVGL0d0TNUEVEC e BGoT TO TTepleyOUeEVE
TOVC, KMOKOTOINTES, AMOKWILKOTOINTEG TPOTEPOLOTN TS, KAUOMG KO TO TEPLPEPELOK L TOVE
kukAopota. H oxedlaon toug €ywve pe texvikég full-custom CMOS VLSI. Eniong, n emt-
vénon tov aAyopifpov eEVTNPETNONG TOALUTAMY CLYYMOVEVOUEVOV OUAd®Y PO®Y e &i-
KOO TPOTO (Toporypdpog 3.2) TPOoryLOTOTOLONnKe and TOV GUYYPAEOVTO GTOL TACICLOL TNG
TOPOVCOLG LETOTTLYLOKTG EPYOCLOG.

To KEQAAOLO 2 VTG TNG EPYOLOTOG TOPOVOLALEL TNV OPYLTEKTOVIKT KOL TNV ECMTEPLKT
opy&vmon Tov eAeYKTY| dStoyeiptong ovpwv tov ATLAS 1. ITepriopfdver pio meprypoen Tg
dutAnig pipeline, tapovcidlovtog AenTouepdg TG Aettovpyieg kGOe Babuidoc. To ke@EAoLo
3 meprypdipel TNV vAomoinom oe VLSI ouTo TOL SLaYEPLOTH OLP®V, KO CUYKEKPLUEVEL, TN
oyedioomn Tov kopuatiey full-custom. Eniong, mopovotdloviol anoteAéouato GYETIKA Ue
NV ToVTNTO, TO X DPO KoL TNV KAUTOVAAMGT] 10 V0G AVTHOV TV KUKAOUAT®V. AKOUT, £60
OVOADETON O VEOG UMY OVIGULAG OO IPLOTG LYY WVEVOUEVAOV OUEOWY POAV. TELOG TO KEPE.-
A0o 4 dlvel GLUTEPAGLLOITOL KOl VTTOJELKVVEL LEAAOVTIKEG EMEKTAGELS VTN G TNG EPYUGLOG.
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Opybvoon ¢ Aroyeipiong HoAhondadv Ovpov

H xopdid Tov eAéyyov tov ATLAS I elvort To Tunpo Stogeiptong ovpwyv, To omoio Kpatd Tov
ELeyY0 OA®V TV KLTTAPWV TOV TEPIUEVOLV Y10 TIGTWGELS, TIG TLOTOCELS TOV TEPIUEVOLV
Yioe KOTTOPOL KoL TOL KOTTOP O TTOV EIVOr ETOLULOL YLOL 0LVOL P OT. AVTO TO KEQAAOLO TOLPOV-
olalel TNy opydvmon owToH TOL VTOGVOTILATOG, KOOMS KO TIG EVOALAKTIKEG AVGELS TTOV

dtepevviionkoy.

2.1 ApYLTEKTOVIKT AOYIK®V 0VPAV

To xOTTopo peTayelpilovton SLoPopeTIK vOAGY®G e TO o 1 oVvdeoT| Toug (VC) vrdkel-
Ton o€ EAeYY0 PO TPOG Ta Tio®. H KAGoM VYN ANG TpotepotdTnToG Tpoopileton Yo oo TL-
VOUEVOUEVT] KIVNOT TTpayLarTLKoV ¥ pOvov, OTwg elvot 1 @avT], 6OV 1) OOpPLYT TOKETMY
elvou mpotdtepmn amd v kolBvotépnon tovg. H kAdion ovtr| enouévag dev LITOKELTOL GE
éLeyyo pong mpog ta ticw. H xAdon pecoiog mpotepotdtnTog Tpoopileton yior GTUVO-
UEVOUEVT) KIVIIOT TOL VTOKELTON GE EAEYY 0 PO TTPOG TO TLOW (OTWC OedOUEV DL LLE EYYVNOEL
eEumnpénong), ko TEA0G N KAGOTM X OUNANG TPOTEPULOTN TS YO UN-0oTLUVOUELSEVT Ki-
VNG OV VIOKELTOL GE EAEYYO POT|C TPOG TCL oM (dTwg dedoUéva, Yior TopAdeELYU). ApaL,
UOVO 01 GLUVOEGELG LECOLOG KO Y OUNANG TPOTEPOLATNTAG VITOKELVTOL GE EAEYYO POTiG PbL-
GEL TIGTMOCEMV, OTAV TETO10G EAeY)0G elvon evepyomoimuévoc. Ta KUTTOPO TOL dEV VITOKEL-
VIO o€ EAeYY0 POTIG TPOG TO TIGM AL KO QLLTE TTOV VITOKELVTOL HAAG £XOVV OTOKTIGEL
NV TGTOON TOL XPeLGLovTon Yo TNV ovory ®pnon Tovg ovoudlovton “étolua’” kHTTOpa,
1ot elvon €toal yiow ovoydpnomn oA o ovvdecuog €680V Tovg yivel dtadéoinog. To

“étouo’” ToroBeTOVVTOL GTIG OVPES ETOUMV KVTTEPWV. YThpyeL LGvo Hiow ovpd €Totumy

11
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KLTTEP OV 0vé 6 OVOESO €£660V Ko owvd eninedo TPoTEPOLGTNTOG YOl TOL Unicast KOTTUP,
6mwe eoiveton 6to oxfiue 2.1. AvTi N opyEvmon ovpdv oTig eE6d0v¢ e€apavilel To TPOS-
PANo prdokopionotog 6TV opxT TG YPOUUNG.

Ready Queues hi
(RQ)
. non-backpressured VC’s /
Incoming
Cells

CreditLess
Cell List

CLL -

backpressured ijL

VC's

T —

S

Per-flow-group |71 Credit
queueing |1~ | 14p1e

(CT)

Credits

H}

Syqua 2.1: H apxitektovikn Tov A0YIK@dV 0VpdV

Yrdpyetl eniong pio ovpd ETOIU®V KVTTEPOV 0vE ETITESO TPOTEPULATNTOG VIO TOL KVT-
Topo oV elvort multicast (dev ametkovileton oto oyxfpoa 2.1), Kotvéypnotn ord GAOVLE TOVG
ocuvvdéopove.  GBe kOTTOopo uropel va Bpicketon To moAL o piow ovpd. O TepLoptoUds orv-
TOC OV TEONKE Yo voL eAeYKTeEL 1 ToAVTTAOK ST TOL TOV hardware, elvon 0 AGyo¢ yio  Tov omoio
ot ovpég multicast elvon KovOxpNoTeg amd GAOVS TOVG GLVOEGUOVS. AV TO KVTTAPO GTNV
KopLEY TN ovpdc multicast Tpoopileton Yo évor 6HVOAO €£6dwV A, ToL KOTTOPO TOV E€i-
vou multicast kou Bpickovton Tiom Tov eivon prhokopiopévo, koo Kot o tpoopilovton
yio évor GAA0 6 hvoro eEGdwv B. Extiovpe 6Tt avtd To UTAOKAPIoUD Bor £xel TOAD LKpT|
enidpaon oty anddoon, ddTt : (o) Tor KOTTOPOL TOV €lvol unicast ko wpoopilovton yio
T1¢ €€6d0v¢ B dev eivar urhokopiouéva, (B) to kuTTOpa mov eivorl multicast avopéveton
VO, OLTOTELOVV UELOYM G0l GTNV GUVOAKT KivNom Tov LeToy®yEa, (Y) LeTo&h Tmv KAGGeEwv
e€umnpénong, 0 YPOoVoOTPOYPOUUTIOTHG EELIN PETEL TNV OLPE multicast e Ly AdTEPT TTPO-
TepotdTNTO OO TIG 0LPEC unicast Ko TéA0g (0) Tor kKOTTOPOL TNV 0LPE multicast £xovv 110m
OTOKTHOEL OAEG TIG MGTWGELG TOV Y peLGLovTon, OTdTE OLvor POV YLoL GAOVE TOVE TPOOPL-
GLOVG TOVG LEGH OE YPOVIKS SLEGTNUN SLEPKELOG EVOS KUTTEPOV.
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To KOTTOPO TOL VIOKELVTOL GE EAEYY0 PONG TTPOG TaL TiGm Ko dev €xovv Ppet pio ko
TAAANAN TioTmon Tepluévouy o1 ‘Aloto Kuttdpav ywpic niotwon” (CreditLess Cell List
(CLL) ) uéypig 6tov gtdoet pio tétola miotmomn. H CLL elvot Aoyikd opyovouévn og évo
GeT otd 0VPES, Uio ovE O POWV, £TGL MOTE HTOY PTACEL Uia TioTmo™n vo elvor duvartdv
vo amoktnOel amd éva KOTTapo g ilag opddog ponig xopic vor urAokapeTon and GALES
OUddEG podiV. ZTNV TPOYLOTIKOTNTO LOVO €vor KVTTOPO elvail Suvortdv vou LITapEeL Léoo
otov ATLAS 1. Autd emituyyGveTol opyLKOTOLOVTOG TOVS UETPNTEC TOTWCEMV YLoL KOOE
oudda ponig 6to 1. Me awtdv Tov Tpdmo dev elvon ovérykn vo Oupdton Kovelg tnv cetpé
TOV KVTTEpV Léco o€ Uior opddo ponic, omdTe dev elvor amopaiTnTeS TPOYLOTIKEG OVPES
péoo otnv CLL. O meploptodg evog 10 moA) KLTTépoL ove opdda ponig Léoo otov ATLAS
I dev emnpedilet 1o Léyloto puOUS eEvumnpétnong mov uropei vo emttevy el oe meptféiovta
SAN (System Area Networks), 016t 0 ATLAS I elvon opKetd Yp11yopog MoTe 0 YpSvog ylo
NV OAOKATPOGOT LETOPOPAS EVOS KVTTEPOL KoL Lo THOTMONG TEv® otd Ppoxels cuvoE-
6oL (round-trip-time) vou elvor pkpdtepog amd To xpovo ddpkrelog evog kuttdpov. Emt-
TAEOV, QLVTOC O TEPLOPLOUOG EYEL EVEPYETIKS OMOTEAEGUOL OGO OLPOPA TNV OVEKTIKOTN T OE
exkpNKTIKY Kivnon kot Oepud onueio [KaSS96] : piow opddo porg mov dev GUUTEPLPEPETOL
GMOOTA OEV TNG EMTPENETOL VO X PTGLULOTOUGEL TEPLGGHTEPES OO Pict OE0T TNG UVIUNG TOV
EVTOULELTT]. AedOUEVOV OTL UTOPEL VoL LTIAPYOVV TO TOAD 256 KOTTOPO LEGH 6TOV ATLAS T
G€ 0oL TOTE EGOUEVT) OTLYUTN, LTOPOVV VO LIEPEOVY TO TOAD 256 ‘0VPEC” LEGOL GTNV
CLL. oatd ovvénelo ) CLL €xet vAomonBel og pio pviiun tpooneddoun BAocel tov mepie-
xouévov g (CAM), dnwg Bor culntnOel mopokdto.

2.2  Aouég dedouévov oe hardware

To oyfua 2.2 aneikoviletl Tig dopuég dedopévav mov dtotnpovvton ko drayerpilovron omd
10 hardware 10V ATLAS, €161 dGTE VoL DAOTOINOEL 1 TOPOTTEV® OPYLTEKTOVIKT) OVpdvV. OAN
N TAnpoopio Tov opopd éva. dedopévo KHTTAPO elvarl omodNKeLUEVT GE UVIIES TTOV €l-
vou ““TapGAANAES” TPOG TOV EVIOULEVTT] KVTTAP®V, ONA0OT| 1 SlevOLVOT TOL CAOUOTOS EVHG
KLTTAPOV GTOV EVIOULELTH] OTOTEAEL TOV OVOyV@wpPloTH) ouToV TOV KLTTAPOV, KO XPTOL-
pomoteiton yior vaL TpoomeAdGeL OAN TN O ETIKY| Le avTd TANpoYopio. Ot ovpéc “‘Etolnmv”
KLTTAP®V dtortnpovvton ¢ dtocvvdedepéveg AMoteg. H vAonoinom amAonoteiton opketd

o TNV AmOEOoT) VoL EMITPENETOL O KEOE KVTTOPO VoL otviiKEL TO TOAV G€ pior “‘étoyun”™
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ovpd: xperdleton évag deikTng 6To ENGUEVO KVTTOPO, TOL KPOTEITOL OTN UVHUN T®V det-
KTV ovpdg (Queue Pointer memory)*. Eniong, to yeyovdg 6t kébe KOTTOpO Umopel vo
Bpioketon to TOAY og pio ‘étorun ovpd” meplopilet Tig amotrioelg LEyLoTou puouov eEv-
TNPETNONG OTOV EAEYKTY|. Z€ SLUPOPETIKT TEPIMTWON, ELGEYDVTOG KVTTUPO GE TOAAATALG
0VPEC OE GLYKEKPLUEVES Y POVIKEC OTLYUES B0 LTTayOpeve Evoy TOAD LYNAGTEPO GTLYULOHO
pLOUS Aettovpyiog. Ot 54 ovpég mov ypetdllovton otov ATLAS I avaryvopilovion amnd to
nepleyouevo ptog uvriung 54x17, tov Apyxeiov otaywpnt@v epoiris/Ovpds (HTRF) (To
bit eyxvpdtntog xpnoponoteiton yio vo dtokpiver Tig Gideteg ovpég omd TG YEUGTEG).

" Head/Tail Reg.File B .
V¥ ead a1 Ready Crean
| ' Queues Table
9 (RQ) €1
Coafafe 2 s 2| | 4056 4096
| . |
[ : [ flow groups
| | X
" 53|0 ! 16+1 links
| | H
‘ P — ‘ CreditLess i
| 8 18 Cell List —
l _ l (CLL) Cell
: Pf;)ngfltfy : 7 how class \ Fr_ee Buffer.
| next | ' ' _group outMask creditMask | ., List cell bodies
| i SR 1 0| (empty)
| —=lean| | | | 54 [0..010.0[0.010.0]| i o| 1| celC
| 254 | ' | 78 [0..010..0[0..010.0| | | o] 2| cellA
.‘ |
| R |
| PR N E A S E— N U T -
| |21 [0.010..0[0..000..0] | | |o| 253 cellD
‘ 1 1 | 31 |0.010..0]0..010..0] | | [o| 254] celB
| Queue L ! 255
Pointers ] T
! B R N Sy
\ W ;o 12 17 17 )

Iyquor 2.2: Ot Ooués SeSoUEvmV T dLoLYEIPLON OVPHY

Mio evoAlakTikry AVom Tov eEeTdoTNnKE, AALE amoppieONKeE TOV VO, VAOTOINHOVV Ol
““étolueg” ovpég Ue aplBuoivs oelpds. o KABe ovpd Ba Kportidtoy €vog LETPNTIG GELPAG
YO TO TPATO KOl TO TEAELTOLO (Opoto oekPLBadG pe tTnv HTRF). To k6iBe kO TTOpo B ypeto-
Cotav évag aplBuog oelpdic poli pe v vwoAomn TANpoeopic Yo TNV KOTEOTHCT TOL
KLTTAPOL (0rvTd elvon GO0 e To medio delktn 6To emduevo KVTTOPO). Eviovtolg, yio vo

*10 medlo xkHpLog OVPOG 6° QLT TN UVHUN opopd Lvo Ta KOTTopor multicast, ko ypnopomoteitol dtav
XPOVOTPOYPOUUOTIZETON 1] TOGTOAT TOVG
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EVTOTLOTEL TO TPHDTO KVTTHPO O Hiot ovpd B ypetaldoToy éva yaEipo BAoel mepleyolévon
670 edio aplOpov celpdc, o avtiBeon pe pio oA tpoomérlaion oe pio pviiun RAM énwg
oY VEL YLOL TNV 0pYEVE®OT UE dlacuvdedeléveg Motec. BePaiwmg mpémel vow onuelmbel 4t dev
omonteiton owotnpn oelpd e&umnpétnong FIFO yio i GuVOESELS TOV VITOKELVTOU OE EAEYYO
PONC TPOG TOL TG M, OTAWMS TPEMEL VaL YIVETOL €Vag OTKOLOG XPOVOTTPOYPOUUOTIOUOS. APOV
puéoo oto chip uropei vou vépéet Lovo évol kHTTapo avé opdido porig o€ 0moladToTe ded0-
pévn otyun, dev eivan avérykn vo dtotnpeiton oelpd FIFO ovte péoa oe piow opdidor pong.
Topora owtd, ypetdleton oelpd FIFO Yo 11 GuVIESELS TOL deV DITOKEIVTONL GE EAEYY O POTIG
TPOG TOL TLOW, SLOTL M GELPE T®V KVTTEPWV HEca oe évar VC mpémel vor Stortnpeiton GOUG®VOL
ue to ATM.

Mo xébe kOTTOpOo emiong kpotiéton n €€1G TANpoopio : 0 apltOudg opdidog ponig (12
bits), n udoko e£680v (outMask), uio Léoko Tv 17 bits Tov VITOJELKVHEL TOVE EXOVUNTOVG
oLVOEGULOVG €EGB0V Yo évar KOTTOWPO (0 170¢ GVUVIECHOG avTLoTOLYXEL TN VPO GVVIESTG
Tov eEwTeptkov wKkpoenetepyooth). Enriong n udoko motdcewy (creditMask), pio péoxo
TV 17 bits 1oV VTSI ADVEL TOVE GLVIESOVE EEGSOV Y10 TOLG OTTOTOVE TO KVTTAPO EYEL OLTTO-
ktoet pio tictoont. OAn awth N ~ANpogopic: elvor onuovTicy Yo To KOHTTOPO TOL Elvor
xopic motmoelg (creditless) ko GpoL T0 GOVOAO TV UVNUAV TOL TNV QLAGGCEL OVOUELe-
ton AMoto tov KuTTdpov yopic tiotwon (CreditLess Cell List (CLL)). Otowv @Tével pio véo
niotoomn oviyveveton | CLL ov vrdipyel amoOnKevpévn Kortoy ®pnomn LUe TV opuddo pong
Ko T0 oVvdeco (outMask) tng mictwong.  atémv yiveton évo to ovticTolyo bit tng cred-
itMask. To medio outMask evdtaeépel eniong dpeco ta étoo kHTTOPO TOL €lvol multicast
(Tor GAADL ETOTUOL KVTTOPOL UTOPOHV VOL EKLOLEDGOVV OAN TNV TAN poPopic Tov ypetdlovTon
ortd Tov oplBud ovpdg 6Tov omoio aviikouvv). To KOTTapo Tov elvol xwpic miotwon dev
VKoLV G€ Kopio €Totun ovpd, ko Gpol To tedio delkTn 610 ENOUEVO dEV X PN OLLOTTOLElTON.
370 mopGdELyLaL TOL OYNUOTOG 2.2 KUTTaPO 253 ov elvon oxlocuévo eivon ympig tictwon
(01 LAOKEG TOTMOOEWV KOl GLVIEGUMY €EGB0V dLoPEpoLY KTE €var bit).

