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ApPIBUNTIK& KUKAQUOTO

B T opiOunTIK& KUKAQUOTO GITOTEAOUV TO KEVTPIKG OOMIKG: OTOIXEICK
TWV UTTOAOYIOTV K& TWV WYNPIXKDV CUOTNUATWY YEVIKOTEP

m  O1 unmoAoyIOTEC KOl TO OTOIXEI WNPIGKAG AOYIKAC EKTEAOUV TTOAAEC
aPIBUNTIKES AeIToupyieg N TTPAEEIC:

-  npoobeon
- opaipeon
—  OUYKPIOEIC
- oAloBnoeic
—  mMoAAGTTAGGCIOOUO
- dIxipeon
B O1 apiBunTiKEC TPAEEIC HETOED OKEPOIWV XPIBUWY EKTEAOUVTOI OTNV

Ap1OunTIKAR/Aoyik Movada (Arithmetic Logic Unit - ALU) Twv
UTTOAOYIOTWV




APIBUNTIK& KUKAQUOTO

B To OONIK& OTOIXEIX EMOEIKVUOUV TX TPIK «A»: TNV IEPAPXIC, TNV
TUNUOTIKOTNTX KG&I TNV KAVOVIKOTNT

—  2UVOPUOAOYOUVTOI IEPOPXIKG KITO XTTAOUOTEPX OTOIXEIX, OITWC
Ol AOYIKEC TTUAEC, TTOAUTTAEKTEC Kol TTANPEIC 6Bp0oIoTEC (FA)

- KaBe O0uIKO OTOIXEIO OIXBETEI LI KAKAWC 0PICUEVN OIXGUVOEDN
(interface) Ko umopei va EKANPOEI wWE «UXUPO KOUTI»

—  H Kavovikn doun KaBe OoUIKOU OTOIXEIOU UTTOPEI EUKOAX VX
EMEKTOOEI VIO OIXPOPETIKA UEYEOBN TEAEOTEWV



ABpoioTNc (adder) Tou gvoc bit

Half Full
Adder Adder
A B A B
| | | |
Cou’t \ \_z / Coutw Cin
S S
A B|C, S A B C, C, S
0 0 0 0 0 0 O 0 0
0 1 0 1 o 0 1 0 1
1 0 0 1 0 1 0 0 1
1 1 1 0 o 1 1 1 0
1 0 O 0 1
S =A®B 1 0 1 1 0
= AB 1 1 0 1 0
out 1 1 1 1 1

S =A®B®C_
C.,=AB+AC _+BC_




ABpoioTNC (adder) Twv N bit

m AOpPOIOTAC KUP&TWONC KpaToUuevou (ripple-carry adder - RCA)

- N nmAfpeIc aBpoIoTEC Tou eVOC bit
OUVOEDEUEVOI BAUCIOWT
- In o An

- To KpaToUuevo 10 dIOETOI UEOW VAR
. = Coutﬂ\ /L Cin

TNG 0XAUCIONG KOOTOUUEVOU

+
- Hé&&odog C,,; Tou evog Bapoug J(N
Xpnoiueuel wg €i0000g C;, S

TOU EMOUEVOU BAPOUC
- Tevik& givail apyoc (xpnoiuoToIEITAI UOVO OTIC di1aTaéeic FPGA)
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ABPOIOTNC KUNAKTWONC KPOXTOUPEVOU
B TEAEI epapuoyn TNES THNUOTIKOTNTAC KOI TNC KAVOVIKOTNTAC

— N umouova&oOo ToU MANPOUC 6BPOoICTN EMOVOXPNOIUOTTOIEITOI
ITOAAEC (POPEC VI TOV OXNUATIOMO EVOC UEYOAUTEPOU CUCTNUATOGC

m  MeloveKTnua: eival apyodc OTav To N Exel Hey&An TIuA
- To S, eéapTarar armo 10 A,

m [ Evav aBpoloTR KUPGTWOoNC KpaToupevou Twv N bit n kabBuoTEpnon
d1xdoonce eivail N popéc n KaBuoTEpnon d1doonc Tou MARPN aBpPoIoTN
te, (UTOBETOVTOG TNV 101G KKBUOTEPNON B1&dooNG Yia S Kai C)

trca = Nty
A\| 31 AFSO B|3O A|\1 ?1 A|\0 ?O
V Vo VoY V
Cout + ot / \ + + Cin
| Cas | Cxr G | Cy |
S S S S,



ABpoioTNc (adder) Twv N bit

m AOpoioTic MpoPAewne KpaToupévou (carry lookahead adder - CLA)

Aixuepilel Tov BpoioTn o€ TUNUOTIKOUG 0xBpoioTéC (CLA block) uikpOTELOU
ueyebouc (m.x. Twv 4 bit)

To KpaToUuEVO EEOOOU TOU TUNUKTIKOU 6X600I0TH UTTOAOYI(ETO! YOPRYOP X
OUEOWC UOAIC VIVEI yVwOTN N TIUN TOU KOXTOUUEVOU E106000U TOU

BooileTal 0T ONUOTO TRPOYWYNG (generate) kou 01&doon¢ (propagate)
KPOXTOUMEVOU, TTOU MMXPAYOVTOI KATK TNV MPOoBeon evog (eUyouc 1600wV
A; Ko B; e To avTioToIX0 KpaTouuevo gi060ou C; oTov mAnpn abpoiotn

m EavA =1ka B, =1, 161e mavta C,,.= 1, aveEaptnTa Tou C,
- Opigerai To onuo mapaywyng kporTouuevou G;= A, B,

m EavA =1n0B;=1,101¢ C, =1 pbvo oTavC=1
- Opigerai To onuoa 6166doong kKparTouuevou P;= A, + B,

B 2UVENOG VIX TO KpaToupevo e§0dou C.,, oTov TANPN aBpoIoTn 10X UEL:

C.1 =G +PC,




ABpoioTNC TPOBAEWNC KPXTOUUEVOU

m [ Evav TuNUaTIkO aBpoiotn (CLA block) Twv 4 bit 10x0ouv To
oKOAouOa:

C,=G3+P;C;

C,=G3+P;3(G, + P, (G, + P (Gy + PyCyp)))

Cout B GS + P3 (G2 + P2 (Gl + Pl GO)) + (PS P2 Pl I:)O )Cin




31 28 31 28 27 24 27 24 B3:0 A3:0
!
4- blt CL 4- blt CLA C24 4- blt CLA 4-bit CLA
Block Block Block Block
J(
31 28 27 24 S3:0
' E’Ts Al‘s E’Tz Al‘z ET1 '61‘1 E’To A“o
YToAOYyIONOG ' |
0BPOICUATWY LL/L\ : [ ! [ ! % ©n
P M w w w
i S S S S
i ’ ’ Sblock 1 °
G3:0 G3
. P,
YmoAoyiopég GC S,
- 2
KpoToUueVOU G G,
SEéﬁOU block — P1
[ GO

__________________________________________________________________________________________

ABpoIoTNC TTPOPBAeWNC KpO(Touuévou

in

Cout = GS + PS (G2 + P2 (Gl + Pl GO)) + (P3 P2 Pl I:)O )Cin
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ABPOIOTNC TTPOPBAEWNC KPATOUUEVOU

B BApa 1: Yrmohoyilel mop&AANAG OAG TG ONUOTO TIOPOYWYNC KO
o1doong KpaToupevou G, = A, B, kau P,= A, + B,

m  BApa 2: YmoAoyilel maup&AnAo OAax T oNpaTa Gy, KO Py
VIO K&OE Eval &TTO TOUC THNMOTIKOUC aBpoloTEC TwV k=4 bit
EexwpIoTa

m Bnua 3: YrmoAoyilel To kpaToupevo €00ou C,,, TOU TUNUGTIKOU
aBp0I0TN GPEOWC POAIC YIVEI YVWOTN N TIPA TOU KPXTOUPEVOU
£10000uU TOoU C, ., pe d1&xd00N KPAXTOUPEVOU OTO EMITIEQO TOU
TUNUOTIKOU 6Bp0IoTA

m Bnua 4: Yrnoloyilel Ta aBpoiopaTa S, . TOU TUNUOTIKOU
aBpoloTh Twv k=4 bit au€owg POAIC yiVEl YWVWOTA N TIWA TOU
KpaTOoUupEVOU €10000U Tou C., Y dIdOON KPXTOUPEVOU OTO
eMMEdO TOU TUNUOTIKOU aBp0I10TNH

270 emmedo Tou TUNUOaTIKOU aBpoloTh (CLA block) Twv k=4 bit n kxBuoTépnon
d1xdoong amod 10 C,,, 10 C,, (BAMO 3) €ivai TOAD pIKPOTEPN GO TV KXBUOTEPNON
dixdoong amod 10 C;, 0T0 Sy (BAMC 4)

11




ABpoioTNC TPOBAEWNC KPATOUUEVOU

2€ OAOUC TOUCG TUNUOTIKOUC 0BPOIOTEC OAC T OCNUOTO TTXPOYWYAC
Kol 016:000NC KPATOUPEVOU dNUIOUPYOUVTOI TTRPXAANAC UE KKOUOTEPNON
01&xdoong 7,

H kpioipn diaxdpopun &EKIvaer Pe Tov UTTOAOYIONO TwV Gy K& G (G ock)
OTOV TTPWTO THNUGTIKO aeBpoloTh (CLA block) pe kaxBuoTEpnon d1d00NG

tpg_block

Karomv o C,, p€el ameudeiag mpog 1o C,, MEow Twv MUAwv AND-OR o€
K&OE ETTOUEVO THNUOTIKO 6BPO0I0TN MEXPI KOI TOV TEAEUTXKIO PE
kaBuoTEpnon 01GO00NG Z,np or

TENoC, N Kpioiun dIdPOPN MECW TOU TEAEUTOIOU TUNUOTIKOU a:Bp0I10TN
MEPIEXEI EVAV MIKPO GOPO0IOTA KUPKTWONC KPOTOUPEVOU TwV k=4 bit

TTOU UTTOAOYILEI TO XOPOIOUATA S34.5g (S ock) OTOV EMPOVIOOET TO C,g PE
kKaBuoTEpnon di1&doong k=4 popéC TNV KabuoTEpnon dI&kdooNC Tou MAAPN
aBpoIoTn tg, (UTOBETOVTOG TNV 181 KxBUOTEPNON dIGdooNG Yia S Kai C)

[l Evav aBpoloTh mPOBAewne kKpaToupevou Twv N bit Tou amaxpTI(ETAI
oo THNUaTIKOUC aBpoioTéc (CLA blocks) Twv k=4 bit n kaBuoTEpnon
di&doonc eIvail:

tCLA - tpg + tpg_block + (N/4 o 1)tAND_OR + 4tFA
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2 UYKpPIoEIC KaBuoTepNoewv O1GO00NC OTOUC OPOIOTEC

KUNGTWONG Kol TIPOPBAEWNC KPKXTOUUEVOU
m KabuoTrépnon didkdoonc Tou aBpolioTh KUpG&Twonc ueyébouc N bit

trea = Ntgs

m KabBuotépnon dickdooncg Tou aBpoioth POPRAewNC pyeyEbouc N bit

(ue CLA blocks Twv 4 bit)

tora = tos T og block T (N/4 - L)tanp or T 4tea

m [lapadeiypoTa yia N=8, N=16 kol N=32*

- YmoBETovTac KaxBuaoTepnaoeig 016i000N¢ OTIC TTUAEC 2 e1000wv ot 100 ps

Ko atov mAnpn aBpoiotn ota 250 ps

N 8 16 32

trea = Ntga 2.000 ps | 4.000 ps 8.000 ps
t,s (1 TOAN) 100 ps 100 ps 100 ps
tg block (6 TTUAEG) 600 ps 600 ps 600 ps
(N/4-1)tanp or (2 MOAEQ) 200 ps 600 ps 1.400 ps
Za LN 1.000 ps | 1.000 ps 1.000 ps
toia = thg t tog plock T (N/4-L)tanp or ¥ 4tea | 1.900ps | 2.300ps | 3.100 ps

* AvtioToixo Napddeypa 5.1 pe tp,= 300 ps
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ApaiIpETNC (subtracter) Twv N bit

O1 xBpoIoTEC uTTOPOUV VO TIPOOBETOUV BETIKOUC KO OkPVNTIKOUG
aP1BUOUC CUNTTANPWUGTOC WC TTPOC 0UO0

[ V& TTPOYUTOTIOINCOUPE TNV GPAKIPEON KVTIOTPEPOUUE TA bit
TOU QXPAIPETEOU KO TO TIPOOOETOUUE OTO PEIWTEOD EEKIVOVTOC UE
KpoaToupevo €1060ou 1, avTi yix O

A B
N

IN N N IN

/_T

V v
- +
JN N
Y Y

2 TNV UAOTIOINON TOU &PpARIPETN XPNOIUOTIOIOUUE EVAV OBPOIOTA
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ABPOIOTNC/PAIPETNC PE EMTIAOYN KO
UTTEPXEINION TTPOCNUXOUEVWV

X; Y; X Y, X, Y, Xo Yo SUBorADD

oV .
C; X Ys*| C, S, 4 bit
0 0 0 0 0 Mpbobeon Apaipeon
oV o o0 1| o 1 SUBorADD=0  SUBOrADD = 1
0 1 0| 0 1 C,C,C,C,=0  C,C,C,Co=1
X.=Y.*=1 =
3=Y3*=1 & 53=0 0 1 1] 1 0 X3 X, X, Xo Xs Xo X4 Xo
Xs=Ys*=0&Sg=1 |[ -2 2 2 YV, Y, Ye 4 Y3YL,Y.Y,
11 0 10 6,935,515y €4535,5; 5
1 1 1| 1 1 .




