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1 Overview

As youknow, all informationinsidea computelis processedndstoredas0-1 bits Herewe will look atthe
basicbuilding blocksusedto manipulatethis 0-1 informatian.

2 Combinational Logic

Thetermcombinational logic refersto circuitry thattransformsbits, asopposedo storing bits. For exam-
ple, the ALU portionof a CPU transformsdata,e.g. transformingiwo inputword-sizedbit stringsinto an
outputwhichis thesumof thetwo inputs.

2.1 A FewBasicGates
2.1.1 AND Gates

A basicAND gatehastwo inpuis andoneoutpu. 2 Let'scall thetwo inputs X andY, andtheoutputZ. Then
Z=1if andonlyif X =1andY =1, hencethename“AND.”

The AND operationis representeth booleanequation settngsby multiplication, i.e. we write

'Our coursehasno digital desgn prerequisiteandthussomeof this materialmustbe preseted here.For thoseof youwho do
have this baclground,l askfor your patiene; wewill quickly move to otherthings.
2\ersionawith fan-in of morethantwo, i.e. having morethantwo inputs,exist too.
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2 COMBINATIONAL LOGIC 2.1 A Few BasicGates

Z=XY (1)

As you cansee this equatiom doessuccindy summarizehe AND operation:For example,if X andY are
both1, thensincel x 1 = 1, thenZ will beltoo. If ontheotherhand,for instance X =1butY =0, Z will
beO.

Thestandaragymbolfor anAND gateis

1

Notethatfor ary X (O or 1),

0X =0 (2

and
1 X=X 3

2.1.2 OR Gates

Again, a basicOR gatewill have two inputs, but in thiscaseZ = 1 if andonlyif X =1 orY =1 (which
includesthe casein whichbothX andY arel).

Theboolearequatioris

Z=X+Y (4)

wherethe‘+’ is standardaddition exceptthatl + 1 is takento be 1.

Thestandaragymbolfor anOR gateis

) >

Notethatfor ary X (O or 1),

0 + /Y - /X’ (5)

and
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2 COMBINATIONAL LOGIC 2.1 A Few BasicGates

1+ X =1 (6)

2.1.3 NOT Gates

A NOT gatehasoneinput X andoneoutput Z, with the output beingthe logical negationof theinput. In
otherwords aninputof 1 producesnoutputof 0, andvice versa.

In booleanequationsa NOT operatioris indicatedby anoverbar:

Z=X 7)

Thestandaragymbolfor a NOT gateis:

- o

2.1.4 NAND Gates

Heretherearetwo inpus X andY, andoneoutputZ. Theterm“NAND” standdor “not-and; meaninghat
Z =1if thestatementX =1andY =1" isnottrue.

Theboolearequationis

7 =(XY) ®)

Thestandaragymbolfor aNAND gateis

1 »

Notethatthelittl e circle heremeansnot.”

Obvioudy, if onthedayonwhichwe shopgdat the GatesR Us storethey wereoutof NAND gateswe
couldsynthesiea NAND by usingan AND togethemwith aNOT:

But of coursethiswoud notbesodesirableasusirg arealNAND. Thesynttesizedversionwould probably

have moretransistos thanthereal one,andthuswoud be slover andtake up more spaceon a chip, thus
reducingthetotal numberof gateswve couldputonthechip.
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2 COMBINATIONAL LOGIC 2.2 SomeMSI Combinatimal Components

2.1.5 NOR Gates

Again,inpus X andY, outpu Z, with Z beingequalto 1 if thestatementX =1orY =1" is nottrue.

Theboolearequationis

Z=TX17) (©)

Thesymbolfor aNOR gateis:

] o

Again, thesameeffect couldbe syntesizedy leadingthe outpu of anOR into aNOT.

2.1.6 XOR Gates

Herewe have inputsX andY, outpu Z, with Z beingequalto 1 if the statementX =1 orY = 1 but not
both”is true. Thetermusedfor thisis “exclusive-or” abbreviatedto XOR.

Theboolearequationis

7=XY +XY (10)

Thesymbolfor anXOR gateis:

Again, the sameeffect couldbe syntesizedy usingtwo NOT gatesfwo AND gatesandanOR gate.

2.2 SomeMSI Combinational Components

“MSI” standdor “medium-scaléntegration” We areintegratinga moderatenumberof gateso form some
frequentlyusedbuilding blocks.
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2 COMBINATIONAL LOGIC 2.3 Examples

2.2.1 Multiplexors
A multiplexor, or MUX, selectneof its datainputs andcopiesthatinpu to the output, with theselection
beingmadeaccordingo its address$nput.

As asimpleexample,considera MUX having two 1-bit datainputs, D1 andDO. To indicatewhich onewe
want,we needanotherinput A; A =1 will meanwewantD1, andA = 0 will meanwe wantDO.

Let'scall theoutputZ. Thentheequatiorfor Z is

Z=AD1+AD0 (11)

(Make SUREthis makessenseo you.)

While it won't bedrawvn here,you shoud be ableto seeabove thatwe could constret this MUX by usirg
two AND gatesponeNQOT, andoneOR.