¥tov ATLAS I xpnGionotovvton tévie EexmploTd KOUATION LVAING Y10 VOL VAOTTO] -
GOVV TNV TOPUTEV® 0pYAV®OOT). AVTOG 0 doy WPLoUOS ToL cvinTeiton TopokdTm, Kot Kpi-
onke omapoitnTog AGY® TOV SLUPOPETIKWV ELOMV TPOCTEANCTG KL Y POVIGLOV KOOEVOS
nedlov. Mio €ktn uviun peyéboug 256x1 €yel ypnolonoindel wg Moto tmv eAeh0epwv O€-
cewv (Free List) TOL EVTOULIEVTY] TV KVTTEPOV.

10 180 bit amoteAei vav avaryvaptot Thg KAGoNG eEvmnpétnong
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2.3 Ot pipelines otn dtoxeipion ovp@v

O1 Aertovpyieg mov EMLTEAOVVTOL GTIG TOPATAV® SOUES SESOUEVMV €XOVV VOL KAVOLV UE TNV
GELEN M avory dpNnom evOog KLTTAPOL Kot e TNV AEIEN oG THOT®ONG (01 OVor PN OELS TTL-
GTMOCEMV GLUPAIVOVV GE GLVIVOIGULE LE TLG OLVOLY WPT|GELG KLTTAP®V Kol TEPLACUPEVOVTOL
OTLG AELTOVPYiEC TOV €YOVV VO KEVOLV e 0VTEG). OTmg elmmon ke 6TV mopdypo@o 2.1 o
eleykg Tov ATLAS T extedel ovTég TIG AetToupyleg YpMNOLLOTOLDOVTOS 0V0 TOPEAANAES
pipelines, uio yio Tig Aettovpyieg Tmv KLTTEp®V Kot pio yio Tig opi&elg Tmv miotooewv. H
dlayeipiomn Twv ovp®v emttedeiton oTIG TEAeLTOlEG TpELS PoBuideg TG pipeline Twv KLTTE-
POV, KOODC KoL 6TIG TEAELTOLEG TEGOEPELS TNG pipeline TV TeTMoemY, OTME PoiveTon 6TO
oynuo 2.3 ko eEnyeiton mopokdtm. Ot Aettovpyieg yior Tor KOHTTUPO Py LKOTOLOVVTOL OO
TOV YPOVOTPOYPOUULATIOTH TOV peTarymyéon, ot Pabuido tng pipeline twv kvttdpwv Alyo
npwv apyicel n doyeipion twv ovpav. O ¥POVOTPOYPOUUATIGTHS dIVEL LYNAOTEPT TPOTE-
potoTNTOL TNV €ELTIMPETNON TOV GLVIESUWY EEGBOV EVOVTL TV GLVIECLMV E1GOS0V, UL0L
Ko 1 Kofvotépnomn tev eE60mv mpokadel dokomn Lelmon Tov puouoH eEVTnpéTnong, eV
To ElogP)OUEVOL KOTTOPOL OeV B x0BovV ToTé awveEdptnto Tdte Bo eEunnpeTnOovVV Léco
070 xpbévo ddpkelog evég KuTTépov. 0co oPopd TG apigelg TV KLTTAP®V 1 SpOUOAS-
ynon kKo mn LeTAPpaomn GLUPoivel Top EAANAQ LLE TOV X POVOTPOYPUUUATIGUOS, OVTMOS BOTE
va, koBoplotel n opddo porig Tov KVTTAPOV, N Ldoko e£630V Kot 1 KAGon eEvmnpétnong.

read CT write cell .
.Ce” read HTRF |- write: CLL, |— E_nqueue.
arrival | “rree List || | tail->next write HTRF ‘-'
| £
©
cell . | read HTRF — read: cell, Dequeue: =
[ ——— outMask, — write HTRF
departure ‘= (write CT) head->next Free List
. N
credit search: write CT; read Enqueue: ®
. flow group, - or =  HTRF |—write: HTRF,| =
arrival outMask rd/wr CLL (tail) tail->next ,qg
time

xyqua 2.3: Ot 6vo pipelines ot dtoeyelpion ovpav

Agpiteig kvttdpov :  oté T Stdprelo g TpdTng fabuidog pipeline Stefdleton o Tivorkog
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TLOTOCEWY, £T61 HOTE VoL eEXKPIPMOEL 0LV VTIEPYOVY TGTMOGELG YLOL TNV OUAS0L POTIG OLLTOV
TOL KLTTAPOV Y10 TOVG EXOLUNTOVE GVVIESHOVE £GS0V TOL (outMask). Av BpeBotv GAecg
0l EMOLVUNTEC TOTOGELG TO KVTTOPO YiveTon €tolno. TMopdAinio n kAdon eEvmnpétmong
Ko M péoko €660V Yol TO €10EPYOUEVO KVTTUPO X PT|GLLOTOLOVVTOL WG SLEVOLVOT Yol VoL
dtafootel 0 delkTng 0VPAG TNG KOTAAANANG éToung ovpdic amd Tnv HTRF. Avtr| 6a ypn-
oomon el yio va eteay Bl 10 x0HTTaPOo 6TV 0VPE o€ TEpimTmo™n mov eivat étono. Tow-
Toxpova yayveton n AMoto eAevBepwv B€GE®V Yol TNV TPWTN KEVH Béom.

Ty enduevn Pobuido 1o kHtTopo Kortoywpeitot oty CLL. Av 10 kOTTOp0 €lvot €Tolo
0 OelkTNG 0VPEG TNG KOTAAANANG 0VPAG xpNoLonoteiton Yo va ypoupet n dtevOvvon Tov
VEOOLPLKVOVIEVOV KVTTEPOL 011 B€om mov delyvel o deiktng oto enduevo kHTTapo. Ot mi-
otooelg Tov dtofdotnkoy and Tov mivako moetwcemy (CT) kot xpnooroténkoy ord 1o
KOTTOPO KoTtoympovvton oty CLL xou tpénet va 6nototv ard tov CT. Avto to oB1ieiuo
0o ouvéPouve kavovikd oe ot T Pabuidoe, kot B amontovoe pio emmAéov BHpo TN
pviun CT. T vor oo @evy Ol orvtr| 1 emmAéov 00pa., €tol dote to CT vo umopel vou etvon
puioe SRAM yevvnuévn omé compiler mopd vo oxediootel oe full-custom, n Aettovpyio Tov
ofnoipatog katoympeiton o€ €vav EVIOULEVLTN Yo €YYPAEES Kou ekTeAEiTON KOTA TN OLEp-
KeLo, TNG PTG Porbuidog o ovorydpnong evog KVTTEPOL (01 oVor WP GELS KVTTAP®V
dev mpoomelarovouy tov CT). Yrdpyovv 17 KotoywpnTég o€ VTGV TOV EVIOULELTN Y10l €Y-
YPOQES, KABMGS KO 01 OVTIGTOLY 0l CUYKPLTES KO TOL KUKAMLLOLTO Y10 TPOCTEPAGLOTOL, £TGL
WOTE VoL KOALPOEL 1) xeLpSTEPT TEPITTMON GLVEXDV OLPIEEDV KVLTTAPWV OO OAES TLG E1GS-
S0V TPOTOV 0 YPOVOTPOYPOLUOTIOTIG OMOPUCIGEL VO, eEVTNPETHOEL TIg 0Vpeg eEGS0v.

v terevtaio Bobuida, ov 1o KOTTOPO €lvor €Tolno, 0 VEog delktng ovpdic ko To bit
aodelog M 0L ovpdg Ypdpovton otn uvriun HTRE. Av n ovpd ftav plv ddeLa, mpemet vo
YPOOTEL GLYYXPOVOG KOl 0 delKTNG EMKEQPUAISOC KL O YPOVOTPOYPOULOTIOT|C ELOOTOLET-
o 0TL 1 oVpd dev elvon TAéov Adela. AVTEG OL TPOGTEAAGELS B0l UTOPOVGOLY VOL TTPOLYLLOL-
TOTOINO0VV éva, KUKAO vopitepo, 0AAG crvTd BaL epyOTaV GE GVYKPOVON LE TPOCTEAGGELG
oty 18t Lviiun Kortd TN SLEPKELD TMV AELTOVPYLHOV TOL £YOVV VOL KEAVOULV LE TLE OV -
PN OELG KLTTAP®V.

Avoywpnroels kKuttépov : Ot Aertovpyieg mov GLUPOIVOLY GTOV 0 XPOVOTPOYPOUUOTIOTIC
KoBodnyel tnv pipeline Tov KutTtdpwv vo xelprotel piow ovoydpnomn evog Kuttépov omd
uio ovykekpipuévn €080 Ko o€ évol eninedo mpotepondtnTog elvor ot e€eic. Ztnv mpdT™
BoBuida dStofélovton ot delkteg emKePAMIOG KoL TEAOVGS YIOL TNV 0LvTIGTOLYT £TOLUT OVPA
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oté TV HTRF. O 3eiktn ¢ emke@oA S0 ypNGLOTOLELTOL Y10l VOL EVTOTLGEL TO GO TOV KU T-
TAPOVL (Yo LeTddoom) KoBmg Kot TIg VIOAOITEG TAN poPopiec Tov oyetilovton pe owtd. O
detktng téhovg doPaleton €Tl MOTE VoL OVIYVELTEL OV OLLTO NTOV TO TEAELTOHO KOTTAPO
o™V ovpd (delkTng TéAovc==0eiKTN CpMC).

1 6e0tepn PodUido n Lvin oL Kpotd TG Laokes eEGd0v mpoonehariveTon mg eENG:
undevileton to bit Tov avticToL)XEl GTOV TPY OV GVVIEGHO €£GSOV, EVH TOLTOY POV Sl
Covton tor vtéAoLmo 16 bits. Av orvTd Tor 16 bits eivon dAo undév, To kHTTopo Tpémel vo Byet
ord TV ovpd ko M B€on tov vo emotpopel otnyv Free List, dtdtt oy eite éva kOTTOPO UNi-
cast eite évoo multicast Tov avoympel amd v tedevtoio €£086 Tov. O deiktng oTo enduevo
KOTTOpO otV 0Vpd Srafdleton eniong TopGAANAD, 0ol Bl XPELOGTEL GTNV TEPITTMON
e€arywync Tov omd TV ovpdL.

Ttnv tpitn Pabuido 1o KOHTTOPO EGyeTON O TV OVPE, OV elvor amoPoiTnTO. AVTO
GUVETNAYETOL TNV EVIUEPWON TNG AloTOG EAEVOEP MV KVTTEP WV KOOMDS Ko TOL delkTn opyng
ot uvinun HTRF, 6nog kot to bit eykupdtnrog ov ovtd oy o telentoio KHTTopo GTnyV
oVpal. XNV tedevtoio TepinT®ON €180TOLEITON KOl O YPOVOTPOYPOUUATIGTHS GTL LT M

ovpd elvor TP AdeLOL.

Aogiteic motdoewy : Ot agi&elg Tav mothoemv yelpilovton and ™ devtepn pipeline, pe
pLOUS piog avé KOKAO poAoyloU, TapdAANAa HE TIG OPIEELS KoL oV WPNOELG TOV KVT-
tépwv. Avtn eivon pio pipeline tecodpmv Badbuidmv. Ttnv mpaytn Boabuida n opnddo pong
omov avnkel pio miotwon xKou pia péoxo twv 16 bits mov detyvel 1o 6 HvoESUO 0d OOV
éptoce ypnoionotovvtol yio vo ywé&ovpe v CLL (to tedior opddo ponig ko pdoko e€6-
d0V) Y1oL KVTTOPOL TTOV TEPIUEVOLV LTIV TNV TioTwon. To YAELo ovTé amontel évo A peg
Toiploclo e To Tedlo Tov dNAdveEL TV opddo porig, evad e To Tedio g Léokog €630V
omouteiton peptkd toiproopa (dvo wévo bit). Aev givon ovéyxm vor KortdEovpre KaOSAov
™ wviun creditMask : opo¥ vtdpyel Lovo pio tiotmon avé opddo pong Yo évo dedouévo
oVVOEGLLO Pl BEQOUEVT] YPOVIKT| GTLYUT], OV VILAPYEL TEPITTMOT Yo évor KOTTOPO ULOG OF-
dopévng opGdoG POTiG TOL TEPUUEVEL OLKOLLDL VOL OLVOL MWPTIOEL Ot 0L TO TO GHVIEGHLO (TO GV-
yxexpuévo bit tng pudokog e€660v eivan éva) va €xel 10N pic Tiotmon yior vt TNV opddo
PONC KO Y10t 0LTO TOV GHVIEGHO.

>t 0evtepn Pabuido, ov Kovévor KUTToPO Oev TEPIUEVE YL LTIV TNV THGTOGOM QLLTH
onueldveton otov Tivoko Totdoemy (CT). AoV urnopei va vdpEet pévo pio tictmon ovd
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oudda porig pio eyypoupty evog amAov 1 etvon apxetn (dev elvon oovérykn vo yiver Stdocuo-
petaBoA-ypayiio). El0GA®G EVNUEPMOVETOL T LECKO TOV TLGTMOCEMY TOV EMAEYUEVOV KU T-
TaPOL Ue To va Yiver 1 o bit Tov avTieTolyel GUVIEGLO 16650V, EVE TOTOY POV dLoEo-
vTol TocvoAotmo 16 bits, cAAG ko OAN M LaoKo TV GVVIESU®Y EEGB0V. ZVYKPIVOVTOS TIG
dvo pudoxeg amogacileton ov To KVTTOPO elval £To1po, AN oy THPE KoL TNV TeEAeLTOLO
TLOTOOT TOoL EPieVE KoL GpoL TPEMEL VoL ELGoy Bel TNV ovpdL.

oté tnv Tpitn Ko v tétopn Pabuido exteAeiTon | elcory®YN 0TV 0VPE, OV TO KOT-
Topo LOALG €ytve €tono. H dtevbuvon g KatdAANANG ovpdc Yo va dtofactel 1 HTRF
oynuatifeton xpnNOYLOTOLOVTOG TN LEoK EG30V TOV KLTTEPOL KoL TNV KAGON e&unnpé-
TNONE TOV. XNV enduevn Pabuido o delktng tail->next ypdpetor, Onwe Kot 0 delkTng A0S
KoL To bit eykupdTnTOC. AV M 0VpE Ty TPLV GdELX, 0 OelKTNG PG TPEMEL ENIGNC VL YPOL-
@tel Ko vou evnuepmOel KoL 0 XPOVOTPOYPOLUUOTIOTIG.

2.4 'Eleyyog tov pipeline

Ot pipelines ¢ dtoryeipiong ovpwv eAEyyovton Le TpOTo TopSUOLo e avTéV oTLg pipelines
Tv oLviON eneepyootdv RISC : tor orjuartor eEAEYYOL YEVVIOHVTOL OTNV 0Py kT Bobuido
Ko dtadidovTon 6Tig emdpueves BobUideg mopGAAN A LLE TOVG VTOAOYIGULOVE LECH KOTOLY M-
pntayv pipeline, uéypig 6tov “‘Kotovolmbovv” 6TV KATAAANAN Babuida. Oumg o Tpdmog
oVTi¢ Aettovpyiag uropel va odnynoel oe kvdbvoug oe oxéon e to dedouéva (data haz-
ards) : ot Aetrtovpyieg mov exteLoVVTOL TOPEAANAQ LéGa o dlopopeTikég pipelines 1 o€
Stapopetikég Pobuideg piog pipeline, unopel vow dovievovv Torvtdypova e o idta dedo-
UEVOL KOl GLVETMG UToPEel vor 0dNY1|GoVV G oLoVUPOITOL TOTEAEGULOTOL, OTIOG VO KATOOTPE-
YOV TNV GLVEKTIKOTNTO LOG OVPEC, YEVVAVTOS OVOTTOPKTO KUTTAPQ, 1) Vo acmoppiyouv
KOTTOPO N TOTACELC.

v nepintwon tov ATLAS I, 6Aot ot kivduvor Tov cyetilovton e dedoUEVOL UTopovV
VoL omoQeV) B0VV xpnoLoToldvToc tpoonepdouota (bypassing, forwarding) [PHI3], ywpig
VoL KoAvotepyovv v pipeline. Yrdpyovv 300 TEPINTOCELS TPOGTEPEOUOTOS TTOV YELPilo-
VIOl 6YEOGV TOVTOYPOVEG OPIEELG EVOC KLTTAPOL KoL TNG CVTIGTOLYG TOV TLOTMONC, KO
12 TePITOGELG TPOCTEPAGLATOG TTOV X EIPiLovTon TOLTOYPOVEG Ty GLUVEYXOUEVES AetTtovpYieg
oy 0o “‘étolun” ovpd. Iévte cLYKPLTEC KOl LEPLKES dEKADEG TLAWY VLY VEVOLV KOl
EAEYYOVV TIG GLVOT|KEC TPOCTEPAGLOTOC.
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H op66tntar twv pipelines ko 0 €Aeyy0¢ TOVG ENOANOEVTNKE LUE TNV TOPAAANAN TPO-
copoiwon 8Vo HovTédlmy : (o) evég Lovtédov behavioral twv mpdEewv otn dtoryeipiomn ov-
payv, ko (B) evég functional (RTL) povtéAov tav dvo pipelines ko T Aoyikig eAéyyov. To
Stavvouoto eEAEYyov TePLEAGUBoVOY TVYXOLOVG GLVOIVAGULOVGS, OAAR KoL Evoy EEXVTANTLKG
KOTHAOYO YEVVNUEVO OO VITOAOYLOTY|, 0t OAEG TIG 432 SUVOLTEG TEPITTWGELG TOLTOYPOVAOV
N GUVEYXOUEV®V AELTOVPYLAV GE KVTTOPO KO ToTOoeLS. H 0pBITNnTOL A€y OnKe GuyKpl-
VOVTOG TNV KOTAGTAOT TV 0VPp®V Kot TIg €£6600G TV dV0 TPOCOUOIWTHOV. AETTOUEPTC
TEPLYPOLPT] SA®V TMV KAVOVOV TPOSTEPACUOTOS Umopel va Bpedel oto [Koz96].

2.5 AmonTiGELG TOPTAV GTLGC LVILLES TOV SLOYXELPLOTI] OVP AV

Ané g Aertovpyieg mov mEPLYPAPN KOV TOPATAV®, Elvor avepd GTL GACL TOL KOUUGTLO VT -
L®OV TpocTeELaOVOVTOL 6 TOAAEC BaBuideg g piog 1 Ko Tev dvo pipelines, Kotadelyvo-
VTOG TNV 0VEyKN TOAVTOPT®V UvNU@v. SRAMs piog 1§ 600 TopT®V UTopovV v YeVvNOoHv
oné compiler mov xpnoLonoloVue 6To TePPEALOV GYedLAGULOD. MVTjuec OUmE Ue TPELS i
neplocétepec mOPTeC, | Lvrineg CAMs énpemne vo oyedlactovv o€ full-custom. O akdAovBog
nivakog cuvoyilel TIG oMo T CELS TOPTMOV TV LVNUMV TOV TUNUOTOG Lot elptong ovpdv.
Eniong gaiveton to €1d0¢ T¢ mdpTOG TOL OUToiTeiTO.