2UYKPITAC (comparator) Twv N bit

m O ouykpitc (comparator) Twv N bit eEakpiBwvel av 000 duadiKoi
ap1Bpol Twv N bit eivail 1001 | av 0 Evag elvail HEYXAUTEPOC N
UIKPOTEPOC KTTO TOV GAAO

B Yr&pxouv 000 dIx0edONEVOI TUTTOI CUYKPITWV
- O ouykpITAC 100TNTOC (equality comparator) mapayer uio EE000
IToU UTTOOEIKVUEI OV TO A givai ioo ue 1o B (A = B)
- O ouykpITRC peyebouc (magnitude comparator) MXpPAyel Yic
N TTEPIO0OTEPEC £EOOOUC TTOU UTTOOEIKVUOUV TIC OXETIKEC TIMEC
TwV A Kol B

m  Oa TOV UNOTTOINOOUME PE TNV XPNOoN TNS APIBUNTIKAC KA AOYIKNG
Movadaoc (ALU)
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2UVYKPITAC 100TNTOC TwV 4 bit

m O ouykpitAc mpwTta Xpnoiuotolel TUAEC XNOR yiax vax EAEYEEI v T
avTioToIXO bit 0e K&OBe 0TAAN TwV A K& B €ivail 100«

m  Or1 apiBuoi €ivail 1001 av T& avTIoTOIXG bit o€ OAEC TIC OTAAEC Elvail 10O
- Eotw A= (A; A, A, Ay kau B =(Bg, B, B4, By)
m H &€odoc Equal Tou ouykpITh 100TNTOC TTaipvel TV TipN 1 6tav dUo
OuaOIKOI axp1Buol A Kol B givai peta&l Touc 1001

Az
A B
Yo Jao L7

- Equal

| =

By —
Ag -
Bo
(a)Z0puBoho (B)YAotmoinon

Equal

Y'Y
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Ap1BunTikn/Aoyikn Movada (ALU)

Miax ApiBunTikn/Noyikn Movaoo (Arithmetic/Logical Unit, ALU)
UAOTTOIET TTOIKIAEC GPIOUNTIKES KO AOYIKEC TTPGEEIC OE PIG JOVAO K.

- [lp60obeonc, apaipecncC mMPOCNUKOMEVWY KEQXKIWV 0PIOUWV

- Noyikéc mpaéeic ava bit (m.x. AND kot OR)

H pov&doa ALU ammoTeAET TOV TTUPAVOG TWV TTEPICOOTEQPWV
UTTOAOVYIOTIKWV OUCTNU&TWV

MNop&delyua hiag ommAng povad o ALU mou ekTeAE TIC TTPGEEIC TTOU
PAIVOVTOI OTOV TTIVOKO OUMPWVX PUE TNV TIMA TOU ONUXTOC EAEYXOU

ALUControl Twv 2 bit
00 Add
01 Subtract
10 AND
11 OR

A B

AN N
\ \/ /L ALUControl
ALU -
IN

Result 18




YAomoinon Pio¢ omAng povadoc ALU

m EowTtepik& n povada ALU mepiExel: A B

- Evav aBpoiotn Twv N bit ue
e10000UC A, B ka1 €000 Sum
Twv N bit

— N moAeg AND ue 600 €10600UC

- N moAec OR ue 000 €10600UC ~ 07

>
- N avTIOTPOYEIC KO Evav 2 é
MoAUTTAEKTN 2 og 1 Twv N bit, C.. Y S
WoTe N €icodoc B Tou aBpoIoTh > \_+ S
VO OVTIOTDEPETAI OTAV Sum
gvepyorolgital To ALUControlO t})
- Evav moAuniAektn 4 og 1 Twv N bit [N IN . N YN
Tou EMAEYEI TNV eMOUUNTN TTP&EN 11 10 01 00 L.
ue Baon 1o oRuo ALUControl \ g A

AN

Result
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YAomoinon pioce omAnc povadoc ALU
m [lop&ociypa: EKTEAEON TNC ap1BuNTIKAC MP&ENC Subtract
(Result = A - B)
- ALUControl = 01 kou ALUControl, =S =Cin = 1

- H ¢gioodog B Tou aBpoiotn A B
OVTIOTOEPETAI AN AN

- O aBpoIoTNC EKTEAEI TNV
mpaén TNG apaipeong

— O moAurAéktng 4 og 1

EMAEyel TNV €icodoo 01 N
w¢ €Eo00o Tn¢ ALU

00 Add Sum
01 Subtract V L{% |

10 AND \ 11 10 1 00

Yosuoon1v

11 OR N

Result

— ALUControl

=01
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YAomoinon pioce omAnc povadoc ALU

m [lop&deiypa: EkTEAeon TnC AoyikAg p&éne OR (Result = A or B)
- ALUControl = 11 kot ALUControl, =S = Cin = 1
- H eicodoc B Tou aBpoiotn

’ A B
XVTIOTPEPETAI YN IN
- O abpoioTNC eKTEAET TNV
mpaéN TNG XPAipeong
- O moAurAéktne 4 oe 1
eMAEyel TNV gicodo 11 A
w¢ £€Eodo Tnc ALU j— §
/’N (‘)
Cou WAy =——)

00 Add Sum
01 Subtract w q v I

10 AND \ 1N 01 00
11 OR o

— ALUControl
=11

Ee
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2nuaiec (ALU Status Flags)

ApvnTikO amoTéAeoua (Negative)

Mnodevikd amoTEAECU (Zero)

O aBpoioTnc mapRyaye KpatTouuevo e€ddou (Carry)

< | OIN|Z2

O aBpoiotnc utepxeilioe (oVerflowed)

> ALUControl
ALU

L

Result ALUFlags
{N,Z,C,V}
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>nuaiec: Negative
m N=1, e&v 10 amotéAeopa TNC povadag ALU givar apvnTiko

m To N €ival ouvdedeuéEvo pe 1o Mo onuavTiko bit (MSB) Tou Result

A31 ,/N //N
B31

ALUControk, Sumg; ALUControl,

Y.

Yonuoon v

N L}% IN AN

11 10 01 00
5—— ALUControl
Resulty, AN
NzZzCV
F4
Vv C N Z

Result ALUFlags




2nNuaiec: Zero
m Z=1, ed&v OAax Ta bit Tou Result eivair O

m To Z mapayeran amd piok muAn NOR twv N bit

A31 ,/N //N
B31

ALUControk, Sumg; ALUControl,

Y.

Yonuoon v

N L}% IN AN

11 10 01 00
5—— ALUControl
Resulty, AN
NzZzCV
F4
Vv C N Z

Result ALUFlags




2nuaiec: Carry

m C=1, ed&v o aBpoloTAC maphyel kKpaToupevo e€60ou (Cout) KA
n povada ALU ektelel mpoobeon N apaipeon (ALUControl, = 0)

A31 ,/N //N
Bs;1

ALUControk, Sumg; ALUControl,

VAR SO N1

11 10 01 00
5—— ALUControl
Resulty, AN
NzZzCV
F4
Vv C N Z

Result ALUFlags

Yonuonnv




>nuaiec: oVerflow

m V=1, eqv 1o anotéAeopa TNG ap1BuNTIKNG TP&&NG (ALUControl, = 0)
UMETOEU TTPOCNUAKONEVWY GPIOUWV EXEl UTTEPXEINIOE

H urrepxeihion eupavileTar 6Tav 000 ouéanuol Az

TTOOCNUOCOLEVOI XPIOLIOI TOPOYoUuV &XBPO0IoUO Ba;

OIPOPETIKOU MTOOONLIOU
[o va ouuBei urrepxeiAion 16xUoUV 01 OUVONKEC:

) . ) ) ALUControl, Sumg; ALUControl,
m Huovada ALU ekTeAei mpdoBeon N apaipeon JL 4L
(ALUControl, = 0) KAl l l V
B AKal Sum gtepoonua (A, # Sumg,) KAI

m  Akal Bopodonua (Az; = B;;) oTnv mpdoBeon
(ALUControl,= 0)

-

n

A kau B gtepoonua (As, # B,) oTnv apaipeon
(ALUControl,= 1)
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2nuaiec (ALU Status Flags)

ALUControl,
}

Ll

U

Sumgy ALUControl,

Y

Cout

L

)

EE
Yonuooniy

N % IN kN

11 10 01 00
5—— ALUControl

Results;

AN

y

Z

NZCV

o

Result ALUFlags
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2UYKPITAC peyeBouc (A<B) Twv N bit

m H olUykpion pyeyédouc yia mpoonuoopEvouc A
op1BpolC cUVABWC TIPAYUTOTIOIEITOI UE TOV YN
urtoAoyIouo Tou A - B otn povada ALU Ka \

B
N
v e€&Taon Tou mpoofuou N (SnAadA Tou 2 ALUControl

ALU
TEPIOOOTEPO oNUOVTIKOU bit) Tou In ka
armoTeAEopaToc (result) Result ALUFlags

. . B {N,Z,C,V}
- AV TO amoTeAeoua eivail apvnTiko (N=1),

TOTE TO A €iVOI UIKPOTEPO OTTO TO B

ApvnTiké amoTéAeoua (Negative)

Mnd&evikd amoTEAEOU (Zero)

- AIQOPETIKG, TO A givai UEYOAUTEPO KITO N
ioo ue B (N=0)

m  Hi00TnT MPOKUMTEI OTOV TO XITOTEAEOUO
eivail unoev (Z=1)

0 aBpoioTig napAyoaye kpaToluevo eE6dou (Carry)

<|O(N|[Z

0 aBpolaThg umepxeiliae (oVerflowed)

- [lpoooxn! Ztnv urrepxeirion (V=1).
AVTIOTREPEI TO TTPOONIO TOU KXITOTEAEOUNTOC
KO QITXITEITOI 01000W0N UETK TNV QVIXVEUON

LLALS
m Avriyix N xpnoiuoroiouue 1o NV
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2UYKPITAC MeyéEBouc (A<B): Map&deIyuo™

m OcgswpeioTe OTI 01 TPOCNUOOPEVOI axpIBuOoI Elval peyEbouc 4 bit

m Eotw A=3,B=5.T0te 3,5 - D5yg) = -2 (XWPIG UTIEPXEIAION)

111 € kpaToupevo eicodou (Carry in)
0011

+ 1010 (avreoTpaupévo 0101=0x5)

1110 = -2,,=> N=1, Z=0, C=0, V=0. (N®V)=1 => A<B

11 € kpatouuevo €1c0dou (Carry in)
1101

+ 1001 (avteoTpapuévo 0110=0x06)

140111 =7,,=> N=0, Z=0, C=1, V=1. (N&V)=1 => A<B

ApvnTiko amoTEAeopa (Negative)

Mndeviko amoTEAEGUX (Zero)

0 aBpoioThg maphyoye kpaToluevo eEddou (Carry)

< IO |N2

* AVTIOTOIXO TWV aoKNoewv 5.9 kai 5.10

O aBpoioTig umepxeilioe (oVerflowed)
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>UYKPITAC peyeBouc (A<B) Twv N bit

m H olOykpion peyédoucg yiok un MPOCNUOCHEVOUC
op1OpoUC cuvABWC TTPAYUAKTOTIOIEITAI UE TOV

A B
YN kv
uttoAoyiopo Tou A - B otn povada ALU Ko Tnv
YIoH b i \ \/ = ALUControl
ALU

eEETOON TOU KpaTouuevou €€66ou C

- Avn npaén dev mapayel KOXTOUUEVO EEOOOU 4’ N 4’ 4
(C=0), T0TE TO A €ival UIKPOTEPO OO TO B Result ALUFlags
{N,Z,C,V}

- AIXQOPETIKG, TO A €ivail UEYXAUTEPO AITO N i00
ue B (C=1)

m  Hi00TnT MPOKUMTEI OTOV TO XITOTEAEOUO
eivail unodev (Z=1)

ApvnTiké amoTéAeoua (Negative)

Mndeviko amoTEAEGUC (Zero)

0 aBpoioTig napAyoaye kpaToluevo eE6dou (Carry)

<|O(N|[Z

0 aBpolaThg umepxeiliae (oVerflowed)

- loxuel oTi:
m A-B=A+(B)=A+B+1
m B+B=2N-1=>B+1=2"N-B
m A+(-B)=2N+A-—B
m C=0¢eavA+(-B)<2N=>A<B
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2UYKPITAC MeyéEBouc (A<B): Map&deIyuo™

m Eotw d00 apiBpoi eivau peyeboug 4 bit: A= 1111, kau B = 0010,
m EletdoTe av A<B, €Gv o1 axp1Buol €ivail TIPOONUOOUEVO!

