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Emokonnon

* Elocaymyn 6To EVOOUATOUEVO GUGTHLOTOL

* Teyvoroyiec viomoinonc (ASIC-layout, FPGA «Am)
Enelepyaotéc €101K00 GKOTOV

*  Oiuata aPYLITEKTOVIKNG

['AwoGeg meptypapng VAIKOV

 VHDL, Verilog

* Ylomoinon oce FPGA

Enelepynaotég yevikov 6KOmToL

Mukpoereyktéc PIC
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e Ot YITOAOYLOTEC WC ZUCTOTLKA ZTOLXELQ,
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2xedlaopoc Wnoplakwv Zuotnuatwyv o€ FPGAs,
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High Performance Embedded Computing
Wayne Wolf
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0132599702
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MODERN EMBEDDED
COMPUTING

BifAoypaopia

Embedded System Design: A Unified
Hardware/Software Introduction, Frank
Vahid, Tony D. Givargis, Wiley (2001),
ISBN 978-0471386780

Modern Embedded Computing,
Peter Barry and Patrick Crowley,
(2012), Morgan Kaufmann, ISBN
978-0123914903

Embedded Systems Design with
Platform FPGAs, Ronald Sass Andrew
Schmidt, (2010), Morgan Kaufmann,
ISBN 978-0123743336



Qpec Madnuatoc

cumtn 19:00 —21:15




Telkn AZioAoynon - BaOuoAodynon

TeAukoc BaOuo

Babuoc oty tedikn e&etaon (100%)

Avvatomra ekmovnong Bondntikng epyoaciog




Evoopoatouevo 2uetnuoto

2ovnbm¢ pe tov 0po YToAOYIoTIKO X0GTNUA
AVOPEPOUACTE OE

« PC
* Laptop
* Server

e Mainframe

2TNV TPOLYLUOTIKOTNTO DVILAPYEL EVOS AAAOC TOTOS VITOAOYICTIKMV
GUGTNUATOV, TOAD 10 SLOEOOUEVOG . . .



Evoopoatouevo 2uetnuoto

Yr

OLOYIGTEG VTLAPYOVY Evooupatougvo 2votnuozo
b... e e s
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Kot €00 ...

(&)

Axoun kot €0M... %

Y TOAOYIGTIKA GUGTILOTO, EVGOUATOUEVAL
GE NAEKTPOVIKEC CUGKEVEC

AvoKoAo va optoBolv emakpiac.

Avvntikd kdOe LVTOAOYIGTIKO GOoTN U
EKTOC TOV “KAOGTKOV”” VTTOAOYIGTY

AlceKaToupdpLe. LOVAO®V TopdyovTot
ETNCIWC GE CLYKPION UE EKATOUUDPLOL
novaoec desktop vmoroyiotwv




Evoewtikn Alota...

Anti-lock brakes
Auto-focus cameras
Automatic teller machines
Automatic toll systems
Automatic transmission
Avionic systems
Battery chargers
Camcorders

Cell phones

Cell-phone base stations
Cordless phones

Cruise control

Curbside check-in systems
Digital cameras

Disk drives

Electronic card readers
Electronic instruments
Electronic toys/games
Factory control

Fax machines
Fingerprint identifiers
Home security systems
Life-support systems
Medical testing systems

Modems

MPEG decoders
Network cards

Network switches/routers
On-board navigation
Pagers

Photocopiers
Point-of-sale systems
Portable video games
Printers

Satellite phones
Scanners

Smart ovens/dishwashers
Speech recognizers
Stereo systems
Teleconterencing systems
Televisions

Temperature controllers
Thett tracking systems
TV set-top boxes
VCR’s, DVD players
Video game consoles
Video phones

Washers and dryers




Evoouatouevol VTtoAoYIGTEC




EVoOwPaTWPEVOI UTTOAOYIOTEG - AUTOKIVNTORIoMNXAVid

. [epiooodtepol amo 70 EVOWPATWHEVOI

ETTECEPYAOTEC EAEYXOUV:
Kivntipa (upnAn atrodoaon, XaunAn karavaiwaon)
2UO0TNMATa Aveong Kal EUKOAIQGC

2UOTNMATA ao@aAEgiag

. Anti-locking Braking System (ABS)

. Dynamic Stability Control (DSC) system

. Anti-Slip Control (ASC) system

. AvATrTuén Twv agpOoAKwWYV

. Tlep1opIopog TV (wvwv aoPaAgiag

. AloOnTNpPEC TTPOOKPOUONG

. AloBNTNPEC TTiEONC TWV EAACTIKWV
2UCTAMATA ETTIKOIVWVIWY




Evoouatouevol btoAoyliGTeC oTHV LTOKIVIITOPtopnyovio

|EEE Spectrum 2009:

The cost of electronics as a percent of vehicle costs climbed from around
5% in the late 1970s to 15% by 2005 (excluding final assembly costs).

For hybrids, where the amount of software needed for engine control alone
is nearly twice as great as that for a standard car, the cost of electronics as
a percent of vehicle costs is closer to 45%.

Within 10 years, some experts predict that the cost of electronics are
expected to rise to 50% for conventional vehicles and 80% for hybrids.

For today’s premium cars, the cost of software and electronics can reach
35 - 40% of the cost of a car, with software development contributing
about 13 - 15% of that cost.

If it costs US S10 a line for developed software (which is low) for a premium
car, its software alone represents about a billion dollars” worth of
investment.



EX kot loT

 Embedded systems is a subset of IoT.
* IoT is simply "A network of Internet connected objects able to collect and
exchange data."
* The word "Internet of Things" has two main parts;
* Internet being the backbone of connectivity, and
* Things meaning objects / devices .
* Simply put, you have "things"
* (things are nothing but your embedded system devices)
* that sense and collect data
* and send it to the internet.
* This data can be accessible by other "things" too.
* Finally,
[oT=ES+NT+IT
* At the simplest level, IoT 1s a combination of Embedded Systems (ES),
Network Technology (NT) and Information Technology (IT).



