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["eviko MovTéAo
2. Uyxpovwyv KukAwpatwy

clock | input

input CL Mreg CL Nregl—e-+» output

____________________________________________________________

Ta kaAwdia, eKTOC poAoyioU, ¥ output

UTTOPOoUV va éXouv TTAATOC * 2uvduaoTikh AoyiKA

oAAd bits. (Combinational Logic - CL)

Karaxwpntéc (registers) - Aev éxouv eowTEPIKA KATAoTAoN
- ouMovi amté flip-flops - 'ECodoi eivar ouvapThoeig Twy

PoAé! £1060Wv

- Awavéperar ota flip-flops TTpoaipeTika feedbacks
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TTapadeiypya KUKAWHATOC

X3 X x1 x0

LD

¥

—I out

clk

Parallel to Serial Converter

OAa Ta povomdria cival evég bit

O1 kataxwpnTég eival amAd flip-flops

H ouvduaoTiki AoyiKn €ival o1 TTOAUTTAEKTEC
Aev uttdpx el feedback
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["evikd MovTéAo
2.Uyxpovwyv KukAwpdatwyv

clock _J L] | input

| |

N reg ?_?_’ OUtpUt

____________________________

_______________________________

¥ output

TTwce peTpdpe emdooeig ;
- Asitoupyiec / sec ;
- KUkAot / sec ;

T tepropilel Tov KUKAO poAoyioU ;

T ouppaivel av au€Aogoupe Th ouxvoTnTa Tou poAoyioU;
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TTepiopiopoi oTn ouxvoTNTA TOU
poAoyiou

1 KaBuotepnoeic muAwy

_3 /—— input

_f output
i t

DQ
£

c\k

D[

2 KaBuorepnoeig flip-flops

|

Q-

setup time

| |
= =

clock to Q delay

T1 mpémel va oupPei oe €va KUKAO Tou poAoyioU vid va £XOUHE

oWwoTRH AsIToupyia ;

OtwpwvTag 0TI To poAdl SiavépeTal TéAeia (6Aa Ta flip-flops
BPAETTOUV TNV AKUh TAuTOXpOVa):
- 'OAd Ta ohyata mpémel va givar £Toiga (setup) mpiv Tnv BeTIKA akpn

Tou poAoyiou
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Flip-Flop: Xpovikég TTapdueTpol

Tezam s >
L, 4
Cik
Clk
>

* H ¢cicodog D mpémer va peiver otabeph TouAdxioTov yia xpévo T, (setup time)
TIpiv TNV AKUA Tou poAoyioU Kai TouAdxiaTtov T,4 (hold time) petd tnv akpn.
- 'Bva mapdBupo xpdvou yupw atmd Tnv akpin Tou poAoyioU yid To oTroio n £icodo¢
TPETEl va Heivel aTaOeph
« H é€odoc Q aAAdler Aiyo HeTA TV Ak Tou poAoyiou
- Tezq €ivar 0 xp6vog kabuoTépnong amoé Tnv akph oTnv £¢odo (propagation delay)
Teaqm Eivar o eAdxi10Tog Xpovog kabBuaTépnang amé Thv akuh oTny ¢€odo
(apxiCouv va ahAalouv Ta dedopéva - contamination delay)
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2.Uyxpovo KukAwpa:
Xpovikée TTapapeTpol

. . ] ClLout
In —D Q Combinatorial D Q—
Logic J
\ /\

Clk Clk
* XpOVIKEC TtapdpETpol = XPOVIKEG TTAPAUETPO!
KATaxwpnTwy ouUVOUdOTIKAC AOYIKAC
- Taxt TTepiodog Pohoyiob - T, KaBuaoTépnon
- T, : Setup time ouvOUdoTIKAG AoyIKAG (max -
- Thd Hold time P"OPGQ(T“On delay)
~ : Clock to Q (worst) = Teiogm EAdXIOTN
- Tc2qm Clock to Q (min) kaBuaTEpnon ouvduaaoTIKAG

Aovikinc (min-contamination)
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Xpoviouoc 2uyxpovwy KUuKAwHATWV:

EAdxioTh Ttepiodog
. . ]CLou‘r
In —D Q, Combinatorial D Q,—
Logic J
A [ a
Ck  — | clk
Clk LL@ .
Q o Kb >
Loy | <<<<<<<<< A KB D
Tclogm"" §TC'°9 TSUZ
Tclk 2 Tczq Tclog + Tsu
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Xpoviouoc 2uyxpovwy KUuKAwHATWV:
EAdxioTn kaBuoTépnon

] CLout

In —D @ 4[ Combinatorial D Q,I—
Logic J
o o
Ck  — Clk
e Kap,
Loy | <<<<<<<<< A KB >
Tclogm et C|09 4_;‘-hdz
Tclogm < Thd - Tchm
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Xpoviouoc 20yxpovwyv KukAwpdTwy

« Tevika , via owaoTnh AsiToupyia TtpéTel yia 0Aa Td
HovoTtdTid va 1oXVEl:
- Tclk 2 T + T + T

c2q clog su
- Tclogm 2 Thd - Tc2qm (I"[ Thd £ Tc2qm * Tclogm )
- TTwc ppiokoupe 6Aa Ta povomdria ;
- AT6 KABe cicodo N £€€odo KaTtaxwpnTn oc KABe €icodo
karaxwpnTtn N €€odo Tou KUKAWHATOC

- To o apyo povomdTi cuvOudoTIKAC AOYIKAC €ivai
auté Tou kaBopiler To T, (oTéTE Kal ThV €AdXI0TN
mepiodo) kai Acyetai critical path.

- O evromiopog Tou critical path pag diver Tn
duvaToTNTA va TpooTTaOnooupe va amAoTToIROOUHE ThY
AOYIKA TOU povoTtaTioU Kdl va TTETUXOUHE UYNAOTEPN

OoUXVOTNTA AgITOUpPYIAC TOU KUKAWHATOC.
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TTapadeiyua (1/6)

— 1D

B! 1

*Tjpg=2ns,T,.=1ns, T, =3ns,

* Teoq=0.5ns , Tpgn= 0.2ns , T=0.4ns , T,y = 0.3ns
* TTo16 eivar 7o critical path;

 TTéon eival n eAaxioTn epiodoc poAoyiouU;

+ KaAUTtTovTal OAeC o1 OUVOAKEC XpoviopoU;

HY220 - BaogiAng TTamasuoTaBiou
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TTapddeiyua (2/6)

oD

) Tand = 2ns / Tor = 1ns / Tmux = 3ns ’
* Teaq = 0.9ns , Togm= 0.2ns , T,=0.4ns , Ty = 0.3ns

» TTo16 eivai 1o critical path;
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TTapddeiypa (3/6)

oD

) Tand = 2ns / Tor = 1ns / Tmux = 3ns ’
* Teaq = 0.9ns , Togm= 0.2ns , T,=0.4ns , Ty = 0.3ns

» TToon civai n eAdxioTn Ttepiodoc poAoyiou;
) Tmi” = TCZQ + Tand + Tmux + Tand + Tsu =79ns

HY220 - BaogiAng TTamasuoTaBiou
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TTapddeiyua (4/6)

oD}

X {

*Tjpg=2ns,T,.=1ns, T, =3ns,
* Teoq=0.5ns , Tpgn= 0.2ns , T=0.4ns , T,y = 0.3ns
- KaAUTtTovTal 6Asc o1 GUVONRKEC Xpoviopuou;
* OXT I"Exoupe Tjogm = O NS kal Tipq, = 0.2n08
) ﬂpénel Thd < Tc2qm T Tclogm
 Kai Twpa 11 kAvouye ;
HY220 - BaogiAng TTamasuoTaBiou
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TTapadeiypa (5/ 6)
e

0—1 {

_ﬂ_:
e — L/
*Tyg=2ns,T,.=1ns, T, =3ns,
* Teoq = 0.9ns, Tpgn= 0.2ns , Ty =0.4ns , Ty = 0.3ns
- KaAUTITovTal 6Asc 01 OGUVOARKEC XpOoViouou;
’ ﬂpénsu Thd < Tc2qm + Tclogm
* TTpooBéToupe pia mOAn pe T,.= Ins (apkei;)