A MUX with four datainputs D3, D2, D1 andDO0 would needtwo selectoibits, A1 andAO, andthe outpu
would be

7 = A1 A0 D3 + A1 A0 D2 + A1 A0D1 + A1 A0 DO (12)

(Again, makeSUREthis makessenseo you.)

2.2.2 Decoders

Thisis bestexplainedby example,sayfor a 3-to-8decoder Let’s call the 3-bit inputlines X2, X1 and X0,
andtheoutpu linesZ7, Z6, ..., Z1 andZ0. The 3-bitinputcanbe consigredthe binary codingfor oneof
thenumberd)-7. The outpu linesthentell uswhich oneof thenumber9-7is representetly theinput For
example,suppos X2 =0, X1 =1 andX0 = 1, representinghe number3; thenZ3 will be 1, to indicatethat
fact,andall the otherZi will beO.

Building a decoderfrom gatesis quite straighforward from the equatims, which themseles are also
straightorward. For example,from the exampleabove you canseethatthe equatiorfor Z3 is

73=X2X1X0 (13)

2.3 Examples
2.3.1 Half Adder
Herewe will designlogic to addtwo 1-bit numberdogether Let’s call the sumbit Sum. But notealsothat

theremaybea carrygeneratedthis will happenf bothaddendsareequalto 1); we will call this Cout,for
“carry outpu.”
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2 COMBINATIONAL LOGIC 2.3 Examples

Thelogic will look like this

A B

Cout

Sum

J

(Thedarkcirclesrepresentvire connections|f two linescrossin the picturebut thereis no darkcircle at
theirintersecton, thenthey do nottoucheachother

2.3.2 Full Adder

A full addethasonemoreinputthandoesahalf adder We will call thisinputCin, for “carryin.” Thereason
we needthis extrainputis thatwe will beusirg afull adderasa building block to do multi-bit addition For
example,considetthefollowing additionof two 3-bit numbersp11and001:

11
011
001

100

Let'sreferto thebit positimsas2, 1 andO, from left to right. The pointthenis thatthe addiion at postion
O resultedn a carryinto postion 1 (shovnin the picture),andthatcarry mustbeincorporatednto thesum
performedat posiion 1. Thatcarrywould bethe Cin for position 1 (andthe Coutfor postion 0).

We will not draw the logic, but herearethe equatios (remenber, we are now backto a singk bit, even
thoughthelogic will beusedbelon asa building block for a multi-bit adder):
Sum=ABCin+ ABCin+ ABCin+ A BCin (14)
Cout = ABCin+ ABCin+ ABCin+ A BCin (15)

Let'susethefollowing (notstandardsymbolfor afull adder:
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2 COMBINATIONAL LOGIC 2.4 Timing

Cin

FA — A

Cout S

2.3.3 2-Bit Adder

We canputtwo full adderdogeherto form a 2-bitadderi.e. logic whichwill addtogetlertwo 2-bitinpus,
producinga 2-bit sumanda possilte carry:

Al Bl AO BO

FA FA

C S1 SO

Here(A1,A0) formsthefirst 2-bitaddendand(B1,B0) formsthesecond.Thesumis (S1,S0) andthecarry
(into bit positon 3) is C. Notethata constan0 is hardwiredinto the Cin inputof thefull adderontheright.

2.4 Timing

Thedelayof atypicalgateis ontheorderof 10nanosecond@s),i.e. 10billionthsof asecondThissound
extremelyfast, almostbeyond humanimaginatian, but in view of the fact that computersperformtensof
millions of operationger secondgatedelaysdo add up into tangibleamountsof time, andthusdirectly
affectthe overall speeddf themachine.To getthefastesimachinedigital logic mustbe optimized. In other
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3 SEQUENTIALLOGIC

words, even thoudh several setsof gatesmay be equialentin effecting a certainfunction (say additon),
theirtimingsmay differ considerablyandit is desireto find an optimalset. We don't cover optimizatian in
this course put still this principe shoud bekeptin mind.

Notethatin the 2-bit adderexampleabore, the overall delayis approximatelydoublethe delayof a single
full addey sincetheleft full addemustwait for the outpus of theright oneto bevalid; beforethattime, the
outpus of theleft onearegarbageThereareotheradderdesignssuchascarry-lookahead adders, which
aimto circum\entthis problem.

3 SequentialLogic

Sequentialogic storedata.Reagistersin aCPU,RAM andsoon storedata.

3.1 Latchesand Flip-Flops
We first look atthe S-R latch. It hastwo inputs, R andS, andtwo outputs Q and(@. Its functionis thatof a
1-bit memory with Q beingthebit currentlystored?

Wheneer we wantto storea new bit in the latch, replacingthe old one,we simply pulseal onR or S
momentarily dependingon whetherwe wantto storea 0 or a 1 in thelatch. (R andS standfor “reset” and
“set’) AslongasR andS stayat 0, the storedvaluewill remainasis.