Evoouatouevol VTtoAoYIGTEC

To nio paydaia avanTuGOOPEVO KOMKATI TNG
ayopac TwV UNOAOYIOTWV

MEpoC evOC HEYaAUTEPOU OUOTHMATOC

>€ NpoIOVTA €UPEIAC KATAVAAWONC

TnAENIKOIVWVIEC,

AuToKIVnTORIOMNXAVIQ,

AepodiaoTnpikn, IaTPIKEC EPAPHOYEC
MepiAapBaver:

EvowpaTwpevoug eneEepyaoTeC /MIKPOEAEYKTEG

Mvrun (Flash) / ZkAnpouc diokoug

> UOKEUEC €10000U-£E000U €101KOU oKomnou

AvaloylkG cuoThnHaTa, aiobnTAPES, KA.
Meyaho €UpoG eneEepyacnTIKNC I0XUOG/KOOTOUC

. 8-bit, 16-bit, 32-bit CPUs

CPUs via

video games,

network switches kAn.

Embedded
computers

BPIZKONTAI MANTOY




Ayopd VTOAOYIGTMOV
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IToANcElC emeCEPYAOTOV

EkaToupupia eTeepyaaTwv
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EtrelepyaoTég
€101KoU
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E 80% SoC
Mobile
Applications
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Evoopoatouevo 2uetnuoto

Emoxonnon

T1 etva;
2YEO0L0OTIKEG TPOKANGELC - PEATIGTOTTOINGT
Teyvohoyiec Gyed1OGUOV

Enelepyaotn
OAOKANPOUEVOV KUKAOUATOV



T etvon Evoouatopévo 2votnua

@ 'Eva vtoAoY16TIKO GOGTNLO LLE TTEPLOPIGLLOVC

@ cuyKeKPIUEVN EQUPLOYT

@ pvom popen

@ 10y0¢

@ 7TOPOoL KUl YOPOKTINPIGTIKO GUGTHLOTOG
@ cvumepLpopd ToL YPNoTN




E@apuoyec Kot QUOGIKT Lopen

® Ta EX otoyevovv g cuykekpiuévn epapuoyn (M
KOTnyopio EpOPpUOYDOV)

©® To péyeboc ko n popen cvyva kabopilovral amd 10 100G
G EQOPHOYNG
*  2VOKEVEC LUTPIKNG TOPAKOAOVONGNC TOV POPLOVVTOL OO
acOeveic, mpémel va Exovv popen kot BApog Tov va. unv
TopeUTodilovy TV Kivion tov acBevoig
* 'Eva xivntd tAépmvo npénel va £xel uéyebog mov va
TOV EMTPETEL VA, YOPAEL GTNV TCETN



Evoouatouevol VTtoAoYIGTEC

NpwTapyikoc oToxoc: EniTeu&n Tne {nToupevnNC anodoong e
TO MIKPOTEPO OUVATO KOOTOC
Anodoon cUPPwva Pe TIC NpodiaypaPeC
. n.X. video frame processing
AN\a Bepara:

EAaxioTonoinon anairouphevng Hvnung
. 2NMAavTIKO HEPOC TOU CUVOAIKOU KOOTOUG

EAayioTonoinon katavaAwonc 1oxXUoc
. Xpnon pnaTtapiag
. packaging xapunAOTEPOU KOGTOUC
. anouacia Yuénc
A&ionioTia, aopaleia
. Ta kpiopec epappoyec (safety critical applications)



* H xatavdAimon oydoc etval KaboploTikOc TEPLOPIGLOG
 2ta EX 1 woydc¢ xopaiveton amd microWatt uéypt pepikd
Watt
* ovvnBmg AElTOVPYODV GE UIKPOVS YOPOVGS, UE UTOTOpiol
* M anoywyn Oepuotnrog eivol To OVGKOAN
*  Avaykaiol unyoavicuoti ooy eiptonc e 160og
*  ALQOpETIKA TPOPIA
*  YOUNANG KOTOVAA®ONG
*  VYNAOV ETOOGEWMV



2LVUTEPLPOPA YPNOTN

* O yPNOTES VTOAOYLIGTAOV TTPETEL VAL UTOPOVV VO
CVTILETOMTICOVV TPOPANUOTA KOl AGTOYIES TG GVGKELTC
*  EQUPUOYEC TOV “KOAAAVE”
*  OVAYKN Y10 ETOVEYKOTAGTACT EPUPLOYDOV
* ovveyn update
e EMewyn couPototntac
* T'evikOtepa, 0 YpPNOTNC TPEMEL VO “eCE10IKEVLTEL” GTNV
QVTILETMOTIGT] TPOPANUATOV
* AvtiBétmg, Eva EX apnvel eddyiota Teplbmpla yio To ypNno
. H Aettovpyia mpénel va eivon aSlOTIGTN Ko VIETEPUVIGTIKT)
* O ypnotnc mepével and Eva tnAEemvo 1 €va media player va £xet
duecm amoKpIon
*  Buoounyovikd EX npénel va avtamokpivovton facel Service-
Level Agreement



2yeotaotikeG IpokAncelc

210Y0¢: Katackevn vAomoinong pe v embount
AELTOLPYIKOTNTO!