1111 € kpaToupevo elcddou (Carry in)
1111

+ 1101 (avreoTpappévo 0010=0x2)
41101 =-3,,=> N=1, Z=0, C=1, V=0. (N®V)=1 => A<B

m E&etdoTte av A<B, e&v ol apIBuoi ivai PN MPOCNUAGUEVOI

- A=15,,B=2,. Tore 15,, - 2,,) = 13,, (XwpIG urepxeiAion)

111 1 € kpaToupevo elc0dou (Carry in)
1111

+ 1101 (avreoTpappévo 0010=0x2)
41101 =13,,=> N=1, Z=0, C=1, V=0. C=1, Z=0 => A>B

ApvnTiko amoTEAeopa (Negative)

Mndeviko amoTEAEGUX (Zero)

0 aBpoioThg mapnyoye kpatoluevo eE60ou (Carry)

< IO |N2

* AvTioTolxo Tou Napadeiyuarog 5.3

O aBpoioTig umepxeilioe (oVerflowed) 31




>UYKPIOEIC JE B&on TIC onuaiec

m H oUykpion yiveTal otnv povada ALU pe apaipeon Kol €EETaoN

Twv ALU flags
m  Eivai O10pOPETIKNA VI TTPOCNUOOUEVOUC KO N TTPOCNUOOUEVOUC
o {o][S]V[e]&
Comparison Signed Unsigned

= Z Z
# 74 Z
< NgV C
< Z + (N@V) T
> Z o (N®V) ZsC
> (NeV) C

ApvnTiko amoTéAeoua (Negative)

Mndeviko amoTEAEGUX (Zero)

0 aBpoioTig mapRyoye Kpatoluevo e€6dou (Carry)

< O |N|Z2|=

O aBpoioTig umepxeilioe (oVerflowed)




YAoroinon Tne evioAncg SLT otnv ALU

> € uePIKES apxiTEKTOVIKEC RISC umnmohoyioTwv (MIPS, RISC-V) dev
ammodnkevovTtai o1 onuaieg N,Z,C,V, cahAA& XPNOIUOTIOIOUVTOI EVTOAEG,
onwc n evrioAn SLT (Set if less than) yix mepioo0TEPN EUENIEI

—  Ekteheitou n mp&én SLT otnv uovaoo ALU ue apaipeon
m |[F A<Bthen Result = 1 (N®V)=1, else Result =0 (N®V)=0
- To Result armoBnKeUETOI OTO KPXEIO KATOXWONTWV.
- H o0ykpion yiveTail ouvNBwc Ue mMPoonUaoUEVOUC apIBuoUC
H ulotroinon Tne mp&é&ng SLT, onwe Ko k&Be &AANC TP&ENC (11.X. XOR),
QMAUTEl EMEKTOON TOU PEYEBOUG TOou onuaTog eAéyxou ALUControl

To ALUControl2 = 1 dnAwvel
000 Add v mp&én SLT
001 Subtract To ALUControlO = 1 amaiteiTal
010 AND VI TNV apaipeon A-B
011 OR

101 SLT
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H vEx povada ALU

m YrooTrnpilel TNV mp&én SLT yix mPoonuaouEVOUC apiBpoue
m AlopBwvel Kol To AdkBog Aoyw umepxeidiong, (NDV) avti N

An-1 [N-1]

BN—1 [N-1]
ALUControl, Sumy.1 ALUControl,

oy
-

%

N
1L e
Eméktaon undevoe —» B

N

101
7a—— ALUControly
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OANOONTEC KO TTEPIOTPOPEIC

m  O1 o\ioBnTécC (shifters) Kau o1 mepioTpogeic (rotators) yeTaKIvoUv bit

m O olhioOBntNc oAicBaivel Evav OuaOIKO apIBuO TTPOC TG APIOTEPG N
TPOC Ta OEEI KOTG Evav KKBOPIoUEVO apIBud BEcEWY, E0TW N

- mmoAammAaoiI&{ouv N O1XIPOUV UE OUVAMEIC Tou 2 (2")

m O nepioTpopEnc MePIOTPEPEI TOV aPIBUO 0€ EVOV KUKAO £TOI, WOTE
0l KEVEC BEOEIC VO CUPTANPWVOVTOI JE bit TTou oAloBaivouv armd TO
&ANO GKPO
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OAioOnTéc (shifters)

m  /\oyIKOC oAioONTAC
- OMioBaivel Tov apiBuod mpoc Tax aploTepa (logical shift left, LSL, <<)
KOl CUMTTANPWVEI TIC KEVEC BEOEIC UE UNOEVIKK
m 11001 << 2=>00100
- OAioBaivel Tov apiBuod mpog Tox 0eéix (logical shift right, LSR, >>)
KOl GUUTTANPWVEI TIC KEVEC BEOEIC UE UNOEVIKK
m 11001 >>2=>00110

m  ApIOunTIKOC oAIoONTAC

- OAioBaivel Tov MPOONUGOUEVO KPIBUO TTPOC TX KPIOTEPK
(arithmetic shift left, ASL) koI oUUTTANPWVEI TIC KEVEC BEOEIC
e UNoeviKe (0rmwe LSL, <<)
m 00001 << 2 =>00100 (moAarmAaoitlel KaTtdk 4, and 1 o€ 4)
- OAIoBaivel Tov TPOCNUAOUEVO 6pIBUO TTPOC TX OEEI
(arithmetic shift right, ASR, >>>) K&l CUUTTANPWVEI TIC KEVEC
6&oeic ue 1o bit mpoonuou (O eav BeTiKOC, 1 v &PVNTIKOG)

m 11000 >>>2=> 11110 (dicxipei O1x 4, oo -8 o€ -2)

A<<N=Ax2N A>>>N=A+2N
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OAioBnTéC (shifters)

m Evac ohioBntAc Twv N bit uhomoieitan pe N moAutAékTeg N oe 1 (.x. N = 4)

ShamQ -0 Shamf1 0 Shamito

2 2 2
Az ‘4@‘ Y30 Az 4‘@‘ Ya0 A3z 4@‘ Ya:0

Az A2 A1 Ap  shamly g Az A2 A1 Ay shamt,. Az A2 A1 Ap shamty.g

— 42 — 42 42
% S'I.'l'J 81:{? % 81:0
o1 I o1
w | Y3 Lo BRE 10 | Y3
11 11 1
o S\1 0 - B‘I:{I o1 S'1E:-
10 — Yo o BRE 10 - Y2
I I 11
S S, S
a1 TRE N Y
110 — Y1 10 = ¥ 10 — ¥
{11 |11 1
S S, S..
{01 b 01 s m 14
L 110 i Y'D 10 = YD 10 K Yﬂ
I R 11 1
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[TepioTpopeic (rotators)

m [lepioTpoPénc

[TepIOTPEPEI TOV XPIOLUO OE EVOV KUKAO £TCI WOTE Ol KEVEC
6Eoeic va cuumANPwvovTal e bit mou oAIcBaivouv aImo TO
O0AAO G KPO

H mepioTpo®n yiveTai iTe mpoc 1o 0e&I (rotate right, ROR),
€ITE MPOC T ApIoTEPK (rotate left, ROL)

[ pxOEIYUATA:
m 11001 ROR 2 =01110
m 11001 ROL 2 =00111

Evac epiotpopéac Twv N bit uAorToIEITal uE
N moAurAékTtec N o€ 1 (6rmwce Ko o oAloBnTEC)

B JE KATGAANAN cUvOeon Twv 1000wV A
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AUGOIKOC TTOAMATTAXCIOUOC

B O moAamAaoIoopOC YN TTPOONUXOUEVWY OUKOIKWV GPIOU®YV
€IV TTXPOPOIOC PE TOV TTOAKTTAXCIXOUO OEKOIKWV GPIBUWY,
UE TN O16POPG OTI TTEPINGUPBAVEI HOVO XOOUC KO HNOEVIKK

- Kol oTIC OUO MTEPITITWOEIC, OXNUATI(OVTOI UEPIKK YIVOUEVX
UEOW TOU MMOAXTTAGOIXCOUOU EVOC UOVO WNPIOU TOU
TOAMOITAOCIXOTH UE OAOKANPO TOV MMOAAXTTAGCINOTED

- Ta oAioBnueva uepIKA& yivoueva aBpoilovTai wWOoTE VX
TOOKUWEI TO XITOTEAEOU X

230 TOAAQTTAQCI00TEOC 0101
X X
20 Mo 0101
_|. r
0660 YIVOHEVE 0101
+ 0000
ATTOTEAET A 0100011

230 x 42 =9660 Sx7=35

39




AUOOIKOC TTOAMATTAGOIXOTNC

m ‘Evac duadikog moAamAaoixoTAC N x N moAAamAaoi&ler 000
ap1Bpoue Twv N bit Kol Taxpayel Eva ammoTEAeopa peygbouc 2N bit

B To PEPIKE YIVOUEVO 0TOV OUGOIKO TTOAMOITAGCIXOUO EIVQ EITE O
TTOAOTTAXCIXOTEOC EITE PIC TIMN TTIOU TTEPIEXEI JOVO UNOEVIKK

m O moAamAaoioopoc OuadIKWV apIBuwV peyEBouc 1 bit eivail
10000vapog pe Tn mp&én AND

B To pepIK& yivopeva mapdyovtal pe moAec AND Ko aBpoilovTail Je
nmaparaéeic (array) m\pwv adpoiotwv (full adders)

Az A2 A A B
A B x Ba Eg 51 BD
4 A A3By A2By A1By AoBy
X AsB; A2B A1B;y AoBi
A3Bz A:B> A1B2 AoB:
*B + A3B3 AsB3 A1Bs AgBs
P Pr Po Ps Pi P P P PR




AUOOIKOC TTOMATTAGOIXOTNC

B O moAGMAGOIGOUOC TTPOCNUOXOUEVWY KOI N TIPOCNUXOUEVWY
APIBUWV JIXPEPOUV NETOEU TOUC

m [lap&deyua, Eotw 10 YIvouevo P = OXFE x OxFD

EQV epuNveUBOUV WC MTOOCNUXOUEVOI XKEPXIOI, TOTE:
m OxFE=-2,0xFD = -3 ka1 P = 0x0006

Qv epunveubolv we¢ un mPoonNUAKOUEVOI KKEPXIOI, TOTE:
m OxFE =254, OxFD = 253 kot P = OxFBO6

KOl OTIC OUO TTEPITITWOEIC, TO AlyOTELO ONUOVTIKO byte
eivai io1o (to 0x06)
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[TPYUGTIKOI GiP1BUOT OTOOEPNC UTTOOIOTOANC