An S-Rlatchcanbeconstructedsfollows:

R Q

¢ Q

S
Supposefor instancethatcurrentlyQ = 1, andwe wish to changeQ to 0. Thatwoud meanmomentarily
pulshgtheR lineto 1. Let's seethatthis doesindeedwork:

SinceQ = 1, Q will be0. Thusthetwo inputs to the upperNOR gatewill be 1 (from R) and0 (from ),
makingtheoutput 0. In otherwords,Q doeschangeo 0, asdesired.

WhataboutQ? It will stayatO for a shorttime, but assoonasQ changeso 0 andfeedsthatvaluebackinto
the lower NOR, the outpu of thatlower NOR will now be 1 (sinceS = 0). In otherwords, doesindeed

3Q isthenthenegationof thebit beingstored.Sincethisis generatednyway, dueto the natureof thelogic usedn construction
we getit “for free; andthusmight aswell formally makeit oneof the outputs.Thatwayif @ hagpensto be nealedelsavherein
our machinewe would beableto sase aNOT gatethere.

Digital Logic: 9



3 SEQUENTIALLOGIC 3.1 LatchesandFlip-Flops

changeo 1.

But thatis nottheendof thestory, for we mustmakesurethatthosenew valuesof Q and( aremaintained
Well, the feedbacknatureof the circuit hasexactly thatresult. For example, after Q changedo 1, that
ensureghatthe outputof the upperNOR gateis O (regardlessof whatR is), soQ will indeedcontirue to
stayat0. Similarly, you shouldcheckthatthe designensureshat@ will stayat 1, until suchtime asS is
pulsed.

Flip-flops arelike latchesgexceptthatthey areclocked, sothatthey accepnew inputonly atcertaintimes. A
clockis acrystaldevice thatpulsesatregularintervals sendirg 1,0,1,0,1,... For example,a 300 megahertz
(mhz) PC hasa clock which pulses300million timespersecond?

Flip-flops, by virtue of having clockedinput acceptanceallow thedesigrer muchmorecornvenientcontrol.

After all, in acomplex machinetheinputswill sometime®e garbagéstill 0 or 1, maybe butnotmeaning-
ful), andthe clockednatureallows usto makesurethatthe storedvalueswill changeonly whenwe want
themto, i.e. whennongarbageraluesareat the inpus. Note thatthis alsomeansthatin mary caseshe

clock pulseitsef is notconnectedo theclockinputof aflip-flop, but ratherthatpulseis AND-edwith some
otherwiresthatrepresentonditonsunderwhich theinpu datais valid. (You will seean exampleof this

laterin thistutorial, wherewe build aRAM circuit.)

A D flip-flop canbeconstructe@sfollows

D

3—} r} °
. Q :
D ci

TheD input(“data”) is thenew valueto be storedatthetime of theclock pulse. You shoutl “walk through”
aninsi@anceof the operationof this circuit, againsaywherethe value1l hadbeenstoredoriginally (Q = 1),
butin whichwe wantthenew valueto beO (D = 0). Tracethroudh thesequencef eventswhich will occur
whenthe clock pulse comes;you will find that() is thefirst to changepecomingl, with its feedbacknto
theupperright NAND makingQ changeo 0, asdesired.

40f course thefasterthe clock, the fasterthe machine However, in choasingthe clock speed, we have to acountfor all gate
delays signa propagatiortimesalongwires,andsoon, sothatall signalsreachtheir destinationsvithin oneclockcycle. In other
words,we mustchasethe clock cycleto accanmodatethelonges delayin the overall circuit.
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3 SEQUENTIALLOGIC 3.2 Edge-Tiggerirg

3.2 Edge-Triggering

Mary flip-flops are edge-triggered. Whatthis meanss thatthey aredesignedn sucha way thataninpu
value(labeledD in the pictureabore) will have effect ontheflip-flop only duringa narrov window of time,
specificallythe time duringwhich the clock pulse is rising or falling. ®

Thisis doneto avoid feedbackproblemsin comple circuits Theoutput of aflip-flop mayberoutedthroud
aseriesof gatesandultimatelyfed backin to the sameflip-flop asaninput For instancegconsidertheIntel
assembly-langageinstuction

ADD AX, BX

(If you have not workedwith Intel machinesbefore, this instructon addsthe valuesin the AX and BX
registers,andstoregshesumbackinto AX.)

SupposéAX andBX originally containthe values5 and2, respectiely. The new valuein AX shoutl be
7. Butif thecircuitry werepoorly designedthe additon might contirue, with the 7 beingaddedto 2, thus
putting 9 into AX, andsoon. By limiting the sensiivity of flip-flops © to very narrov windows of time, this
feedbackproblemcannotoccut

3.3 Example: A 2-Bit Ripple Counter

Recallthatann-bit stringcanrepresenfunsigneflintegersin therange0, 1, 2, ..., 2™ — 1. An n-bitripple
counter is simply a counter whichwill continwally cycle throughthesevalues.For example,a 2-bitripple
countemwill cyclethrougho, 1,2,3,0,1,2,3,0,...,orin bit form, 00,01,10,11,00,01,10,11, 00, ...

