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1 Intr oduction

This paperis a distillationof 30 yearsexperiencein electronicsconsulting,teachinga wide varietyof electronics
coursesin ElectricalandComputerEngineeringat RyersonUniversity, andsupervisinghundredsof fourth year
ElectricalEngineeringundergraduatethesisprojects.As a resultof theconsultingpractice,I’ ve hadsomeexpe-
riencemanaging,designingandbuilding significantelectronicprojects.All of theseprojects,I amhappy to say,
workedandfunctionedto spec.Mostof them,I amevenhappierto say, wereprofitable.

At Ryerson,it’s not sufficient for a thesisto do a paperon somesubject: the thesismustbe a project that
is somewhat original and,at the endof the day, functions: it absorbsenergy anddoessomethinginterestingor
useful.As a resultof thethesissupervision,I’ veseenlegionsof inexperiencedEEstudentsbloodytheir noseson
projectsrangingfrom leggedrobotsto retinalscanners.

Out of all this work, angstandadventure,I havesomeideaof how to managea successfulelectronicproject.
Only a small subsetof theseideasis explicitly taughtin the classroom.The thesisprojectat Ryersonis oneof
them– an attemptto exposethe studentsto someof the ideasin a context wherethey arereceptive. However,
therearemany usefulideasthatnever get taughtandhave to be learned,eitherfrom a battle-scarredveteran,or
on one’sown.

Hopefully, this presentationwill allow somestudentsandpracticionersto avoid thebattlealtogether.

2 Project Management

Forsightandplanningat the designstagecaneliminatemany potentialproblemsandmake the remainingones
easierto diagnoseandfix. Theoppositeof debugging is somethingI call enbugging– theprocessof incorporating
new bugsin aproject.In thissection,I discusshow enbuggingcanbekeptto aminimumduringthedesignphase,
with a commensuratereductionin debuggingat thecommissioning,or systemintegrationphase.
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2.1 Project Planning

As a paidconsultant,or anacademic,or anengineeringmanagerhopingto starta project,or a studentproposing
a thesisproject,you begin by makinga proposal. In somecases,theproposalis in responseto anRFP: Request
for Proposal.Or youmaybeinitiating aproject- youhaveanidea,andyouneedasponsor. Eitherway, youhave
to tell thepotentialsponsorswhatyou intendto build with theirmoney1.

Proposal-writingcanbe fun. On the onehand,it requiressomeblue-sky imaginingof a technicaldevice,
so a vivid imaginationand familiarity with the technologyare strongassets.Engineerskvetchabout lack of
recognition,but the project proposalis one placewherea clever designis likely to be rewardedby the best
recognitionof all – financialsupport.

Familiarity with thetechnology: wheredoesthatcomefrom? After all, you can’t beanexpert in everything,
andperhapsthis projectinvolvestechnologythatis unfamiliar to you. Perhapsyou don’t evenhave a conceptof
a solution.Youmayhave to do someresearch.

2.2 Research

The Inter net

The Internethasmadethis mucheasierthan it usedto be. Armed with Internetaccessandthe Googlesearch
engine,you canturn up scadsof informationin very shortorder. Therearesitesthat list connectionsto sources
of information,andnicepeople2 haveput tutorialsanddesigninformationon theWEB for everyoneto use.

The manufacturersof electroniccomponentshave hugeamountsof useful informationon their web pages.
They providedatasheetsandApplicationNotesthatshow how to usetheirproducts.TheApp Notesareatremen-
doussourceof information,becausethey areintendedto bereadandunderstood– they arenotwritten to impress
otheracademics.And muchof the information in App Notesis extendableover a rangeof products,not just
themanufacturer’spart. For examples,checkout thewebsitesfor NationalSemiconductor, LinearTechnology,
Maxim andAnalogDevices.

The Applied Scienceand TechnologyIndex

Therewill comea time wheneverywritten documentis availableon theWEB. However, theInternettook off as
a sourceof informationin themid-ninety’s, so it’s only the lastsevenyearsof humankind’s intellectualoutput.
At thetime this is beingwritten - early2002- we’renotquitethereyet. Lotsof knowledgeis lockedup in books,
magazinesandjournals3.