B 2TNV QVOnop&oToon oTOEPNC UTTOOIKOTOANC, Ol TTPOYUOTIKOI ipIBUOI
€IV TTXPOOI0I JE TOUC OEKOOIKOUC GxpIBpolC

—  umodNAWVETAI N UapPé&n Mg umodIXOoTOANC (.)
—  TX bit &xpIOTEPK TNC UTOOIKOTOANC OXVATIXPIOTOUV TO XKEPKIO UELOC
— 1O bit 0€€1& TNC UTOOIGTOANC AVATIGPIOTOUV TO KAXCUOTIKO UEPOC
B Avonop&oTtaon oTkOePNC UMTOOIKOTOANC M TTPOCNUXCUEVOU TIPAYUKTIKOU
xPI1OuOoU pe 4 bit akEpaio uEpoC Kal 4 bit KAAOUOTIKO HEPOC
- 01101100 = 0110.1100 =
Ox23 + A1x22+ A1x21 + Ox20 + 1x21 + 1x22 + Ox23 + Ox24 =
4+2+050+0.25=6.75
B Avarmop&oToon oTa0ePNC UTTOOIKOTOANC TTPOONUXOUEVOU TIPARYUATIKOU

aPIOPOU 0€ AVATIPAROTOON CUNTIANPWUGTOC WC poc dUo pe 4 bit
OKEPOIO PEPOC K&l 4 bit KAKOUKTIKO NEPOC

- 11011010 = 1101.1010 =
I1x-23 + 1x22 + Ox21 + 1x20 + 1x21 + Ox22 + 1x23 + Ox24 =
-8+4+1+0.500+0.125=-8+5.625=-2.375
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[TPYUGTIKOI GiP1BUOT OTOOEPNC UTTOOIOTOANC

B 2UUBOAIOPOC TWV NN TTPOCNUXOUEVWY ap1BuwV: Ua.b
- a = u€yebocC aKepaiou UEPOUC
- b = uéyeboc KAXoUOTIKOU UEPLOUC
m [lap&deyua: 6,75
- U4.4:0110.1100 => 01101100
- U3.5:110.11000 => 11011000
- U6.2: 000110.11 => 00011011

To U8.8 xpnoiuortroigital og 0edouEVH aioBNTAPWYV, 0TO audio K&l 0TO video
To U16.16 xpnoIPOTIOIEITOI OTNV ETTEEEPYAOINC ONNOGTOC UE UWNAR aKPIBEIx

[Tpoooxn oTnVv umePXEIAIoN, TTouU T1.X. MaPA&yel artifacts oTo video:
EVa OKOTEIVO pixel avaueoa o pwTeEIVa pixel
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[TPYUGTIKOI GiP1BUOT OTOOEPNC UTTOOIOTOANC

B 2UUBOAIOPOC TWV TTPOCNUOOUEVWY GpIOPWV: Qa.b

- a = u€yebocC aKepaiou UEPOUC

- b = uéyeboc KAXoUOTIKOU UEPLOUC
B XPNOIYOTIOIEITAI N KVATTXPXOTOON CUPTTANPWUATOC W TPOC 0UO0
m EUpeon 10U -6,75 010 Q4.4

- ApiBuoée 6,75: 0110.1100 => 01101100
- AvtioTpoon bit: 0110.1100 => 1001.0011
- MpbéoBeoe 10 1 0TO LSB: 1001.0011 => 1001.0100
- ApiBu6c-6,75 1001.0100 => 10010100
A A
-7 +0,25

To Q1.15 XpnOoIUOTIOIEITGI OTNV ETTEEEPYAOINC OANGTOC ME UWNAR GKPIBEIx
v TNV epioxn Tipwv [-1,1]

44



[TPYUCGTIKOI GiP1BuOT OTOOEPNC UTTOOIOTOANC

m O ene€epyaoTeC XEIPI(OVTOI TOUC TTPAYUATIKOUC ap1Bpolc oTaOEPNC
UTTOOIXOTOANG OTTWC XEIPI{OVTOI TOUC XKEPOIOUC

-  AOYyW TNC amAOTNTOC TWV TTPGEEWV, O TOAYUATIKOI 0(p100I OTXOEPNC
UIToOIXGTOANC XPNOIMOTIOIOUVTOI O€ UAOTIOINGN OXAYOPIBUWY O0TO UAIKO,
OTTOU XTTXITOUVTOI TIPOYMOTIKOI P10 ol

B 1I0IXITEPO OE EPAPUOYEC WNPIGKAC emeEepyaoiag onuaToc (DSP)
B QNKITEITKN HEAETN TNC EMOPOONG TNC OTPOYYUAOTTOINONG OTOX KXITOTEAEOUOT
B Ano Tn 0eKaOIKA TINA €VOC GKEPOIOU XPIBPOU TIPOKUTITEI 1 TIUA TOU
XVTIOTOIXOU TTPQYUOTIKOU ap1BuoU oTaBePNC UTTOOIOTOANC HE KAKOUOTIKO
uEpoc N bit, mou €xel TNV 101 QUKDIKN XVATTPXOTOON:
- &dv OIIPECOUE TNV TIUA TOU akEPAIou ap1Opod di& 2N

m [lap&deyua mp&éng: 0,750 - 0,625 oto Q4.4*

1111 1 11 € kpaTouuevo eicodou (Carry in)
0000.1100 (0,750)

+ 1111.0101 (avreoTpopuévo 0000.1010=0,625)
40000.0010 = 0.125,,=> N=0, Z=0, C=1, V=0

* AvTioToixo Mapadeiyua 5.5 45



MeTpnTNG

m Evoc duadikoe petpntic Twv N bit €ivail Eva olyxpovo ckoAouBIako
KUKAWPO ap1OuNTIKNC pe €100600uUc poAoyiol (CLK) Kol EMavapopaC
oT1o O (Reset), kol pix €€000 Q Twv N bit

- neioodoc Reset diver otnv €€000 TNV axpxikA Tiun O

—-  Tn ouvéxelo oopwvel OAec Tic 2N mbavécg eE60ouc og OUNDIKN OEIPA,
auéavouevoc BnUaTIK& KOTK 1 oTnv avepxouevn okun Tou CLK

m [l.x. N=3: 000, 001, 010, 011, 100, 101, 110, 111, 000, ...

m  O1 QUXDIKOI HETPNTEC XPNOIUOTIOIOUVTAI:
- w¢ Program Counter

B O KXTOXwpPNTAG mou utmtodeikvuel Tn O1elBuvon TNS eMOueEVNC
TTPOC EKTEAEON EVTOANC OE EVAV ETIEEEPYAOTN

- 0oTnv 08ovn wneiokou poAoyiou CLK
~  OTNV KATOUETONON OUYKEKPIUEVWY L‘-B\
KOTOOTXOEWV KO YEYOVOTWYV EVTOC N ?5‘ N
TOU WNPIKKOU OUCOTANKTOC — S y
.
m Y\ormoigitail ye a®poiotn) Twv N bit 1 vNéi/__,
ue TN Mix €10000 oTaBepn oTo 1 Reset

- 1Tou ovou&leTal auénTtnc (incrementer)




MeTpNTAC K& DIXIPEDN OUXVOTNTAC

m To MSB gvoc duadikol ueTpnth Twv N bit aAA&el TiuA amd O oe 1
Kol oo 1 og O k&Oe 2N-1 KikAouc

- 270 MSB n ouxvoTnTa ToU poAoyiol CLK ueiwveTon kKata 2N popéc

- Ovouadeton kot ueTpntng dixipeong o1 Tou 2N (divide by 2N counter)
m [l.x. N=3:000, 001, 010, 011, 100, 101, 110, 111, 00O, ...
m 270 MSB n ouxvoTnTax TOU poAoyioU CLK peIWVETOI KOTG 8 POPEC

m O petpntAc dixipeong o1 Tou 2N XpNOIUOTIOIEITOI VIO VO
empBpadivoupe ypAyopa oANaTa poAoyiol CLK katd 2N popég

- [lapaodeiyua: [1ooo umopei va uelwbei n ouxvoTnTo evoc onuatog CLK
Twv 50 MHz ue Evav uetpntn dixipeonc Twv 24 bit?
m Kotk 22% oto MSB TOU peTpnTAi

m fysg=fok/ 2% L"\ CLK

m f,es=50Xx108Hz / 224= 2,98 Hz

= S Qo
A
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WNpIoK& EAEYXOUEVOC TRAXVTWTNC

B O wnopiok& eheyxouevoce ToAavTwTAG (digitally controlled oscillator,
DCO) eivai hia yevikeuon Tou petTpntn diaipeonc dix Tou 2N
MTPOCOETOVTAC TNV TTOOOTNTH P GVTI VIX 1 o€ K&OE KUKAO

- YAormoigitai ue aBpoiotn Twv N bit ue Tn uic €i0000 OTAOEPN OTO P
- Meiwvel Tnv ouxvoTnTa Tou poAoyiol CLK kata p / 2N
m fysg=fok X P/ 2N =>p = fyuggx 2V/ f 1«
—~  0oo ueyaiutepo eivair To N oto uetpntn dixipeong oix Tou 2N
TOOO TTI0 OKPIBAC EIVOI N UEIWON CUXVOTNTOGC
m [lap&deyuax 5.7
- Exere Eva poAor ue ouxvotnta 50 MHz ko BEAeTE vor maxpayeTe €€000

ue ouxvotnta 500 Hz.
—  MrmopeiTe v& XpnoiIUOTIOINOETE EVAV CLK
LETPNTA diipeanc Twv 24 R 32 bit. -B\
- Toix Tiun mpémnel va eMAEEETE yIX TO N %7 N
p, KO TOO0 KOVTA UTTOPEITE VX — S , 7~ 03 0
B ) N
mAnoiaoete otax 500 Hz; p —4 A
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WNpIioka EAEYXOUEVOC TOAXVTWTNC
m [lap&deyuax 5.7

- Exete Eva poAor ue auxvotntoa 50 MHz ko BEAeTE vo mapayeTe EE000
ue ouxvornto 500 Hz.

- MrmopeiTe v XpnoIUOTIOINCETE EVAV UETPNTN Olcipeonc Twv 24 n 32 bit.

—  [loix Tiun mp€mnel va EMAEEETE yIO TO p, K&I TTOOO KOVTAX UITOPEITE VO
mAnoicoete ot 500 Hz;

- P,y =500Hzx2°*%/50x10%Hz =167,77 = 168

- P3, =500 Hzx 23 /50 x 10° Hz = 42949,67 =42.950
- f,,=50x10° Hz x 168 / 24 = 500,679 Hz

- f3,=50x 10° Hz x 42.950 / 232 = 500,0038 Hz

fuse = fo X P/ 2N =>p = g X 2V / o CLK

h
\ e/
%

Reset e



KaTaxwpntne oAicbnonc

‘Evae karoaxwpntic oAicbnonc Twv N bit €ivail Eva olyxpovo

XKOAOUBIOKO KUKAWNC TTIPOOWPIVAC XTTOBNKEUONC OEIPIKWV
dedOUEVWYV, TTOU OIXOETEI:

—-  uia €icodo poAoyiou (CLK)
- Mia ogIpIaKD 10000 S;,

m 0¢ K&Oe avepxouevn akun Tou CLK Eva vEo bit eio€pxeTa
OTOV KOTOXwPENTN 0AIoBnNoNng NEOW TNG OEIPIBKNG €10000U S, ,
eV T NON UTIGPXOVTX bit evTOC TOU KaTaXwPENTA 0AIoBNoNG
OANIoBaivouv KaT& pick 6€on 0e€I& Kol TO TEAEUTAIO bit X&veTal

- Mia ogipiakn €6000 S,

B TO EKKOTOTE TEAEUTKIO bit TOU KaTOXWPENTA OAICBNONG
givai dIBEOIYO OTNV ogIpIaKn ££000 S,

KaTaokeudletal ammd N flip-flop cuvdedeuéva o ocipd pe koivo CLK

CLK
< K

Sin = Al e out
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KaTaxwpntne oAicbnonc

m Ed&v o kaTaxwpnTNc oAicbnonc d1x6€Tel Kol N Taxp&GAANAec e€600UC
Qn-1:0 OVOUGIETOI HETOTPOTIENG OEIPIKOU OE TTOPAAANAO
(serial-to-parallel converter)

- Meta amd N kikAoucg Tou CLK, o1 TeAeuTaiec N gicodol,
ToU EXOUV UETAOO0BEI OEIPIOKA UEOW TNG OEIPIAKNG E10000U S,
eivai o1aBeaiuec moxp&AAnAa otnv €€odo Q
B 2T0 OXNUO BewpPEITA OTI HETOOIOETOI TIPWTO TO TTIEPICCOTEPO
onuavTIKO bit (MSB), woTe va givai dixBEaIPo oTnv €§000 Qy 4,