We canconstructsucha counterfrom two D flip-flops, two half addersanda clock:

SThesearecalledtheleading edgeandfalling edgeof theclockpulse.
5Again, remembethatregistersaremadeup of flip-flops.
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3 SEQUENTIALLOGIC 3.4 Example:TrackingCountsMod andDiv 5

DFF DFF

HA HA

R1 RO
(In the DFF boxes,thetwo left inputs areD andClk, while thetwo right outputsareQ and(@).)

Notethefollowing:

e theconsantl is hard-wiredasoneof theinputsto theright-handhalf adder
e we areignoringthe( outputsof theflip-flops

¢ theoutputsareR1 andRO; e.g. whenthe countis 2, we will have R1 =1 andR0= 0, sincel0is the
binaryrepresentatioof 2

e theinputlabeledClk doesnotactuallyhave to be connectedo a clock, andin mostapplicatonswill
notbe; instead,theinputwill simply be aline which we have arrangedelsavherein the circuit) to
pulse to a1 every time someparticulareventof interestoccurs

3.4 Example: Tracking Counts Mod and Div 5

Thecircuit to bedesignedherewill have aninputline like aripple counterdoes but insteadof trackingthe
raw countc of thenumberof timestheinputline is pulsed we will trackc mod5 andc div 5.

Hereis thecircuit;
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3 SEQUENTIALLOGIC 3.4 Example:TrackingCountsMod andDiv 5

init
(T .
® MO
input. CTR ® M1
C @ M2
DCD
i
? \ DO
CTR b1
J c D2
D3

Theinputline is visible at the left of the picture. Its quiescenstateis 0, but sometimegulses,i.e. 1s,
comein onthatline. (The pulesmightcomeatregularintervals, suchasfrom aclock, or atirregulartimes,
dependingon what applicaton we neededhis circuit for.) The outpu pinsare MO, M1 andM2, which
containc mod5, andDO, D1, D2 andD3, which containc div 5 (thoud only upto 15for thelatter).

Therearetwo boxeslabeledCTR; theseare4-bitripple countersThepinslabeledC in themarefor clearing,
i.e. resettimy; if thispinis pulsedall bits of theripple counterwill beresetto 0. Similarly, thereis an*init”
inputatthetop of thepicture,to clearboththemodanddiv counters.

TheboxlabeledDCD is a 3-to-8decoderlts outpu pinsareactive low, meaninghatO means'yes” and1
means'no.” For example,let’s labelthesepinsZ7,Z6,...,Z0from left to right. ThenZ7 will beequalto O if
andonly if thethreeinputpinscontainl11,thebinaryrepresentatioof 7.

Wheneer the mod counterreachest, Z4 will be 0, which meansthatthe outpu of the NOT gatewe've
connectedo Z4 will be 1. This 1 is thenANDed with thecircuit'sinputline. So, the next time theinpu
line is pulsed—whichwill be a countwhichis a multiple of 5—a pulsewill befelt atthec div 5 counter
Thatcountemwill thenincrementgexactly whatwe want.

Note thatthe gatedelayin DCD is helpingus here. Whenthe countis 4, the next pulse will changethe
countmomentarilyto 5 (andtherestof thecircuitwill changehatto 0). However, evenwhenthecountfirst
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4 BUS-BASEDCIRCUITS

becomes, Z4 will still beequalto 0 (indicatirg a countof 4, not5) for a shortperiodof time equalto the
gatedelayin DCD. This delayis good,becausavhenthe pulsecomesat count4, we wantZ4 to stayat 0
long enoughsothatit makesCTR increment.This illustrateghe delicatetiming issueswhich canarisein
digital circuits

4 Bus-BasedCir cuits

A bus is a setof parallelwires usedfor transferof dataamongvariouscomponents.You are probably
familiar with theideaof a systembus for acomputerwhichconnect€omponentsuchasthe CPU,memory
andl/O devices’

Sinceseveralcomponentareattachedo the samebus,how dowe makesurethatonly oneof themactually
isconnectedo thebusatatime? Theansweliis thatwe usetri-state buffers whichcanconneciacomponent
to abus,or electricallyisolatethe componentaway from thebus.

To illustratethis, consicer the designof a very simple CPU which, for simplicity of expositon, will have
only two registers RO andR1, eachonly onebit wide,implementedisa DFF:

RO R1

-

D —o o

AS ‘ ®
AD ® ®

Clk ® ®

In eachregister theupperleft inputis for data,thelower left for the clock, andoutputis outtheright side.

Again, keepin mind thatthe busshavn hereis insidethe CPU, differentfrom the systembus; the purpose
of thebus hereis for datatransferfrom oneregister(the source) to another(the destination). (Therealso
would beanALU, etc.,but we do notshav otheritemshere.)

We seedata(D) andaddresgAS, AD) lineshere,just aswe would for a systembus. However, dueto the
simple natureof our example,in which our word sizeis only onebit (!), we only needone dataline; if

we hadsay 32-bitwords,we would need32 datalines,D31,D30,...,D0.Similarly, sincewe have only two
registers,we only needoneaddresdine for the sourceregister andonefor the destinatbn register;if we
hadsay 16 registers we woud needfour addresdineseachfor sourceanddestinaibn.