The trick is to find it. It’ s a soberingexperienceto visit the periodicalstackareaof a library suchas the
basementof theSigmundSamuelLibrary at theUniversityof Toronto,or CISTI in Ottawa. Theshelvesstretch
asfarastheeyecansee,in theX, Y andZ dimensions.Somewhere,theremaybesomethinguseful.

Fortunately, thefolks at Bowker have beencataloguingthis informationfor us. Eachyear, they monitorall4

thearticlesthatarepublishedthatyear. They categorizethesearticlesby subjectanauthor, andthengeneratean
index for theyear. Lately, theseindiceshave beenon CDROM, sothey’re easyto search.In theBC era(Before

1Or, in thecaseof student,with yourown money.
2Like,ahem,me
3The termmagazineis usedhereto refer to a commercialpublicationthatgeneratesa profit andcarriesadvertisement.The articlesare

reviewedby theeditor, but notby theauthor’s peers.An authoris paidfor his/herwork. Thetermjournal refersto anacademicdocumentthat
containspeer-reviewed papers.Often, theauthoris expectedto payfor thepriviledgeof beingpublished,andjournalscanbehorrendously
expensive.

4OK, noteverything- thelist of theperiodicalsthey monitoris finite - but it’s prettycomprehensive for ourpurposes.
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CDROM), theindex waspublishedasa papervolumeevery two or threemonths,andthenin a largerversionfor
theentireyear.

A typical entrylookslike this:

To find someparticularsubjectmaterial,it’sa matterof goingthroughtheTheApplied ScienceandTechnol-
ogy Index, yearby year, andidentifying all theusefularticles.The library mayhave thesearticlesin thestacks,
or they maybeableto obtainthearticlesvia InterLibrary Loan.

Books

On the onehand,becausebookstake a long time to produce,they tendto be somewhatbehindthe arcof tech-
nology. The absolutelatestand greatestGismoMk III is beingdisplayedat a conferenceor tradeshow. It’s
predecessor, GismoMk II is beingdisplayedin a magazine.TheOriginal Gismo is describedin a text book.
Booksaregenerallynot theplaceto look for currenttechnology.

On the otherhand,a well craftedbook is the benefitof careful thought. It brings togethera wide variety
of ideasin a systematicorganizationthat is easyto absorbanduse. For example,the book Astronomyon Your
PersonalComputerby PeterDuffet-Smith,absolutelysavedmy baconwhenI hadto write a controlprogramfor
thesolartelescopeat theMcLaughlinPlanetariumherein Toronto.AnyonewhousestheLinux OperatingSystem
hasa freeoperatingsystem,yes,andhundredsof dollarsworth of booksshowing how to useit. Sobookshave
their place.

Your PrivateLibrary

Every time you engagein one of theseresearchefforts, you’ll find someinformationwhich is useful for the
currentproblem,andpossiblyfor otherdesignprojectsin thefuture. It’s a goodideato collecta coupleof filing
cabinetsandfill themup. Eventually, you will get to thepoint wheretrips to thelibrary becomeinfrequent,and
theinformationis readyto handin yourown office.

Research is No Substitute For Thought

Oneof thebestwaysto learnatechnologyis to look at thework of otherpractitioners.TheOpenSourcesoftware
movementhasbeenaboonin thatregard- we canlearnhow to write programsby lookingat thework of others.

Equally, we canlearnto designcircuitsby looking at otherpeople’s schematicdiagrams.To someonewho
is anafficionadoof electroniccircuit designs,it is anreligiousexperienceto look at theschematicfor a pieceof
Hewlett Packardor Tektronixtestgear. Thereis a wealthof circuit ideasin thebackissuesof ElectronicsWorld
(akaWirelessWorld), ElectronicDesign,EDN, andmany others.

However, having studiedhow otherpeoplehavedoneit is nosubstitutefor acarefulandthoroughunderstand-
ing of how a circuit works. After all, if (or when) it doesn’t work, you’ll have to understandit to troubleshoot
it.
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It was1966or so,in oneof theU of T ElectronicsLabs. I wasworking on a fourth yearelectronics
project:a tachometercircuit, whichwill eventuallyfind its wayinto abuddy’sracingmotorcycle,but
at this point, it clearlydoesn’t work.