KO TEAEUTQIO TO AlyOTEPO onuavTIKO bit (LSB), woTe va giva
d1xB€aipo otnv €6000 Q, (HeTGDOON big-endian)

- Kairmolol KaroxwpenTeC oAioBnong oIxBEToUV Ko Eva onua Reset
Vi va KaBopi{ouv TNV cpxIKA TIMN TOU KATOXwWENTA 0AioBnong

(oK
% %

Sin — e Sout

seQy Qp @ (Qp_q MsB




KaToaxwpnTNc oAicbnonc

B Eva oxeTikO KUKAWUO EIVAI O NETATPOTIEXC TTXPGAANAOU O OEIPIGKO
(parallel-to-serial converter) mou popTwvel N bit TapXAANAX, Kl
KOTOTIV T oAIoBaivel oTnv €€000, Eva TN Gpop&

m MmopoUue Vo TPOTIOTIOINOOUNE EVOV KATXXWPENTA OANIoONoNC WoTe
VO EKTEAET TIC OUO PETATPOTIEC KO TTAPGAANAOU OE OEIPIOKO KKl
OCIPIOKOU 0€ MAPGAANAO, TTPOCOETOVTAC UG TIRPAGAANAN €10000
Dy _41.0 KOI Eva oNuo eAEyxou Load

- Orav Load = 1, ta D flip-flop popTwvovToi mMaXp&AANAX
oo TIC D eic6douc oTnv emouevn okun Tou CLK (Kol To KUKAWUX
AEITOUPYEI WC MXPAAANAOC KoTaxwpnTNG Twv N bit)

-  Orav Load = 0, To KUKAwUO AEITOUPYET WC KXTOXWENTAC 0AicBnaonc
Twv N bit

DCI' 'D1 DE 'DN -1

[ oad

i BT TRk
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AlaT&Eeic pvAune (memory arrays)

T YNPIXK& CUCTANOTO OIKBETOUV UVAUEC VIO VO axlmroBNKeUouV
OEOOUEVK

O1 KaTaxwpPNTEC TTOU Exouv KaTaokeuaoTel pe D flip-flop amoteAolv
EVO €100C JVNUNG OTO OTTOI0 KTTOBNKEUOVTOI TTPOOWPIVA UIKPEC
moooTNTEC OEOOUEVWV

O1 d1aTGEEIC pvAUNC (Memory arrays) Umopolv Vo armoBnkelouv
uE amodOTIKO TPOTTIO PEYGAEC TTOOOTNTEC OEOONEVWV

O1 Tpgic Mo cuvnOIouévol TUTOI UVANNG EIVAI:
- Auvauikn uvnun Tuxaioc mpooréAaonc (DRAM)
- 2TOTIKN pvNun Tuxaioc mpooméEAaonc (SRAM)
- Mvnun uoévo avayvwonc (ROM)
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AloT&EEIC PpVAMNCG

H pvun eivail opyavwpévn we pic 0101&oTarn OIGTHEN KEAIWV PVAUNG
(memory cells)

H pvAun d1aBalel | eyypa@el T TTEPIEXOPEVO MIC OO TIC OEIPEC (rows)
NG OIGTAENC UVAMNG, TTOU ovopalovTal dedouéEva (data)

H oeip& Tng dIGTGENC uvAPNC KaBopileTal amd pia d1eubuvon (address)

Mia d1GTOEN pvAUNG pe dieudbivoelc Twv N bit ko dedopévwy Twv M bit
gxel 2N oelpéc Kol M oTAAEC

K&Be ocip& 0edopEVWY ovouGleTan AEEN (word)
- n o1aTaén uvnunc mrepiéxer 2N Aééeig, ue uEyeboc M bit n KaxOeuio

Aidragn
HVAMNG

I

Data

Address —,-Nf—
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[TXpaOEIyUa OIXTHENC MVAMNG
B 27NV EIKOVOX JMOPEITE Vo O€ITE YIa OIGTOEN uvApNe pe O0o bit dietBuvonc
KO TPI bit dedopévwv
- Ta 000 bit Tne dieubuvonc (N = 2) kxBopilouv uick KO TIC TEOOEPIC OEIPEC
(2N = 4) Tng diaTagNnG uvnung
- 2& KBe oeipt armobnkeueToi uick AEEn dedouEVwWY Tou Exel uEyeboc M = 3 bit
- [TMapaderypo: N AEEN Twv 3 bit mou amobnkeueTal oTn d1etBuvon 10,
givau n 100,
m MEyebocg piag diIGTaENC pvNuNe (array size): BaBoc x mAaToc (=4 x 3 = 12)
- BabOoc (depth): To mAn6oc¢ Twv oe1pwVv (Twv AEEewv OEOOUEVWYV)
- [IAaToc (width): To mAnBoc Twv oTnAwv (uEyeBoc TnC AEEnNc OedoUEVWY)

Al Address Data
IaTa A
Address —5« "~ . 3 11 _[0[1]0
pvilung & [ilofs
aBo
01 11110 P »
%3 00 |0]1]1 ¥
-

Data TTAGTOC
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Mop&delyuo dIXTOHENC PVAUNC

B 2TnV EIKOVQ PTMOPEITE V& OEITE TO OUUPBOAO VIO pIck OIXTOEN
uvAune 1024 Aé€ewv x 32 bit

m To OuvoAikO pé€yeboc auTnC TNC JIGTAENG UVANNG EIVOI 100 JE
32 kilobit (Kb)

o [AiaTagn pvApng
Address —— 1024 Aégewv x
32 bit

$32

Data
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KeANI& uvune

B O dIaT&EEIC HVAUNG KOATOOKEUKIOVTOH WC PIC OIBIXOTATN OIKTOEN
KeAIV pvAunc (memory cells)

o€ KaBEva oo Ta oroiot armobnkeueTal 1 bit dedouEVWV

B 27NV eIKOVG QaIvETal OTI KKBEVa KeA pvApune Tou 1 bit cuvdEeTai:

opifovTio UE pia ypouun wordline mou mpoadiopilel uia AEEn
0EOOUEVWY, KAI

KaOeTo ue pio yoouun bitline yioe Tn UETXPOP& OEOOUEVWV KITO
KQil P0G TN UvNun

bitline

wordline

QTTOBNKEU-
LEVO bit

57



KeANI& uvune

m (1o K&Be ouvouaouod TIHWV TwV bit TNE diedBuvonc (Address), n
UVAMN EVEPYOTIOIET UOVO Ui Ypopuun wordline (dnAadn Tn BETE!
otnv TIuA HIGH), n omoia pe Tn o€1Ip& TNC EVEPYOTIOIET HOVO TO
KEAIG JVAUNG TNC OUYKEKPIMEVNCS OEIPGC TNG JIGTAENS MVAMNC

m (&) Otav n ypapun wordline €xel Tnv Tipn HIGH, To amoBnkeupévo
bit pETAPEPETAI TTPOC N &0 TN Ypouun bitline

m (B) Otav n ypaupn wordline &xel Tnv Tinn LOW, n ypapun bitline
QTTOCUVOEETOI OTTO TO KEAT bit Kol TaxpauEvel HETEWPN (Z)

bitline = () bitline =7
wordline = 1 , wordline = 0 |
stored stored
bit=0 bit=0
bitline = 1 bitline =/
wordline = 1 I wordline = 0 |
stored stored
bit = 1 bit = 1

(a) (B)

58




KehN& pvnune: Avayvwon
m (a) Hypopun bitline apAveTal apxik& ueTéwpn (Z)

m (B) Hypapun wordline evepyomnoigitai (yivetal HIGH)

- AUTO EMITPETEI OTNV KITOONKEUUEVN TIMA V& 00NYNOEI TN
voouun bitline oto O n oto 1, avTioTOIXX

bitine = 7 bitline =0
wordline =0 | wordline = 1 I
stored stored
bit=0 bit=0
bitline = 7 bitline =1
wordline =0 I wordline = 1 I
stored stored

bit = 1 bit = 1

(a) (B)
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Keha pvnung: Eyypaogn

m (&) Hypapun bitline odnyeitau ioxupd mpog Tnv emoOuuntA TiuA (0 R 1),
evw N ypaupn wordline givau ammevepyoroinuévn (eivai LOW)

m (B) Xtn ouvéxeia n ypaupn wordline evepyomoieitai (yivetou HIGH),
OUVOEOVTOC €TOI TN YPOPUN bitline e To KEAT pvung

— AUTO EMITPETEI OTNV ICXUP& 00NyoUuevn yoauun bitline
VO UTTEPIOXUEI TWV TTEPIEXOUEVWY TOU KEAIOU UvNuUNG,
EYYPAPOVTOC TNV €MOUUNTA TIUN OTO OUYKEKPIUEVO KEAI UVNUNG

bitine = 1 bitine =1
wordline =0 | wordline = 1 ,
stored stored
bit=0 bit = 1
bitline = O bitline =0
wordline =0 | wordline = 1 I
stored stored

bit = 1 bit =0

(a) (B)
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Opyavwon pvnpng
m H yvAun amapTieTalr anmd Evav amokwolkomointi N og 2N

Kol Tot 2N x M KeENI& IVARNG

- 0 OMOKWOAIKOITOINTNC, AVaAoyo ue Tn d1eUBuveon mou AouBAavel
oTnv €i0006 TOU, gvepyoriolel uovo uio oo Tic 2N ypoupuéc wordline

- n evepyoroinuévn ypouun wordline, ue Tn o€Ip& TNC, EVEQYOITOIET UOVO
TX M KEAIX UVAUNC TNC OUYKEKPIMEVNC OEIPAC TNC OIGTAENG UVAUNG

(Aé€nc dedouEvwy)
m [ap&deiypo: AiTaén pvaune 4 Aé€ewv x 3 bit (N =2, M=3)
ATToKWwdIKO-
moInTg 2:4 bitline, bitline, bitline,
11 wordlineg | | |
ATtrobn- ATtro0n- ATtroBn-
Address ﬂzh KEUPEVO KEUMEVO KEUMEVO
wordline, bit = 0 bit = 1 bit = 0
10 10 | | | I
ATT0BN- AtroBn- ATtToBn-
KEUPEVO KEUMEVO KEUMEVO
wordline, bit = 1 bit = 0 bit = 0
01 I I I
ATt106n- ATtT00n- ATtroBn-
KEUPEVO KEUMEVO KEUMEVO
i bit = 1 bit = 1 bit = 0
00 wordlineg | | |
ATtrobn- ATtroBn- ATtroBn-
KEUMEVO KEUPEVO KEUMEVO
bit = 0 bit = 1 bit = 1
Data, Data, Datay
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OUpPEG PVAUNG

OAec o1 pvnuec dixBETOUV Pick N TTEploooTEPEC BUpEC (ports)

K&Be B0pa TapEXEl TPOGPRON VIO avayvwon N/Kal Eyypogpn
amd/o€ pia d1e0Buvon uvAuneg (otn A&En dedouEvwy TTou

QVTIOTOIXEl 0€ Piak O1e0Buvon Pvung)

O1 moAUBupec pvApeg (multiported memories) umopouv Vi
mpoomeA&oouV TTOAAECG d1eublvOoEIC PVAPNG TUTOXPOVO

2TNV EIKOVO PAIVETAI PIa TRIBUPN pvApN e OU0 BUPEC

AVAYVWONC KOl P BUpa eyypagpnC

- H6Bupa 1 diaBaler axouyxpova Tor 0edouEVH artd T O1eBuvon

Al Kol T HETOPEPEI 0TNV £E000 RD1

- HBupa 2 diaBaler xouyxpovo T OEOOUEV
oo 7n d1eBuvon A2 Kol TO UETPEPEI
otnv €060 RD2

- HO0pa 3 eyypapel OUYXPOVX (KOTK TNV
OVEQXOUEVN OKUN TOU POAOYIOU) T OEOOUEVT
oo Tnv eicooo WD3 otn dietbuvon A3,

Qv 10 onua eAeyxou WE3 €xer tnv Tiun 1

s i

ci'_h" |

N

At VB3 ppi A

A2 AD2 (—~—
M

A3 .ﬂlfl_Tﬂﬁl‘]

wps HVNHNGS
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TOmmo1 yvAuNG

O1 d1aTéEEIC pVvAUNG KaBopilovTal ammd To pEyeBOC Toug (B&BOC x MAGTOC),
KOwe Ko armd To MARBOC Kol Tov TUTIO Twv Bup@V

