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Abstract

Digital circuit constructionwith small-scalentegrated(SSI) and medium-scalentegrated(MSI)
logic haslong beena cornerstonef introductorydigital logic designlaboratories.Recently in-
structorshave begunreplacingtheseprojectswith designsusingcomplex programmabléogic such
asprogrammablarraylogic (PLA) chipsandfield programmablgatearrays(FPGAS).

This paperinvestigateghe trend of replacingthe “traditional” SSI/MSI breadboardedigital
logic designprojectswith designprojectsutilizing more complex programmablantegratedcir-
cuits. Without a doubt,eachstyle hasits own strengthandweaknesses.

Utilizing complex programmablantegratedcircuits (ICs) suchas PLAs and FPGAs, more
interestingandinvolved projectscanbeimplementedModernprogrammingoolsallow thespec-
ification of quite comple circuitsfrom a graphicalschematior procedurahardwaredescription.
Thesespecificationganbedownloadednto thelC, which thenfunctionsasspecified.Sincemuch
of thedesignis in the programmingof theIC, very involved projectscanbe implementedvithout
significantlyincreasinghewiring complexity of the project. Studentdon’t spendhourstrying to
find anupside-davn IC or a brokenconnectionandcanconcentrat®n digital design.

Thedesigncompleity andinnovationin theseprojectsis unaguablyincreasedver SSI/MSI
projects,but this doesnot comewithout a pedagogiccost. Someof the agumentsfor having a
laboratorycoursen thefirst placeareto appeako the sensoilearningstyle,to exposethe students
to more“hands-on’andlesstheoreticaprojectsandto introducethepracticalaspect®f designing
andimplementingdigital circuits. Theseobjectvesmaynotbemetaswell whenmoving from the
SSI/MSIlprojectsto moresoftware-orientegrojects.

Both stylesof digital designprojectshave pedagogistrengthsandappealo particulariearning
styles. It is importantto studythe courseobjectvesandthe studentmix whendecidingto move
projectsfrom the traditional style of physically constructingcircuits from SSlandMSI compo-
nentsto anew style of simulatingandprogrammingcomplex chipsasa meansof verifying digital
logic designs. By doing this, we cancombinethe two methodologiedo arrive at a coursethat
appealgo a broadrangeof studentsprovidesthe “hands-on’experiencesomestudentsieed,and
utilizes moderntechnologiego increasehe innovation, designcompleity, andinterestvalue of
implementedrojects.

1 Introduction

The constructiorof combinationabndsequentiabigital logic circuitsfrom discretecomponents,
usuallyutilizing TTL (TransistorTransistorLogic) DIP (Dual In-Line Packaging)chips,will be

familiarto anyonewho hasseenundegraduateslectricalandcomputetrengineerindabsin the past
few decadesln thistypeof lab, adesiredbehaior is oftengivenin termsof a problemdescription
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with input/outputspecifications.The theoreticaldesignis completed andthe resultmappednto
7400 serieschips. The final designis then constructedn a breadboardand verified by using
switchesandsignalgeneratoasinputsandLEDs (Light Emitting Diodes)asoutputs.

TTL SSI(smallscaleintegration) packagesontainfewer than 10 gates,andtypically imple-
mentsimplecombinationatircuitssuchasAND, OR,andNOT gatespr simplesequentiatircuits
suchasD or JK flop-flops. TTL MSI (mediumscaleintegration)packagesontain10to 100gates,
andimplementmorecomple circuitssuchassmalladdersdecodersandcounters.

As complex programmabldogic devices have becomemore available and affordable, mary
schoolsareincorporatingtheminto their undegraduatdaboratorycurriculum?#7 In somecases,
they arecompletelyreplacingthediscreteTTL DIP implementationslescribedabove.