Thecircuit wassomethingI foundin a book. It wasbasedon a unijunctiontransistorconfiguredas
a monostable.Eachignition pulsetriggeredtheunijunction,which thendumpeda fixedamountof
chargeinto anammeter. Theammeteraveragedthesechargepulses,andsotheaveragereadingwas
proportionalto therateof thetriggerpulses.

This is now, andI cantell you how it wassupposedto work. Thatwasthen,andasthelab teaching
assistantobserved’I think youhaveno ideahow thatcircuit works,Mr. Hiscocks.’ Hewasright, and
theobservationwould have beenmoreusefulif hehadsomeideahow it worked. Neitherof ushad
any idea,andin thatuniversityat thattime,professorsdid not oftenvisit thelabsandcertainlynever
helpedundergraduateswith circuit problems.Eventually, with thecombinationof blind tinkeringand
blind luck, thecircuit workedwell enoughto use.

Thenthezenerpowersupplyin thetachometerflattenedby friend’sbatterybeforea race,andhehad
to scrambleto gethis batteryrecharged.

Fortunately, otherprojectsweremoresuccessfulandtheuniversityreleasedmeasa junior engineer
to prey uponanunsuspectingpublic.

That experiencestuckwith me, so I guessuniversity hadsomevalue. I never built anothercircuit until I
understoodit completely.

2.2.1 Extrapolating the Cir cuit

You mustunderstandthecircuit completely, not only soyou cantroubleshootit, but soyou canmodify it to suit
what is available. It is a real testof engineeringskill to designa circuit that usesreadily availableparts,or to
repaira circuit with whatis available.

For example,just becauseanexisting circuit usesa certaintypeof transistordoesnot meanthatyour circuit
hasto usethe sametype. A competentengineerwill determinethe specificationsof that transistor(andwith
experience,this canoftenbedoneby eye)andsubstitutewhatever is suitableandavailable.

Better yet, you may be able to take the generalprincible - charge balancing,negative feedback,thermal
balancing,whatever - andcomeupwith abetteralternative.

So,in summary, researchandthereadingof otherpeople’scircuitsis notaboutslavishly copyingotherdesigns.
It’saboutlearningenoughto do gooddesignoneself.

2.3 The Specification

This doesn’t seemlike muchfun – after all, wouldn’t it be moreentertainingjust to startbuilding? But no, a
projectproposalis a usefuldiscipline,becauseit requiresyou, thedesigner, to createa specificationdocument.

Thespecificationdescribeswhatisgoingtogetbuilt. Thisismostcriticalbecauseit preventsmis-communications
betweentheclient – thepersonor entitity thatis puttingup thecash– andthedesigner. Nothingis morehorrible
thanarriving at whatyou thoughtwasthedeliverableonly to find that theclient is expectingadditionalfeatures,
or hasno interestin somefeaturethatyou slavedover, or wasexpectingsomethingtotally different:you thought
youweredevelopingananti-gravity machine,andthey expectedatimemachine.To preventthis, it is essentialto
describe(a) who doeswhatand(b) whatyou aredelivering. For example,if it breaks,I’ ll fix it on site,but the
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client hasto pay for my trip to Whitehorseto do so. For example,we areproviding an installeddisplay, but the
client is providing theelectricalconduitup to theinstallation.

Is this relevant to the EE studentdoing a project? Sure: the the specensuresthat both the studentandthe
supervisoragreeon the deliverableand the detailsof the deliverable. This is importantfor both parties– the
studentandsupervisor. It protectsthestudentfrom TheCreepingFeature Creature – featuresthat thesupervisor
decideswouldbeniceto add.And from thepointof view of thesupervisor, it ensuresthatthestudentunderstands
whatthey haveto do to meetthecourserequirements.