» Tevikd ox1 ! T, (min-contam.) ;

» Botw T, =T, Kai YeVIKA yia 6Aeg Ti¢ TUAeg! (amAomoinon)

* Twpa OK II"Exoupe Tjpgm = 1 NS Kat Tpo = 0.2
HY220 BaagiAng ﬂanaauomeuou
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TTapddeiyua (6/6)
D ~

*Tjpg=2ns,T,.=1ns, T, =3ns,

* Teoq=0.5ns , Tpgn= 0.2ns , T=0.4ns , T,y = 0.3ns
+ KaAUTtTovTal 0Aec o1 OUVOAKEC XpoviauoU;

ﬂpeﬂeu Thd < Tc2qm Tclogm

* ZuvhBwg Ppaloupe 2 avtioTpoweic (éotw T, = 0.3ns)
- OK II"Exoupe Tjoqm = 0.6 ns kar Tipo, = 0.2ns

HY220 - BaogiAng TTamasuoTaBiou
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TTapadeiypya kukAwpartoc pe AdBoc¢

— 1D

HY220 - BagiAnc¢ TTamasuoTadiou

e

[ToU eivai To AdBoc ;

]T
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TTUAec ka1 TexvoAoyia (1/6)

« Q1 TTUAeC oTa oAokAnpwpéva KUKAWAra
vAoTroloUvTal og Texvohoyia CMOS
(Complementary MOS)

- Bdon 1ng TexvoAoyiag Ta transistors TUToU
MOSFET (metal oxide semiconductor field effect
transistors - transistor Polysilicon

emidpaonc mediou TUTIOU \ Aluminum
HéTaAAo - ofeidio - nHiaywyoc)
- Gate ( Tou transistor )
- Source
- Drain
- Channel

Sour:ew/ Drain
P-Type Regrons

HY220 - BagiAnc¢ TTamasuoTadiou 18



TTUAec ka1 TexvoAoyia (2/6)

gate

source drain

+ 2 oupUTTANpWHATIKA

. |©e®Ce®

eion transistors I
- NMOS 3
(negative channel ) 4 N s
- P Mo S NMOS transistor as a switch
(positive channel ) sowce T drain
- Ta transistors b ° e %09 b,
OUUTTEPIPEPOVTAI OAV
OIAKOTITEC Voo |

<l = ﬂﬁ:f =
PMOS transistor as a switch
HY220 - BagiAnc¢ TTamasuoTadiou



TTUAec kal TexvoAoyia (3/6)

O avTioTpowédc o

* AVTIOTpOWEAC

(NOT 901.6): vdd » in L[!— out

o
) Gnd
Vdd
Al
in —e —— out
4{57 Gnd ——— in <|j out
il
Gnd
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TTUAec kai TexvoAoyia (4/6)
2. UTTEPIPOPA TTUAWV

O avrioTpowEacg

i

1-0-1 0-1-0
d

!

\ Logic'0)

MovTeAoTrolgi TV
£igodo dAAWV TTUAWV
Kdl ThV XWpnTIKOTNTA
Tou KaAwdiou

O puBuoc e€apTdTar amo
TNV dUvapn Tou dIKTUOU
avéAKuong Kai Thv
XwphTtikoTnta C

O puBuoc¢ e€apTdral amo
Tnv OUvapn Tou diIKTUOU
KaO&AKUONC Kail Thv
XwpnTtikotnta C

HY220 - BaogiAng TTamasuoTaBiou
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TTUAec kai TexvoAoyia (B/6)
NOVIKEC TIUEC

+3 +3
Logic O
Input Voltage
Vout Logic 1
Input Voltage
Logic O
0 0 +3

- KatweAil -Threshold
- Aoyiko 1 (true) :V»>Vdd-Vth
- MAovyiko O (false) : V < Vth
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TTUAec kai TexvoAoyia (6/6)
To oToiIX€Eio TOU XpoOvou

+3

- O1 aMayég

—

Propagation delay

Vv +3

in

oTic e€0douc dev eival akapiaieg
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KaBuoTepnoeic KaAw6 iwv