OAec o1 diaTdEEIc pvAuNgG amoBnKeUOUV TG OEOOPEVK UE TN HOPPN MIKC
ocIp&C KEAIWV pvAuNne Tou 1 bit, cAA& dIGPEPOUV WC TTPOC
Tov TPOTO amoBnKeuong Twv bit oTax KEAIX HVAUNC

O1 pvAuec Ta&ivouolvtal pe B&on Tov TPOMO amoBnkeuonc Twv bit
o€ OUO PeYGAEC KOTNYOPIEC

— TIC UVAMEC TUXXIXC TpoaotTéEAaanC (random access memory, RAM)
- TIG UVAMEC UOVO YIo avayvwon (read only memory, ROM)

H uvAiun RAM eivai mrntikn (volatile)
—  XOvel T& OEOOUEVT TNC OTAV (XTTEVEPYOITOIEITAI 1N TPOPOOO0OIX PEUMUATOC

H pvAun ROM eivau un mrntikn (nonvolatile)

—  OIXTNPEI T& OEOOUEVH TNC VI 0XOPIOTO XPOVIKO OIXOTNUO, KOO KOI XWEIC
VO TOOPOOOTEITAI UE PEUM

63



TOmmo1 yvAuNG

m Hpviun RAM ovop&{eTal YVAUN TUXOIGE TTPOOTTEAGONC ETTEION
oTToIXOATTOTE AEEN OEOOUEVWV TIPOOTIEAKIETOI UE TNV 101K
KaxOuoTEpnon

- AmevovTiog, Ui VAN OEIPIKAC TTIPOCTTEAKONC, OTTWC TO
KOOETOPWVO, TTPOCTTEAG(EI TO KOVTIVEX OEOOUEVX TTIO YPNYOP X
or1d O,TI TXX UAKPIVE OEOOUEVD

m Hpviun ROM ovou&leTal pvApn POVO yIa avayvwon emneidn,
1m0 1I0TOPIKN GITown, XPXIK& To OEOOUEVA UTTOPOUOoNV UOVO
VO OIGBOoTOUV IO GUTAV KOOI OXI VO EYYPOXPOUV

H KOpia pvAun otov umoAoyiotr ooc eivai RAM (DRAM)

O1 yvAueg Flash eival ROM
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Tumorl yvApne RAM

m AUo KUpiol TOTOI TNC pvung RAM
- Avvouikn pvnun RAM (Dynamic RAM, DRAM)
- 2T1aTIKA uvAun RAM (Static RAM, SRAM)

B AIXpEPOUV OTO TTWC KXTOONKEUOUV T OEDOUEVD

— 21N DRAM T0x 0edouEva armoBnkelovTail we (popTio
0€ EVAV MTUKVWTN

B ATTQITEL EMTOVEYYPO(PN HETA TNV GVAYVWON KO TTEPIOOIKN
ovallwoyovnon yi va d1xTnenBel TO (pOoPTIO TOU TTUKVWTA

- 21N SRAM armoBnkeuovTail e xpNon 0Uo OICUEUYHEVWV

XVTIOTPOPEWV
DRAM SRAM
bitline aTTo0NKEU-
wordline bitline HEVO Dit bitline
T wordline
amobnkeu- | B
uévo bit T L _['}o__.l_l.___
v <}
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Robert Dennard, 1932 - 2024

m Eopnope Tn uvApn DRAM 10 1966 oTnv eTaipeio IBM. |

B Av Kol TTOAOT EEEPPAOAV XPXIKE TIC GUPIBOANIEC TOUC
OXETIK& PE TN BIWOIPHOTNTO TNC 10E€GC, EWC TO MEOKK
NG dekaeTioe Tou 1970 oxedOv OAOI OI UTTOAOYIOTEC
d1€BeTav pvAun DRAM.

m O i1dioc ioxupileTai OTI TO ONUIOUPYIKO TOU EPYO NTOV EAXXIOTO
UEXPI TN OTIYUA TTOU, OTaV BPEONKE oTnv IBM, Tou Edwoav Eva
ONMUEIWUKTEPIO JIMAWPGTWY EUPECITEXVIOC KOI TOU EITTAV «YP&RYE
OAeC TIC 10E€EC OOU €0 .

m A0 10 1965 Kal EMEITa EXEI KKTOXUPWOEI 35 JIMAWUATX
EUPECITEXVIC TTOU GipOPOUV TOUC nNuUIaywyouc (semiconductors)
KO TN MIKPONAEKTPOVIKA.
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Em@aveia uhottoinonc Kol KkBuoTEPnon

m Toa D Flip-flop, o1 yvipeg SRAM kai o1 yvApec DRAM egivai pev TNTIKES
UVAMES, OAAK DIBETOUV DIXPOPETIKG XAPAKTNPIOTIK&K OO0V aXpop&
oTNV EM@PA&VEIG UAOTIOINONC K&I O0TNV K&BUOTEPNON

m To bit dedopévwy mou amobnkeueTan o Eva D Flip-flop eivau d1cB€aipo
AUECO OTNV £E000 TOU KUKADUGTOC (MIKPOC AavO&vwy xpovoc), ONWS
n uAomoinon Tou D Flip-flop amaitel mepimou 20 Tpav{ioTop

-  Ooa mep1oo0TEPA TPAVIIOTOP EXEI LIt OIXTAEN UVAUNG, TOOO TEPICOOTEPN
EMPAVEIX UAOITOINONG, I0XU KOI KOOTOC OTTXITEL

m Hpvaun DRAM é&xel peyaiho AavOavovta xpovo (latency) yiaTi TpEmel va
TTEPIPEVEI UEXPI VO HETAKIVNOET POPTIO (OXETIKK) 0xpy& GO TOV TTUKVWTN
oTn ypouun bitline

D Flip-flop ~20 MIKPOGC
SRAM 6 UETPIOC
DRAM 1 ueyahoc
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Emopaveia uhommoinonce Kol kKaBuoTEpnon

m H pvAun DRAM &xel MIKPOTEPN OIEKTEPAXIWTIKA IKXVOTNTA (throughput)
o€ ouyKpion pe tn pvAun SRAM, AOyw TNC Gv&yKNC VI EMTAVEYYPOPN
METG TNV av&yvwon Kol mepIodikn avalwoyovnon

B [0 TNV GVTIMETOITION KUTOU TOU TTPOPBAANKTOC EXOUV GVATITUXOE]
Texvohoyiec DRAM, onwc:

- n auyxpovn DRAM (synchronous DRAM, SDRAM) ko

— n auyxpovn DRAM d8immAoU puBuouU (UETXPOPAC) OEOOUEVWV
(double data rate synchronous DRAM, DDR SDRAM).

m H puvAun SDRAM mnpoomeAaUVETOI GUYXPOVO OTNV GVEPXOUEVN GKUN
Tou CLK

m H pviun DDR SDRAM, mmpoomeAaUVETOI OUYXPOVO KOI OTNV VEPXOMEVN
KO 0TNV KaTepxouevn akun Tou CLK, dimAaoi&{ovTag £T0I TN
OIEKTTEPIWTIKN IKAVOTNTO VIO OEOOUEVN OUXVOTNTK TOU POAOYIOU

- H uvAaun DDR nmpotumomoinénke yix mpwtn ¢opd& 1o 2000 Ko «ETPEXE
ot 100 eEwc 200 MHz. Ta uetayeveaTepa mpotTuna (DDR2, DDR3, DDR4
kol DDR5) auénoav Tnv ToxUTNTO TOU POAOYIOU, UE TN OXETIKN TIUN VX
Eemmepvael To 4GHz To 2025
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APXEIX KATOXWPNTWV

To YNPIGK& CUCTANGTO OUXVA XPNOIMOTIOIOUV GPKETOUC KATARXWPENTES
VI TNV GMOBNKEUON TTPOCWPIVWV METXBANTWY TTOU OVOUGIETOI OPXEIO
KaTaxwpnTwv (register file)

ouvVNOWC KATAXOKEUKX(ETOI WC UIO MIKPR, TTOAUBUPN O1GTAEN uvAunc SRAM

(TT10 CUVETTTUYMEVN OTTO Ui O16Toén e D Flip-flop)

2TNV EIKOVK QAIVETOI EVO TPIBUPO GPXEIO0 KATAXWPNTWYV, NE 16
KaToxwpeNTES x 32 bit, To ommoio uhotmoigiTal pe yia TPIOupn uvAun SRAM

To apxeio KATaXWENTWV OIKBETEI OUO BUpPEeC avayvwonc (A1/RD1 kol

A2/RD2 ) kau uia Bupo eyypopnc (A3/WD3)

KaBeuio oo T1i¢ dieuBuvoeic unkouc 4 bit (A1, A2 ko A3) umopei va

MOOOTIEAGOEI OAOUC TOUC 24 = 16 KOTOXWPNTEC

O1 B0pec 1 Kot 2 d1aBalouv oUyxpova T OEOOUEVX XITO TOUC KXTOXWOPNTEC

Al Kol A2 KO TO UETX(PEPOUV OTIC EEOOOUC CI’I-K |
RD1 kot RD2, avtioToixo N WE3
H 8Upa 3 eyypapel cUyXpova (KT TNV 74 A RD1 '+32
AVEQXOMEVN OKUT] TOU PoAoyIol) To dedouéva 74— A2 RD2 >&-
oo Tnv €icooo WD3 oTov KaToxwpntn A3,
eAav 10 oNuo eAeyxou WE3 éxer Tnv Tiun 1 —— A3 Apxeio

4 . WwD3 KaTayw-
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Mvnun ROM

>Tn uvAun ROM, n amobnkeuon dedopévwy PaoileTal oTnV oTOEPN
TTXPOUOIX N &Imouoia EVOC TPAVIIoTOP

bitline
Mo vo Q1 BaOTET TO KEAT UVANNG, N YPouun bitline _
odnyeiTal agdeve otnv TiuA HIGH wordline T
I~ L
Karomv n ypaupi wordline evepyomolgita: v
KEAI bit TTou

- Avurapxel To Toav{ioTop, 00NYel TN YOXUMNA

’ 0
bitline atnv TIuA LOW (To keAT bit armoBnkedel To 0) UERRAH I

- Av Oev uriapxel To Toav{ioTop, N ypoouun bitline
nmopouével ato HIGH (To KeAi bit armoOnkeuel To 1)

bitline

wordline
H pvAun ROM €ivau un mrntikA (nonvolatile), SKE M e
TTOU ONPAIVEl OTI dIXTNPET To OEDOPEVD TNC TTEPIEXEI TO 1
VI 0XOPIOTO XPOVIKO OIXOTNUX, KKOMOK KO XWPIC
VO TPOPOOOTEITKI UE PEUPN
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MvAun ROM: YAotroinon ouvOuaoTIKNC AOYIKNC

m o T mepiexopeva piag uvapne ROM prmopel va xpnoiporoinoei
0 oUuPBoAIoUOC uEe TeAgieC (dot notation)

- Mix TeEA€iot GTNV TOUN MIKC OEIPAC KOI JMIKC OTNANC UTTOOEIKVUEI
OTI TO bit d0edoueEvwVY Exel TNV TIuN 1 (UT&pxel TO TPav{ioTOP),
oAIWC €xel Tnv TiuR O (0ev untpxel To TPav{ioToP)

m [lop&deiypa: Aitaén pvAune ROM 4 Ag€ewv x 3 bit (N =2, M=3)
mou uAoriolel TIG ouvapTtnoelg Data,, Data, ko Data,,

comomnths l Address Data
11

Address -2+ 11 010
° 10 |[1/0|0

01 & &
01 [1/10
] T 00 |0|1]1

Data, Data, Data

Data,= A, ® A, Data,= A, + A, Data,= A, A,
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MpoypappaTitouevn pvApn ROM pe aopaAEIEC

m 21n pvAun PROM (programmable ROM)
UE aoPAAEIEC, N K’TOONKEUON OEOONEVWV
Baoi(ETAI OTNV TTXPOUOIX MIXC KOPEAEINC
UMETKEDU TOU TPOV{IOTOP KOI TNC YEIWONG

m O xpnotng nmpoypoapuaTiler Tn pvaun PROM
ePAPUOIOVTOC HIC UWPNAN T&ON TTIOU KAIE!
EMAEKTIK& KATTOIEC XTTO TIC XOPAAEIEC.