[IpOKANGo™M: TV TOYPOVT IKOVOTTOINGT OLOUPOPETIKMOV
GYEOLOOTIKMOV METPLKMOV

Metpucn): 'Eval HeTpf|GLIo YopakTnpioTIKO U VAOTOINGNC



dovnopeEveg petpikec I

* NRE (Non-Recurring Engineering cost): To epamag ypnuotiko
KOGTOC GYEOLUGLLOV TOV GUGTHLLOTOC

* Kootog povadag: To ypnuatikd KOGTOG KATAUOKELNG KAOE
avTLYpAPOoL TOL GLGTNUATOC, ECopmvTog T0 NRE

* Mgéye0og: O puGIKOC Y®OPOC TOL ATOLTELTAL OTTO TO GUGTILLO!
* Amoooon: O ypovog ektéleonc N To throughput Tov GuoTuOTOC

* loyvc: Evépyela mov katavoAl®vETOL 0TO TO GUGTIC

* Flexibility: n ikavotnto vol 0AAACEL 1] AELTOVPYIKOTNTO TOV
GLGTNUOTOC YWPIS VYNAO KOoTOC NRE



2ovniouevec petpikec 11

* Time-to-prototype: O amattovUEVOC ¥POVOS KOATAGKELNG UG
AEITOVPYIKNG £KOOCTG TOL GUGTILOTOG

* Time-to-market: O amoutoOuEVOS YPOVOS Y1a. TNV AVATTLEN EVOG
GUGTNLOTOC TTOV VO UTTOPEL Vo TmANn0et

o Yvvmpnowpotntae: H ovvatotnta tpomomoineng tov
GUGTNUOTOC LETA TNV OPYIKT] KOKAOQOPI TOV

* OpOotnro, acealrera



Ol PETPIKEC EIVAL AVTUKPOVOUEVEC. ..

Power T

1—
Pertormance Si1ze

l NRE cost

* T va umopécovpe vo PEATIOCTOTOINCOVUE TIC LETPIKES
YPELACETUL EUTTELPLN TOCO UE TO AOYIGUIKO OGO KO LE TO DAIKO
* O oyedaoTG TPEMEL VO, YVOPILEL OLAPOPEC TEYVOLOYIES Y10l VO
EMAEECEL TO KOAVTEPO UE Paon
* TN GLYKEKPULEVT] EQOPLOYN KOl
*  TOVG TEPLOPIGLOVG



NRE kot k0ot0¢ povaoag I

Kootog povaoos: To ypnuotikd KOGTOS KOTOGKELTC KAOE
avVTLYPAPOL TOL GLGTNUATOS, ECopmvTog T0 NRE

NRE (Non-Recurring Engineering cost): To epdmad xpnuotikd K06T0G
GYEOLOGLOD TOL GLGTNUOTOC
2vvolko k0610¢ = NRE + (Kootog povaoag) * (ITA0oc povaowv)
Kootog ava mpoiov =

(Zvvoiiko kootog) / (ITAN0oc povadwv)=

NRE /(ITA00¢ povaowv) + Kootog povaooc

[Hapdoetypa: NRE =€ 2000
Kootog povaoac =€ 100
['a 10 povédoec:

2uvolko koctog =€ 2000+ 10 * € 100 =€3000
Kootoc avd mpoiov = & 210000 +€100=€300




NRE ka1 k0otog povaoag I1

$200.000 = $200 \
-
4 4 ——s

\ ) —

0 80 1600 2400

Numrber of units (volume) Numbed of unts [valume)

Teyvoroyia A: NRE = € 2.000, Koctoc povdoag =€ 100
Teyvoroyia B: NRE = € 30.000, Kootoc povaoog = € 30
Teyvoroyia C: NRE =€ 100.000, Koctoc povdoog = € 2



Time-to-market

Revenues ($)

Time (111011f115)

* O ypOVOC TOV OTTOLTELTOL Y10, TNV AVATTUEN EVOC TPOTOVTOS GTO
onueio mov va pumopel va toAndel oe meAdTEC

e Market window: Ilepiodoc katd tnv omoia to Tpoidv Oa Exet TIC
VYNAOTEPEC TOANGELS

* Ot k0BVGTEPNGELS EIGAYOVV «YAGOVPO



Time-to-market: Amrhomoimuévn TpocEyyion

Peak revenue

A~ N ATIAOTIOLI OELC:
delayed entry 1. Ta tplywva ATA, AAZ
Market fall Bewpouvtal LoooKeAN

2. OLAA kat BE eivat mapaAANAEeG

On-

Market rise

Revenues ($)

De

( D W r W
Delayed Time

On-time
entry entry

/\>
l; v

H owdpkera Comc tov mpoidvtog sivon 2W

Anuovpyeiton Eva tpitywvo BAceL TV YpoOveV

To euPaddv Tov TprydVOL OiVEL TIC TOANGELC

H dwopopd petacd tmv 2 Tprtydvmv Oivel TIC ammAEIE AOY®
KaBvoTéEpnong



[Tapdostyua

* 0O kUKAog LwN¢ evoc tpoilovtoc eival 24 pnveg (2W = 24).

 To ouVOALKO TTANBOC CUCKEV WV TTOU OVALUEVETOLL VO TTOUAN OEL TO TIPOLOV Eivall
100.000.

* AUO avtaywVvioTpleg sTapeiec Eekivouv tn dtadikaoia oxedlaopou Tou
NPOLOVTOC TAUTOXPOVAL.

 H Etawpeia A emidéyet va emevduoel NRE 500.000 supw Kol ONOKANPWVEL TO
oXeOLALOO TOU TIPOLOVTOC O€ 4 UrVec.

 To KOOTOC KATAOKEUNC TNG KABE CUOKEULNC yLa TNV A givat 40 supw.

 H Etaipeia B emAéyel va emevduoel pikpotepo NRE (100.000) kat va
OAOKANPWOEL TO oXeOLAOUO 0 8 LAVEC UE TO 1810 KOOTOC KATOLOKEUNC.

 OLbUo statpeic mwAoLv to Tpoidv otnv tdLa twun, 80 supw.

* Oewpnote OTL OL TWANOELC aKOAOUBOUV TNV KATOVOU TPLYWVOU Kol OTL Oev
UTTAPXEL AAAN AVTAYWVLOTPLA ETALPELO OTO CUYKEKPLUEVO TIPOTOV.