Whatis new here,though is the presencef triangeswhich look like NOT gatesbut areinsteadtri-state
buffers; the latterare disinguishedfrom the former by the presencef anextrainputline comingin atthe

"In this context, theterm bus often conrotesnot just the wires themseles, but alsostandads for the rolesplayedby the wires,
electricalcharacteristicsandsoon.
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4 BUS-BASEDCIRCUITS

sideof thetriangk, i.e. enteringata slopedeg of thetriangle:

>

C

Theoperationis very simple:If C = 1, thentheinputA is copiedto B. If C =0, thenB is entirelyunafected
by A.

| have choserthename“AS” for “addresof source, and“AD” for “addressf destinaibn,” thinking of RO
andR1 having addresse8 and1l, respectrely.

Supposeve wishto copythecontentof R1to RO. Thenwewill putl ontheAS line and0 onthe AD line.
Whatwill happenwhentheclock pulsecomes?

Look at thetri-statebuffer justbelon andto theright of R1. Its input(“A”) is R1’s Q value,i.e. thevalued
storedin registerR1. SinceAS = 1, thetri-state buffer will allow its inpu to flow through i.e. R1 will be
copiedto the D line. Meanwhile,RO will not be copiedto the D line, becausehe input to RO’s tri-state
buffer is 0. (Thelittle circle to theleft of thatbuffer representaninverter i.e. a NOT gate.SinceAS = 1,
theinvertercorvertsthe signalinputedto RO’s tri-statebuffer to a0.) Of coursethatis whatwe want; we
would have chaosf bothRO andR1 werecopiedto D atthe sametime.

You shoutl now verify onyourown thatbecauseve putO ontheAD line, whentheclock pulsesthevalue
ontheD line (whichwasfrom R1, aswe sav above) will flow into RO. Sowe will indeedhave copiedR1
to RO, asdesired.

You might be wonderingwhatwill controlwhich valuesgo onto AS andAD. Thisis doneby the control
logic, acombinatioml circuit which hasasits inputthe op codefrom the currentinstructon, andwhich has
AS andAD (amongotherthings)asits output.

You will notwork with the controllogic andconstructan entire CPU unti ECS 154B, but let us at least
exploresomeoptiors. First,letusaddan ALU to thetwo-regisier, one-lussysemdepictedabore:
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4 BUS-BASEDCIRCUITS

RO R1 R2 R3 ALU

D
AS1
ASO
AD1
ADO

Clk

We do not have room to show the connectingines, gatesand tri-statebuffers; sufiice it to saythatthey
aresimilar to thoseshawn earlier (You shoutl try draving somefor yourself,though,asa checkof your
understanithg.) For simplicity, we arecontiruing to assumea one-bitword size.

The ALU hastwo inputson its left, and one output on its right. Again, rememberthat the ALU is a
combinatioml circuit, for exampleperformingadditian, usingproperly-chosngatesaswe have seerbefore.

Note thatwe have addedtwo new registers,R2 andR3. They areknown asprivate registers “private”in
thesensehatthey will notbevisible to theprogrammerTheinstriwction formatfor themachinewoud still
have eachregisterfield (sourceanddestiration) within aninstruction consistof only onebit, which would
controlwhetherRO or R1is involved; the programmehasno way to specifyR2 or R3 here.

Instead R2 andR3 will sene astemporarystoragecellswhich sare up datadestnedfor the ALU. As you
cansee their Q outpus feedinto the ALU, ratherthanbeingconnectedackto the D busline aswith RO
andR1.

Now considera machineinstruction ADD RO,R1,meaningthatthe old valueof RO+R1will now become
thenew valueof RO. Thisinstructon would requirethreeclock cycles:

first clock: copyROto R2
seconctlock: copyR1to R3

third clock: enablethe tri-statebuffer connectig the output of the ALU to D, andlet D flow
into RO

Therearealsoinpus, againnot shavn, to the ALU determiningwhich operationwe wantto perform,e.g.

add, subtract,logical-and,logical-or, etc. Thusin the third clock cycle the control logic would also be

putting the codefor “add” on the controlinputs to the ALU. & During the third cycle we would alsoenable
theconnectiorfrom the outputof the ALU to thebus.

8Thoughwe have not setit up this way here,in mostdesignsaven a “move” operationis donethroughthe ALU; in the ca®
here,then,duringthefirst andsecou clock cyclesthe controllogic would put the codefor “move” ontothe ALU’ s controlinput
lines.
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5 EXAMPLE: MEMORY CHIPSAND SYSTEMS

By the way, you cannow begin to seehow the digital logic designaffectsthe choiceof clock speed.The
clock cycle lengthmustbe choserto cover theword casethatwoud occur Herethatmeansfor instance,
thatthe cycle mustbeatleastaslongasthetime neededo do anadditian, andto copytwo valuesbetween
aregisterandabus.