+ Ta kaAwdia éxouv kaBuaTtépnon!!l — ,
Ta oApaTa KivoUvTal TEPITToU e TV 4%

TaxuTnta Tou pwtoc (~30 cm/ns)

O xpovo¢ Twv onudTtwy amod Thv TTnyH oTov
TIPOOPIOUO €ival 0 XpOVOC HETAPOPAC
(transit time)

2.1a ICs Ta kaAwdia gival «KovTa» oTTOTE
ol XpOVvol HETAPOPAC €ival TTOAU HiKpoi o€
oUYKpIon HE TNV TTePiodo Tou poAoyioU Kal
ouvhBwc¢ TI¢c ayvooupe!

‘Exouv peydAn onpacia 6pwWe oTIC
Turtwpéveg tAakéTeg (PCBs)

Emionc sivar ToAU onpavTikéc o ypAyopd
chips pe pakpid kaAwdia

 TT.x. Busses, clocks
HY220 - BaogiAng TTamasuoTaBiou
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2. Toixeia MvAaunc:
Latch vs Register

Latch - MavTaAwTAC: * Register - KataxwpnTtAig:
Level triggered ! + Edge triggered !
ATt0Onkevel Ta dedopéva « AToOnkevel Ta 0edopéva
oTav 1o poAoi givai O. oThV AKUh Tou poAoyiou

— Clk —p Clk
Clk - Clk Bl

D

Q Q |

HY220 - BaogiAng TTamasuoTaBiou 25



YAoTroIhoeIC:
2.TolX€ia HVAHNG pHeow avadpaong

- AUo avTioTpopeic oxnuatifouv éva oTaTiko KUTTAPO
uvAung (memory cell) - To o amAd pe Ppoyxo avddpaong
- Oa kpaTthoel ThV TIUA 600 TPOWOOOTEITAI HE NAEKTPIOUO
lllll

‘ [: E ‘ "stored value"
lloll

» TTwg pmopoUpe va eiodyoupe véa Tigh aTo memory cell ;
- 2ZTdype To HovoTtdTi Th¢ avddpaong (feedback)
- ®opTWwvoupe véa TIUA

"remember"
I'--.I

"load" ‘ [ [ ‘ " "
"data" : — stored value

HY220 - BaogiAng TTamasuoTaBiou 26




YAoTroIhoeIC:

Cross-coupled Gates - RS Latches

Bpoyxoc avadpaonc pe NOR yia vAomoinon RS latch

- Tlapépoio pe 1o {euydpl Twv avTioTpoPéwyv dAAd pe Tn duvaroTnTa vda
Béooupe Tnv £€000 o1o O (reset=1) n oto 1 (set=1)

R

St

R
e =

Bpoyxoc¢ avadpaonc pe NAND via vAomroinon RS latch

- Tlapopoio pe To {euydpl TwWv avTiaoTpoPiéwyv dAAd pe Th duvaroTnra va
Oéaoupe Tnv £€€000 ato O (reset=0) n oto 1 (set=0)

R': ]

e i ag
—H =

=

R'——

HY220 - BagiAnc TTamasuoTa
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XPOVIKA 2UUTTEPIPOPA:
NOR-based RS Latch

S R e 0
10 1 0 ,
S i)_._‘ Q' ] { 0 1 ATayopeUHEVO
Reset  Hold Set Reset Set . 100 Race
LN\ LN ) N _
N N
Q — —
Q £
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YAoTOINDEIC:

D Latch
+ D-Latch pe poAdi kai data:

- ®opTwon dcdopévwy 10000V E TO POAOI
- YAomoinon ye gated NOR-based RS Latch

D

CLK

HY220 - BaogiAng TTamasuoTaBiou
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YAoTOINDEIC:
Mux-Based Positive D Latches

Positive latch : «diapavic» otav CLK=1

module pos latch (clk, d, q)
'\ input clk, d;
—10 Q output g;
reg g;
D—1 always @ (clk or d)
{ if (clk) g <= d;
CLK endmodule

HY220 - BaogiAng TTamasuoTaBiou 30



YAoTOINDEIC:

Mux-Based Negative D Latches

Negative latch : «diapavig» otav CLK=0

CLK

module neg latch (clk, d, qg)
input clk, d;
output g;

reg g

always (@ (clk or d)
if (~clk) g <= d;

endmodule
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CLK

YAoTroInoeIC:
Latch ye Transistors

CLK

T e

NMOS +ransistors AéxeTar un emikaAuTtTOpEVA
(non-overlapping) clocks
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Positive Latch

In —D

Q
G

—> Qut

T CLK
|

clk |

Latches

OO0
><:D<><><><><><><:D<><><><>< ><:D<><><><><>O<:[><><><XX

E§o§og

E§o6og aKvoueel

oTaBepn TNV cicodo

Xpovikéc mapapeTpol:
. szq : Xpovo¢ atmo tnv cicodo Thv £€0do o0Tav To poAdl Bewpeital evepyod
TC2q : Xpovoc¢ yia Thv ahAayn Tng e€0dou HeTd Thv evepyoToinon Tou poAoyioU

HY220 - BaogiAng TTamasuoTaBiou 33
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Negative Latch

In —-D Q —> Out
G
(8]

T CLK

|
OWNNNNONMN

E§o§og E§o6og akoAouOci
oTtaBepn TNV €icodo



KaBuaoTepnoeic
Kartaxwpntn - MavtaAwTn

Tqu
/ \
> Clk Clk
Tc2q Tch
Register Latch
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AKHOTTUPp00OTNTOC KataxwpnThg
Apévtn - ZkKAdpou (1/2)

* Master-Slave kataxwpnTtig - Edge-triggered D Flip-Flop

- Kartd tnv apvnTikh gdon Tou poAoyloU amoBnkeVovTal Ta data otov master latch
- Katd tnv BeTIKA pdon Tou poAoyioU aAAdlouv o1 £€odoi Tou slave latch

Negative latch  Positive latch
Q
D Q —  __ Dlp o2
G
Clk Clk
Slave | | 1
Master CLK _I
| | | |
LY e 2 Daooaoonadaongonnc
N T o O00RE 000K
W] =1 | | [ |
D ——>{0 : ' | o
L
CLK
CLK
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AKpoTtiupodoTnTo¢ KataxwpnThg
Apévtn - ZKAdpou (2/2)

* Master-Slave kataxwpntig - Edge-triggered D Flip-Flop

- To setup-time mpokUTTEl ad TNV KABUOTEPNON Tou master latch
- To c2g-time mpokUTTEl amd Thv kaBuaTépnon Tou slave latch

Master Slave

—  » D Q : D Q—»
C C
—
clk

HY220 - BagiAnc¢ TTamasuoTadiou 36




AOUYXpPOVEC €i0000!1 O¢
oUuyxpova KukAwpara (1/2)

+ TiyiveTal pye Ta eCwTepIkd onpara ; (m.x. buttons)

- Aev pmopoUpe va

gyyunBoupe oT11 o1 Xpovol

setup kai hold Ba
ThpouvTailll

I
Fo o—— >
Sequential System

Clock

AN

» Otav éva aolyxpovo ohua TtapaPialer setup kai hold

times... |

Q

/

D__ |

Xdvoupe Tnv deTdpaon oTov
TPWTO KUKAO aAAa Thv
«TIdvoupe» atov deUTEPO

—
Clock __| \_| \__

/

/

S
—

s

WA

[

«TTidvoupe» TN
TOV TTPWTO KUKAO

HY220 - BagiAnc¢ TTamasuoTadiou

v geTapaon amo

H é€o0doc¢ yiveTal yetaoTabng
yia ampoadiopioTo Xpovo

37



AOUYXpPOVEC €i0000!1 O¢
oguyxpova KukAwpara (2/2)

* 2 IYOUPEUTEITE OTI 01 ECWTEPIKEC €i000O0!
mnyaivouv o éva akpipwg flip-flopl!!