* [lolo eival To cUVOALKO TANBOC CUCKEV WV TIou TTOUANCE KABE eTalpeia KalL ToLo
To KEPOOC KAOE eTaLpelac;

* [lowo To oUVOALKO MANOOC CUOKEL WV YLOL TO OTTOLO OL SV O ETOLPELEC EXOUV TO

810 Képdog; MEXPI EAQ 17/10/2018



Evpemc ypno1uomotovuevn LETPIKN
*  AUGKOAO LETPNOLUN
*  2VYvOTNTO POLOYLOV, EVTOAES OV OEVTEPOLETTO

* Eivon koAd puétpo;
*  Ynowkn eotoypapikn —
* O yPNOTNC EVOLOPEPETOL YO TNV TOYVTNTO EXECEPYUTTOG
TOV EKOVOV,
e Oyl ylo TNV TAYVTNTA TOL POAOYLOD 1 TIC EVTIOAEC AV
OEVTEPOAETTO

* Kabvotépnon (xpdvoc amodkpilong)

e XpOvog LETAED EvapENG Ko ANENG L0 EPYOCTOC
* M xduepa A eneepydleton ekoveg o 0,25 sec
* Apaoce 1 sec eneepydleton 4 ewkdvec



Throughput
* Epyoociec avd osvtepdrento

 Hxduepa A eneEepydleton 4 eicoveg/sec

e To throughput pnopei va givon peyohvtepo and 6co emPdrel o ypoOvog
KaBvoTépnong

* Mo kauepa B umopetl va £xel ypovo enecepyosiag 0,25 sec, aAld va
enelepydleton 8 ewkoveg/sec

*  ANyn véag EIKOVAC EVO 1] TPOMNYOVLEVT] atodnkevETIL



Teyvohloyiec EX

Teyvoroyia - Opiouog:

O tpOTOC eMiTELENG WG EPYOGIOG, LLE TN YPTON TEYVIKDV
OLHLOIKAGLOV, LEBOOWV 1) YVOGONC

210 EX e€etdlovue tevoLOYiEC:
Enelepyaot
OAlokAnpouévov Kukhoudtov



Teyvoroyia EneCepyoaot 1

H apyrtektovikn Tne unyoavig VTOAOYIGUOD TOV YPNGILOTOLEITO
Y10, TNV VAOTTOIN o™ NG ENOLUNTNG AELTOVPYIKOTNTOS EVOC
GUGTIUOTOG

"Eneepyaotnc” o€ onuaivel movta emeEepyasTng YEVIKOD GKOTOV

Controller Datapath
) Register
Control file
logce
|
T T CGeneral
[R P(' .'\1_1_
A
Y
Program Data
Memaory memory
Assembly
code for:
total = 0
fori=lto...

Emsiooyaahc yEVIKOU JKQTIOU



Teyvoroyia EneCepyaotn 11

Ot enelepyaoTEG OLOUPEPOVY GTNV TPOGUPLOYT TOVG OVAAOYO LUE
T0 TPOPAN UL

total =0

fori= 110N loop
total += M)

end loop



EnreCepyaotng yeViKOO GKOTOD

* IlpoypoppatilOpEVN GLGKELN
*  XPNGIUOTOLEITOL GE TOAAEC
EPUPLOYES
* [T yvootoli o1 x86, 13, 15, 17
*  X0pPoKTNPIGTIKA
*  Mwnun mpoypappotog
* T'eviko datapath
*  Meydlo apyeio KaToympnTOV
 Tevikn ALU
* O@én ypnong
* Miwpo NRE k0610¢
*  Mikpo time-to-market
*  Meydin eveléia

Controller Datapath
Control Register
logic and file
State register |

I | (General
IR | |PC ALU
t—

Program Data

memory

Assembly code

total =0

fori=l1to ...

memory




Emecepyaotiic LOVOOTKOD GKOTOD

*  Pnouoxd kdkAmua e101KE GYEO10IGUEVO Y10 VO
extelel akplPmc Eva TpoOypauLaL
o 2VVENECEPYUOTNG, EMTAYVVTIG M
TEPLPEPELAKO

*  X0pPOKTNPIOTIKA

o TlegpiEyer povo ta otoryeia wov
OTTOLTOVVTOL Y10, VO EKTEAEGEL TO
GUYKEKPIUEVO TPOYPOLLLLOL

* Agv umapyel Lvnun TpoypaLLOTOS

Controller

Datapath

* Oggln ypnong
* I'priyopog
e XounAn KotavaAwmon
*  Mikpo uéyeboc

Control index
logic
total
State
register T
Data

memory




[IpoypoappatilOUEVOC EMECEPYUOTING
BeATIoTOTOMUEVOGS Y10, L0 GUYKEKPLUEVT
KOTnyopio EQUPUOYOV
2ouPPacudg HETAED EMECEPYUGTH] YEVIKNC
YPNOTG KAl LOVOOTKOD GKOTTOV
XopoKTNPIGTIKA,
*  Mvnun mpoypappotog
* Beltiotomomuévo datapath
*  E101KéC OOIKEC LOVAOEC
OpéAn ypnong

* Amotelel couPifoacud avapeco oto

TPOTYOLLEVOL OVO €101
e  Mepikn eveMéia - Kaln anddoon
o ZyETIKA YouUNnAN KatovaAmon kot pueEyedog

Emecepynotnc yio ECELOTKEVUEVES EQOPUOYEC

Controller

Control
logic and
State register

Datapath

Registers

Custom
ALU

IR PC
—
Program

memory

Assembly code
for:

total =0
fori=1to ...