Memory Block | Number of Ports | Type of Ports
HTRF 4 read (2), write (2)

Next Pointer 2 compiled 2-port SRAM

Credit Table 2 compiled 2-port SRAM

Free List 2 CAM (1), write (1)

FlowGroup 2 read/write (1), CAM (1)

OutMask 3 read (1), read/modify (1), CAM (1)

CreditMask 2 write (1), read/modify (1)

[Mivoxkog 2.1: EAAXI0TEQ AMAITAOELG TIOPTWV OTIG MVARES TOU
OLAXELPLOTH OUPWV.

To apyelo KaToyOPNTOV TOV de1KTOV apyxM ¢ kot T€Aovg (HTRF) elvor ) o oot tn Tk
UV 660 0popd ToV oplOUd TV BupdV. AALEC EVOALUKTIKEC AVOELG EEETAOTNKOLY Y10 VOL
el TTwOEL avTég 0 aP1OUSS. H mpdhn fitav vo xpnoiporoin0obyv Eexmpiotég LViLES VLo



2.5. Amoutnoels mopTaV OTIG UVIUES TOV SO ELPLOTY OVPADV 21

ToV¢ delkTeg opyNG Kol TEAOVG. Oumg M Aettovpyia eLlGaymYNS KVTTEPOL GE GOELOL OLPE
omotel 4 TOPTEG MO TO OPYEL0 KOTAYWPNTAV TOV JSELKTWV TEAOVCS, 10Tl KoL 01 dVO Oei-
KTEG TMPEMEL VoL evnuep®vVovToL. H detvtepn Abon ftoy vor kportdyle EexmploTég UVILES V1oL
TOoVG delKTEG 0PN G KOl TEAOVG KOOGS Ko €va EMTALOV aVTIYPOUPO TNG LVIUNG LLE TOVG Oel-
KTeG TEAOVG. Twpo 0 apltOUOS TV TOPTOV UTOPOVCE VO LELWBEL OTLS TPELS, OAAG TAAL OO
énpene va oxediaotel oe full-custom, ko Oo Ty Ko LeYaAVTEPT) GE X MOPO OO TNV aPYLKN
TETPATOPTN LVIUT, OTHTE 0VTE OLLTY| EMAEYONKE.
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YLonoinon ¢ Atoyeiptong IoALoniaov Ovpav oe
full-custom CMOS VLSI

Onmg eavnKe 610 KEEAAOO 2, 1| LOVEIOL SLoyelplong oVpaV Kol TIGTOCEMY ToL ATLAS T
ooitel opKeTEG TOAOTOPTEG UVTUES, KBNS KO KATOLES TOL VoL LTOPOVV VO TPOCGTEAL-
c0ovv Baoel mepleyouévou. Ot uvriueg CAM’s kou ot 3- kou 4-nopteg SRAM’s €mpene vo
oxedlactovv oe full-custom. H oyedlacr| Tovg avoAVETHL GTO KEQGAAOLO QLTO.  OTE TN
dubpkela Tng oyedioong towv tunudtov ot full-custom emkevipwdfixkape otny omildtnto
Ko eEoo@dAion g opHNig Aettovpyiog TV KUKAMUATOV Topd otn xprion nepitAokmv
TEYVIKAV Yo enitevén vymAdtepng ToyvTNToG 1 TOAD YoUNANG KaTavédAmong toyvog. O
AOYOG elvor 6TL 0 ATLAS I €xet onuovTikt] TOAVTAOKOTNTO GE CPYLTEKTOVIKO EM{TEDO, KO
GUVETMG TPOTIUCOE VO EAXTTOGOVLLE TO XPOVO oxedloong Kol TOVE KvdHVOUE OV EVE-
x€l To koppdtt full-custom.  &tw o to 1610 mpiopo emAEEoe vou peivouvpe Lokpvé amd
0PYOVAGELG TTOV B0 OO TOVGaY ONUOVTIKT BETAIGTOTOINGT GTO Y POVIGUS UeTd TO place-
ment Kol To routing. Onwg avopépnke 6to TUUO 2.1, oxedidicope OAX TO KUKAMUATA
HOG VoL AELTOVPYOUV UE KUKAO poAoYLoV 12ns V1td TIg YepdTEPES GLVONKES, 0LV KoL 0 pLB-
UO¢ 6ToVg GLVIESHoVE OC-12 Ttav 622 Mbits/sec amottel éva KOKA0 poAoylon 20ns (oKpt-
Béotepa : 21.44 ns). Avto €yve Yo vo €xovpe €vol KaAd TEPLOMPLO ooPaAeiog amd T Ui
Ko Yo vo eluaiete €Tolot ylor évoy petoryoyéas ATLAS 2 vynAdtepng toxvntog, ond Ty
GAAT. Ze ueptd onueio ovtd amotovoe Ty elcaywyn EETpa fobuidmy pipeline (dnwg ot
petdppoon VP/VC). @cwpoipe 6Tt orvtd eivor omodektd yioo tov ATLAS I, dedopévou 6t m
KoBvoTéPNGT| Tov cut-through eivort ToAH pikpdtepn omd GALOVG GVYYXPOVOUE LETAYOYELC
ATM 0VTm¢ 1 GAA®C.

23
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TuyKekplévao, 6mote kpionke duvortd YpNCLOTOCcoE GUYYPOVES (synchronous) te-
YVIKEC oxedlaomc, ol omoieg elvou AMydtepo evaicONnTeg 0TIC GYETIKES KOBLOTEPTGELS, Elvail
EVKOAOTEPN M EMOATOEVOT KoL Sev ypetdleTon TPOGEKTIKY pHOULOT KOTA TN YéVVNnon TV
onuétov xpovicpov. Exiong, n ektéheon Aoyikdv npdemv pueta&d poloyloh Ko dedopué-
vov 1] onuétov ALY 0L TeploplioTnKe 6T0 EAAYLOTO. Mol TOL KUKAMDUOTO LVTLAV Y PTGULO-
notnke 10 GLUPATIKS 6TOTIKS KOTTOPO PviUng CMOS, to omoio €xel LKpdTepmn KotV
A®oN 16 V0G GE KOTEOGTOOT CVOULOVIG KoL LEYAAVTEPT) avooio o€ petoairduevo 66pvpo
Ko LeToPoAEC TNG Thon G otd GAAL KOTTOP L. MeEYEAa opTio, OTMS GOt POAOYLOV 0OM-
YOOVTOL Otd dEVTPOL LLE CLVTLOTPOPELG TP G Tl VoL LEYGAO 0N YNTY| WGTE VoL LELMOEL 1| KO-
TavVEA®ON 1o} H0G. AKOUN, 01 KAESOL TmV SEVTPpmV eE1G0POTNOMN KOV MOTE VO, OOPEVY H0VV
01 GYETIKEC KaBLoTEP GELS. TELOG, X PN OLLOTOL GOE TOAAOTAES YPOUUUES TOPOY TG LOYVOG
®OTE VO LELMOOVV TO TAGTOG KO 1 SLépKeELO LETAROAMY TEONG.

3.1 Ieprypoen tov tufuorog full-custom

Xpnowomotjoope TNV texvoroyion CMOS 0.35 micron tng SGS Thomson, Crolles, ToAAlc.
Eivon oyedioopévn yio epoppoyéc tmv 3.3V (-0.6/+0.3V). Eivon texvoloyio evédg polysilicon,
twin-tub CMOS process, L& TévTe eninedo LETEALOV. To X opoKTNPLOTIKS TNG EIVOL TO W KOG
¢ TOANG mov eivon 0.35 um (NMOS & PMOS).

To xvpiong Tunuoe full-custom omoteleiton and tpelg uvipeg (tnv flowGroup, v out-
Mask ko tnv creditMask), 300 omok®mOKOTOINTES, EVOV AMOKOMILKOTOINTY| TPOTEPHLHTN -
T0G, EVOV KOVOVIKSG K®OKOTOINTY| KAUOMG KO TOL OTopOiTNn T TEPLPEPELOK AL KUKAMDULATOL
YO VO, DTTOG TN PLYTEL | WG T Aettovpyio. "Evo a@npnuévo Stéypolilor Ko 1 QUGLKT TOVG
tonofgtnon eoaiveton 6to oynfuoe 3.1. "'Eva dAlo xopudtt oe full-custom eivoin Aloto edet-
Bepwv Bécewv, amoteAovpevn otd pio cdvcido omd 256 D-flip-flops ko évov amokmdtko-
o TpotepondTnToG. TENOC, éval Eexwplotd KOUKAmUO oxediocuévo oe full-custom omo-
telel Ko M TETPATOPTN UVIUN TOL 0Py ElOVL KOTOXOPNTAOV SELKTMV opyXM S Ko TEAOVC.

3.1.1 H pviun creditMask

To KOTTOPO LVIUNG TNG LVIIUNG TOV moBNKeVEL TIG LAGKES TOTMGEMV lvor évor GLpPar-
K6 KOTTapo SRAM 800 Bupwv. To puéyefog tov elvort 7.25 um x 7.3 um. Av Ko vépyouvv
YEVVITPLEG LVNULWV GTO TOLKETO oedioiong akdua Ko dimopteg, 1 €181K1| Aettovpyio Leto-
BoAng evog KLTTAPOL KOl OVAYVMOTS TOV VITOAOIT®V dNULOVPYNGE TNV oVEyKN Yo €vol
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cell in FGout CellinOmask Omask Ce”irc]:cc?cmaSk )
— . . CelloutOmask ) rdCRmas
address CellinFG CrdinFG CrdinLink CrdOmask mngt_adr crin_adr Crdmask+
I[Prio
8 12l 12l 1t 17 w7t b 8 8 1818 Ce
I : ot
pre |20um Inlatches Inlatches pre Inlatches
gg::o 28um Bitline drivers Bitline drivers o g:so foum Bitline drivers
[}
17um Sense amps Sense amps *E‘ g Sense amps
SR
e 256 256 |& O 256
=1 // e — - — = — IS // _-— - R - - = // ,,,,,,,,,,,,,
[e)) — . | S e
= 9 matc@tne — 256 (. [
§ s e R T T
° flowGroup outMask 9 creditMask
memory memory dec T o memory
256 e
””” ;;r’”’ // I B | (0]
f—t e fe—f  fe— e e B —
50 um 142 um 180 um 60um 50um 23um 127 um 136 um

ynuo 3.1: To kvpiws turjue full-custom

EAOLPP MG OLPOPETIKS TTEPLPEPELOKO KVKAMUO: UOvo ot bitlines twv bit mov eivar 1 tpa-
Brovvton K&tm o xounAd duvoptkd yior vor 0EGouV Tor KOTTOPO TOL €XEL EVEPYOTO|GEL M
ypouun AEENG, evd Toutdypova dAa ta vtdrotmo Stadlovton (oynua 3.2). Eriong, 6co
oopd TN devTEPT OVPCL, OEV VITEPYOLY CLGONTHPLOL EVIOYLTEG KOl LOVTUAWMTEG €EGB0V,
POV X PN OLLOTOLELTON LOVO Y10l EYYPOLPES, KEAVOVTOGS £TGL OLKOVOUTO amd oy X dPOoL Kot

600G,

3.1.2  Ouvpuviueg flowGroup ko outMask

H pviiun flowGroup €yet 3072 ototyeio TpOGETAPLOTIKT|C UVIIUNG, OpYOVOUEVOL GE €Ol Tii-
voko 256 enti 12-bit AéEelg.  aBéva omd ovvutd amoteleiton omd 9 Tpaviictop dnwe eaiveton
oto oynua 3.3. To méve uépog etvon éva cupporticd KuTtopo ototikic RAM tov 6 tpovii-
OTOP, EVA TO OKLOOUEVO LEPOG amoTeELEL TN AOYLKT amoKAEloTIKOV-1} TV 3 Tpaviiotop. Ei-
vou TApmg dimopTo, pe dvo Levydpla bitlines. To uéyeddg tov etvort 7.25 um x 11.1 pum.

Av kou M ékdoon tomov NAND (oxfjua 3.4) evog kuttdpov CAM KortodopBéver pikpo-
TEPO Y WPO, OmopplePdNKE Gav EMAOYH AOY® TNG OPYATEPNG EKPOPTIONG TNG YPOUUNS TOL-
PLacLOTOg (VTGP oLV dVo Tpaviictop otn oelpd ko pio emmAéov enaen avé KOTTOPO)
[NC92].
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sense | sense amp.
& latch

wordline

modify{i :
L [bitb bit

Sxyqua 3.2: To yeviko otdrypoqupior tng uviung creditMask

O odNYNTRG TOV YPOUUAY aviyveELOTG Ko 0 00N YN THG TOL oMuotog search (evepyd dtov
etvou undév) amerkoviCovton 6to oyfua 3.5.

H pvrjun outMask €yer 4352 xottapo pviune, opyovmuévo. oe éva, mivoxo 256 ent 17-bit
AEEN. H mpddtn mépToL X pMNOUYLOTOLEITON Y10 KOVOVIKEG TPOOTEAGGELG VALY VMO G EYYPOPNG,
N 0V TeEPT TOHPTO YLow ALY KO avAyvwon, eved 1 Tpitn xpnoiponoteiton yiow évor e1dtko
€160¢ d1evBLVo10dGTNON G LECM TTEPLEXOUEVOL. OTOV WAYVOLUE TN Uviun outMask, orola-
dMrnote amodnkevuévn AEEN Tov €xel éva M tepiocdtepa bit 1 kowvé pe T A€EN mov yéi-
xvouue B dcel éva emtuyéc omotéAecuo. 'Etol pia povodikn bitline (match enable) ové
oTAAN ypnoonoteiton kotd To Yo e pviung (oxfue 3.6) [S.S91]. To KVTTOPO TNG
pvnung xortolopéver xopo 7.25 um x 10.25 pum.

Elvon yevikdg omodektd 6TL 1 LoVTEAOTOIN G SLopOp Vv GToLXEl®V TN LWVAUNG elvor At-
Y61EPO QKPP TOPE TNV KATOOKELT] LOG TPOrYULOLTIKNG QOUT G KOl TPOGTOOMVTOG VOL EV-
GOUOTMGOVUE GEVEPLOL LE TIG SVGKOAGTEPES TEPIMTWOGELG KAT® OIS TLG XELPOTEPES GLVOT]-
KEC.  AT® Otd VTN TNV TPOOTTLKT KOTAGKELEOTNKE VO KOKAMULA UVIUNG OO TEAOVLEVO
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BitS Bit _ Word Line g Bitb BitSb

o

I]% N

Match Line

Ixyquoe 3.3: To dimopto kvUTTOPO TNG Uviung tlowGroup

I
BitS 1 L L T BitSh

Match Line

xyqua 3.4: Zuykpitiic evog kuttépov uvijuns CAM Baocet Aoyiktig tvmov NAND

omd AEEN evpoug 30 bits (EvavTtt TV TporylaTik®y 29 bits), 12 kOttopa g uviung flow-
Group kot 18 tn¢ outMask. Ot ypopés Tmv AEEE@Y 08N YOUVTOV OTd TPOYUOTIKOVE 00N YN -
TG o OTOKMOLKOTOLNTH KOl Ol YPOUUES TOUPLAGUOTOC NTAV POPTMUEVES LE TO TPOLYLLOL-
T1K6 @optio Tov Bo 0dnyeiton 6to TEALKS KOUUTL PviunG. Tow kKOTTOpor LViUNG vrd e€ol-
VIANTIKOS éAeyyo (1,2, 13, 14) Bpickoviav 610 onpeio SlocTorvpmong T optiovTiog YPOoL-
UG TV KVTTEPOV Ue NTAEG GTHAEG TV 256 KLTThpWY, €101 ddote ot bitlines va vdket-
VIO 6TO KOVOVIKS TPayortiké @optio. Ztnv kopven g AEENG Tmv 30 bits vdpyovv To.
KUKA®UOTOL 0d1ynong Tav bitlines, o1 010N THPLOL EVIGYVLTES, O LOVTOAMTEG LGOS0V KO
€€G00V, 01 03N YNTEG TV POAOYLAV TV CUAT®V EYYPOUONG, WoSILOTOG Ko EvEpyoToinong
TV OGO THPLOV EVIGYLTOV.
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nd T

phi2

P

bitSh

bitS

Syqua 3.5: O odnyntic twv bitlines aviyvevons otn uviun flowGroup

O axéAovBog mivakog (tivoxag 3.1.2) anetkovilel évo otd oL To OVTITPOCHOTEVTIKE

GeVAPLO, TOV EQOPUOGTN KLY GTNV TOPOTTEV® doUT| Yo EAeyy0. Olec ot duvortég Kou kpiot-

Heg Aettovpyieg €govv GLUTLKV®OEL G €vol ALEGTNLO TPOGOUOTiMoNG 6 cuveEXSUEV®Y K¥-

KA®V poAoylov Tmv 20 ns.

‘ cycle ‘ operation ‘ Di;/Siy ‘ Di»/Sis,...,Di12/Sii2 ‘ Dii3/Sii3 Di14/Sii4 Di15/Si1s5,...,Dizo/Sizo comments
. initialize
1 write FG,0OM 10 00,...,00 10 10 00,..,00
word
read FG,OM succesful
2 10 00,...,00 11 11 00,..,00
search OM match
read FG,OM unsuccessful
3 10 00,...,00 10 10 00,..,00
search FG match
read FG,OM .
4 10 00,...,00 00 10 00,...,00 reset D113
mod/rd OM
d f both
5 | read FGOM | 10 00,...,00 00 10 00,...,00 read frombo
OM ports
read FG,OM unsuccessful
6 10 00,...,00 01 10 00,...,00
search OM match

To oynuo 3.7 delyvel oL AmoTEAEGULOTO TPOGOUEIMONE TOL EMOANOEVOLY TNV 0pOY| A€L-

tovpyia. Mio emkivouvn kotdotoon uropel vo cupPel ov kotd T dtdpreto yakinotog
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Match  Bit2 Bitl Bitlb Bit2b

Enable Word Line2
Word Linel

{
AL

- e

Match Line

Fa

)l X

Syquo 3.6: To KUTTOPO UVIIUNG TPLOV TOPTOV TG HviUNG outMask

ot uvhun flowGroup Ao to KOTTOpO picg GTHANG €rouv amodnkevpévn TV 18tol TN Ue
oVTNV TOV GLYKEKPLEVOL bit TOV Yéyvouue, ekTOg omd €va LOVOILKS TOV TPEMEL VL EK-
QOPTIGEL TN YPOUUT| TOUPLECUOTOS. TNV TEPINTMOT OLVTY| ATOTEAEGULATO TPOCMUOLDCEWY
det&ov 6t évag pétprog odnynTig Twv bitlines yo&inotog ToV 1KOWVOTOINTIKOE, GLUVLTO-
Aoyilovtog Pefoing kKo Tig mopoottikéc xopnTikdtnteg AdYm dtochvoeons. EvtovTolg,
oV To KOTTOpo Uviung Ppioketon oty oviibetn katdotoon, évo ukpd peduo Leyétoug
4e~ 8 A Sroppéet o Ty bitline yokinotog. 060 Ko oy OUVETONL GTILOVTO, 0V GA0L TOL 255
KOTTOPOL £XOVV LT TNV OVTIBETN TOAMKOTNTA TPOG TO bit TOL Yy veTon TOTE Evor pEVIOL
Stapponc, peyéboug tepimov 1 mA elvon Topomdve omd apKeTO Yo VoL KoTapplyeL Ty ap-
YUIKT| LOG VTOOEST YLoL TO PEVUOL TOV TPEMEL VOL TOPEYEL O 0OMYNTHG YO VO QOPTIGEL TNV
bitline yo&inatoc. H oyetikd opyn avoywon g bitline <‘BS1” ogeileton 6€ vt T0 QOL-

VOUEVO.