How could we makethis faster? Supposeve hadtwo buses,ratherthanone, with all componentgthe
registersandthe ALU) connectedo bothbuses.Thenwe couldloadbothR2 andR3 atthesametime, i.e.
duringthe sameclock cycle: ROwould be copiedto R2 via thefirst bus, while at the sametime, R1 would
be copiedto R2 via the secondous. During the seconctycle we woud enablethe output from the ALU to a
bus,saythefirst one,andenabletheinpu to (in thisexample)RO. Theinstructon ADD RO,R1would then
takeonly two clock cycles,ratherthanthree—a33%speedup!

And by addinga third bus, we could get the time down to only onecycle. Now all of this is someavhat
oversimplified(we have notaccountedor time neededo fetchtheinstructon from memoryanddecodeit,
etc.),but youcanat leastbagin to seethe principle here—aclassiccomputerscienceime/spacearadeof. If
we arewilli ng to usegreateramountof preciousspaceon the CPU chip (morebusesakeup moreroom),
we canreapa savingsin time. -

With thisexample, theneedfor edge-triggeringr otheranti-feedbacknechanisnshoud bemoreapparent.
It would beworthwhile for you now to go backandreview thatsectionearlierin thisdocument.

5 Example Memory Chips and Systems

5.1 An SRAM Memory Chip

Toillustratethe principlesdevelopedhere wewill consiarthedesignof simplememorychipsandmemory
systems.

First consicer the designof a “4x2” memorychip, meaningthatit contairs four two-bit words. (This is

much, muchsmallerthanthe sizesof typical commercialmemorychips,but the principlesare the same.)
We will call thefour wordsWord 0, Word 1, Word 2 andWord 3. (Remenber, though thattheseareword
numberswithin this chip, notwithin a systemconstretedfrom this chip andothers;moreonthislater)

Thechipwill have thefollowing pins: addresgpinsAl andA0 (two pinsencode2 ? = 4 addressesyyhich
indicatewhich of thefour wordsis to beaccessedjata-inpinsDI1 andDIO (for writing datato the chip);

data-outpins DO1 and DOO (for readingdatafrom the chip); a write-enablepin WE, usedto inform the
chip thatwe wish to write to it; anoutput-enald pin OE, usedto inform the chip thatwe wish to readfrom

it; andachip-selecpin CS,to inform thechip thatit, ratherthansomeothermemorychip,will beinvolved
in the currentmemorytransactio.

Again,the“4x2” desigmtionfor thischip meanghatthechip containdour words,eachtwo bitswide. Note
thatthis might be a quite differentviewpant thanthatheld by the CPU of our system. The CPU might,
say view an“8x4” systemwould consistof eightfour-bit words Thememoryfor sucha systemcouldthen
be constructedy usingin combinationfour 4x2 chips,aswe will do later. (The CPU, though,would be
unawareof the chip structureof thesystem.)

The useof separat@insfor datainputandoutputhereis not standardput simplifiesthe designsomevhat.
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5 EXAMPLE: MEMORY CHIPSAND SYSTEMS 5.1 An SRAM Memory Chip

If we wereto have a sinde setof pinsfor bothfunctions(aswe will assumdater), the designbelow could
bemodifiedin a straighforwardway.

To design thischip, let usfirst designa one-bitcell whichwill sene asthebasicbuilding blockfor the chip:

D Q ouT
WL

C
WR

Herethereis a D flip-flop, which will hold the storedbit, togethemwith threeinpus, IN, WL andWR, and
oneoutput OUT.

IN

Whenwe write datato this bit, thedatawill comein onthelIN line, andthe WR line will be 1. Whenwe
readdatafrom thebit, it will comeoutthe OUT line, andWR will beO.

Recallthatthe flip-flop is clocked,andrespondgo pulses(their leadingor trailing edges)ratherthanto
levels of a signal. In our casehere,it is likely thatthe WR line will sendsuchpulsesbecauset will be
theresultof AND-ing with a clock. Supposdor examplethatour sysem bus (which connectshe CPU to
memory)containsaa W line anda CLOCK line. We couldAND thosetwo linestogetter, andfeedtheresult
into WR. Thenif the CPUassertsheW line, whenthe clock pulseoccursthatpulse will appeaton WR as
well.

WL (“word line”) hasthefollowing function. As youwill seebelow, our full memorychip will consistof
a4x2 arrayof the one-bitcellswe arenow examining. Eachrow of thatarrayconsiss of oneword within
thememorychip, i.e. oneaddressvithin thechip. The WL line for the two bits of a givenword will goto
1 whenwe wishto accesghatword. If WL is 0, thenyou canseefrom thediagramabove thatno datawill
beallowedinto or outof thebit cell; notetherole of thetri-statedevice for thelattercase.

By theway, notethatif WR is 1, i.e. we aredoinga write to this bit cell, dataactuallyis allowedout of the
cell, which seemsvrong. However, thiswill beremediedy othertri-statedevicesin thechip asawhole.