Data
memory




Teyvoroyio OLokAnpmonc

@ H nuébodoc pe v omoio po yneroxn vioroinon anekoviletat
o€ &va IC

@ 1C: Integrated circuit 1| “chip”
® Ta IC pmopet va amotehovvar amd moAanid eninedo

IC p. ackage

Silicon substrate



Tpaviioctop

KaTtaokeuaoTtnke To 1948 ota Bell Labs

In acknowledgement of this accomplishment, Shockley, Bardeen, and
Brattain were jointly awarded the 1956 Nobel Prize in Physics "for their
researches on semiconductors and their discovery of the transistor effect"

e ‘_-"_._'I'E i 1--‘:"'-1h L
John Bardeen, William Shockley and Walter Brattain at Bell Labs, 1948.



Agrtovpyia TpavCictop

>av d1aKkonTnG
Ermirpenel (i ox1) Tn diEAeuon peUPATOC ano To source oTo drain

avaloya Pe To peupa oTo gate

source drain

Silicon substrate



Aertovpyia TpavCicTop

. AUo TUnoI: nMOS kal pMOS

n-type substrate l p-silicon {
Cross-section of PMOS structure, Cross-section of NMOS structure,
Drain Source

Gate 4|

| |
Gate 44
N |

Source Drain

NMOS PMOS



Aertovpyia TpavCicTop

nMOS kal pMOS D
. nNMOS: pe 1 ayel, ye 0 dev ayel _|

ALK

. pMOS: pe 0 ayel, ye 1 dev ayel




Tpaviiotop kot TOAES

>uvdeovTac transistor katTaAANAa PNOpoUUE va PTIAEOUNE NUAELG ...

Logic 1 (+5V)

“ ol

Vss a =
—-——' T3

T4

 ——
|

MUAN NOT pe transistor | Logic 0 (0V)

nMOS=> 1: A, 0: AA
pMOS=> 0: A, 1: AA




Tpaviioctop Kol OAOKANPOUEVO KOKAMLLOL

...Kal TEAIKG OAOKANPWHEVA KUKAWUATA

IC ﬁackage IC

Silicon substrate

Texvoloyia Kataokeunc (65 nm, 13 nm etc)



Kdmoiec mpoPAEYELS amodelyOnKoy GOGTEG. ..

Nopoc Tou Moore

. O Gordon Moore npogRAewe (1965, 1975) Tnv ouppikvwon Tou PHEYEBOUC TwV
transistors

. AiInAao1aopocg TNG NukvoTNTAC oAokANpwonc (# transistors)
. KabBe 12 pnvec (1965)
. Kabe 24 unvec (1975)

Gordon Moore ZuvidpuTnc Tn¢ Intel



Nouoc tov Moore

10-L0re SrARL 13
Six-Core Core i7

2,600,000,000 = Six-Core Xeon 7400 @10-Core Xeon Westmere-EX
Dual-Core ltanium 2@~ @ ¢~ core POWERY
| AMD K10 L A i Tukwila
1,000,000,000 POWERG® ‘A/x‘/\'g-téaore FASSHIES 1
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Mia avaAoyia ...

transistors
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Dual-Core Intel” Itanium® 2 Processor
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Av oL 0lEPOTTOPLKEC HEeTAdOPEC eixav TNV WOLa eEEALEN He auTr TOU VOpou Tou Moore,
1o 1610 TakidL Ba kKOoTL E €va AemTO TOU gUpW Kat Ba dtapkovoe 1 SeutepoAento!



AnoTteAeopaTta TNG €€ENIENC

* Auénon T™nc anodoaonc

e Meiwon TOU KOOTOUC

e MikpoTepa oAokAnpwpueva kukAwpata (0.K.)
* [epICOOTEPEC AEITOUPYIEC



Kanoiec npoBAcweic anodeixbnkav
AaBaopevec...

“I think there is a world market for
maybe five computers.”
Thomas Watson,
Chairman of IBM. 1943
“There is no reason for any
individual to have a computer in
their home.”
Ken Olson,
President, Chairman and Founder of
Dagital Equupment Corp., 1977
“640K ought to be enough for
anybody.”
Bill Gates, Microsoft founder, 1981
(though today he denies he said 1t}
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EkaToupupia utTtoAOyIOTEG
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Fabrication

[ Chips are built in huge factories called fabs
d Contain clean rooms as large as football fields

2 ' ............. e
j ; - Courtesy of International
é.!. / \ \mﬂm\ﬂ |. - Business Machines Corporation.

Unauthorized use not permitted.



Fabrication Steps

d Start with blank wafer

d Build inverter from the bottom up

d First step will be to form the n-well
— Cover wafer with protective layer of SiO, (oxide)
— Remove layer where n-well should be built

— Implant or diffuse n dopants into exposed wafer
— Strip off SiO,

p substrate




Oxidation

d Grow SiO, on top of Si wafer

— 900 - 1200 C with H,0 or O, in oxidation
furnace

SiO

p substrate




Photoresist

d Spin on photoresist
— Photoresist is a light-sensitive organic polymer
— Softens where exposed to light

Photoresist

SiO

2

p substrate

0: Introduction 61



Lithography

1 Expose photoresist through n-well mask
d Strip off exposed photoresist

|— Photoresist

SiO

p substrate

2

0: Introduction

62



Etch

 Etch oxide with hydrofluoric acid (HF)
— Seeps through skin and eats bone; nasty stuff!!!
 Only attacks oxide where resist has been exposed

Photoresist

SiO

2

p substrate

0: Introduction 63



Strip Photoresist

 Strip off remaining photoresist
— Use mixture of acids called piranah etch
(d Necessary so resist doesn’'t melt in next step

p substrate

0: Introduction

SiO

64



n-well

d n-well is formed with diffusion or ion implantation
d Diffusion

— Place wafer in furnace with arsenic gas

— Heat until As atoms diffuse into exposed Si
d lon Implanatation

— Blast wafer with beam of As ions

— lons blocked by SiO,, only enter exposed Si

| [ ] sio

2

n well

0: Introduction 65



Strip Oxide

O Strip off the remaining oxide using HF
d Back to bare wafer with n-well
d Subsequent steps involve similar series of steps

n well

p substrate

0: Introduction



Polysilicon

1 Deposit very thin layer of gate oxide
— < 20 A (6-7 atomic layers)

d Chemical Vapor Deposition (CVD) of silicon layer
— Place wafer in furnace with Silane gas (SiH,)
— Forms many small crystals called polysilicon
— Heavily doped to be good conductor