Onwg eaiveton pion Aettovpyion yo&ipotog mov amotuyydvel Tpokalel oyeddv TANPEC
KOTEBAGUO TNE YPOUMNG WOEILOTOC, KEAVOVTOG Govepd AOLTTOV GTL SeV LITAPYEL LVALYKT) YLOL
évov atetntipro evioyvti. Eivon eniong eovepd 61t ) ypouuny woipotog uiog AEEng mov

YPAPeTOL EKQPOPTILETON Y10l VO OTOPEVYOOVV KOTOGTAGELS OVTOY®VIOUOU OOV tior AEEN



30 epaldoto 3. Yhomoinon oe full-custom CMOS VLSI

ANACAD ]]-May-97 File : tstor.cou
15:32:09 ELDO V4.4.1 (ST Version) : FG-OM mem search

v V(PHI2A)

Haualauaiaial

.0 0.2 0.4 0.6 0.8 1.0
v V(SEARCH)

coco uu

1.4e-

LN

coo uu
TP

] ] | ] ] ] ] :
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4e-

v ©V(SI1l)+V(MSK1l)

wyl—

PoKH bW
coo uu

v V(BS1)

coo uu
PP

o
of
N
o
|
o
o
o
|
o
o
|
N
o
|
[)
G

v V(BS1B)

coco uu

o
o
N
o
»
o
o
o
oof
H
o

[
. 1.2 1.4e-7
v V(MATCH) s

o
o

POoR bW
coco uu

|
2 0.4 0.6 0.8 1.0 1.2 1.4e-7
s

MATCH INVERTED
v V(N7466)

[ /1 A

| | | ' | | | | |
0.2 0.4 0.6 0.8 1.0 1.2 1.4e-7
s

coco uu

o

yquar 3.7:  vuotopop@és aviyvevong otig uvrueg flowGroup-outMask (yeipdtepn mepi-
TTmoN : Sloupopd o€ Eva LLovo bit)

YPGeeTON KO YhyVETOL TOLTOY POV GTOV 1010 KVKAO. AcuPdvoviog vtdym tov 1dtoitepo
Tpbémo devHLVVGLOdSTNONG TG LVUNG outMask, éva yaEo umopel vo €xel évo emtTuyég
amotédeouo ov yagovue yro pion AEEn oyxnuotiéuevn omd éva vrdpyov flow group ko
OAa Tor GAADL undevikd. H oot Aettovpyio Spmg tng AMlotog KuTtépav ympis TGTMOOELS
(CLL) amotpémnet €€’ 0AOKAT}pOL TéTOLOL AaVOOVOULEVT AELTOVPYIOL.

>10 oyfuo 3.8 oivovTol 01 KUUOTOUOPPEG TOV CVTLOTOLYXOVV OT1 Agttovpyior oAlot-
Mg avéyvoong tov cuppoivel otny pviun outMask. To ojporta DO’ eivon ot €£0d0t Uioig
KOWMN¢ OVpag ram, eved tor < “MDO” ¢ BOpog aArlayic/ovayvoons. Av Tovtdypovo évo
KOTTOPO Uviung oAAGLel ko dtofdleton omd tnv devtepn tdpTa £YKupa. dedoUEVOL UTTO-
poVLLE VO TAPOVUE LeTd amd 7.3ns LeTA TNV ovePYOUEVT oK) ToV phi2. Xtov TEUTTO KV-

KAO cvuPaivel avéyvoon kot omd tig 000 TopTEG 6TOV 110 KVKAO Kol £0VUE Eval £YKUVPO
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omoTéAeco LeTA outd 5.7ns 0TI e£6S0VG ‘DO’ evadd 0T1g €EG00VG < “MDO” petd oud 3.2ns. H
xeWPo6TEPN TEpinTmon eppavileton dtav To KHTTopo eEumnpetel ko TV mopTa Wwoitotog
otov 1810 kKA. 'Evo Stdfoaciio omd Tnv Tumkn ram nopTo EYEL TP X pOVO TPOCTEANCTG
8 ns, eved 10 dStdPocuo omd TNV TOpToL ALy G/ovEyvmong €xel xpovo 3.7 ns.

ANACAD ]1]-May-97 File : tstor.cou
15:32:09 ELDO V4.4.1 (ST Version) : FG-OM mem (modify/rd)

e e s

1.4e-7
s

v V(PHI2A)

)

v V(MD)

. S A

v V(N4658)

oo pw
uun oo

coHNW

|

|

|
e

v V(N4391)

corNW

nuouun
laaninl

‘
.0 0t2 0.4 0.6 0.8 1.0 1.2 1.4e—+

s
v ©V(DO13)+V(DO14)

co vWw

uum oo
SPPETR

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4e-7
v  V(MDI1)
3.0__
%:E: | | | u\ | | ‘ |
.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4e-7
s
v V(MDI2)
6
%: | | | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4e-7
s
v  ©V(MDO1) +V(MDO2)

co vWw
uu oo

ynua 3.8: Aettovpyia aAdoyrig/avayvwong otn uvrjun outMask

3.1.3 Ileproepelokd KVKAOUOTO

Onwg eaivetol 6to oynue 3.1 ot cleBNTHPLOL EVIGYVTES TOV UVNULOV KOL Ol LOVTOAMTEG
e€6d0v Bpiokovton Tomobetnuévol petasd Tmv 0dnynTov Tev bitlines kot Tov TVPHVEL TG
pvnuns. 'Etot metuyoivoupe onuovtikt) EAATToon 6Tny omdstoct Omov TPETEL VoL Sty ¥-
GELTO POAGL KO TLOOVE TPOPAT|LOITOL OYETIKADV KOBLGTEPT|GE®V. O1 TPO-OMOKMILKOTOINTEG
SlevbviveemV Ko 01 0GOMNTHPLOL EVIGYLTEC EVEPYOTOLOVVTOL Y10 VO, AELTOLPYICOVV LOVO
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KOTé TOLG KOKAOVG TOL Y peLdlovTaL, KAVOVTaG TG 01KOVOUL 0TV KOTHVEA®MOT 16 VOGC.
EmnAéov 10 ol evEPYOTOinNoNG T®V oGO T PL®V EVIGYLTOV Elval X PO Yo vor KOPEL
10 pevpo DC Tov KOTOVOAMVETOL OO TOV aLoONTHPLO EVIGYLTH TN AT POAOYLOD TOV
dev xpnoLonoteiTol v ToC, E£01KOVOUMVTOG ETOL eVEpYeLa TOV KLpaiveTon amd 40 £mg 60 %
ovaAoyo e TIC GLVONKeg Aettovpylog (Téion Tpogodociog, Oepurokpoocio teptBAAAOVTOC).

anacap 16-Mar-97 File : test2.cou
21:09:13 ELDO V4.4.1 (ST Version) : Worst Case Conditions

se-amp waveforms (read access)

V3 OV(PHIZ)'V(NI) AV(SENSEI)XV(BI) DV(BlB) OV(OUT) IV(OUTB)

out

- z
BL I Temp=
1775777 /77‘7777 o R
}—O sense - amp A : v
enable Clock Cycle=10ns

| ‘ | | | | |
7.0 7. 7.7 7.6 7.8 Y 5.2e-8

off T
o

Ixyquo 3.9: ZouPatikég atobnTiiplog evicyvTic TVUIOL TAONG

Xpnowomomdnke €vag omAdg st TI|plog eVIoK LTI TAONGS, 0 0moiog €xel TN duvo-
totNTOL 0lloOnomng pe xounAn woyv, oe Bapog dumg g toxvTntoc. BePoiwe, mbavoi vro-
YMeLol oTaON KoY oeiNTPLol eVIo)VTEG 600 Kot TPL®V Babuidav pe dtdpopeg Ledddoug
OVTLUETAOMLONG TOVL TPOPAT LOTOC TOL amoTeAéoportog miller Kon 1davikol yror vymAEg Tary V-
mtec. Oumg ot emmAéov PobUideg Ko To GYETIKE LOVOTATIOL PEVUOTOC TEIVOLV VoL €OVV
®G OTOTEAEGLOL VYNAGTEPT) KOTOVEAMOT) 16X VOC. AVTIBETAL, Yo o otdd0oM LETPLOV KEP-
d0oVg oL MTOWV apKETN €0 €vag Lo THPLOG EVIGKLTNG TAOTC TOV KortohoBévet eAdyL-
070 X dPo NTo pio tkovoron Tk Abon. EmmAéov, cuvurorloyiloviog Toug meploploplong
xPOVoL Tov elyaype (mepiodo poroylol Twv 20ns) 1 ETAOYH VTN T TAV TLO TKOVOTOINTIKT
o€ OYE0M LLE TOLG TLO YPNYOPOLS OALG TTLO TOAVTAOKOVG OLGONTIPLOVS EVIGYVTEC.

H amoxwdikomroinon dievfiveemv emttuyydvetol LEGm evOg amokmdtkomont 8 e 256,
APNOULOTOLDOVTOG EVOLV TTPO-OTOKMILKOTOINTY Yol Kébe 2 bit. ‘Onm¢ oaiveTol 610 oYU

3.10, évo ofjuo enable xpnoOLLLOTOLELTON Y10l VOL EVEPYOTTOLTIGEL TOV OLTOKMOLKOTOLNTH.
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|

phi 2

4

phi

Hin

address<1>

| L

phi

>

phi ¢

=

address<0>

[

B
|

,?{:¥‘4>”*A0A1
,E[:FJ{>”*A0A1
phi 2
AgA7
—]>o-AgA
F::D 071 A4 Ag
F{:}Fk£>@fAOA1
Ay Ag
enable |
AgAl

=\

33

4
I
4

#i

Lﬂ

wordline

phllg{

Syquo 3.10: [Mpo-amokwotkomotnTig, OmoKMOIKOTOINTIG KOl LOVTOAMTES 5181)9vvaea)v

3.1.4 H uviun tov opyeiov KoTO(OPNTOV LLE TOVG deiKTEG 0p) TG KoL TELOVG

Decoder

77 . )
Bitline drivers
AE-1E
2| 8| 3
o | @ @ Core
S| oo
< (54 x 17)
Sense amps
Ly Output latches

Decoder

e aium——

o 3.11: Avdraén tng uviung head-tail register tile

H pvijun HTRF eivou éva Eexmplotd tuipo KukAouotmv oyediacuévo ot full-custom,
mov dev meprthoppdveton oto oynua 3.1. Xpnowonotel éva TeTpEmopTo KVTTAUPO UVIUNG
SRAM nov anerkoviletor oto oxfua 3.12. Adym tov tKpov ueyébouvg g (54 eni 17-bit
AEEELC) N AetTovpyic TNG NTOY EQLKTY|, EMTPEMOVTOG TV TOYPOVES TPOCTEAGGELG OTNV {810
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AEEN amd SLopopeTikég TOPTES, OpKeEL vou UMV vIEEPy oLy V0 eYYpaPés. 'Eva KOTTOPO KO-
todopuPével xopo 7.25 um x 14.1 um.

B4 B3 B2 Bl . Bl B2 B3 B4
Word Line2

[ Word Linel

L] - L L]

Word Line3 ~

Word Line4

Syfuoe 3.12: To xvtTapo puvrjuncs ths HTRF

H diértoEn Tov TURIOTog TN LVIAUNG @oiveton 6to oxfjua 3.11. Mio tpocéyyion e€locop-
POTNONG 0 YNOE GTNV TOTOOETNON TV dVO OTOKMILKOTOLNTWV APLETEPA TOV TLVPNVOL TNG
UVAUNG Ko TOVG GAAOVG V0 de€Ld. Akdumn, ol O TIPLOL EVIGYVTEC TAPO Elvor TOTOOE-
TNUEVOL GTO KET® UEPOC, Lol Kot Oev LI PYE TAEOV AGYOG Vo TooBetnBovy poli e Toug
odNyNTég tv bitlines (To KoTotkOpLPO UKOG TN LVIUNG deV elvon oYeTIKA LEYAAO).

BL BL

}Osense enable

FT

sense enable
out Bias voltage

generator

Syqua 3.13: O auobntripirog evicyvtric pevuatos (PMOS-bias type) otn uviiun HTRF
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Me 6K0T6 VoL YAUTAOCOVLE TOL EEMTEPTKA KVKAMUOTO EAEYY OV YLOL VOL OLTOPELY OOVV TO-
oY POVEG TPOooTEAATELS GTNV 1810 AEEN LVIAUNG, VI0OETHONKE EVOC FLOPOPETIKOG oGO TI|-
PLOC EVIGYLTNG Omd 0L TOVE TOL PN OILOTO N KV UEYPL OTIYUNG. Omg elmmOn ke 1101 ot
oot TpLoL EVIGYVTEC TAONG TOPOVOLELOVY ETWY A XOPUKINPLOTIKE KEPSOVG TEoNG €1~
dkd 6tav elvon povov Gxpov. T'U ovtd ypnopomot|Onke €vog oedNnTPLog EVIGKLTNG
pevuaTog THmov PMOS-bias (oMo 3.13), dpotog otnv opym Aettovpyioc Tov Le ouTdv ToL
éyer avapepBel oto [SIUT92]. Av ko yxpnotponotidnke évog LovolH Gkpov, omodeiytnke
LKOVOTOLNTIK GG Y10l TIG GLYKEKPLUEVES arvarykeg Tng uviung HTRF.

anacap 20-May-97 File : test.cou . anacap 20-May-97 File : test.cou
13:18:12 ELDO V4.4.1 (ST Version) : Voltage Sense Amp Ja 11:08:59 ELDO V4.4.1 (ST Version) : Current Sense Amp

v OV(OUTZ) ‘V(OUT2B)AV(BFINZ)){V(DOZ) DV(B4) OV(B4B) IV(SENSEI)
3. = v OV(OUTZ)+V(OUTZB)’V(BFIN2)XV(DO2)DV(B‘])OV(B‘]B)IV(SENSEI)

0. 3 'l »
¥ L]

[Temp=105C lock Cycle=15:
N | | | o ﬁoc\ \c e\ nf
3

Clock Crcle=15n
| |
7 3.4

.8 0 Z. 2 5 8 3.0 . 3.4 3.66-8
s

Synua 3.14:  VUKTOUOPPES TPOTOUOIWONG CLYKPIVOVTOS TOVG V0 0UGONTIIPLOVS EVICY V-
Té¢ (voltage vs. current)

EpeuviOnkow o xopokTnploTiké Kot Tmv 00 01O THPLOV EVIGYVTAV LLE TPOGOUELH-
GG KUKAOUATOV He BGomn pior Sopr| LviUng omoteAo VeV omd 384 kitTapo Lviung dvo
noptdv, oynuotifovtog uio ynAn otiAn €101 dote vo emitevy Oel pio pikpn andkiion Tmv
bitlines. To pedua KoL 6Tovg 6V0 oUGONTIPLOVS eVicyLTEG NTary 0.06 mA pe Téon TpoPo-
dociog 2.7V kou Beppoxpocio 105°C. Ot KOUOTOUOPPES TG TPOCOUOI®ON S TOL EIVOL G E-
dtacuéveg 6Tn eryovpa 3.14 amodelkvhouy TNV VIEPOYT TOVL KLGONTHPLOVL EVIGYLTH PEV-
potoc. Omwe Poiveton 0 cleONTHPLOG EVIGY VTS TAONG ovTIeT™RILEL SuGKOALLL TNV OVOL-
yvoplomn ¢ dtopopdic téong otig bitlines dtav 1 tepiodog Tov poroylov elvon Kovid 6To
15 ns. Avtibeto 0 Tp®TOC TETVYOLVEL X pOVO TpOooTEAOT G 100 e 5.8 ns. TELOG €xel mepimov
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10 TPIMAGOL0 KEPSOG TOV CLGONTIPLOV EVICYLTH TEONS X ®Pig adENOM X MPOL 1 TOAVLTAO-
KOTNTOC.

Me avTi] TNV TPOTOTOINGT, TO OTOTEAEGULOTO. TPOGOUOI®MONG OAOGKANPNG TNG LVIIUNG
HTRF o11¢ xe1p0tepeg ouvOikeg €de1&oy 4Tt Torutdypovn avdyvoon g idtog AEEng ko
ord TG 4 TOpTEC €xEL X PpOVO TPooTéEAOONG 4.9 ns. MAALGTA OV 1) KOTELGTOOT) TOV KVTTEPOV
uviung aAréler omd t pior méptor ko ot VITOAOLTEG 3 ekTEAOVV Hiow ovéyvewon 6To 1810
KOTTOPO, £YKVPO OMOTEAEGHOL TTOLPALYETOL UETE Otd 6.8 NS amd TNV avePOUEVT OLKLLT] TOV
pPOAOYLOV.

3.1.5 H Aioto erev0epv 0éce0dV

"Evol 6AL0 Egxmprotd kOKAmuo oxedocuévo e full-custom teyvikr| oyedioongeivon owtd
oL amonteiTon yior Tnv vAomoinomn ¢ Alotag ehebBepmv Bécewv (Free List). AmoteAeiton
ord évol dtdvuca 256-bit Tov dtortnpel TNV KotdoToon TV EAVOEP®V BEGEWY GTOV KOLVO-
XPNOTO EVIOULIEVLTY| OEGOUEVV. APYLKE OTUELWVOVTOL OAEC O1 BEGELC G EAEVBEPEC, ““Eval”.
"Evor WaELo yio pioe Gdetor Oéom yiveton omd évov omokmotkoroin Ty TpoTepaLdTnTC, O
omolog TaPAYEL TO TPATO €VaL TOL PP KE 0o TNV KOPLEN TOL SLaVUCUOTOS. MEy Pl To TEAOG
oL KOKAOL 0ALGLEL TNV KaTdotoom Tov avtictolyov flip-flop kon tpopodotel pio Sied-
Buvon kwdikoroinuévn oe 8-bits. 'Evog emmAéov anokwdkoron ¢ eivor anopoitntog
YOt VO OTOK®ALKOTOLGEL TN dlevOuveon g B€oMG TOL EVIOUEVTY| TOV LOALG EAELOEP®-
onke kol vo onuelwdel otnv avtictolyn 6€om tov dtovoouotog g Free List. To kKAmUo
Kotahopéver xopo 1940 um x 292 pm.