Programmabléogic Arrays(PLAs) aresinglechip packagesgavailablein DIP format)thatim-
plementanarrayof logic: theinputscanbe ANDed togetherin ary combinationandthe product
termsgenerated¢anbe ORedtogethetto arrive atany SOP(Sumof ProductsBooleanexpression
with the availablenumberof inputterms® The programmemay berequiredto computetheinter-
connectionspr softwaredistributed by the chip manufcturermay computethe interconnections
from Booleanexpressiongivenby theuser

Field ProgrammableGate Arrays (FPGASs) are much more complex programmablechips.
Thereareseveral architecturesor FPGAsavailable: two populararchitecturesvill be described
here. The Xilinx chipsutilize an“island-type” architecturewherelogic functionsarebrokenup
into smallislandsof 4-6 termarbitraryfunctions,andconnectiondetweertheseislandsarecom-
puted.Figure1l(a)illustratesthe basicstructureof the Xilinx FPGA. Altera’s architecturdiesthe
chipinputsandoutputsmorecloselyto thelogic blocks,asshonvnin Figurel(b). Thisarchitecture
placesthelogic blocksaroundonecentral,highly connectedoutingarray
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Figurel: Field-Programmabl&ateArray Structure

Segmentinga digital designinto islandsof appropriatesize and compleity for the chip and
routingtheconnectionbetweerthemwithin theconnectvity constraint®f thechipis certainlynot
somethinghata usercanbe expectedio do. Manufacturergrovide standalonéoolsor interfaces
to popularCAD (computeraideddrafting) packageso allow usergo inputthedesigngraphically
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or in a hardware descriptionlanguage.Thesetools thenautomaticallysegmentthe design,route
the connectiondetweerthe segments,andallocatechip resourcegor the design. The userthen
downloadsthe designfrom the designworkstationto the chip.

Manufacturersprovide developmentsboardsfor studentsand designerghat containa power
supply someswitchesfor input andLEDs for output,a FPGA, andconnectiongor downloading
designdrom aworkstationall ononeboard.TheswitchesandLEDs areoftenhardwiredto FPGA
input/outputpins,andthe pinoutsaregiven.

2 ExampleLaboratoryProject

In this popularproject,thestudenis askedto designandimplementasimpletraffic light controller
It is assumedhattherearetwo setsof lights: onefor the east-westoadandone for the north-
southroad. Thestreetlights cyclein afixedpatternof 45 secondgreen,3 secondyellow, and48
secondsed. A desigrrequiremenis thatalight mustalwayscycle throughyellow beforechanging
from greento red. It is assumedhatan 0.33Hz clock anda 45 secondimer are available (The
timer is referredto assignal45s below). Extensiongo this basicscenariancludetraffic sensors
to detectwaiting traffic and emegeny sensordo detectoncomingemegeng vehiclesand as
quickly aspossible(allowing for therequiredyellow) give the appropriatestreeta greenlight.

2.1 Design

Thedigital logic designportion of this laboratoryconsistsof threesteps:the statetransitiondia-
gram,the present-state/m¢-state(PSNS)table,andthe next-state/outpuequations.The problem
statements analyzedandit is foundthatfour statessuffice for the basicscenario A statetransi-
tion diagramandPSNStablearederived. Fromthe PSNStable,Karnaughmapsfor the next-state
equationsaandoutputequationsanbe created.The Karnaughmapsyeild minimal Booleanequa-
tionsfor thesefunctions,asfollows:

Qf = 45s- Qo EWR=0Q, EWY =Q1Qy, EWG =Q:1Qq
Qf =Q1Qo+Q:1Qy NSR=@Q: NSY=0Q:1Qy NSG=Q:1Qo

Theseequationcompletethetheoreticaldesignof thetraffic light controller

2.2 ConstructionComparison

TheTTL DIP implementatiorof this controllerinvolvesfinding 7400serieschipsthatimplement
eachcomponentn the schematicand connectingthemas shovn in Figure 2(a). Additionally,
power andgroundconnectiongor eachTTL chip arerequired.

This implementatiorrequireswiring 5 separatéIPs on a breadboardgonnectingé LEDs to
monitor the outputsof the design,a clock to drive the sequentiatircuit, anda resetswitch. This
involvesapproximately35 separatavires, not including power andgroundconnectiongor each
chip.