- AV n GOPAAEIO TAXPAUEIVEI XVETTX(PI, TO
Toav{ioTop ouvoEeTal ue Tn yeiwon (GND)
Kol TO KEAT bit armo@nkeuel Tnv TiunR O

- Av 1 aopA&AEI KEl, To TOAV{ioTOP
OITOCUVOEETAI XTTO TN YEIWON
Kol TO KEAI bit amoOnkeuel Tnv Tiun 1

m Hpviun PROM ue aopaAeieg
MTPOYPXMMUATICETAI HOVO itk pOpP
(one-time programmable, OTP)

- XpnoiuorroiouvTal 0To OIXOTNUO

bitline
wordline

-

QvETTO@N
Qo @aAEIO

v

KEAI bit TTou TrepIEXEI TO O

bitline
wordline

——
KaMEVN l:h
QoQAAcIa

KEAI bit TTou TTEPIEXEI TO 1
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Mviuec EPROM, EEPROM «kai Flash

O1 enmavarpoypapuaTi(opevee uvapec PROM S166ETOUV GVTIOTPEWIPO PINXCVIOUO
yIt TN o0vdeon N TNV amoouvoeon Tou TpaviioTop pe/armod Tn yeiwon (GND)

O1 amaAgigipee pvauec PROM (Erasable PROM, EPROM) avTikaB10TOUV TO
TPAV{IOTOP KO TNV XOPAAEIX pE Eva Tpav{ioTop PETEWPNC TTUANG

- Me KaTGAMNAX UWNAEC TXOEIC, NAEKTPOVIX OIOXETEUOVTOI EMIAEKTIKK OTN METEWPN
MUAN Ko TO TPaV{oTOP AYEI (TTPOYPAUMATIONOC uvAung PROM)

- Me €kBeon o€ EvTovo umepIWOEC PWC YIX MION WPK, T NAEKTOOVIX GITOUXKOUVOVTXI
IO TN METEWPN TTUAN KO&I TO TPAV{OTOP TAEOV OEV Ayel (armaAeipn uvAunGg PROM)

O1 nAekTPIK& amaAeipipee uvApee PROM (Electrically Erasable PROM, EEPROM)
KO N Pviun Flash xpnoipgorololv NAEKTPOVIKG KUKAWUOTX VI TOV TIPOYP UG-
TIOMO K&l TNV armmaAoipn Tne uvnung PROM

- 2TI¢ uvhuec EEPROM to mepiexoueva KaBe keAiou bit TG uvAuUNG Umopouv vo
aXImaAeIpOoUv EexwpPIOT

—  2TIC uvNueg Flash amaAgipovTal TRUTOXPOVO LUEYXAUTEPEC OUOEC KTTO bit
m  Eivou pOnvoTepn, eneidn amxitouvTal AlyOTEPO KUKAWUOTO KITXAOIPNC

m O yvnuec flash ye USB (Universal Serial Bus) €xouv vTIKXTOXOTAOEI TIC
OIOKETEC Kol Toug diokouc CD oTnv amoBAKeEUON aPXEIWV.
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Fujio Masuoka, 1943 -

K&Toxoc 010aKTOPIKOU TiTAOU ommoudwv (Ph.D.)
omd TN 2xoAN HAeKTPoAOYwvV MnxovoAoywv
Tou MNavemoTtnuiou Tohoku oTnv lamwvia.

Ao 10 1971 €éwc 10 1994 avEMTUEE PVAUEC KA
KUKAQUOTOX UPNAWV TOXUTATWVY VIX TNV ETRIPEIN
Toshiba.

Epnope Tn pvApn flash ota mAaioix evog avemionuou €pyou TO OTT0I0
OAOKANPWOE OTG TEAN TNC OEKAETIG TOU 1970 axp1epWVOVTAC ONO TOV
eNeUOEPO XPOVO TTOU JIEOETE TIC VUXTEC KOI TG 2O BBATOKUPIRKE.

- H uvnun flash ovou&otnke €101 €1€10N N OIXOIKXOIX KTTOAOIPNC
NG UVAUNG BUNI(El TO PAGC TWV PWTOYPAPIKWY UNXKVWV.

H Toshiba &pynoe va uhotroinoel eumopika Tnv 10€a- N Intel ATav ekeivn
mou 01€0€0€ MPWTN EUTTOPIKG TIPOIOVTH OTNV aryop& To 1988.

H pyvAun flash €xer e€ehixbel o€ piax ayop& pe 1lipo 170 Aio. doAapiwv
£TNOIWC Kol au&Edvel Kotk 25 Alo. OOAGPIa ETNOIWC.

ApyoTepa 0 Fujio Masuoka &yive nEAOC Tou OIOGKTIKOU TTPOOWTIIKOU OTO
MoavemoTnuio Tohoku Kol €XEl ETTIKEVTPWOEI TIC EPEUVNTIKES TTPOOTIABEIEC

TOU OTNV GVATITUEN TPIOIXOTOTWY TPOV(IOTOP.
74



[Tivakee avadntnonc (LUT)
B O dIT&EEIC MVAMNG TTOU XPNOIKMOTIOIOUVTAI VI TNV UAOTIOINON GUVOUXOTIKAG
AOYIKAC ovou&lovTal mivakec avalntnonc (lookup tables, LUT)
—  Y)oroigiToi 0 mMVaKOC aANBeIng

m [op&odeiypa: AITaén uvAune 4 Aé€ewv x 1 bit n ool XPNOINOTIOIEI T WE
MVaKaC avax{ATNoNC yix TNV UAoTIolnon Tng ouvéptnone Y =AB

- XpnoiuormolouvTal oTIC dloTaéeic FPGA
Ailatagn pyvaung 4 Aégewv x 1 bit
" B

ATroKwdI-
Mivakag KW;TT"; biling
oAnBeiag 00 ,
amoln-
A A, KEUPEVO
bit =0
Bl ¥ B A, 01—==
U 0 0 ﬂﬂgsn_
0 1 0 KEULEVO
1 0 0 10 bit I= 0
1 1 1 armobn-
KEUPEVOD
bit=0
11 ,
amoln-
KEUPEVOD
bit = 1
. w




AlxTaéEelc Aoyikne (Logic arrays)

m [lpoypapupaTi{Opevee SIXTAEEIC AOYIKNC
(programmable logic arrays, PLA)

UAOITOI0UV OUVOUXOTIKN AOYIK OUO EMITEOWV O UOPPH KXOP0IOUATOC
vivouévwv (sum-of-product, SOP)

nmepIAauBavouv uix o1a6Taén AND akoAouBouuevn oo uia 016Ttoén OR

m [poypaupoaTi{duevec amd Tov XpNoTn OIXTAEEIC TTUAWV
(field programmable gate arrays, FPGA)

UAOITOIOUV OUVOUXOTIKN KO XKOAOUBIOKN AOYIKA UE TN XpHoN
mvakwv aval{ntnong (lookup tables, LUT) kai oTOIXEIWV KITOBAKEUONC

UAOTTOI0UV TTOAUETTITIEOEC AOYIKEC OUVAPTNOEIC, OE AVTIOEDN UE TIC
oloTaéeic PLA ol oroiec mepiopi{ovTail oTn Aoyikn U0 EMMEOWV

oIxBETouv uvnun d1auopPPwong (configuration memory),

OIToU aImoBnKeUETAI N MTANPOPOPIK OIXMOPLPWONC TTOU UAOTIOIEITAI OE
OIKPOPEC TEXVOAOYieC diaTaEewv uvnuncg (SRAM, OTP-PROM, Flash)
YAorro100v GXETIK& UEYGAO TANBOC AOYIKWV TTUAWV

(a6 1.000 uéxpr movw ormd 3.000.000 muAeg)

XpnoiuorolouvTail 0TNV UAOTTOINGN EVOWUOKTWUEVWY CUOTNUXTWV

o€ éva Toirr (System on Chip, SoC)
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[MpoypappaTilouevee diIaTaEEIC AoyikNe (PLA)

m [lepihappBavouv pia 01GTaeéN AND ackoAouBoupevn ammd pia d1GTaéN OR
TWV OTTOIWV Ol €100001 TTPOYPUUMATI(OVTXI

— 01 €i00001 (0€ KAVOVIK KOI CUMTTANPWHATIKA JOPPR) 00NYyoUV UIX
o16Taén AND, rmou mapayer 0pouc (YIVOUEVO AEKTIKWYV), TTOU UE TN CEIPK
TOUC OUVOUG(OVTOI 0 XBPOICUKTO OpwV UEOW TNG OIGTAENG OR, woTe
v oxnuoTioBouv ol €£0001 TToU UAOTTOIOUV OUVOUXOTIKA AoyIKn OUO
EMIMEOWV OE UOPP KXOPOICUATOC YIVOUEVWV

- Mia oi6taén PLA ue diootaoeic M x N x P bit dic6€ter M eicédoug, N
0pouc Kol P e€60ouc

Eicodol
fu
r ™ 'd B
AidTagn Opol Aidtagn
AND N OR
L. A x, A

7




[MpoypapuaTi(Oopevee diaTaEEIC AoyikNC (PLA)

m [opadeiypa: AIGTaEN PLA pe diooTéoeig 3 x 2 x 3 bit mou dixBErel M=3
el000ouc, N=3 opouc kKol P=2 e€ddouc

- YAomoinon Twv Aoyikwv cuvopTRoswv X = A BC+ABC ko Y = AB
hE xpNon AoyIkAG 00O eMTTEOWV

A B C
OR ARRAY
4 N r N
\ ABC
-
N ABC
-
N\ AB
-
\_ Y, \_ R‘] J
AND ARRAY |
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[TpoypappaTIi(OpEVEC OIOTOEEIC AoyIKNC (PLA)
m [lopdoeiypa: AIGTaEN PLA pe diooTdoeig 3 x 2 x 3 bit mou diBETel M=3
e10000uc, N=3 6poug kol P=2 e€6doug
—  [lpIv TOV MPOYPAUMATIOUO UTTKPXOUV CUVOEDEIC mavToU, woTte X =Y =0
— [ TIC OUVOEQDEIC UTTOPET V& XPNGIMOTTOINOET 0 CULBOAICLOC UE TEAEIEC

OR ARRAY
4 —XI —XI —XI ) 4 N\
AABBCC
o @ o @ @ o @ @
AABBCC
@ o @ o @ @ @ o
AABBCC
@ o @ @ @ ® ® | =
\_ J \_ J
AND ARRAY
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[MpoypapuaTi(Oopevee diaTaEEIC AoyikNC (PLA)

m [opadeiypa: AIGTaEN PLA pe diooTéoeig 3 x 2 x 3 bit mou dixBErel M=3
el000ouc, N=3 0pouc Kol P=2 e€6douc

Mg ToV MPOYPOUUATIONO XPAIPOUVTAI Of AVEMBUUNTEG OUVOEDEIG, WOTE

vor uhorroinBouv oi Aoyikeg ouvapTtnoeic X = A BC+ABC ko Y = AB

[0 TIC OUVOETEIC UTTOPET VO XPNOIUOTTOINOET O OUUBOAIOUOC UE TEAEIEC

A B C
OR ARRAY
( —XI —XI —XI ) 4 )
® ® L ABC @
® @ ® ABC ®
@ | AB -
\_ J \_ J

AND ARRAY
X Y
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[TpoypaPPGTI{OMEVES &TTO TOV XPNOTN OIGTREEIC TTUAWV
(Field Programmable Gate Arrays - FPGA)

Odnyouv TIC e€eAiEeic oTnV UAOTTOINON CAAYOPIOUWY OTO UAIKO

MNopéExouv duvaToTnNTe oXedionCg VLS| KuKAwp&TWwV XaxpunAoU KOoTOUC
oTo 1edio, YE TN XPNON OXETIK& PONVWV gpyaAeiwv Aoyiouikou (CAD)

—  KOOTOC QVEKTO OITO UIKPEC ETAIPEIEC TTOU OPAKOTNPIOTOIOUVTAI OTNV
OVATITUEN EMTAXUVTWV UAIKOU KOI YEVIKOTEQX TTUPAVWYV IP

Eivai eEMavampoypaupaTI{ONEVES KO EMAVAOIXTAEIUES (OAIKWC A
MEPIKWC) XKOPOX KOl KOXT& TN OIGPKEI TNG KAVOVIKAG AEITOUPYIG

- [lapéxouv peyaAn eueAiéicc 0Tn axedion WNPIKKWY OUCTNUARTWYV

AIXBETOUV EVOWPAKTWHEVEC UVAMES, TTOAMATIAXCIXOTEC, EIOIKEC
HOVAOEC VIO WNPIKKN EMEEEPYOI OANKTOC, €10000UC/eEOOOUC
UWNAQV TOXUTATWYV, HETaTPOTIEIC dedouévwy (onwe ADC, DAC, RF),
OKOUO KOl TTUPAVEC eTTEEEPYROTWV N HNXAVEC Al o€ vEec TEXVOAOYIEC

H yevikOTepn TEXVOAOVYIKN €EENIEN O BEPOTO KOOTOUC, XTTOOOCEWV,
KOTOVAAWONC 10XU0C KOI GEIOTTIOTIOG EXEI OV KTTOTEAECUX Ol
ouyxpoveg d1aTGéeic FPGA va xpnoIJOTIOIOUVTXI EUPEWC OE
EUTTOPIKEC, BIOPNXAVIKES, XHMUVTIKEC KO OIXOTNMIKEC EPAPUOYEC
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Field Programmable Gate Arrays (FPGAS)

‘Eva amAomoinuévo FPGA cuvioTaTal ormo:

IOEs (Input/output elements): yiox Tnv dicouvoeon e ToV EEWTEPIKO KOGUO

Programmable interconnection: ouvdéouv LEs kai IOEs

............................................