3.1.6 ’'Evog ypouuikog omoKmotKomotnTig npoTePOLOTNTOG

>1ig apyrtektovikég pe CAM veiotorton To TpdPAnpe emAoy ¢ evog otoryeiov amd évo 60-
VOAO EVOAAOKTIK®V ETAOYMV KO 100V ovoupepOel LEB0SO1 ENTAVGNC TOL MG EMAVTHC TOA-
AOTA®V TAPLOCGULAT®V, dIKTLO TPOTEPALOTHTOV, KOIKOTOINTNS TPOTEPOLGTN TS, KOILKO-
Tom ¢ Kowvovikoroinong 1 dtontn g artricewv. To mpoPAnuo eniAvong TOALOTAGY o
TNoEOV OVOdVETOL GTOV TO WAELLO OE Pio TPOCETOUPLOTIKT UV TapAYEL TEPLGOHTEPL
otd €voL 1600VVOULOL OO TEAEGLOTOL GTN LOVADX TOV X pdvov. o vo emdeyel évor omd ouTdl
70 GVOTNUO TPEMEL VoL elval tkovO vor yevviioet éva 1 yior tnv emfountn emtAoyn Ko undév
v 6A0 T voAowme. 'H oA To TpdPAnuo umopel vo OempnBel 6Tt eivorn vo Stodégeig
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freed slot consume first free slot
address free slot address

° i

ouT,
NEH,

Decoder
Encoder

1940pum

Bottom of Listf

(free slot ; 1)!
(filled slot: 0)1

Priority Enforcer

Ixyquo 3.15: To kUxAwue Tng Aiotog eAeUOepwv Oécev

ord éva Stdvooua A peyéboug N-bit, évo Lévo ctotyeio mov va etvon évor Aoyiké évo. Avé-
Aoyo Ue TNV mepintmon owth N €KAoy Uropel var vrodetkvieton pe piow omevdeiog dev-
Buvvon i, éva dtévucuo P (pointer) 6to omtoio wévo éva P(i) etvon éva, 1 éva Stévooua. I (in-
hibit), této10 hote pévo 1o A(i) A I(i) vo eivon éva.

210 TUUO Stoelplong TOAAXTA®MY 0vp®V Tov ATLAS I, évoc AmoKmILKOTOINTHG TPO-
TEPULOTNTOG KPIVETOL KTOPOLTNTOG YOl TN CWOTH AELtTovpYio TV UVvNnUay Péon mepieyo-
pévov, apo¥ ToALEC AéEeLG umopel vo Toupld&ouy katd T Sidpketo piog Aettovpyiog yolki-
notog. 'Etot évog eEAeyKTiG TOAAUTAMY TOUPLOCUETOV TPETEL VoL EXEL TOV EAEYYO VOL ETLAE-
yer ko va TpomBel povo pio andxpion. To Stdotnuo xpovou Yo vo TapayeL €Vor LoVOdLKO
arotélecuo Tpénel voelvor Lkpdtepo 1 160 pe Tov KUKAO poA0YLOV TNE TPOGETHIPLOTIKNG
UVIAUNG, €101 WOTE Vo Umopel vor Aettovpyel e To pubud Aettovpylog Tng Lviunc.

Onwg eoiveton 6to oy 3.16 1 €l6060¢ GTOV AMOKMILKOTOLNTH TPOTEPOLHTNTOG €1~
vou évol Stdvoopo 256-bit amoteA0VUEVO OTO TLC YPOUUES TOUPLACUOTOC omtd Tig vriueg flow-
Group ko outMask, vTodnAdvoviog owTtég Tig AEEelg mov touptdoay Ue tn AEEN TPog Y-
Ewo. O amoK®IKOTOINTHG TPOTEPULOTNTUS TaPAYEL €vVal SLEVVoUO TOL 1dlov peyéboug,
OOV VIEPYEL EVaL KoL LOVO ‘17, oVTIOTOLOVTOG OTO TPMTO VoL TOV SLVOCUOTOS €1G6-
dov. O VToLoYIoUAG eVEG bit TG eEGd0V avamdPevKTo X petdleton vo Ad et vTOYN ToL OAEG
TIG TOPOTTEV® TOV E16OO0VG. AV KOG amd oruTég oev elvon €val taiprocuor AL 00 Te Ko
N ovykekplévn avtictoyn elcodog tibeton éva orjua ovopalopevo Nobody-Else-Higher
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(NEH) ko deiyvel ovté 10 amotédecpo. Ovolootikd téte pio €Eodog eivol 1o OUT; =
NFEH; 1 -INi.

To KOKA®UO TOV Aok mdtKomotn T Tpotepatdtntog focileton otig ovopopés tav [JC89]
ko [THY T96]. H doun tng alvoidog pirng dtoupoaiveton 1) To TpokANTIKY eTA0YT TOL TAE-
OVEKTNUOTOG TOV €XEL OLVOLPOPLKE. LLE TO X MPO OV KATOAOUPEVEL KoL TNV otddooN TNe.
H amAdTntor oG TG TEXVIKNG, GLVOLALOUEVN LE TNV EVKOALD KOTOGKEVTIG KoL TNV dv-
voToTnTo Y100 TEPOUTEP® PEATION OVTIGTAOUIGOY TOL TAEOVEKTLOTOL GAA®Y GYMUAT®V
OTOKOILKOTOINTHOV TtpoTepatdttag ([Koz96]). Onwmg dtocognvifovv ot Wade kot Sodini
N omdd00M eVOS TETOL0V KVKADUOTOC TEQTEL Babodo kabdg To ol NEH mpénet vor ol
000l péoo omd pio LokpLE YPOLULKT] SOU).

AVTO T0 HELOVEKTNIOL UTTOPEl vou EEMEPUOTEL KOl VOL ETLTOYVVOULLE TN AELTOVPYIO VTN
xPNOLLOTOLOVTOS TPSPAEYT. TTLo GLYKEKPIUEVH, CYENEOTNKE Lic dOUT] LE Evar OEVTPO Omd
woAeg OR 000 emmEd®V, TOL TOPEYEL YPOUUES TPOCTEPAGULATOC, Ko VAOTOLEL v €100¢
TPOPAEYNC KPOTOVUEVOD, VTTOAOYLGLOV TOV TTLO VOPIg amd TNV oTyur| mov outonteiton ((WE93)),
Stadidovtog vopitepa Ty VmopEn evog TOPLECUATOC.  OTE TN OYESiaoT Y PN OULOTO-
nxe duvopkt| TpoeopTLduevn Aoyt Ue xpovicopd domino, yior vor petwbovy ot kobv-
GTEPTGELS, 0 YDPOG Ko o1 evAldieceg petadoelc téons. EmmnAéov, 0 amoK®motKomoim g
nmpotepodTNTOC Ywplotnke oe dvo Pabuideg, n Kobeud omd T1g omoieg Aettovpyel o€ doi-
QOPETIKT GAo™ poroylov. 'Etoln wo Babuido mpogoptileton evd 1 GAAN Aettovpyel (Ue-
Ta&0 TV 860 PBabuidwv vrtdpyouvy povTodwTtéc piag edong). H mpot Pobuido meptiopt-
Béver éva dévtpo 000 emmédmv omd duvautkég miiec NOR, 10 onoio dovAevel mg pio yev-
VI TPLOL TPOGTEPOGUATOV TOV YPOUU®Y TOLPLACHOTOS Yo TN deVTepT Pobuido pipeline. Ot
elcodot cuvdvalovton oe OUddeg TV 16, kou Yo koBeutd piot AN OR oviyvevel ov vép-
YEL KOO0 ‘1. To emduevo eninedo 1oL dEvTpov amotedeiton amd ToAeg OR TEAL ALK e
oLEAVOUEVO 0PLOUS €166dmV KorTd TNV Kortevhovven dtdidoong tov orjpotog NEH, 10 omoio
teAMKd Bydlel To oot TPOGTEPAEGLOTOS. To TPMTO YEVVAETOHL OO Vo KTAG OLVTLGTPO-
©éol, eV To TeEAeLTOio omd pior TOAN OR 16 e166dwv. H devtepn Pabuido pipeline amoteAet-
To oté oALGideg TOTL Manchester, TOV AE1TOVPYOVV OE EEXMPLOTEG OUADES YPOUUES TOL-
pLacLoTog TV 16. H Stdtaln kot Tol KUKADUHTO TOL OTOKMILKOTOINTY| TPOTEPULOTNTOG
eoivovton 6to oy 3.16. Miow AETTOUEPESTATT TTEPLYPOLPT| TNG OPYLTEKTOVIKNG KO TNG
AeLTOVPYLOG TOVL OTOKMILKOTOLNTH TPOTEPOLATNTOG VLGP 0LV 6T0 [K0Z96].

O OmOK®MILKOTOINTHG TPOTEPOLOTNTOS TOV PAIVETHL GTO GYNUO 3.16 GYENGOTNKE GE
Y ®po dootdoewv 60 um x 1860 um. H xortokdpoven dtdiotoon oeeireton 610 Héyebog g



3.1. IIeprypopr Tov tunuortog full-custom 39

Priority Enforcer

-~ 60 um—> R

0 match(i-1)_bypass;

$

pipeline latch

1857 um

/> mline_latched H
R,

\ .
stage A stage B mline_latched i+7

) mline_latched0 | |
matchline0 - \ \ ! I
tch0_blypass

[>o—p @ ma
2192 : o !
j Ll ine_latched

tch1_bypass i*i{

bichis mIineilatched_
o mateh15_bypass |+1a

matchline255

stage A (level 1) stage A (level 2) stage B

Synquoe 3.16: H Stdtoén Kot 100 KOKADUOTO TOV ATOKOLKOTOLN T TPOTEPOLOTNTOG

pviung CAM n omoio ToV TPO@OSOTEL LE TIC YPOUUES TOPLAGUATOS. ATOTEAEGLOTO. TTPO-
copoimong (oxfua 3.17) €det&av 611 umopel vor Aettovpyioetl 6e cuyvotnTor poAoytot 100
MHz, k&t ond T1g ELPOTEPEC GLVOTKEC TPOGMLLOTMOoNG.

IMopdAo cvTd, Le 6TOYO Vo Ny emunkvvOel 1 devtepn pipeline g dtoyeiptong ovpwv,
N omoia eneEepydleton TG 0pilelg moTMoewy, eEetdotnkoy o PAO0C dV0 EVOALUKTIKEG
AVOELC. ZOUPVOL LLE TNV TP®TT, N Aettovpyion yolinotog otig pvijneg CAM kot 1 Tp@dT
Babuido Tov OTOKMILKOTOINTY TPOTEPULOTNTOG (TOTEAOVUEVT OO TO OEVTIPO dVO EMME-
dwv) €npeme va Tapdyouv éva €ykupo amotéAlecua LEsa o€ pior dom poroylov. ZInyv eno-
puevn @éion mov eopTiLovTon ol YPOUUES TOPLEOUOTOS, THVTOY POV YIVETOL O VTOAOYIGUEG
™G eV TeEPN G PaBUIdOG TOV OTOKMILKOTOLNTH TPOTEPALHTNTOCS, TOPEYOVTOS VL SLEVLGULOL
pe évor Lovo ‘17, ov otV TponyovreEVn @Aom LIpye K&molo Taiplocuo. H detvtepn evol-
Aok Tk Ao itoy vo oplepdei €€’ olokAipouv 1 pio éon Tov poroylov 6To YWEELO TV
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ANACAD 27-Mar-97 File : test3.cou
17:54:27 ELDO V4.4.1 (ST Version) : PE (worst cas

v V(PHI2)

e)

cor ww
v oo

L
1
;
-
-
|
-
-
T

phil C0lsEr b
.0 0.5 1.0
phiz v V(NI

cor wa
wun oo

‘ : ‘ ‘ ‘ : ‘
.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
v V(NE1)

matchlines

latching
inputs

cor wa
nwun oo

(LAY

T T T T T T T
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

inputs to N
v V(NE2)

2-stage OR-tree

-
evalyation of
latching match result

cor wm
uuun oo

0 0.5
latching NEH result v V(NE254)

-

tevaluatiionA

I
1 evaluagon of stage B

cor wa
wun oo

- _ - B 0 0.5 1.0
valid t V(NE255)
| | | | | | | |

evaluationB v
-unknown
e e e s

cor wa
uun oo

0. T T T T
l:l don't care .0 0.5 1.0 1.5 2.0 2.5 3.0

tovaluationa 4-63ns v V(MATCH) matchl5_bypass latched

PE match result : ¢
if (all matchlines==0) then match result = 1 evaluationg 48 1ns

cor wa
wun oo

yua 3.17:  VUATOUOPPES TOV OMOKMSIKOTTOLN T TPOTEPALOTNTOG (CEVAPLO XELPOTEPNS
TEPInTOWONG : KoL, ei60d0¢ dev ftay €ykvpo taipioouce) (NE; == NEH;)

CAM’s, Ko VoL GUUTLKV®OOUV Kot 01 300 BoBUidEg TOL OTOKMOLKOTOIN T TPOTEPOUHTNTOS

oTNV ENOUEVT GAOT.

To duvoLKO GTVA AOYIKT|C OUL®GE, TTOV X PN CLULOTOL ONKE Vopitepo KpiONKE ko THAANAO
Ko Yo TLg 000 eVOALOKTIKEG AVOELS, SLOTL 01 €l60d01 6TOL KUKAMLLOTA TOTOVL domino dev
Moy duvatd vo eivorl otadepés KaTd TN eEon VToAoYLloHov. 'ETol umopotvoe vor cupet
eKESpTION TOV KOUPOL €£GB0V TPOTOV 01 E1G0JOL VOL TTEAPOLV TNV TEALKT| £YKLPT TIUH TOVG,.
't avtd, Tapd To TAEOVEKTILOTO TNG OLVOULKNG AOYIKT G (LIKPES TAPOCLTIKES Y WPNTIKS-
TNTEC, LEYGAN ToYVTINTO, WKPT KOTUVAAWON 16X V0C) Enpene VO, KIVINOOVUE TPOC GLUTAN -
POUOTIKT A0Y1KT), 1] Aoyikn TOmov CVSL, ypnounoiwvtog cascode CVSL 1} SSDL ([WE93]).
AMN plor GUVETELDL TNE TP MOTNG EVOALXKTIKTC AOON G B 1iToy VoL X p1OLLOTTotn 000V oucom-
THPLOL EVIGYVTES YO TIG YPOUUES TAPLAGLOITOC, OTMS 0CVTOL TOL CLVOPEPOVTOL 6TOLG [JC8I]
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ko [THY96], enttotvovTtog €161 TNV TPoPodocic: TOV amoK®SLKOTOINTH TPOTEPOLHTN-
TOG e EYKVPES TIUES. AV KO OUVOTOV EPLKTO, 1| TPOCTEOEL-YPOVOS GYENOLON G KoL 1 KOL-
TOVEAMOT 10 VOG TOV OULGONTPLOV EVIGYLTOV CVTIOTOOUIGTNKOY otd T devTepmn Avom.
E&etdiotnkoy eniong KGmoleg GAAEG EMAOYEC, OTMG Gviom dtépKeld EACEMY TOL KHKAOL
POAOYLOU 1} VEO GOl YOl TOV OTOKMALKOTOINTY| TPOTEPOLOTNTAS, OAAG otoppieONKay.

‘Eva vBp1otkd oy xpnoionotinke ylo vo, vAonotoet pio moHAn OR peydAov fan-
in. Mio AN OR 16-e1668mv ametkovileton oto oyfuo 3.18.

"“”Mog

nto—| ' 1

iz — >0

ints| |

int4—| —{>o |
o |

yniuo 3.18: Mio moAn OR 16-e1666wv (vroAoyilel To amotédeoca otn don phil)

H moAn mpogoptiletor kotd T @don phi2 kon vroroyilel To amotéleouo ot edon
phil. Ot ypoUUEg TOUPLEGUOTOG CVTEGTPOUUEVES OTOTEAOVV TLG E1GGO0VE TNG. Ot cAvoideg
pull-down ané ta tpaviiotop NMOS elvol kotoveunuévo Kotd pikog g Kotoképueng
dtevOvvong émov elvon o1 avtictolyeg elcodol. H kovtdtepn aAvcido Ppicketon ko mo
pokpvé omd v €€080, YL VoL VTIOTOOUICEL TN LEYOADTEPT) TAPUCITIKY Y OPNTIKOTNTOL
Aéym cvpuditov dtoactvdeonc. H kabvotépnon e£65ov ¢ mo tdve THAng OR mov Tpo@o-
doTel T1¢ 16 £166501V¢ TOL deVTEPOL EMMESOV TLAMY OR eivon 2.3 ns. To o K&Tw GO TPO-
onepAoLOTOC YevviETon LETA amd 4.3 ns ord TV owvepyOpevn akun Tov phil. Avté cuupod-
Vel otV kpioun mepintmon 6mov kopio elcodog dev eivor e LYNAS duvotkod (orv VITEP-
XEL €0TM Ko éva <17 dev ovpPaivel odhoyiy otny €£000), ondte Tpémer vo TpofnyTel kGt
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N €€0d0¢ Y 660 10 duvartév o ypriyopo. 'Eva povadikéd tpaviictop PMOS 6o uropotvoe
vo, Tpootedel (ovoualduevo arokataotdtn emnédov 6o [J.M96]) ueta&v tov Vpp kot g
€16650V TOV 0dNYNTH OWVTLOTPOEED, Yo Vo, Tpafni&el Tnv €£0do o ypriyopo 6N yeimwon.
Otowv 1 €€odog apyilel va youniaver (Vo < Vpp — |Vip|) T0 Tpaviictop owtd avoiyet
Ko BonOdé v €icodo vo avéPel ypnyopdtepo. To opvnTtikd omotéAecpuo eivort ord ™
OTL cvEAveETON M X OPMTIKOTNTO TOV EGMOTEPLKOD KOUPOL Ko amd tnv GAAN 611 t0 Tparv{i-
oTop HudyeTon TN pelwon g Tdong otov KOUPo arvtd mplv 6P1GeL EVIEANS, KOBLOTEPDVTOG
€101 TEPLGGHTEPO TO XPOVO 0LvEIOL TNG TUANC. AVTS SUMG dev evéyel KOBOAOL KOGTOG GTNV
nePInTMON HOG, POV 1 Ao TPOPOPTIONG SLaPKEL APKETAL.

Eniong, o€ mepinwon mpofAnudtov xpovicuot eéetdotie pio emniéov Bedtioon. 'Eva
KOKA®UO Le GHOVOEST] TPOG TOL Lo, OO0 GE OPYT] AELTOVPYIOG LE VTS TNG TPOMYOULLE-
VNG ToporypApov Umopet va xpnoonoin et Ortwg eoiveton 6to oo 3.19. Tuykexpipuéva
xpnoonoteiton évo tpaviictop NMOS yior v GuVTOUEVSEL TO dpGULO TPOG TN Yelwon 1é-
Mg to ofjua eE6dov apyilel va avePoiver.

>10 oo 3.20 poiveton n owdKpLomn ToL KVKAMUATOS, Kotadeiyvovtog 0Tt 1| ékdoon
TOV OMOK®AILKOTOINTY| Tpotepatdtntog Ywpig pipeline eivon egukty. Tpénel va onuelwdel
6t o1 akideg Téong mov paivovton oto oipoto. N EH; opeilovton otn xopnTtikh ovievén
HETOED TOV POAOYLOV KO TV ONUATOV €EGS0V.