- O1 mepimtwoeic I kai IT pymopoUv va mpokaAégouv
AdBo¢ oTo KUKAwpa av amo Tnyv idia gicodo oe éva flip-

flop ouupei To waivopevo I evw og éva dAho To IT.

e N Sequential System
fﬁ o D Q

AN

Clock
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Xeipiopoc MetaotaOeiacg
(Metastability)

+ TTepimTwon ITIT - AdUvartov va mpoAngOei |
« Ta povTépva yneiakd KUKAwpaTta Pyaivouv oxeTIKA
ypnyopa amd KaraoTtdoeiC HeTAoTdOeIac.
« Auon: TTepipévoupe Ta onpata va otaBepomoinBouv
- Zuyxpoviauog pe 2-3 flips-flops (synchronization)

TToAU amiBavo va eivai
HETAOTAOAC via > 1 kKUkAo  EaipeTikd amiBavo va eivai

TTiBavwcg va sivar yetaoTadng | HETAOTABNC via > 2 KUKAOUG
HETA Tn OelydaToAnyia /
s e gﬁﬂ%a Seduentis Logic
— | System
N
Clock

HY220 - BaogiAng TTamasuoTaBiou



H apxnh Tou Pipelining
ue éva mapddeiypa (1/2)

* AvdAoyo TTAUGNC poUxXwV:
- pnpa 1: wash (20 minutes)
- pApa 2:dry (20 minutes)
- pApa 3: fold (20 minutes)
60 minutes x 4 loads = 4 hours

 Kai av emkaAUyoupe Ta pApara - oradia;
20mins 20mins 20mins 20mins 20mins 20mins

wash | loadl | load2 | load3 | load4
dry loadl | load2 | load3 | load4
fold loadl | load2 | load3 | load4

overlapped = 2 hours

HY220 - BaogiAng TTamasuoTaBiou




H apxnh Tou Pipelining
ue éva mapddeiypa (2/2)

20mins 20mins 20mins 20mins 20mins 20mins
wash | loadl | load2 | load3 | load4

dry loadl | load2 | load3 | load4

fold loadl | load2 | load3 | load4

Av au&nooupe Twv apiBué Twy loads, o péooc xpovoc ava
load TAno1dlel Ta 20 minutes

KaBuorépnon - Latency ( o xpovog améd Thv dpxn HEXP! TO
TéAOC) via éva load = 60 min

Mapoxrn - Throughput = 3 loads/hour
» Pipelined throughput = # of pipe stages x un-pipelined
Thr'OUQhPUT- HY220 - BaogiAng TTamasuoTaBiou 41



Pipelining

["evika: - T

YmoBéote T = 8 ns
N— I CL [ [rovur Ter(setup +clk—>q) = 1 ns
F=1/9 ns = 111 MHz

Kopoupe 1o CL block og koppdaria (sTages) Kal Ta XwpiCoupe e
registers: T

N N N

IN —» —» CL1I— — CL2I —» OUT

T1 T2 Y1oBéoTe T1=T2 =4 ns
T=4ns+1ns+4ns+lns=10ns
F=1/(4 ns +1 ns) = 200 MHz
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Op1a ato Pipelining

Xwpig To xpovikd kdoTog (overhead) Twv FF, n peAtiwon ato throughput Ba
ATav avdAoyn Tou ap1Buol Twv atadiwv(stages) Tou pipeline

« Av mpooBéooupe ToAAd oTddia, To overhead Twv FF apxiCel va kupiapxeil

7 .
~ ideal
FF “overhead”
>00 1 is the setup and
real K clk to Q times.
throughput
(1/T) half the clock period

in FF overhead

# of stages

AAAOI TTEPIOPIOTIKOI TTAPAYOVTEG YId TTIo amodoTIKé pipelining:
« O1 kaBuatephoeic/apePaidTnTeg Tou poAoyiol (clock skew) ouveiagpépouv oto overhead
*  Mn iocoppomnpéva atadia
« To kooToc Twy FFs kuplapxei
«  KaravdaAwan 1oxuog via Tnv diavoun Tou poAoyioU(clock distribution power consumption)

« Avadpaaes atig Aoykég - feedbacks (dependencies between loop iterations)
HY220 - BagiAng TTamasuoTaBiou 43