Logic Element

1
INPUTS !

4-input "lock up table"

set by configuration

=" bit-stream

-— OUTPUT

—t
lw)
o

|

[ |
- LEs (Logic elements): yiox uhorroinon AoyikNG

- oy
I0E 10E I0E IOE I0E 10E IOE IOE
I Le| |Le| [Le| |Le| 5
I10E IOE
— |LE| |LE| |LE| |LE| o
I ILe| |Le| [LE]| |LE| £
IOE ICE
— |LE| |LE| |LE| |LE| [
I0E 10E 10E I0OE I0E 10E I0E I0OE

7 FPGA  /

IOE
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Eva «amAomoinuévor» FPGA Logic Element (LE)

m [livakee avalATnonc (Look-Up Table, LUT) Twv 4 1660wV
- givail OIT&EEIC UVALING TTOU UAOTTOIOUV TOV MVOKOL 0ANBEING OUVOUXOTIKNC AOYIKNC
— 01 véec TexvoAoyiec FPGA Exouv LUT Twv 6 1060wV
m Flip-flop ue Reset active low
- umopel va amoBnkeuel Tnv €€060o Tou LUT yio €£060
m [TOAUTTAEKTEC
- [ emAoyn HeETO&U OUVOUNOTIKAG KOl KOAOUBIOKNC (UECW KaXToXwpPenTn) €£600U

- T emAoyn auvdeonc TG e10600ou data 3 ue Tnv €000 (avadpaon)

Logic Element ' set by configuration
g " = bit-stream

INPUTS

——T—» OUTPUT

4-input "look up table"

83




|OEs (Input/output elements)

m 2uvnBwg, unmootnpilouv
ouVvOUKOTIKA €10000/€E000
N MEOW KOTAXWPENTA N/ KO
XTTOUOVWTN TPIWV KATKOTROEWV
- [lpoypouuoTi{OuEVH EMITEOX
AoyikNg, pubuoc ueTaBoANC,
KOXTWPAI 10000, ...

—  Au@iopoun EMKOIVWVIX

CE
clk

CE

B> clk

N

Ry

L

‘ | A
I—cr

CE

> clk

Q<_

IOE
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AnUIoOUPYIG oUVOPTNOEWV PeE Xpnon LE*

m  Y\oroinon Twv Aoyik@v cuvoapTioswy X = A BC+ABC kou Y = AB

data 1
0

P P P PR P R B P O O O O O O o

* AvTioTolixo Tou MNapadeiyuaTog 5.8

data 2
o

P P P P OO OOVPFPRUPRPRPROOoOo

data 3
0

P B O O P B OO Rr P O O R L O

data 4
o

R O P O P OFPr OFP OFP O FrP O R

Output
0

O O O O O 0O 0O O O OO O O Bk

Logic E|emeﬂri“""“““"“"""""" - "—“:' set by configuration
: : bit-stream
: latch| !
INPUTS | CLK 1 ;
L1 ]
FF ——» OUTPUT
ERE
N___..____Reset _________|
A 4-input "look up table" L E 1

AnautouvTai 0o Logic Elements, map&ANAQ:
LE1 yicx To X Ko LE2 yix TO Y
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Anuioupyi cuvapTAoewyv Pe xpnon LE*

m  Y\oroinon Twv Aoyik@v cuvoapTioswy X = A BC+ABC kou Y = AB

Logic E|emeﬂri“h““"_h"_""“"_"ﬂ""“—h“-—é set by configuration
i faitely : bit-stream
datal data2 data3 data4 Output INPUTS | CLK B
0 0 0 0 0 | L]
FF ———» OUTPUT
0 0 0 1 0 . X
0 0 1 0 1 §
0 0 1 1 0 N___.._..Reset .
0 1 0 0 0 4-input "look up table" LE 1
0 1 0 1 0
Logic Element i t by configurati
0 1 1 0 0 ’ i — = bsream |
0 1 1 1 0 INPUTS ! CLK 1 .
1 0 0 0 0 ek B
FF ———» OUTPUT
1 0 0 1 0 do | 1Y
1 0 1 0 0 5
n 5 n 0 5 N.........Reset .
1 1 0 0 0 A 4-input "look up table" LE2
1 1 0 1 0
1 1 1 0 0 AnautouvTai 0o Logic Elements, map&ANAQ:
1 1 1 1 0 LE1 viax To X kKol LE2 yik TO Y

* AvTioTolixo Tou MNapadeiyuaTog 5.8 26




AnUIoOUPYIG oUVOPTNOEWV PeE Xpnon LE*

m YAoroinon Tne Aoyikng ouvépTtnong Y = JKLMPQR

data 1 data 2 data 3 data 4 Output
0 0 0 0 0

P R R R R R B R O O O O O O O
P P P P O OO0 OFPFP PFRPR PP P OOO
P R O O P P OO PR P O O R L O
B, O P O P O R O R O R O FLr O p
hr O O O O O O OO OO O o o o

* AvTioTolixo Tou MNapadeiyuaTog 5.8

____________________________________________

Logic Element : set by configuration
: ‘ bit-stream

INPUTS § CLK

J 1
FF ——» OUTPUT
R

3
4-input "look up table" L E 1

L

AnautouvTai 0o Logic Elements o€ oeipd:
LE1 yiax To X=JKLM Kol LE2 yiax To Y=XPQR
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Anuioupyi cuvapTAoewyv Pe xpnon LE*

m YAoroinon Tne Aoyikng ouvépTtnong Y = JKLMPQR

data 1 data 2 data 3 data 4 Output
0 0 0 0 0
0 0 0 1 0
0 0 1 0 0
0 0 1 1 0
0 1 0 0 0
0 1 0 1 0
0 1 1 0 0
0 1 1 1 0
1 0 0 0 0
1 0 0 1 0
1 0 1 0 0
1 0 1 1 0
1 1 0 0 0
1 1 0 1 0
1 1 1 0 0
1 1 1 1 1

* AvTioTolixo Tou MNapadeiyuaTog 5.8

____________________________________________

Logic Elemeqt

set by configuration

: bit-stream
| latch| !
INPUTS CLK 1 ;
Le ]
FF ——» OUTPUT
Lo | ] 1X
I
N . Reset | :
4-input "look up table" ! L E 1
_______________ I
___________________________________________ set by configuration
<= bit-stream
latch| !
INPUTS | CLK 1 i
< 1|
i ——% OUTPUT
Lo | (] Y
Reset

4-input "look up table"

LE2

AnautouvTai 0o Logic Elements o€ oeipd:
LE1 yiax To X=JKLM Kol LE2 yiax To Y=XPQR
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AnUIoOUPYIG oUVOPTNOEWV PeE Xpnon LE*

m Y\oroinon evog ueTpnTtn dixipeong OIc Tou 3

____________________________________________

Logic Element : set by configuration
| . bit-stream

data 1 data 2 data 3 data4  Output INPUTS | CLK
0 0 0 0 1 '

——F OUTPUT

QO

A\ 4-input "look up table" L E 1

3 Logic Elements, LE1, LE2 map&AnAa. LE3 o€ oeipd:
LE1 yiox To QO*/QO0, LE2 yix TOo Q1*/Q1 ko LE3 yicTO Y

P P P P PR B RO O O O O O O
P R PR O O O O R LB B R O O O
P P O O P B O O R B O O B B O
P O P O P ORLr ORFLr OFLr O R O B
O O O O O OO OO O o o o o o

* AvtioTolxo Tou Mapadeiyuatog 5.8 Q1* =Q1Q0 Q0* =Q1Q0 Y =Q1Q0




AnUIoOUPYIG oUVOPTNOEWV PeE Xpnon LE*

m Y\oroinon evog ueTpnTtn dixipeong OIc Tou 3

____________________________________________

Logic Element : set by configuration
| . bit-stream

data 1 data 2 data 3 data4  Output INPUTS | CLK
0 0 0 0 0 '

A 4-input "look up table" L E2

3 Logic Elements, LE1, LE2 map&AnAa. LE3 o€ oeipd:
LE1 yiox To QO*/QO0, LE2 yix TOo Q1*/Q1 ko LE3 yicTO Y

P P P P PR B RO O O O O O O
P R PR O O O O R LB B R O O O
P P O O P B O O R B O O B B O
P O P O P ORLr ORFLr OFLr O R O B
©O O O ©O O O O O O ©O © © © O p

* AvtioTolxo Tou Mapadeiyuatog 5.8 Q1* =Q1Q0 Q0* =Q1Q0 Y =Q1Q0 .,




AnUIoOUPYIG oUVOPTNOEWV PeE Xpnon LE*

m Y\oroinon evog ueTpnTtn dixipeong OIc Tou 3

LOgiC Elemerﬁ:““““"“““"_""“"“"“““““E set by configuration
i tatch| 4 bit-stream
datal data2 data3 data4  Output INPUTS | CLK a1
0 0 0 0 1 0 ! LT
) ! FF ——— OUTPUT
| ' :
L LT
| | ’
I Q1 I \Reset ____________
0 0 1 1 0 , |
0 1 0 0 0 !LE:]_ out : LE2 out A\ 4-input "look up table" LE 1
0 1 0 1 0 < - - 2 P . . .
E&v 10 LE €ixe 000 dI0KPITEG €£600UC Uit CUVOUNOTIKA KOI MIXX
0 1 1 0 0 okoAouOIaKn Aoyikf 6 xpnoipomolodoope 2 LE (LE1,LE3 Koivo)
0 1 1 1 0 ClK
1 0 0 0 0 U — o Mat /
1 0 0 1 0 o o0 00 ] ¥
1 0 1 0 0 B ) ~
i Mmopeiva
1 0 1 1 0 T omoAelpOei
QO Reset
1 1 0 0 0
1 1 0 1 0
1 1 1 0 0 3 Logic Elements, LE1, LE2 map&AnAa. LE3 o€ oeipd:
1 1 1 1 0 LE1 yiox To QO*/QO0, LE2 yix TOo Q1*/Q1 ko LE3 yicTO Y

* AvtioTolxo Tou Mapadeiyuatog 5.8 Q1* =Q1Q0 Q0* =Q1Q0 Y =Q1Q0 .,




KaBuoTépnon dixdoonc ota LE*

m Acg umoB&ooupe OTI TO amAoTioiNUEVO LE €xel Tax
XXPOKTNPIOTIK& Xpoviopou Tng d1ataénc Cyclone IV
NG Intel Kol BEAOUPE VO KATOOKEUKOOUUE EVK
XKOAOUBIOKO KUKAWPG TTOU Vo TPpEXEI 0Tk 200 MHz

m [l1ooa eminmeda oToixeiwv LE (N) To moAU ymopoupe
VO XPNOIYOTIOINCOUNE PETKEU OUO KATAXWPENTWV;

I.=1/f =1/200 MHz =5.000 ps
tpd= tLE w:re_ 627 ps

Te2tpeq t Uyt tserup = T 2 T

N < [T ( pcq + tsetup)] / :>
N <[5.000 - (199 + 76)] ps/ 627 ps =
N<754=N=7

+NE,,+t

setup

* AvTioTolixo Tou MNapadeiyparog 5.10

Xop/K& XpoviouoU
Kataxwpntn:

theg = 199 ps
tsetup = 76 PS

thoia = O PS

Logic Element-Wire:
tr =381lps

t,ie =246 ps*

* H kaBuoTEpnon dikdooncg

TWV CUPNATWYV METHED
TwV oToIXEIwV LE
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