Polysilicon
Thin gate oxide

p substrate

0: Introduction 67



Polysilicon Patterning

d Use same lithography process to pattern

polysilicon

p substrate

n well

0: Introduction

Polysilicon

Polysilicon
Thin gate oxide

68



Self-Aligned Process

1 Use oxide and masking to expose where n+
dopants should be diffused or implanted

J N-diffusion forms nMOS source, drain, and n-well
contact

p substrate

0: Introduction



N-diffusion

1 Pattern oxide and form n+ regions
4 Self-aligned process where gate blocks diffusion

 Polysilicon is better than metal for self-aligned gates
because it doesn’'t melt during later processing

n+ Diffusion

p substrate

0: Introduction 70



N-diffusion cont.

1 Historically dopants were diffused
1 Usually ion implantation today
L But regions are still called diffusion

p substrate

0: Introduction 71



N-diffusion cont.

 Strip off oxide to complete patterning step

n+

N

zZ

n+

p substrate

n well

n+

0: Introduction

72



P-Diffusion

d Similar set of steps form p+ diffusion regions for
pMOS source and drain and substrate contact

p+

n+ n+

p+ pt

n+

n well

p substrate

0: Introduction

p+ Diffusion

73



Contacts

d Now we need to wire together the devices
d Cover chip with thick field oxide
 Etch oxide where contact cuts are needed

Contact

_| Thick field oxide

p substrate

0: Introduction 74



Metalization

d Sputter on aluminum over whole wafer

J Pattern to remove excess metal, leaving wires

i

R

=

\\

0: Introduction

75



AVTIOTPO@EOQG
(kaTown)

n well

p substrate

Metal
Thick field oxide




Baoikn Aoyikn oxediaon kKol aAyefpa
Boole

MaBnuatikiy Aoyikl — MaOnuaTiki
2UUTTEPAOCHATOAOYIO

MaBnuaTIKEC TTPOTACEIC — AOYIKOI TEAEOTEC

O1 Baoikoi Aoyikoi (I Boolean) TeAeoTEC TTOU
xpnoigotroiouvtal gival oi: NOT, AND, OR.

MUAeg = Baoikd wnoiaka Aoyika oToIXEia TTOU
QVTIOTOIXOUV OTIC BACIKEC AOYIKEC CUVAPTNOEIC.

AND: Aoyikd¢ TToA/ouog (ouleucn) Boolean 'Ek¢ppaon:
B

R: NAoyikr TpocBeon (dialeuen) Boolean ‘Ek@paon:
+ B

OT: Noyik avTioTpo®n Boolean ‘Ek¢ppaon:

i ——
I 4

0
n~AnA’



Aoyikog moAAammAaciacuog (AND)

‘Exel amrotéeAeopa = 1, yovo Qv Kal o1 dUO €icodol

givai 1.
TRUE=1, FALSE=0
C=A°<B ------- C=AANDB
A A
NAoyikn MNUAn B C

[livakag aAnBeiag

Q: lNola eicodocg (0/1) kaBopilel TNV £C00O0;



Aoyikni mpoocOeon (OR)

‘Exel atmotéEAeopa = 1, eav KATTOIA ATTO TIC £10000UG I00UTAI UE

1.
TRUE=1, FALSE=0
C=A+B -—------ C=AO0ORB
AoyIkr TTUAN ’; c
[livakag aAnBeiag

Q: lNola eicodocg (0/1) kaBopilel TNV £C00O0;



Aoyikn avTioTpo®n (NOT)

‘E¢odoc¢ avTioTpo®pn TNG 10000V

Aovikr MOAN LDoiA

A ~A

[livakag aAnBegiag




NAND

‘Exel amrotéeAeopa = 1, yovo Qv Kal o1 dUO €icodol

eival 1.
TRUE=1, FALSE=0
C=A+*B ------- C=AANDB
Aoyik FIOAN ’;‘ c

[livakag aAnBeiag

0
0
1
1

—_l ol —] O
O =] =]

Q: MNola eicodoc (0/1) kaBopilel TNV £¢0dO0;

Q: MNola eicodoc (0/1) avTtioTpEPEl TNV AAAN €i0000;



2uvdualovTtag Aovyikég MUAeg

H £§000G¢ EVOG OUVOUUOTIKOU KUKAWHATOG
ESAPTATAI HOVO ATIO TIC EKACTOTE EICOOOUG.

D ) D—v

AND - OR Aoyiko KukAwpua



2uvoyn: Aoyika KuKAwuarta - NMUAeg

0 AND:F=A-B A "l anp) > F

H £€€odoc F cival 1 otav 6Agg ol gicodol (A, B) eival 1

A
Q OR:F=A+B BF

H £€€odoc F cival 1 étav TouAdxioTov Jia €icodog eivai 1

O NOT:F=A AF

H £€0doc¢ cival To avTiBeTo TNC £10000U

Q0 XOR:F=A-B+A-B ’;ZQF

H £€€odoc F cival 1 étav pia Kai pévo Hia €icodoc civai 1

O NAND:F=(A - B)
d NOR:F=(A+B)

d XNOR:F=A-B+A'-B'



NMuAeg: Aoknon

‘EoTWw n AoyIikn ouvapTtnon:
F=A-B'+A"-B-C

1) F'payTe TN ouvApPTNON, XPNOIMOTTOIWVTAC TA OVOUATA
Twv TTUAWV (AND, OR, NOT)