Now hereis our designfor thatchip:

Digital Logic: 18



5 EXAMPLE: MEMORY CHIPSAND SYSTEMS

5.1 An SRAM Memory Chip

DI1
DIO
@ —————IN OUTH IN OUT
WL WL
WR WR
IN OUT (@ IN OUT @
WL WL
® ——— WR ® —— WR
Al — 2->4
dcdr
A0 IN OUT (@ IN OUT @
WL WL
® ——WR ® ————WR
IN OUT (@ IN OUT @
WL WL
WE Ii-WR ?7 WR
C

os = %
DO1 DOO0

As mentionedearlier the main partof the chip consiss of a 4x2 arrayof the bit cellsdesignedibove. The
top row is Word 0 of the chip, therow justbelow it is Word 1, andsoon. A 2-to-4decoderat the middle
left of thediagramselectghe properrow of bit cells,i.e. the properword, dependingpn which addresss
desired.

Thedesignis straightforvard. Let usconfirm,for instance thatif CSis 0, nodatawill beallowedinto or out
of this chip. First, notethatif CSis 0, thentheinputsto WR in thebit cellswill alsobe 0; thusno datawill
be allowedinto ary bit cell, exactly asplanned.Secondnotethatif CSis 0, theinputs to the two tri-state
devicesnearthe DO1andDOO pinswill alsobeO, insurirg thatno dataflows out of the chip. Again, all of
thisis important we will be connectig several of thesechipsto a systembus, andmustinsurethatwe do
nothave datafrom two chipsflowing ontothesamebuslinesat the sametime.

Consiseéntwith our earliercommenton the 1-bit cell design.the WE input herewould likely be setup as
the AND-ing togetherof, say W andCLOCK linesin the systembus. The samecommentappliesto our
memorysystemin thefollowing subsygem (eventhoughthe CLOCK line is notdrawn).
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5 EXAMPLE: MEMORY CHIPSAND SYSTEMS 5.2 A Memory System

5.2 A Memory System

Now, let usseehow a memorysystemcanbeconstructedrom memorychips.Againfor simplicity, we will
continte to assumetx2 chips; andwe will assumenoverall systenof eightfour-bit words.1? Hereis how
we canconstructhesysemfrom 4x2 chips:

A2 OQ A ® ®
Al
- . .
D3
D2
D1
o . .
R® ® ® ®
i ——Jrt
L WE AL - WE AL [~ WE AL - WE AL [~
cs A0 cs A0 “|lcs A0 “lcs A0
D1 D1 D1 D1
OE  po OE  po OE  po OE Do

The bus hereis a sysem buslike you learnedin ECS50 (or equivalentcourse),not the busesinternalto
CPUsandmemorychipswhichwe have discused earlier The CPUandI/O devicesarealsoconnectedo
thisbus,but arenot shavn here,noris the CLOCK line shovn. We areassuminghatno directmemory-to-
memoryaccesss possble; all readsfrom andwritesto memoryareperformedby the CPU.

Let’s call thefour chipsl, Il, Il andlV, from left to right. By inspectingwhich chip pinsare connectedo
buslines D3-DO, you canseethat chipsl andlll containthe lower two bits of eachfour-bit word, while
chipsll andIV containthe highertwo bits. By notingthe connectios of busline A2 to the CS pinsof the
chips,you canseethat of the entireaddresspace0-7, now speakingfrom the CPU/systemviewpoint,
chipsl andll containsysemwords0-3, andchipslll andlV containsystemwords4-7.

Supposefor example,we have a C programwith anint variablex, andthatthe addres®of x happengo be
3in this system.Thenx will be storedin chipsl (lower 2 bits) andll (upper2 bits). If the C sourcecode
hassomethindike

X = 5;

thenon, say anintel CPUthe compilerwill producecodelike

For evenmoresimplicity, we now assimethateachdatapin doesbothinputandoutput.
1'Rememberthe CPUwill seeonly thelatter, andnotknow how the systembreaksdown in termsof chips.
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6 EXAMPLE: A SIMPLE CPU 5.3 MemoryInterleaving

MOV X, 5

In executingthisinstructon,the CPUwill putO11lonlinesA2, A1 andAO, andput0101on D3-DO0,andso
on.

5.3 Memory Interleaving

Thefour-chipsystemin theabove exampleis saidto usehigh-order interleaved, whichmeanghatthemost

signficant(“high-order”) bits of theaddressleterminawvhich chips(in thiscasea chip pair) agivenaddress
is storedin. With low-order interleaving, theleastsigniicantbits areusedinstead.Notethat(think about

this andmakesureyou understandt) in a high-orderinterleared systemconsecutie addresseare stored

within thesamechip (until we reacha chipboundary)while in thelow-order caseconsecutie addresseare

storedin consecutie chips(modthe numberof chips).

5.4 DRAMs

Thekind of memorychip describedabore, in whicheachl-bit cell isimplementedasaflip-flop, areknowvn
asstaticRAM (SRAM). By contrastthebit cellsin dynamic RAM (DRAM) chipsconsisof tiny capacitors,
ratherthanflip-flops; a chaged capacitorepresents 1, while a dischagedonerepresent& 0. Theterm
static refersto the fact thateachflip-flop in an SRAM continwusly maintainsitself (as notedwhenfirst
discusedflip-flopsin thistutorial); it will notchangeastime passesyntil we wantit to change.