Av xou 10 TpOPANUe eRIAVONC TOALATADY TOLPLUCUETOV €xEL EpeLVNOel OPKETA GTO
ToPeAOSV, 1 AetTtovpyior LT OAOKANPOVETOU OE SLoKPLTE, oveEGpTnToL SlolGTHUOTO Y PS-
vov (gite petpnuéva o Aettovpyieg yo&inatog ite oe KaOLOTEPTOELG TVAMV), X ®PIig VoL
AoUPBbvovTon VTOYN TOL TPOTNYOVUEVH TOTEAEGULATO.L ATO TN GKOTLA EVOG TPOCETHLPLOTL-
K0 OLOTHUOTOG 1 AetTovpyior QLT ElvoL UN TPOCETULPLOTIKTY, 0upo¥ elvor aveEdptnn
otd 10 TEPLEOUEVO TMV TOAAUTADY THPLOGUAT®Y. MéYpt GTIYUIG Lo LOVOLOLKT| YPOUn
TOPLECUOTOG UTopel vo emAeyel BAom TG eLGLKNG TNG B€oMC (e LeBSO0VE PTG KPOLTOV-
pévou 1 douég Lopenig 8évTpou 1§ GLVILOGHOVC). Tuvendg, eivon GELo TPocsoyMg To YeYO-
VoG 6T M enduevn YpoUU| 6To xpdvo Tov Bo emAeyel elvol dGLGYETIGTN LE TO 1GTOPLKO
mg emilvong TOALATADY TouplocudTov. Xty nepintwon PePoing dnov vrdpyel pio po-
VoKt Ypoupr mov Bpétmke vo taiplolel kot oviketl oe pio aveEaptntn pot dev tibeton
0éuo. Otov Gpmg 6Ho 1§ TEPLoTHTEPQ KVTTOPOL Elvor Y 0pic ToTMoELg Ko évor wéEino Adym
pog eloepyOUevNg ToTMONG ToPEyel TOAAESG YPOUUES TTOV TouPLaLovy, TPEMEL VoL VITEP-
YEL EVOg UMY OoVIoUOG Yo dlkonm petoyeipton. 'Evog amidg YpoppUtKos omoKmOtKomTot g
TPOTEPOLHTNTOC OEV UTOPEL VoL EKTANPAGEL OLVTHY TNV amodtnon. '’ avutd éva véo oyruo
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match(i-1) ,bypass
|

mline_latched ;

mline_latched i+7

mline_latched i+8

mline_latched

i+154{

stage B

Sxyqua 3.19: H BeAtiwuévn Bobuido. B 10V omoKkmOtKomotn Tl TpoTeEPOLOTNTOS

eQELPEOMKE OV TOPEYEL EYYVNOELS SLKOLOGHVTG KO TOPOVGLALETOL OTIG ENOUEVES TOPOL-
YPGeOuG.

3.2 E&umnpétnon noAAonAdv KAGGGEWY podV ILe SVVULLKG TpOTO

1Onov round-robin e§ucorilovtog d1ko1ooHVN

11 akOA0VOEC TOP Y PAPOLE OO TOPOVGLAGTEL EVOLG VEOG UMY OVIGULOG Y POVOTPOYPOULLLOL-
TIGHOV 670 TAOUGLO VOGS OYMULOTOG EAEYY OV POTC PAoEl TIGTMOGEMV, GE €va HTKTVO Ol Le-
toryoyeig ATLAS 1. Xpnowonoteitot yio vo epopudoet dikono dtortnoio peta&d podv mov
elvou opyovmuéveg oe oLAdEeC.



phil
phi2
matchlines
latching
search results
inputs to
2-stage OR-tree 1 evaluation
/of stage A (bypasses)
| evaluation
~=~—="0f stage B (ripple chains)
latching NEH result
B vaiid
- unknown
|:| don’t care

tevaluationA  4.3ns

PE match result :

t
if (all matchlines==0) then match result=1 evaluationB 4.8ns

ANACAD ]14-May-97 File :

epaldoto 3. Yhomoinon oe full-custom CMOS VLSI

test3.cou
ELDO V4.4.1 (ST Version) : NO TITLE

)/ : N[
0.6 0.8 1.0 1.2e-7
s

inputs 1-254

-/ -/ VL
0.6 0.8 1.0 I.2e-7
s

‘ -/ VL
0.6 0.8 1.0 I.2e-7
s
0{.5 ‘ o{.s 1{.0 Tze
s
0{.5 ‘ o{.s 10 Tze
s

[ [

t
0.6 0.8 1.0 1.2e-7

<

top OR-gate output

I\ /., A

'
Ho

L
t T t T t T
0.6 0.8 1.0 1.2e-7

'
HO
=3

matchl5 bypass

ynua 3.20:  VUATOUOPPES TOV OTOKWOIKOTTOLN T TPOTEPOLSTNTOS X WPiG pipeline (xeypd-
TEPN MEPINTWOT) : Koyl €l0080G dev 1TV EYKVPO TOipLaoiie)

3.2.1 Ewcoyoyikd

Mio opéda GuvdEcemv Tov potpdlovton évor Koo HovomdTt, eite LOLIKO eite e1KOoVIKO,

ovoudleton oudda podv. OvolaoTikd eivor pion pon) Tokétmv Tov taEtdevovy ot {16t

Stadpouny amd v idto T yn otov 1810 TPOOoPIGUS Ko amontovv Tov 1610 Bobusd eEvnnpétn-

oN¢ o€ k&b onueio petory®wyng wéoo ot dtadpopr] owtn. O ovTIKeEEVIKOG 6TOY0G elvart

N petoxelplon TV LEADV ULOG OUEO0G POMV LE OLOLOYEVT| TPOTO. OEMPOVVTOL GTEVE GL-

Levyuéveg ko moTé Kéimolo dev Tpoympel oveEGpTnTa omd Tig GAAeC. Av kdimolo vrooTel

GLULPOPNON B VTOPEPOVY KO OL VITOAOLTEC,.

H évvolo Tov oveEGpTnTmV KAGGEDV OVOEEPETOL OTN dNULOVPYIO SLKPLTMV GET OT6

OUAdEC POWV. ZVYKEKPIUEVO, O OPOG CUYWVEVOUEVES POEC OVOLPEPETOL BTN GLYYDVELCN

800 1| TEPLOGATEPMV ELGEPYOUEVMV GVVIEGEMV TOVL LVIIKOVV GE SLAPOPETIKEG OUAOES PODV,
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oe pio povadikr] ovvdeon oty €£080. 0T oLTOV TOV TPOTO OAC. TOL KVTTOPOL TOV GLY-
Y OVELVOUEV®V POV 0OEVOVV TTPOG €V LOVAILKO GUYKEKPIUEVO TpoopLlod. AAAN pio mepi-
TTMOOT CLYYWOVELOUEVOV POdV el@avileton dtov KHTTOPO TOL OWViKOVY GTNV {d1o OpLddoL
POMV GTAVOLV OO SLOUPOPETIKES ELOEPYOUEVEG TOPTEG KOl EMLOVUOVY VL EEEABOVLY LTS TNV
1010 mépto. 'EVa TAEOVEKTNLOL TOV GUYYOVEVOUEV®Y POV elval 1 eEotkovouNnom Tov X ®-
POV EVTOUIELONC, OLPOV Ol GLYYMVEVOUEVESG POEG KAUTOVOAMVOLY HoVE) Q. Lo 0€on GToV
EVTOUIEVT TOV UETOLYWOYEQL.

To Bépo tng dtkoocsHVNG €xel va KAVEL e TO pLOUS TPoHOoL ToL €xel Kobeud omd
TG GLYYXWVELOUEVES POES. 'Evag puOudg extdg 16oppomniog onpoiver 6t tovAdyiotov pio
oo TIG CLYYWVEVOUEVEG POEG amoAUPBAVEL LYNAGTEPO PLOUS eEvmNpétnong amd GTL ot
GAAeC. Ol OTOULKES OUGOES POMV TTOV VITOKELVTOL OE EAEYYO0 POT|C TPOG TO TG M OEV OV TLLLE-
toni{ovv TpoPAUaTe SLKOOGVVNG, dEd0UEVNC TNG TOMTIKN G eEumnpétnong otov ATLAS
L. & ovTé cuvNyopel N KOAH 1LOTNTO TV OVPHOV EEGBWV TOL TOL dEXOVTOL TOL ETOLLNL KVT-
tapa Ko eivon FIFO, kofad¢ ko 0 Teploploptld vrapéng 1o ToA) Vg KVTTAPOL oV opdidor
poav. Evtovtolg, otnyv mepintmon Tmv GUYX®OVEVOUEVOV POMY OLUTA TO X OPOKTPLOTIKA
t0Vv ATLAS 1 dev unopotvv va eyyuvnBovv dikonoovvn. Zvykekpiluéva, dtov 000 1 mePLo-
GOTEPOL KVTTOPO. TOV OVI|KOLV GE GLYYWVELOUEVES pogg tepltévouy otnv CLL yia pio i-
OTOON, €VOLG OMAGS YPOUUIKOG OMOKMIKOTOINTHG TPOTEPOLSGTNTOG UTOPEl Vo emAEEEL évar
omd T, dAAG Gyt Ko vo €yyunBel dtkatoovvn 660 apopd To pLOUS eEvmnpétnong Ko
BelLéc poic.

E€etdotnioy Leptkég eVOAAOKTIKEC AMOOELG, VIETEPULVIOTIKEC KO T, Ol OTTOIEG TOPOL-
oldlovton oTn GuVEKELD. XtV TeEAevToio TaPypoupo eneEnyeiton Aemtouepdg Eva vEo G-
uo, to onoio eEacParilel 6T KéOe PEAOG Uicg GLYXMVELOUEVNC POTIG TOV TTEPIUEVEL GTOV
EVTOULEVTY] TOV peTaywyéa Oa €xel Tnv evkoupio vo eEumnpetnOel piow popd mpotov €v-
npetn Ol EovaL.

3.2.2 'Evo oynuo yevdotoyoiog emAoyng

Mio omodektii AVom BorfTory Vo KGvOUE WELSOTLY L0 ETAOYT OLVEUEGOL GTLG OULAOES POMV
oL mepLévouv var AdBouv pio tiotwon. O otdx0og Aondv oTpéPeTon GTNV EMAOYT| UG
YEVVITPLOC TUYOL®V OPLOUAV Le KOAES 1OLOTNTES, EDKOAT GTNV VAOTOINGT) KO OpKETE YPTi-
YOPM YO TLG TTPOSLOLYPOUPES X POVIGLLOV TOV EYOVLE.
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E&etdlovtog dtdpopec LeBSGO0VE Yo YEVVIION TUYOH®V TPOYLOTIK®V optOuaV U, opLotd-
Hop o Kortoveunuévmy Leto&h 0 kot 1%, ot mo NUoQLAELG YEVVITPLEG TUYOH®V 0pLOUdY O1f-
puepal koAovOoVY TN UEB0SO (TOALOTAOGLOGTIKY|C) YPOUUKNG GUYKMONG, 1 KATOLoL TToL-
poroyn] Tne. Etvon o uébodog amd i mo amAéc, moég (D.H. Lehmer,1948) aAAG kon TLo
EVPEMG X PN CLLOTOLOVUEVT).

o vo égovpe Aowmdy pior akorlovdbio Tuyaiov apBu®y (X,) epopudlove v ovo-
dpoukn oxéon :

Xpy1 = (aX, +¢)modm, n>0

m, the modulus, m >0,

a, the multiplier, 0<a<m,
¢, the increment, 0<e<m,
Xy, the starting value, 0< Xg <m.

Avt opileton g pio ypouuixt, cvykAivov akoiovbic. ‘Olec ol okoAovbieg mov €gouvv
10 Yevik6 1m0 X, 11 = f (X)) éxouv éva emavoropPovopevo kkAo tov ovopdleton mepi-
000¢. TNV TEPINTMOT TOV YPOUUK®OY GLYKAIveV yevvnTpldv (linear congruential genera-
tors (LCG)) n meplodog tng aukorovbiog eivort m, oupov M tepiodog dev umopet va €xel mopor-
AV otd m otoryeio. H KatdAANAN ETAOYH TOV TOPUUETPOV m,a,C, Kot o EEopTdTon oo
™V €appoyn| kot Kobopilel tnv mepiodo aArd Kot Tig 116N TEG TV GTNTOG TV LCGs.

Ané podnuartikr| oy, uio akoiovdio tuyxaiov optdumv omd yevvitpla (BeBaiog ouro-
KOAOUVTOL ““TuYoiol”, oV Ko elvoil EVIEADS VIETEPUVIGTIKOL GTO Y OpOKTPL) TPEMEL VOL
éxel T1g okOAoLOEC 1OTNTESG @ UEYEAN TEPi0dO, 0LoLOYETIOTN oLKoAoLOia, opotopopeia,
péco 6po=1/2 xou petofAntédtnto=1/12. Avtéc ol WdrdtnTeg umopet vo etvor emBuuntég N
ovoryKodeg oAAG Ot Ko TKoVES Yo Toyondtnto. TToAAEG évvoleg €xovv elooy el Tow TeEAeV-
todo xpdvia Yoo TNV amodoyn i andpplym YevvnTpLedv tuyoinv oplbumyv. Emmiéov, op-
KETA TEGT, OEMPNTIKE KOl EUTELPLKE £XOVV EQOPULOGTEL GE KOAOVLOTEC 1oL VoL pevvN Ol M
TUYOLHTNTA TOVS. XTO TAO{GL0 VTN G TN epyaciog dev B Yivel avBALON TV OLKOYEVEL®MV
ond teot (Aentopepnic épevva Bpioketan otov D.Knuth). Ot ypoppikég cuykAivovteg oko-
AovOieg mpémet vo TepVOVV TO OVOUOLOUEVO POCUXTIKG TEGT TPOTOV YIVOULV UTOSEKTEC MG
toyoieg. O 6TOX0G TOL POCUOTIKOV TEGT ELVOL VOL OVOKAAVQOEL 1| GLUTEPLPOPEL TNG YEVVT]-
Tprog dtav ot 6080l TG xpnoLonotovviol oynuotilovtog d-tuples.

*TINV TPOYUOTIKOTNTA YEVVAE akepaiovg X, LeTo&D Tov 0 kou kémov optduoH m, ondte o Adyog U, =
Xn/m 0o Bpioketon peto&t 0 xou 1
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Av ko ot LCG’s elvo omd T1¢ o “‘opoieg”, “omiés” Ko mo amodotikég uebddovg, To
Baoikd tovg petovéktnuo eivon 6t ot d-tuples tétolwv akolovdLdv Topovctdlouvy pio ko-
VOVIKT| eETOVOANTTIKY dour} dtov oyedioctel o€ d dtootdoelc. Avtd To TpOPANUo elvon €y-
YEVNG OTLG TEPLOALKEG akoAovBiec. Mio KuKAMKNY akoAovBio m oplBU®V, dToy TV TEPOLUE
oe {evym, evtonileton mévm otoe m omd Tovm? oneio oe éva Stodvdiototo TAéypo m eni m.
Ev yévn, to. m™ — m onpeioe Tov TAEyportog Bo eivot Tévtor KEVE 6TOV N-016GTOTO Y MPO 0o
to n-tuples wov Aoppévovton and pio akorovdio meptddov m, MAady Aeimovv To TePLO-
cotepa yivéuevo tounc. Emiong, cutéc ol yevvijtpieg €xouvv amodery el 0Tt mopovotdlouvv
ovoyetioelg peto&H oploudy Tov Bpickovton oe amdotaon 2" HeTo&H TOVG.

Tv nepinton Hog mpénetl vo yevvaie akepoiovg X, uetogv 0 kot 255. Befoing puio
yevviTpla pe mepiodo UKovg 256 oyeddv dev uropel va etvor tuyoio [D.ES1]. EvtovTtolg,
0l TPOCTOOT| GOVLLE VO KA TOGKEVAGOVUE TNV KOAVTEPT) SOLVOLTH TOAAXTAOGLOGTIKY] YPOUL-
UK GLYKALVOUGO YEVVITPLOL.

[Tpogavde, m=256 (28). AxolovBdvtag Tic 0dnyieg Tov Knuth, oov 0 m eivon dvvoun
0V 2, 10 a mpénel vo. emAeyel €tol ddote a mod 8 = 5. Tpénel vor onuelwdel ot n emAoyn
Tov a pali pe v emAoyn Tov ¢ umopel va eEacearioet 6T M YeVVITPLY TUX 0LV aptOUdY
00 Topdryel OAeC TIC M SLOPOPETIKES SLVOLTEC TULEG TPOTOV Py icEL Vo eTavaAoUPEvETOL.
Ynobétawvtog n Ao oplBu®y Tng Unyovig Tov yPMNCLULOTOLOVUE elval z=2, Kou m = z°,
16te a0 = 2" + 1, 2 < k < e. HTiun T00 ¢ Sev €xel onuocio GTov T0 a Tov (PNCULOTOLOVUE
etvorn Kaddg moAlomAaclaotic. 'ETol umopovue vo dtodégovpe c=1. H avadpouikr oyéon
TOPO TOAPVEL TN LOPON|

Xpi1 = ((Z* + 1) X, + 1) mod 2°
Ko vt M eEicmon delyvel 6Tt UTOPOVUE VO ATTOPVYOVUE TOV TOALUTAOGLHUOUS, CPKOVV
oMo celg ko mpoobécels. Emiong, amonteiton évo pio B€om Lviung yloL voL Kportéue Tov
TEAEVTOHO OLKEPOLLO TNG OLKOAOVBTOG.

Mio katdAAnAn yevviitpio LCG goiveton va etvoun X, 11 = (5X, + 1) mod 256. Iopé
mv oAb T TG f (X, ), N VAomoinomn o ot toVoe Evoy TOAAATAOGLOGTY KO VoY ofpot-
o™ oe TpdTN potid. Evtovtolg, pe évo mo mpocektikd it goiveton amnd tn oxéon ot
0POV 0 TOAAUTAGLAGTNI G ElVol TEVTOL GTOOEPDC, GLYKEKPIUEVD TO TTEVTE, O ENOUEVOS OLKE-
ponog X, +1 unopel vo vroroyiotel 6mmg eoiveton oto oxnua 3.21 (vrobétoviag 6t X, =
a7a6a50403020100). ZOVETWAC, YPELGLeTON Evog omAdg abpoloTic Tmv 8 bit Ko pio 0éom uviy-
Ung yoe vor kportd Ty mpomnyovuevn i X,.
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%Ay g

a_ a_a a, a, a_, a_, a X
7 6 5 4 3 2 1 0 n 0
1 0 1 0 8
I
a_ a a a_a_, a, a

a_ a a,  a_. a_ a, a
7% %

(a7+a5) (a;a()a1 ( a0+ 1) Xp1

ynuo 3.21: H vAomoinon tng yevvitprag X, +1 = (56X, + 1) mod 256

[MopdAo ToVTOL, Y10 VOL EVEOUOTMOGOVUE CLTO TO GO GTOV OLTOKMILKOTTOLNTH TPOTE-
potdtntog (PE1) mov 1 yperaldpaote oot el yivel 1o yo&o otig uvijueg CAM, mpénel
vo xpnoiponon et évog amoxmdtkonon g 8-6e-256 Ko GALOG €VOlg OTOKMOTKOTOLNTHG
npotepondtntoc (PE2) yio va Aettovpyel 610 Stdvuouo Tov ToPEYETOL K TOV OLTOKMOL-
Komon Ty, dote 0 apykdg PE1 vo. Aettovpyei 610 omotédeouo N EHppo AN Dmatchlines.