2) 2XeQIA0TE TO AVTIOTOIXO AOYIKO KUKAWMO

3) 2xnuartioTe ToV TTivaka aAnBeiac Tn¢ F



NMuAeg: AOKnon

F=A-B'+A"-B-C
F = (A AND (NOT B)) OR ((NOT A) AND B AND C)

AOYIKO KUKAWUA

[ivakac aAnBeiac

A B C A B K=] L= F =

AB’ | A’'BC | K+
0 0 0 1 1 0 0 0
0 0 1 1 1 0 0 0
0 1 0 1 0 0 0 0
0 1 1 1 0 0 1 1
1 0 0 0 1 1 0 1
1 0 1 0 1 1 0 1
1 1 0 0 0 0 0 0
1 1 1 0 0 0 0 0




IC Packaging

IC Packaging

® HAektpikéc cuvoéaelg pe to chip yio ) peTopopd GMNUOTOG
KOl 16Y00C

@ Ilpoctacia amd TV vVYpacia, TN OKOVI, TO OEPLA, KOl AAAES
TOaVEC TPOCUEIEELC

© Anaywyn Oepuotntog




Teyvoroyia IC

Tpeic tomor teyvoroyiag IC:
[TANpw¢ mopapeTporomciun/VLSI
Hu-rapoperporomoiun ASIC (Application-specific integrated
circuit)
PLD (Programmable Logic Device) / FPGA



[TANpwg mapapetportomoiun/VLSI

* Olo ta emimeda eivor PeAtiotomomuéva yio €va, cuykekpiuévo EX
* TomoBeétnomn ko pnéyebog transistor
*  Koalmoioon
* O@éin
* E&aipetikn amdooon,
* ukpoO puéyedoc,
* YounAn woyog
*  Melovektuato
*  YynAo k6otog NRE (m.y. $ 300k),
*  Meydio time-to-market



[TAMpw¢ mapapetportomoiun/VLSI (cuv.)

* O oYENNGTNG TPEMEL VO, OLOYEIPIGTEL T EMUEPOVE
YEOUETPIKA GYNUATO TO OO0 AVTUTPOCGMTEDOLYV T
YOPOKTNPIGTIKA TOV KAOE TpaviicTOp Yo TO TGUT

* M anAn oyeoiaon pe 3000 mOAeg umopel vo amontet
owayeipion 300.000 opBoywvimv ava chip

* H péon nuepnoio mopaymyn evoc unyovikov eivon ATyeC
OEKAOEG TpaviioTop



Hu-rapapetporomoiun ASIC

*  ToayounAotepa otpoduoT Vol TANPOG 1] LEPIKMDG

VAOTTONUEVAL
*  Ouoyeotnotég avarauavouy T 0poULOAOYNOT TOV KOAMOI®Y
*  O@éin

*  Koaléc emoooelg,
*  KoAO péyebog,
* ukpOtEPO NRE 0o 0,711 (o mANpm¢ TopoUETPOTOIGLUN
gpappoyn ($ 10k - § 100k)
* Melovektnuata
e E&axoAovBolv va amaitovvral EOOUAOES EMC UNVES Yia
TNV AVATTLEN



PLD/FPGA

* Olo ta oTpopaT €ivor 1O VAOTOMUEVAL
* O oyeolaotég ayopalovv éva IC
*  Odwovvoéoelg tov IC mpénel elte va onovpynboiv eite
VO KOTOGTPOPOVV (av 1101 VITApYoLV)
* O@éin
* XoaunAd NRE kdctog Kot
*  TPOKTIKA dueon owabeoiuotntao tov IC
*  Melovektuato
*  MeyaAvtepo péyeboc,
* axpPotepa ($ 30/povada),
*  UEYOADTEPN KATAVAA®OT) Kol
* TO apyQ



PLD/FPGA (wikipedia)

e Historically, FPGAs have been slower, less energy efficient and generally
achieved less functionality than their fixed ASIC counterparts.

* Anolder study had shown that designs implemented on FPGAs need on
average 40 times as much area, draw 12 times as much dynamic power,
and run at one third the speed of corresponding ASIC implementations.

 More recently, FPGAs such as the Xilinx Virtex-7 or the Altera Stratix 5
have come to rival corresponding ASIC and ASSP solutions by providing
significantly reduced power, increased speed, lower materials cost,
minimal implementation real-estate, and increased possibilities for re-
configuration 'on-the-fly'.

* Where previously a design may have included 6 to 10 ASICs, the same
design can now be achieved using only one FPGA.



Enelepyaotne kal teyvoroyia IC

9@ Boowoi cuppifocpoi
@ T'eviko évovtt £181K00
@ Ocov apopd otnVv teyvoroyia enelepyactdv f v Texvoroyio IC

@ O 6%0 emhoyéc stvon aveEdptnte

General- Single-
b]
) purpose ASIE purpose _
General, Customized.,
o processor processor TR
providing improved: providing improved:

Flexibility L same e
o S TR Power efficiency
Maintainability e
. g Performance
NRE cost Siz
wize
Cost (highvolume)

Time- to-prototype v !