Excepftfor thestructureof individual bits, theconnections betweerthebitsin aDRAM is very similarto that
of an SRAM. Onedifferencethough arisesirom thefactthatabit in a DRAM will loseits chageastime
passessoit mustbe periodicallyrefreshedi.e. rechaged,by additianal circuitry. Therefreshoperatiorof
aDRAM alsobringssomereductionin systemperformanceasabit (or row of bits)is notaccessibleluring
thetime it is beingrefreshed.On the otherhand,the simplicity of DRAM bit cells meansthat we canfit
morebit cellson achip, thussaving cost.

6 Example A SimpleCPU

As anotheiill ustrationof how theseprinciplescanbe usedwe will examinethedesignof a simpleCPU:
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6 EXAMPLE: A SIMPLE CPU

clock
(connections
1 R not shown)
gmore regs., not shown,
T ut same connections)
‘ — N,Z
ALU
@
|
@
DCDR DCDR DCDR
op src src dst br. target IR
memory (RAM or ROM) PC MUX
add 1

We will assume8 registers.(Only oneof themis shovn here,but the othersall have the sameconnectios
astheoneshawvn.) All dataaccessethy the programwill bein the registers,unlike mostCPUs,in which
datacanbeeitherin registersor in memory The programitself is in memory!!

Let's review sometermsfirst: A CPU hasa specialregister typically called a ProgramCounter(PC),
which specifieghe addressn memoryof the next instructon to be executed.At the beginning of a fetch-
executecycle, the CPU will fetchtheinstructon from memorywhichis poirtedto by the PC, deposiing
the instriction in the Instruction Register (IR). Therethe instructon will be decoded meaningthat the
digital logic in the CPU will executethe instructon accordingto the op code andoperands specifiedin
the instructon. In our casehere,the latter are specifiedin termsof which two registerswill be usedas
sourcedor theinstructon, andwhich oneis to be the desthation. Thuseachof theseregisterfieldswill be
3 bitswide. Theexecutionof theinstructonsis performedmainly by the ArithmeticandLogic Unit (ALU).

"Thediagramdoesnotindicatewhich linesareinputsandwhich areoutputs. Hereis a guide:

Ins: Left of R; left andbottomof ALU; left of N,Z; bottomof IR; right of memory;left of IR; top andright of MUX; right of
addil.

Outs: Right of ALU; right of N,Z; bottomof R; top of DCDRstop andbottomof IR; left of MUX; top of memory;left of PC;
left of add1.
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6 EXAMPLE: A SIMPLE CPU

While executionis beingperformedthe PCis alsobeingincrementedy 1 (exceptin the caseof abranch),
to prepareghe PCfor thenext instructon whenthis oneis done.

Referringto the two ALU inputs andits outpus assrcl,src2anddst, respectiely, let us setup theseop
codes:

0000 dst = srcl

0001 dst = srcl + src2

0010 dst = srcl - src2

0011 dst = srcl AND src2
0100 dst = srcl OR src2

0101 dst = NOT srcl

0110 if Ngo to branch target
0111 if Z go to branch target
1000 go to branch target

This designfeatureghreebuses.(Keepin mind thattheseareinternal CPU buses, not a systembuswhich
connectsa CPUto memoryandl/O devices. Also, notethatwe have a directconnectiorherebetweerthe
CPUandmemory insteadof usinga bus.) Thetop two busedeadto the ALU asinpus, while thethird bus
carriesoutputfrom the ALU.

Notetheboxlabeled'N,Z” in thefigure. This callsfor somemorereview. RecallthatCPUshave aregister
dedicatedo condition codes(someRISC CPUsallow ary registerto be usedfor this), whichrecordcertain
factsaboutthe outputof thelastALU operation:TheN (“negative”) bit statesvhetherthe ALU output was
negative, while theZ (“zero”) bit recordswhetherthatoutpu wasO. In bothcasesl means/esandO means
no;for instance,Z = 1 means'Y es,the outputwas0”

The conditon codesareusedfor conditonalbranchesOn Intel-CPUmachinesfor instanceconsicr the
code

SUB AX, BX
IJNZ T

Thefirst instructon subtractshe BX registerfrom the AX register Thiswill bedoneby the CPU, andthe
N andZ bitswill recordtheresult,whichin turnwill beusedby thesecondnstructon,JNZ: It says,‘If the
Z bitis notset,thenjumpto T

Now, let'slook atthedesign Obserethatin IR, eachof theregisterfieldsis inputto a decodeK3-to-8),the
outpus of which controlwhich registeris copiedto thefirst bus,which oneis copiedto thesecondous,and
which registerwill be loadedwith the ALU outputon thethird bus. The“op” sectionof IR is inpu to the
ALU, to controlwhatoperatiorthelatterdoes.

The“op” sectionof IR alsofeedsinto theMUX. Thelattermustprovide the PC eitherwith theincremented
previousPC value,or the branchtarget (T in our exampleabore), dependingn (a) the op code(i.e. what
kind of branchwe aredoing, if ary) and(b) thevaluesof N andZ.

Studythis diagramcarefully andthink abouthow to implementhe details.
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