Euabivovtog 6to topomdvm Gy, o@ov 1 okoAovdio mov yevviéton and Tov TOmo
etvon xoBopiopévn, diadi n oepd {0,1,6,31,156,13,...} mévta Bo epeovileton pe v idio
GEPE, UTOPOVUE VO EYKOTAUAELWOULLE TO YEVIKO GYTLLOL LLE TOV OPOLOTY| KO TOV OLTOKMOL-
Koo Th. Avto mov ypetaldpaote elvon po otabept| odlvcido amnd 256 D-flip-flops cuvde-
depévo GOV, LLe TNV TpoKkobopilopévn ackolovbio (oxMua 3.22). Avti 1 6todepr| oAvcido
OVGLUGTIKA YEVVA VD,  “WeLdoTLY oo™ apytkd oMUeio Ae1ToVPYLOG Y10 TOV OO K®MILKOTOIN TN
TPOTEPULOTNTOG.

Ot yevviitpleg LCG’s av ko elvon apketd omAéc otny vAomoinon tovg, €(ouvv Kémolo
petovektipoTo dmwg ernddnke. I'evikd, ol d-tuples Topovcot&{ovy Lo KOVOVIKT] ETOVOAT -
Tk doun 6tav oxedoctovy 6Tig d dtaotdoels. Avtd elvon ELPOVES KoL YLoL TNV TOLPOL-
OV YEVVITPLO, OTTG @aiveton 6to oxfua 3.23, o ypoupikn Topdotoom Ue UTdpeg 6ToV
dodLECTOTO X MPO.

Ot yevvntpleg @unovdrot (Lagged Fibonacci Generators (LFGs)) entyelpovv va. BeAtim-
covv 115 LCG’s A pnOLULOTOLDVTOS TEPLOCGOTEPES amd pia TaALE TIUT] TG oukoAovBiog oTnV
okoAoLOLOKT] GYEOT, DOTE VO LELDCOLV TN GLOYETION Ko Vo, cvEieovy Ty tepindo. Av-
T€G 01 YEVVITPLEG OVOUAOTNKOY TG AGY® TNG OUOLATNTOG TOVG LE TN YVOOTY] 0KoAovBio
dunovatol (X, = X1 + X,,—2). BePoaing, peréteg éyouvv dei&el 611 ovvtiy dev eivon kou
1660 KOAS TOPEIELYLO YEVVHTPLOC TUY ALV oikoA0LOLdY. Mio koA UTepM HEB0BOG lvon o1
oakoAovbieg Prumovétol pe Bpaduvnopeia (lagged Fibonacci sequences), 0tov 0 KAOe aplo-
UO¢ etvor GuvdLOGUAE 00O OTOLAONTOTE TPONYOVUEVAOV TILDV :

X, = (Xn 1 © X,,_k)modm,wherel >k >0
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matchlined [

outl NEH2
matchlinel | | ] ””W”D— —

o

c

6;
Priority Enforcer
Priority Enforcer

U255 NEH255
matchline255 D Dﬁ S

yniuoe 3.22: YAormoinon tng yevviitprog Xp+1 = (50X, + 1) mod 256

6mov to k xou 1 ovopdillovton lags, xon 1o ® elvorl 0molodmoTe optOunTiky npdén, énmg
+,—, *, @ (bitwise exclusive OR). Ed® avtifeto pe mpiv mov elyople piow opyikn oTig yev-
vitpleg LCG, yperalopoote 1 apyikéc Tnéc, Xo, ..., X; 1, Yo vo. VTOAOYIGOUVE TO EMO-
uevo otolyeio g akoAovbiog. YnoBétmvtog 6Tt ¥ pNCGUYLOTOLOVUE TOV TEAEGTNH TPOGOECTC
éyovpe and Tovg To amALG Ko Ypriyopéc yevvritpleg RNGs. Emiong, éxel edeyybel extevag
Yo 10T TEG TLYOOTNTOG oimtd Tov Marsaglia [G.M85] ko €xel AdPel ToAD KaAEg KPLTIKEC.

Av 10 m givou dvvoun tov §0o, nradr m = 2M, xon emAeyovv cwotd o1 mpdteg I Tiuég
10V X, 161e M mepiodog P ovtig Tng yevvritprog eivon tom pe (28 — 1) x 2M -1 Tpogovag
N Tiun Tov m dev mepropilel v mepiodo TG YeVViiTPLOG, OTMG otV Tepintwon piog LCG.
H nepiodog umopel va yiver ocodnmote peydAn ov avénbel to peyodvtepo lag. Eumeipikd
Te0T €x0ovV Oeifel Tl Ol 1LETNTEG TLYOLSTNTOG CLLTMV TOV YEVVNTPLOV BEATIOVOVTOL TTOL-
pEAAN O e TNV oHENOM ToL lag. AvTtd PuoIKE oNpaivel 6Tt TovTdYpPOoVe CLEAVETOL KO O
op1OUOC Béce®V UviiUNg Tov ypelalduocte, oe avtibeon pe v nepintmwon twv LCG, 6tov
pio pévo 6éom pviung ftav apket. Etvon eniong govepd 6t n yevvitplo dev mapdyet P
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Syiuoe 3.23: Mia mepiodog (256) (Levyn ovveyduevov onueiov (X, X,+1)), 010 816006~
oTaTO YMPO

SLOPOPETIKEG TIUES, TPOTOV OPYICEL VO TIG OVOLKVKAMVEL.

OeopnTiKd pio yevvitpla @unovatol Aettovpyel To 1810 OTmg évog YPOoUULKOS KorTo-
xopNTG oAiodnong. Otav M opOuUNTIK TpdEn Tov xpnoiponoteiton ivor to XOR, Tt
o1 LFGs avo@épovTol o GUYVE G YEVIKOTOINUEVES YEVVIITPLES TOTOV KOUTOLY WP TY) OAL-
otnong [TW73]. Mio yevvitpla ypotkot kotaywpnt oAicdnong (SRG) napdyel oko-
AoLOieg TOV EEQPTAOVTOL OUTO TO UKOG TOV KOTOY WPN TN, TLG GLVIEGELS OVOITPOPOSGTNONG
TPOG T TLoW, Ko TIG apyLKEg cuvorikec. Av 1 SRG €yet L Babuideg, ko n orkoAovdio e€6-
dov éxer ufkog 21 — 1, 16te ovopdleton axolovdic ugyiotov Suvvatol ufikovs. GO T
o™V akoAovbio eppavileton pévo pio popd oe pio mepiodo. Aedopévon Tov WKOVG TOV
KoToy mpn T oAMceONoNGE, 01 GLVIEGELS AVATPOPOIHTNONG TPOG ToL Tiow KoBopilovv av M
okoAlovbio Oa lvorn péytotov duvotov wikovg 1 Oxt. O [W.W61] topovoidlel mAfpelg mi-
VOIKEG Ot TOVE 0TTO10VG LTOPOVLLE VO OTIAEOVLLE KOTELOELOY ial YEVV TP WYELSOTVY 0wV
oPLOUL®V.

Mio yevviitplo. SRG KotEAAN AN Y10t TIG orvEyKeg Yo Tuy oo emAoyn LeTa&v 256 KuTTd-
pov eoiveton vo elvon vt mov amelkovileton 610 oynfuo 3.24. 1o 1810 oxfua eoiveton
emiong Ko Lo 1I6oppomnUéVN EMAOYH LETAED TNG OLKOYEVELOG TV YEVVNTPLOV PIUTOVE-
TGl XPNOOToloHVToL déKo Kartoy mpnTég Twv 8 bit yia v vAomotjcouy pio LFG(10,7,8)
pe mepiodo P=130944. To mpSPANUa opyLtkomoinomgtoug éxel mpooeyylotel and tov [MSDM94].
Eniong, amd to oynfuo 3.25 etvor govepd 6Tt 1o e£6@OaAL0 petovékTno Tov LCGs éxel Ee-
nepaotel and to LFG(10,7,8).
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8-bit
regs

SxyNuoe 3.24: Mia yevvritpia SRG urjxovg 8 ue ovvdéoeis [1,3,5,8] xkon uioe LFG(10,7,8)
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Syqua 3.25: Fpagikn ntapdotaon 1000 uévo onueiwv (repiodoc=130944) uiog yevviitprog
LFG(10,7,8)

3.2.3 EvOALOKTIKEG VIETEPULVIOTIKEG VAOTOLGELG

Mio TpdTn Tpocéyylon Tov mpoPArjuotog delyvel 6Tt éva oxMuo dSloyeiptong Ue vieput-
VIGTIKO TpOTO B0 Mo ToHoE APKETO Y MPO OTOOKEVOTG Yo TN SLOTHPTN O™ SEIKTMOV OV EL
KAGOT GUYYMVELVOUEVMV POMV, GLV OPKETN AOYLKT] EAEYXOL Y10 VOL XEPLOTEL TIG OO TOV-
peveg Aettovpyiec. OLOLOOTIKA Yo KEOE KAGOT GLYXMVELVOUEVOV POV xpetdleton pio
Stoovvdedepévn Aloto e T oelpd eELTNPETNONG TOV KLTTEAPWY 6TN AOTO TV KLTTAP WV
Y ®PIg TGTMOGELS, TOV OWVHIKOLV GE VTNV TNV KAGOT MOTE VO Amoevy Oel 1) GdLKN GuuTepL-
QOPA KEATOLWY POWV. AV OUM®G EYOVLE TOPATAV® Otd Uit KAGOT GUYYXMOVELOUEV®Y PODOV TO
KOGTOG YiveTon Un amodextd, T060 6€ TOALTAOKATNTO, OGO KOl GE Y MPO KoL THPT O TPO-
Sy poLp®v A POVIGHOYD.

AAAeC eVOALOKTIKEG AMDOELS Yol Lol LTKOWVOTOINTIK G TUY ool Ko SiKOor KOTOVOUT| TV

TOTHCEWV GTNV TEPINTOON TV KAECE®MY GLYX®OVELOUEVOV po®V eEeTGoTnKOV e BAon
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KVKALKOVG mOK®AILKOTOINTEG TPOTEPULOTNTOS (SLEPOPOL TPHTOL VAOTOINGN G TOVG TOPOL-
oldlovton 6to [K0z96]). Tétoror unyoviclol SUmg omodely TnKoy oVeTopKeLS Yo VoL oV TL-
ULETONIGOVYV GUGYETIGELS KOl TOPGVOLT] GUUTEPLPOPE. PODV.

3.2.4 O dik010G OVVOULKOG Y POVOTPOYPOLLLOTIOTIG

"Evog 180viKOG UNYovVIGULAS VTTOELKVIEL OTL EVOL VEOOLPLKVOVULEVO KVTTOPO, TTOV OVIKEL GTNV
1ot KA Giom pe GAAo KOTTOPO TTOV EIVOL EVTOLEVIEVOL AGY® GUULPOPT|GEMS GTLG GVVIEGELG,
0o AGPel ddetar vor ovory mprioel opoV OACL LTA TOL TOAOLGTEPO KVTTOPO, OVOYWPTIGOVV.
Me A o Adylo : M oelpd apiEemg TV KLTTAP®OY TOL aviikovy oty idto kKAdon O lvor
KoL M oelpd Tov avoywpnoewv. O TpOTog Aettovpyiog SUmg g AMotog ehetBepwv Bécemv
emPAaAAeL oTOTIKN TPOTEPALOTNTOL (EMAEYEL TEVTOL TO TPADTO EAEVOEPO AMO TNV KOPLPT])
Ko uTé umopel vor kotodiEet og oevéiplo dTwe ovtd Tov oXNUTOG 3.26, OE TEPLTTACELG
kivnong pe moAH eoptio. O op1BUol 6TOVE KVKAOVG VITOIMADVOLV TNV akoAoLBia TV Ye-
YOVOT®V oL punopel vor cupotv, voBETovTog GTL 0 KOtVOYPTNGTOG EVIOULIEVTH G KLTTAP®V
elvou TAp ¢ KATEIANUEVOC, 1| TOVAG(LGTOV Ol TTLO TAV® BEGELS TOV. ZVVENW®S 0 EMOVLUNTOC
(1oviKdg) KovEVoG IOV SLATLRTABNKE GTNV aPy1 TG Topoypdeov eivon duvatdv vol mo-
papfréleton AGY® TV TPOTOV AELTOVPYIOG OTOS0ONC TGTACEMY GE KVTTOPOL TTOV TLG TEPL-
UEVOLV KoL EVPECN G EAEVBEP MV BEGEWV Y10l VEOELGEPY OUEVOL KVTTOPOL.

Free FL Cell Header Scheduler
List manager Buffer

)

VP #7

yfuo 3.26: Mopdderyuo aAlaync oelpds eE660V KVTTAP@Y ol TNV ELCGEPYOUEVT OEIPL
TOVG

Evtoutolg, owtd mov pumopel vo eyyunOel etvorn 61t dev unopel KGmolo veooptkvoHLEVO

KOTTOPO VO TPOCSTEPACGEL OAQ TaL KVTTOPO TOL elvon eyyeypapéva oe pia etkovikni Aloto
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ot KUTTOPOL TOV CLVIKOVV GE GLYYOVEVOUEVT] OLES0 PO®Y. ZUUTEPOUCUATIKE, O CLVTUKEL-
UEVIKGG GTOY0G OV EMLOLOKOVLLE Uopel Vo Slatunwbel mg e€NG :

KGO UELOG TNG oudidos Bor AdPet pio evkoupio Le VIETEPULVIOTIKG TPOTO, TPOTOV EVOAL-
Bet o dikodwuo yioe Sevtepn evkoapic.

O xopoKTNPLOUGS TOL SLVOULKOD Y POVOTPOYPOLUUOTIOTH TOTOL round-robin Bacileton
G6tov Tpémo wov dnpovpyeiton pio opddo (e1kovikr| Alota) omd KHTTAPO TOV KVI{KOVV GE
GLYXOVEVOUEVT] OGO poV. Mio elkovikt| Moto dnuiovpyeitot 6mote 16 VOVV 0l KO-
AovBeC GLVONKEG :

1. "Evog mponyoVuevog ekovikdg kOKA0g TOmov round-robin €xel oAoxANpwOel oupon

eCummpetOnKoy GAo ToL LEAN TNG ELKOVIKNG AloTOG.

2. Yrépyovv véa kOtTopo TG {dtag KAGOoNS GLYXOVELOUEVNC OUEOOG POWYV, TOL OTTOTOL
£QTOGOY KOTE TO XPOVIKOS SLECTNUO EEVTNPETNONG TOV TPOT YOVUEVOL ELKOVIKOV K-

KAOVL M LETEMELTOL.

3. Mia Gei&n véog tiotmong onuatodotel tnv évopEn evoc véou e1kovikoy KOKAOL OV
mepLéyet évor LeToPANTO oplBUd GLUUETEXOVTMV KVTTApWY, TOv Ttepipevay otn CLL
YL TV TNV TieTeoN.

‘Eval KOTTOPO OV OVI|KEL TNV {8100 GUYY®VELOUEVT] OULEOOL POV KO QTAVEL GTOV [LE-
Toywyéo oupov €xel uovpynOel n etkovikn ot Alota dev unopel vo eyypaeel oe orvTY).
O vroypemOel vou mepével €wg dtov n cuvorikn 1 yivel Eovd aAndnic. BePaimg to pelové-
KTNUO TTOV TEPLYPEPNKE VOPITEPO KO ovamoploTdton 6To GYfua 3.26 (dnAodt) adikio oe
HKpég mepLddoug xpOvov) dev unopel vor amo@evyOel pe arvtdv tov Tpdmo. Makpoypovio
oumg eEoceorileton dikoun eEvnnpétnon.

3.2.5 H viomnoinon

"EVOLG (POVOTPOYPOUUOTIOTHG TOV XeLpileTort TOAAATAEG KAGGELS OUESWV pOdV, YioL VoL €1~
vou xpfoog otny TPEEn, Tpénel vo eivor amAdg 6N AELTOLPYio KOl GUVETMG OTOS0TIKGG
Ko ToOg 6TV vAomoinom. Zvykekpiuéva 6tov ATLAS I 0 Stab€iog ypGdvog yloL OAOKAT|-
POON UOG OTHPOICTC X POVOTPOYPOUUOTIGUOV EIVOIL TTOAD LLKPOC KO O UMY OVIGULOG TTPETEL

vo elvon vAorownpévog oe hardware.
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ato omd ot to Tpilua To oxfuoe 3.27 anetkovilel ™ dtdtan Tov dikonov, duvot-
KOV YPOVOTPOYPOUUOTIOTY] TOV X PTCLULOTOUONKE GTO VTOGVGTNUA dLoXelpLong TOAACL-
TAGV ovpdv. 'Evo Boctkd xopokInpioTikd Tov eKUETOAAEVETON ELVOL | EYYEVIG LOLOTNTOL
Staywplopon g TAnpoeopiog mov cvuPaivel kotd to ya&ywo g CLL. To amotélecuo
oL Yo&iportog VTOSNADVEL G TOL0L GLYYMVEVOUEVT] OGS0 POMY TPENEL VO EPOPULOCTEL
évog Uy ovioprdg yior emt ol dikoung eEvnnpétnong.

a
|

| ResMatch

mahi | | L] %P 72 Q {%%&ﬁ o

[

@]
—
~
Py
3
g
S
[
1860 um

Priority Enforcer
Priority Enforcer

matchP matchL

‘ 220 um [
if all matchlines==0 then matchP/L=1

Sxyquo 3.27: H vAomoinomn tov duvoutko SiKoiov xpovompoypouuoTioT!