% A J
Time-to-market
Cost (low volume)

PLD Semi-custom Full-custom




XPOVIKOLl TEPLOPIGLLOT

real-time cuotnuoTol

‘Eva chotnua etval mpoayatikon ypovou, 0V 11 GUVOALKT
opfotnTa pog Tpacnc e€aptdTor Oyl LOVO atd T AOYIKN
opfotnTa ™G, aAAAQ Ko amd TO YPOVO GTOV OO0
eXTEAELTAL
Hard: H anoAcio pog Tpobeouioc 00nyel 6€ GLUVOAIKN amotuyia
TOL GUGTHLLOTOG
Soft: H ypnowomta evog amotelécuortoc vroPabuiletal pe to
népagc ¢ mpobespiog, vroPadbuiloviac £TG1 TNV TOOTNTO TOV
TOPEYOLEVOV VINPECLOV

Reactive
AVTI0pd 6TIC 0AAOYEC GTO TEPPBAAAOV TOL GLGTILATOC KO
VTOAOYICEL AMOTEAEGLATO GE TTPAYUATIKO YPOVO



[Topaoeiypata real-time EX

Cruise controller oynuotoc
*  TOPaKOAOVOEL TOVC GO TPEC TOYDTNTAC KOl OVTIOPA LE TO
PPEVO
* vroAoyilel TV emtdyvvon N emPpdovvon puEca G
TEPLOPICUEVO YPOVIKO OLACTN LA
e ¢&vog KaBvoTepUEVOS VTTOAOYIGUOC UTOPEL VOL OONYTGEL GE
ATOTLYI0 OLUTHPN OGS TOV EAEYYOL TOV OYNLUOTOC

‘EAeyyoc aepOGaK®V:
e Tixkavet,
* [I0te avolyouvv o1 aepOcaKOL;
* Mg mowx cepd;
* Meg o TaryvTNTO;
* [1660 ypdvo £yeL Y10, vau KAVEL TOVC VTTOAOYIGUOVC;



Agrtovpyika Zvotnuota EX

AvAAOYOL LE TIC AVAYKEC TNG EPOPLOYNG TO AOYIGUIKO UTOPEL Vo
AAANAETIOPA LE TO VAIKO
amev0eiog
* VYNAOTEPN OIOd00T),
* 0oAAQ aouteiTon

*  YVOOT TNG APYLITEKTOVIKNC TTOV YPNCLOTOIEITOL
Kol

* TV TEPLPEPELOKDV
REGM AELTOVPYIKOV ZVOTINOTOS

TopEYEL AELTOVPYIES Y10 TNV TOAL-EMECEPYAGIN Kot

EMTPEMEL GTO GYEOIOGTY] VO AVATTTUEEL EPOPLOYES (G EML TO
TAEicTOV aVEEAPTNTO OTO TNV VITOKELLEVT) OPYLTEKTOVIKT|



B1pAmoOnkec/IP (Intellectual Property)

*  BiAoOnkec mov eMTPETOLY TNV ETAVOYPTGULOTOINGT
VITOPYOVG OV DAOTOINCEDV

* Av&dhveton 1| TOPAYOYIKOTNTO

e 2g eminmedo Aoyiknc umopel o BipAodnkn va amotedgiton amod
TOAEC

* 2¢ emineoo RT (Register-transfer level) umopel va. amoteAeiton
oo KATAUYOPNTEC, TOAVTAEKTEC, OMOKMOIKOTOMTES Kol AAAEC
OOUIKEC LLOVAOEG

e g emimedo meprypaenc cvumeprpopds (behavioral-level) umopet
va, amoteAgiton amd bus interfaces, eleykteg 000vng axoOun Kot

EMECEPYUCTEC YEVIKNC YPNOMNG

* Xg emineoo cvotnuatog (system-level) amd olokAnpouéva
GUGTNUOTO, ETIAVCTC GUYKEKPILEV®V TPOoPANUATOV



EnaAn0evon

Kadver Ovtog 0Tl TEPIUEVOVUE;
Kdéto and oroleconmote cGuvOnKec;
Automotive electronics

['o pikpd 6ot N Yo emaAn0evom LOVO OpIGUEVOVY PACTKOV YOPUKTIPLOTIKOV,
N emoAnBevon elvan €DKOAN

[ peyokdtepa N TepimAoKo GLGTNUATO Elval TOAD OVGKOAN 1] EKTIVAGGEL TO
KOGTOC

20VNOMG TOL GLGTNUATO EAEYYOVTAL LUE TPOGOUOIMGT) avTi Yo emrainBevon

Ol TPOGOLOUDGELS TOPEYOVV EKTETOUEVO EAEYYO TOV GYEOLOGLOV KOl EXLTPETOVY

GTO GYEO0GTT VO TOPATNPEL TIC OlEPYCiEC TOL cLVNOMC EKTEAOVVTOL UEGH GE Eval
EX

Ol TPOGOUOLMGELS UTOPOVV VA, ¥PNGILOTOINBoVV yia va avénbel 1 eumiotochvn
o1V 0pHOTNTA KOl TNV TANPOTNTA TOV GYEOOGLOV, UAAE OEV HTOPOVY VU, TNV
aT0OEIEOVY



2Voyeotacn Y MKoU-Aoyio Koo

* Koatd 10 mapehbov:
*  Teyvoloyieg oyediaonC LAIKOV Kol AOYIGLIKOV NTaV
TOAD OLOUPOPETIKEC
e TIpocpatn mpipavon g 6OVOEoNC EMTPENEL TNV EVIOUQL
BempPnon ToL VAIKOV Kol AOYIGLIKOV

¢ 2voyeoiaon YMKov-Aoyioukon

e TimpoPAnuoata onuovpyodvial OTav GYENAL® TOVTOYPOVA
VAIKO Kot AOYIGUIKO;

* Ti0a ocvuPet av 6to T€A0G 0 cuvapydlovTal;



2VUTEPAG LT

® To EX civon movton
@ 1 yprion tovg avédvel cuveyde
@ TIpdxinon n Pertictonoinon TV GYESUCTIKOV HETPIKOV
@ O petpicée «avtoyoviCovror" petacd toue
@ Evioio Osmpnon tov VAIKOD Kot AOYIGLIKOD givot ovorykaio, yio
N PBerTion TG ToPAY®YIKOTNTOC
@ Boowéc teyvoroyieg

@ Enctepyaotig: yeviknc ¥promc, Yo GUYKEKPULEVEC EQOPLLOYEC
KOl EL0TKOV GKOTTOV
@ IC: Full-custom, semi-custom, PLD



Epwtnoeic;