TheFPGAimplementationnvolvesdescribinghecircuitin aformatthatthemanufcturercan
accept.Thegraphicalinputto Altera’s MAXPLUS-II softwareis shovn in Figure2(b). Inputand
outputpinsthat correspondo pinsthatareaccessiblen the FPGA developmentkit arechosen,
andthedesignis downloadedo the FPGA.
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(b) FPGAImplementation

Figure2: Alternatelmplementation®f Traffic Light Controller
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This implementatiormay requirewiring 6 LEDs to specifiedoutputpins of the FPGA, if a
developmentkit is involvedthatdoesnot provide hardwiredLEDs. Similarly, aresetswitchand
clock mayneedto be attachedo the FPGA.No otherwiring is required.

3 DeluggingComparison

Commondesignerrorsinclude problemswith readingthe PSNStable,with the Karnaughmaps,
andwith translatingthe Booleanequationanto a gate-level schematic.Errorsin this stagewill
causeproblemswith all implementation®f the design.

Commonimplementatiorerrorsin the TTL implementationnvolve placingchipsin thebread-
boardbackwards,not connectingpower andgroundwires,wiring to the correctpin of anincorrect
chip, andmissedconnectionsOccasionallywiresthatarebrokeninsidethe insulationandfaulty
chipscomplicatethis (althoughnot asoftenasthe studentswill claim).

Deluggingtheseerrorsusuallyinvolvesputtingthe machineinto aknown state Jooking atthe
next-stateequationdo determinethe desirednext state,connectingalogic probe(or LED) to the
inputof thestateflip-flops, andmoving the probebackwardin the next-statelogic to determinghe
locationof theincorrectlogic signal. This is repeatedintil the machinemalkesthe desiredsetof
statetransitions.Outputdeluggingis similar, with the probetracingthe outputlogic.

Oncethe designis completelyprobedin a givenstate,the error canbe fixed by replacingthe
faulty chip or wire. A fully labelledschematiowith pin assignmentss invaluablein delugging
thesecircuits.

Commonimplementatiorerrorsin the FPGA implementationnvolve assigningoutputsto a
pin otherthanthe onewired (by the useror the developmentsystemmanugcturer)to the LED,
incorrectgraphicalentry of the schematicandmary othersoftwaretool problemssuchascompi-
lation problemsjncorrectlibrary referencespr operatingsystemproblems.

Deluggingtheseerrorsusually consistsof a seriesof compileandteststeps,resemblingthe
compilationof a programmingproject. The only signalvaluesavailable for detuggingare ary
that have beenpre-assignedthe designatedutputs,plus ary predefinedprobes). The probing
processdescribedabove can be repeatedput only with a recompilefor eachmovementof the
probe. Simulationalleviatesmary of theseproblemsby allowing the userto delug the logic
beforedownloadingthecircuitto theFPGA.A fully deluggedcircuit usuallyonly hasinput/output
assignmenproblems.

4 PedagogicComparison

Now thatthe implementatiorand commonerrorsof a projectusingthesetwo technologiehave
beendiscussedwe move onto adiscussiorof theimpactof thesessueonthe projectimplement-
ed,andwhatthe studentdearnby completingtheseprojects.

The TTL implementationof a designis the closestin feel to a “direct” implementatiornof a
gate-level design.The correspondenceetweerthelogic design the gate-lezel schematicandthe
TTL schematids easilyseen.The effect on the digital signalsof eachtype of gateis alsoeasyto
see,asthe signalspropagateacrossthe breadboard For studentsof the “sensor’learningstyle
this type of implementatioroffers an opportunityto touchchipsthatthey canassociatevith the
abstractoncepbf a gateor flip-flop.
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However, theTTL implementations alsothemostproneto wiring error. As all theconnections
betweergatesaremadeonthebreadboardherearemary opportunitiefor amiswireor omission.
Oncebreadboardéiave beenusedfor a few years,they develop somelooseconnectionsso that
a circuit maywork at times,andnot work at othertimes. This implementatioris by far the more
time consumingof the two implementationsliscussedereto construct. Without closeattention
to wire routing,evenamoderately}complex TTL-baseddesignbeginsto resemblebirdsnest.For
this reasongircuits with a chip countof approximately7 arethe mostcomplex the authorwould
recommendor asingleafternoonintroductorylab.