Onwg eoiveton 6To GO XPNGLLOTOLOVVTOL VO OTOKMILKOTOLNTEG TPOTEPULHTNTOC,
OLLOL0L LE ALTOV TTOV TEPLYPAPTNKE GTNV TOPAYpo@o 3.2.3. AELTOVPYOVV TAPEAANAL GTOV
1810 KVKAO poAOYLOV KOl GE KAOE KOKAO, ALG O KOOEVOLS e OLOPOPETIKE. SLOLVOGLATOL E1-
6600v. O TPDTOG dEYETOL VOl SLEVLOLLOL ELGOS0V OV OtoTEAEITON KOrTEVOETOLY QLTS TOL OLTTO-
teAéoporto tov yatinotog oty CLL. O devtepoce€etdilel pio mbov ouyymveuduevn ouddo
pomv Tov Eegywpilel ov yivouv “and” ot ypopUég TopLAcUOTOC LE ToL TEPLE SUEVOL TNG UG-
OKOG TOL orodNKevEL OAEG TIC ElkOVIKEG AloTec. Av dvimg vrpye wio cuyywvevduevn
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ouddo podv (voderkvveton omd To ofjuor matchL) Kou wpénel vo, eEVmMpetnBel KEmolo Lé-
AOG TNG Oomd TNV e1KoViKN Aloto, To AmOTEAEGULOTOL TOV TPATOL ATOKMOILKOTOINTH TPOTE-
pondtnTog oryvoovvton. 'ETol emAéyeton 10 mp®to omd Tave LEAOG TG AMotog amd tov
“evepy0” PE evd toutdypovo kabopileton n KoTto®pnot| Tov ond tn péoko. Me autév
oV TpéTo €va emduevo Taiplacia tng idtog kAGong o tapdyel To ENOUEVO LEAOG GTN GELPA.
Av dumg dev Bpétnke ko etkovikn Aoto (to matchL elvon éva), To omoio deiyvet eite 6Tt
pio atoptkn, oveEapTnTn opdido porig taiplooe, eite 6Tt cuVEREL évo TOALUTAS ToipLooLLOL
TPATN POPE. YLoL VTN TN GLYYXMOVELOUEVT OUAOO PODV, €lTE deV LTI PYE KOV TOipLaGLLCL,
16T AOUPEVOVTOL VITOYN TOL OTOTEAECLOLTO, TOV TTPMTOV OTOKMILKOTOINTY) TPOTEPHLHTN -
tac. E&unnpeteiton n tpdtn amd méve opddo ponc, v mopdAnio edv Bpébmke puio véo
kAGon (NEH; - IN;), KatopyQeeton 6T Léoko. ZT0 GYXNUN QoiVETON 0ioKIOGTO TO €mL-
TALoV KOKA®ULO oV bit 1oV amonteiTon yior uTovE TOVG EAEYYXOVG.

Onwg anetkoviletal 6to Gyuo | Ldoko vAomotleiton ord por oAvcida 255 SR-flip-
flops. Apyiké BeBoimg mpémel vor undevictovv. Emiong, ot elcodol S-R oe k&0e flip-flop dev
umopel moté vou elvor 1 TavTtdXpOova TN GTIYUT| TOL OWVEPYETAL TO CTLLOL TOV POA0YLOV. Emt-
TAE0OV, OV Ko 01 AOYLKEC TOAEC TOL PoivovToL GTO GYpe VIEpxov 6tn PifAtodnikn tov
nokéTov oyedioong, vAoroinkoy Eovd oe full-custom, Adym TEPLOPIOCUMY GTO KOTOKO-
PLPO VYOS KO ovOUOLOpop@iag Adym avauéng koppotidyv full-custom pe koppditior semi-
custom SLOPOPETIKMOV TPOSLALYPOLPDV.

3.3 Amnoteréopoto: Xpovikéc emodoelc, euPoddv Kot KoTovOAMmo

16 VoG

To kvkAdporto full-custom TPoGOUEIWON KOV EKTEVAS, PN OLOTOLMOV TS TPOLYUOLTIKES TTOL-
POCLTIKEG X OPNTIKOTNTEG TOL TPoEékvyay and To layout. O mivakog mov okoAovOel divel
OO TEAEGLOLTO, TOV TTPOEKVYOLV OO TPOGOUELMGELS LTTO GLVOTKEG Y EPOTEPN G KOUTAGTAUONG
(Lovtédo TpavicTop nmos Ko pmos eAG1oToL pedLTOC, Oeprokpacio 105°C, téomn tpo-
@odociag 2.7 V) (N kabvotépnon Tov odnynti eEmteptkot optiov dev meptAoppdveton).
To yé&po eivor m mo apyn Aettovpyio dedouévou 6Tt ot YpoUUéG ToPLACIOTOg dlooyi-
Covv kou T1g dvo pviueg (flowGroup, outMask) kou dev ypnotporotovvton cucONTipLot evi-
o LTéC. O1XpOVOL TPOETOLLOGTIOG HEVOVHVGEWV KO SEGOUEVWV LETPTIONKOLY (O TTPOGS TO PO-

AOL TOL praivel Koppdtt tov kukAdportog full-custom.
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Timing Table
parameter min  typ max unit
FlowGroup match access’ 64 ns
OutMask match access' 6.3 ns
CreditMask modify accesst 4.9 ns
CreditMask cycle time 10 ns
Priority Enforcer (eval. phase stage A) 42 ns
Priority Enforcer (eval. phase stage B) 47 ns
HTRF accesst 3.1 ns
Address setup time 0.5 ns
Data setup time 0.5 ns

Mivakag 3.1: XapaKPLOTIKA ArTOTEAECUATA XPOVIOUOU TWV KU-
KAwpAatwy full-custom

O enduevog Tivokog eKOETEL LETPNGELS YLOL TO Y DPO KL TNV KOTAVAA®GOT 16 V0G TOV

Stapdpwv kvkAmudtov full-custom. H tedevtoio amoterel péco 6po amd mpocopoimon

didpkeroc 100 ns. H dpootnptdtnta 6T1¢ €166001G LEYIGTOTOUONKE KOrtd TO duvortdv. O

YopoKTNPLoUdS ‘‘typical” avapépeton oe Beproxpoacio 25 C, tédomn tpopodociog 3.3V ko

povtédo tpaviiotop tumko® peduatog. To ““maximum’ avogépeton o€ Bepuokpacior 0°

C, tédom tpoodociog 3.6 Volt kon poviéha tpaviictop uéytotov pebuatoc. 'Evo oxetikd

UEYEAO KAGOUO TNG 1Y VOG KOTOVOAMVETOL OO TLG UVTLEG, TTOL elvOi o eTIK LEYGAES KO

TOAOTOPTEC,
Area and Power Dissipation of Full-custom circuits
block Ityp (mA) Ptyp (mWatt) Imax (mA) Pmax (mWatt) | Area (mm?)
decoder A 2.6 8.6 3.6 12.9 0.097
decoder B 2.6 8.6 3.6 12.9 0.097
FlowGroup & OutMask mem 28.0 92.4 31.7 1141 0.624
Priority Enforcer scheme 1.8 5.9 2.5 9.0 0.41
Mux3-to-1 1.9 6.3 2.1 7.6 0.045
Encoder 2.0 6.6 2.3 8.3 0.246
CreditMask mem 9.7 32.0 11.1 40.0 0.264
HTRF mem 7.0 23.1 7.9 28.5 0.2
Free List 8.4 27.7 10.6 38.0 0.566

taccess times are measured from clock
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Total

\ 64.0 211.2 75.4 271.3

2.55

Mivakag 3.2: H ekTipoUuevn KATavaiwon loxUuog avauéveTal va
TIAPOUCLACEL UIKPY) ATIOKALOT aTtd TNV MTPAYUATIKY) AOY® SLaKUPAV-
CEWV NG TEXVOAOYIOG KATAOKEUNG KAl AVAKPIBEIWY OTIG HETPN-
o€lg
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eodA0n0 4

Enextdoeig ko1 Xvunepbonoto,

4.1 Enextdoelg

H e&éMEn g texvoroyiag VLSI kdvel Tnv Hrapén evog KovoypnoTov evIouenty 512 9
1024 xuttdpwv vo eoivetol ekt orjpepo. Henidpoon duwg g ordEnong tov dtobéoton
XOPOL OTOONKEVON G ENMEKTEIVETOU KO £C TOV EAEYKTH TOAAATAMY 0VPAV, POV Ol TEPLG-
cbtepeg amd TG O0UEC OedOUEVMV TTPEMEL VOL TOAAOTAOGLOGTOVV OvTiGTOLY 0L GTO UEYEDOG.
EvtoUtolg, n dpuun mio teyvoAoyia twv 0.35 um CMOS e16éryetl kot GALO EMTAEOV TAEO-
vexTuorto, Oneg devtepo polysilicon, 6tpoen TV KaAwdinv e yovia 45°, Kou yprion Tov
TEUTTOV EN{MESOV LETHALOL LE TN LLKPHTEPT AVTIGTOOT), TOV T TAV O PTGUYLOTOINTO TPOG
10 Topdv. OAo T, cuvdvaldueva pe TNV 1101 ETOEEAT| TEYVOLOYiO SEKATMV TOL UIKPO-
UETPOL TPOGPEPEL KiIGE0EES TPOOTTIKES Y10 OAOKANp®OM GA0 KO UEYHAVTEPMV ULVTILMOV
Ge OLTOV ToV Hetaorywyéo Tov evog chip.

Apxetéc texvikéc oxedlaomnc éxovv avopepBel Tov Ba propovooy VoL VI0BETNOOVV YLoL
vo, vénBel M ToVTNTOL TOV Sl ELPLOTH| TOAALUTADY ovpwv. T mopdderypa, dioipeon
TOV WWNUOV OE LLKPOTEPES, LEPOPYLKT] OTOKMILKOTOIN G, G LOITOL YLoL Tor VTOTT) oicOnon
petaBordv téong otic SRAM xou 6tig CAM, peimon g petaforrc tne téiong tov bitlines
N otig ypoupéc dedouévav, 1 mo Pobiég pipeline 660 opopd 10 EMINESO APYLTEKTOVIKNG.
And v dmoyn g teyvoroyiog, n xprion BiICMOS punopel va €xel ETOPEAT| MTOTEAEGLOITOL.
Ot peydaot odnNyNnTég AOYoL X 6pm, TO LOKPLA CUPUATOL LE LEYEAT X OPNTIKOTNTC, Ol TTAT-
PELC LETAPOAEC TAONG OE POPTMOUEVES YPOUUES O EPAETOV ONUOVTIKE MEEAT LLE SITOALK AL
tpaviiotop. TTopdro vTd VAP OLY TOALOT TapdyovTeG TOL EMNPEGLOVY TN GUVOAAOYT|
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petolv kobvotepricewy Kot 1oyvog. EmmAéov, 660 a@opd Ty amodoTikOTnToL G EVEP-
YEWO, Uo TOLKIALOL TopOryOVTI@V TTPEMEL vou ANeOOoVV vtdym OTm¢ epELVAETOL KOl Otd TOV
[CSB92]. To 6TLA TNG AOYIKNG, M AOYIKT) GLVAPTNGN TOL VAOTOLELTON, M) TEXVOAOYiOL TOV
xpNoomroleitol elvor amd Tovg KUPLOVE TOPBEYOVTEC OT GYESOOT YLOL Y OUNAT KOTOVEL-
Awon. TéLOG, GUVIGTAGESG TOV GULVELGPEPOLV GTNV KATOVAAMOT 1GYV0¢ TePLAOUPEVOLV
evolgeceg LeTofEoelg AdYm KOTOOTAGEMY KPLTLKOV OVTOYOVIGHOV, SloppOoES KO LLOVO-
naTior omevOeiog orywyng peOIATOS, LETORACELS TPOPOPTIONG Ko LETOPACELS GE Oy pMOL-
pomoinTo TURUOTO KUKAMUAT®V.

SUUTEPOCLOTIKE, SLa@oiveTon QLT 1 SuvortdTNTO AOENGN G TOL OPLOOV GLVIECUMV
€106001/e£G30V KoL (POl KO T®V YEYOVATMOV OV GLUBAIVOUV GTN XPOVIKY| SLAPKELD. EVOG
KLTTEPOV, 1} 160dVVOO 1 SLVOTHTNTO AHENGNG TOL PLOULOV POTIG TV KLTTAP®V TEV® OO
TOVG 101N VITEPYOoVTEC GLVOIEGULOVE. Ot BeAtddoelg cruTég PEPorar omantovv Aemtopepéctepn
UEAETN Kou €PEVVOL.

4.2 XYvunepdounoto

Ot oot oeLg TV GUYXPOVMV SIKTOHMV Y10l TOLGTNTO VINPECLAV KoL AeLTovpyio. 6e vyn-
AEG ToxHTNTEG 0ONYOVV GTN XPTION TPONYUEVMV GYNUETOV VLo LETAY YT KoL EAeYY0 pOoNG,
ToL OTtoioL [LE TN GELPE TOVE aTailToVV ourodoTikT) VAomoinon e hardware yio tn dtotripnon
Ko Sty elplom TOALOTAGY 0VPAY KVLTTAP®V. AVTH M epyacio mopovcioce TNV vAoTOINnoN
e VLSI 100 YvTocuoTiuotog dtonxeiplong TOAAOTA®Y ovp®dv Tov ATLAS I, evig petoryw-
véo ATM oAokAnpopévou oe éva chip. To chip ovwtd, T0 omoio vAomotleitol Ge ey voroyio
CMOS 0.35 micron, EVGOUATMOVEL APKETE CTIULOVTIKA Y OPOKTNPLOTIKA: GEPLAKOVS GUV-
SEoUOVEC VYNNG ToOTNTOG, EVOV KOLVOXPNOTO EVIUULELT] dedoUévmV Yo 256 KOTTOPOL,
éLeyyo pong Béoel mot®oemv, Tpial ENinEdO TPOTEPALOTHTOV, KOl dSuvorTdTNTO YLor multi-
casting.

[Mopovoidotnke pio amAr] Kot omodoTiky VAomoinom g doyeiptong ovpav, ypnot-
pomowwvtog texvikég oxedioong full-custom. Exedidiotnrav pvrueg SRAM 800, TpL®v Ko
TECCEPWOV TOPTAV e e101KEC Aettovpyieg, uvriueg CAM 000 Ko TPLMOV TOPTHOV, OTOKMOL-
KOTOUNTEC, TOKMILKOTOLNTES TPOTEPOLOTNTAG KO TO TEPLPEPLAKE. TOVG KLVKAMUOTO. Emi-
ONG, TAPOVOLACTNKE EVOLG VEOS UNY OVIGUOG ELTNPETNONG TOAAATAMY OUESWV pOdV, 0 0TTO10G
e€acparilel dikonooHvn Heta&H TOV OUEOWMY POMV.

To Tufiuo TG doxeiptong ovpav mov oxeddiotnke oe full-custom aroteleiton mepinov



omd 65,000 tpoviicTopg oe Aoy ko 14 Kbits oe pviun, xotodopuBévet xdpo 2.3 mm?,
KOl 01 TPOGOUOLDOELG amédeI&av GTL Aettovpyel o€ cuyvoTnTor 80 MHZ V16 TIg XEPOTEPES
GULVONKEG, Kol KaTOvoA®veL 1oy 0 0.27 Watt.
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Appendix A

Pin descriptions of full-custom blocks

Pin Symbol Type Description
CLK Input Reference Clock
All synchronous input signals are registered on all
rising edges of CLK. All synchronous signal timings
are measured from the rising edges of CLK. All syn-
chronous input signals must meet the setup and
hold times
AO-A7 Input Synchronous Address Inputs
(Synchronous) | These address inputs are latched on the rising edge
of CLK. All address inputs must meet the setup
times referred to the rising edge of CLK.
FGDIO-FGDI11 Input Synchronous Data Inputs
(Synchronous) All data inputs to Flow-Group memory are latched
on the rising edge of CLK.
FGSIO-FGSI11 Input Synchronous Search Data Inputs
(Synchronous) These search data inputs to Flow-Group memory
are latched on the rising edge of CLK.
FGDOIO-FGDO11 Output Data Outputs
(Synchronous) | All data outputs from the Flow-Group memory are
latched on the falling edge of CLK.
FGCE Input Synchronous Flow-Group enable
(Synchronous) | This input is active low and controls the decoder A

andthe sense amplifiers of Flow-Group memory, on
read operations.

63




64 Appendix A. Pin descriptions of full-custom blocks
Mivakag A.1: (continued)
Pin Symbol Type Description
FGOMR/W Input Synchronous Read/write
(Synchronous) | This signal controls the read or write function of
Flow-Group and OutMask memories. When it is
low performs write operation, while when high and
FGCE and OMCEL are activated a read is per-
_ formed
SE Input Synchronous Flow-Group Search enable
(Synchronous) | This input is active low and is latched on the rising
edge of CLK.
OMMD Input Synchronous OutMask Modify
(Synchronous) | This input is active low and is latched on the rising
edge of CLK. It enables a modify (reset) operation.
OMCE1 Input Synchronous OutMask port1 enable
(Synchronous) | This input is active low and controls the sense am-
plifiers of OutMask memory allowing read opera-
tions. ltis latched on the rising edge of CLK.
OMCE2 Input Synchronous OutMask port2 enable
(Synchronous) | This input is active low and controls the sense am-
plifiers of OutMask memory allowing read on mod-
ify/read operations. It is latched on the rising edge
of CLK
OMDIO-OMDI16 Input Synchronous Data Inputs
(Synchronous) All data inputs to OutMask memory are latched on
the rising edge of CLK.
OMMDIO-OMMDI16 Input Synchronous Modify/Data Inputs
(Synchronous) | All modify data inputs to OutMask memory are
latched on the rising edge of CLK.
OMSIO-OMSI16 Input Synchronous Search Data Inputs
(Synchronous) | All search data inputs to OutMask memory are
latched on the rising edge of CLK. These input sig-
nals are not enabled by any signal. All bits must be
0to avoid searching.
OMDOO0-OMDO16 Output Synchronous Data Outputs
(Synchronous) All data outputs from OutMask memory are latched

on the falling edge of CLK.
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Mivakag A.1: (continued)

Pin Symbol Type Description
OMMDOO-OMMDO16 | Output Synchronous Modify/Data Outputs
(Synchronous) All modify data outputs from OutMask memory are
latched on the falling edge of CLK.
MGCE Input Synchronous Management Address Enable
(Synchronous) | Thisinputis active low and controls the decoder B
MGTAO-MGTA7 Input Synchronous Management Address Inputs
(Synchronous) | These address inputs are latched on the rising edge
of CLK. All address inputs must meet the setup
times referred to the rising edge of CLK.
CRDS, MGTS Input Asynchronous Control Inputs
(Asynchronous) | These input signals control the address multiplexer.
CRCE Input Synchronous CreditMask Enable
(Synchronous) | This input is active low and controls the sense
amplifiers of CreditMask memory allowing read on
modify/read operations. It is latched on the rising
edge of CLK.
CRW Input Synchronous CreditMask Write
(Synchronous) | Thisinputis activelow anditislatched on therising
edge of CLK.
CRMD Input Synchronous CreditMask Modify Input
(Synchronous) | Thisinputis activelow anditislatched on therising
edge of CLK.
CRDIO-CRDI17 Input Synchronous CreditMask Data Input
(Synchronous) | All data input signals to CreditMask memory are
latched on the rising edge of CLK.
CRMDIO-CRMDI17 Input Synchronous Modify/Data Inputs
(Synchronous) All modify data input signals to CreditMask memory
are latched on the rising edge of CLK.
CRMDOO-CRMDO17 | Output Synchronous Modify/Data Outputs
(Synchronous) | All modify data outputs from CreditMask memory

are latched on the falling edge of CLK.

Mivakag A.1: Pin descriptions of full-custom blocks
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