Theseerrorscontributeto problemsin learningwhenthe studentspendaninordinateamount
of time working with, and solving, problemsthat have little to do with the courseobjectves.
Worseyet theseproblemsmay only have to do with laboratoryhardware,andmay not generalize
to the practicalproblemsencounteregrototypingcircuitsin practice.Many studentspendhours
checkingandrecheckingtheir PSNSequationsonly to find that they have benta pin underthe
packagevheninsertingit into the breadboardCertainly thisis notthetype of lessorthe students
needto learnasaresultof laboratorywork.

The graphicalimplementatiorof a designbeginsto resemblea softwareprogrammingor sim-
ulationproject.If agoodsimulatoris available,thebulk of theimplementatiortime takesplacein
front of acomputelin atestandcompilecycle. Oncethe designis simulatedto work correctly it
is downloadedo the FPGAand(barringary input/outputassignmenproblems)s shovn to work.
Theillustration of a working circuit is an anti-climaxto mary studentsvorking on FPGA-based
designs:few new insightsare gainedby the final step. If the available simulatoris not adequate,
studentftenroutelogic probesrom differentplacesn thecircuit to afew outputpinsdedicated
for the delugging process.Eachtime theseprobesneedto be moved, a compile and download
cycle is required. The cycle time for an incrementalchangeis muchlongerfor a FPGA-based
implementatiorthanfor the equivalentTTL-basedmplementation.

Theerrorsintroducedn thisimplementatiortendto bedifferentfrom thoseencountereth the
TTL-basedimplementation.Miswires are more easily spotted,and wire tanglesare avoided by
shortcutsn the software suchasnamedsignals(signalsthat are taggedwith the samenameare
consideredo be connectedo oneanothey regardlessof their routing in the schematic.)Finally,
a hierarchicalstructureis available,wherea small circuit is testedanddelugged,thenusedin a
larger circuit. This modulardesignallows the constructionof muchmore comple circuits than
arepossiblewith SSlandMSI basedogic. Horning* givesexampleprojectscontainingup to 72
stateghathave beenimplementedusingFPGAswith Altera’s designtools.

The problemsencounteredh atypical laboratoryalsodo not necessarilycontribute to desired
learninggoals.Proficiengy with acomputersimulatorandschematieditorrequiresaconsiderable
amountof time andeffort. Althoughbotharegettingbetterastime progressesQperatingsystem
andsoftwaretool problemsmay dominatethe experiencefor a student,contrikuting little to their
understandingf the underlyingdigital designtasks.

In an introductorycourse,theseproblemsmay precludethe exclusive useof programmable
logic devicesin thelaboratory Many of theseargumentdhold evenwhenthesedevicesareusedin
advancedcoursesuchasthosedescribedy ChrenandZombeg,! but areovercomeby the nature
of the courseandthe prerequisitaequirementor anintroductorylogic designcourse.
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5 Discussion

While thereis muchto begainedby usingcomplex programmabléogic in introductorydigital de-
signlaboratoriesit shouldbeimplementedvith caution.The useof this technologywill allow an
increasen thedesigncompleity while allowing adecreasén theamountof time spentdelugging
wiring andotherhardwareimplementatiorproblems.

However, there are someseriousdravbacksto using thesetechnologiesparticularlyin an
introductorylaboratory Studentsstudyingsequentiabnd combinationallogic for the first time
often have problems“seeing” how the designwill translateinto input/outputbehaior. Students
operatingin the “sensor” learningstyle will have more difficulty graspingthe effect of various
changesn logic designs.Thetotal amountof time spentdehuggingdoesnot seemto change put
the typesof actwvities the studentsengagein changedrom finding miswiresand problemswith
chip placemento a morecomputetbasedapproactof simulationandre-compilation.
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