You can changethe spec. It happensall the time. The original plan doesn’t work, andsomethinghasto
change.OK, let’s changethespec.But thechangeshave to becommunicatedandagreedto by boththeengineer
andclient. In somecases,the changesarerequiredbecauseof technicaldifficulties that wereunforseenin the
original design.In thatcase,(dependingon thecontract),theengineersmayhave to eattheextra costsanddeal
with theproblem.Or thecontractmayhave a contingency clausethatallows theengineersto chargemore. For
me,it’sa pointof pride: if thecostgoesup becauseof somethingI shouldhave foreseen,I dealwith it.

On theotherhand,if theclientaddsfeatures,thenthepricegoesup. Consultantslove this,becauseadditions
canbehugelyprofitable.Woebetidetheclientwhooverlookssomethingthatwill haveto benegotiatedandadded
laterto thecontract:it will beexpensive.

2.4 Estimating the Project

Clientsoftenask’ Is it possibleto build a machinethat will do
�

?’ to which theproperansweris We canbuild
anything.How longareyouwilling to wait, andhowmuch are youwilling to pay?’

Theissueis notwhethersomethingcanbedone:theissueis whetherit canbedoneto aspecificdeadlineand
budget.Beforeembarkingon theadventureof developinganelectronicdevice,or a new computerprogram,it is
essentialto determinewhetherthis is thecaseor not.

Puttingit anotherway, we’re into an issueof risk management, oneof theprimaryactivities of engineering.
New projects,thingsthathaven’t beendonebefore,involverisk. There’stherisk of failing to completetheproject,
andlooking silly. There’s therisk of losingyour shirt, if you’re a consultantor entrepreneur. There’s therisk of
wastingtime andmoney on a bone-headedidea,which may result in your demotionto the bottomof the food
chain. Somerisk is unavoidable– if we all did projectsdevoid of risk, I’ d be writing this on a mud tablet. On
the otherhand,thereis no needto behave like adolescentmaleson a small-town Saturdaynight. Somecareful
thoughtandplanningcanpredictpossibleproblemsandpreparefor them.This is maturebehaviour. And it leads
to successfulprojects,theonesthatcomein on time,underbudgetandlook easywhenthey aredone5.

Okay, we agreethatit’sa goodideato do anestimate.How do youdo it?
If you’re experienced,you may be ableto look at a projectandguestimatecostandtime. Maybeyou did

somethinglike this before,andyouknow how long thatonetook,soyou canballparkthepriceandtime without
a greateffort. This canbe risky, but clientsoftenput you on the spotandwant somesort of estimate,so it has
to bedone.(Then,whenyou give themthefinal price,it’s alwayshigherbecauseyou think of all thethingsyou

5A few yearsago,I washired to designandbuild a large orrery - an installationfor a local museum.This wasin a new gallery about
astronomyandtheuniverse,andtherewerea bunchof new exhibits besidemine. I andtheothercontractorsbeaveredaway. My mostvivid
memoryof this thing is installing andwiring the 874 light emitting diodesthat definedthe motionsof the planets.It took weeksof mind-
numbingwork, but eventually the whole thing wasworking. At the end,we - the museumtechniciansandI - hada nastybug to find in a
remote-controlledslideprojector. (It turnedout to bea problemtheslidecarosel!) In any case,aswe approachedthedeadline,I wasclear
anddone.Theexhibit acrosstheaisle- a multimediadatabasething, whensuchthingswerenovel - wasnot, however. The two developers
labouredmightily andvisibly to make thedeadline.In theend,it didn’t work completelycorrectly, but to everyone’s relief, it did something.

Guesswhich exhibit got all theattentionandpraise:theexhibits thatwerecompleteandworking daysbeforetheopening,or theonethat
wasrunninglateandrequiredherculeanefforts to finish? Thatepisodetaughtmesomething:if you make it look difficult, they’ ll appreciate
youmore.
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shouldhave taken into account,anddidn’t, whenyou gave the ’back of theenvellope’ estimate.This canmake
theclientunhappy, but that’s theway it works.Obviously, if youfirst estimatehighandthey don’t throw you into
thestreet,youcanmake themveryhappy with a lowerfinal price.)

A morescientificmethod,which is essentialpracticeif you arebeginningat this, is to breaktheproject into
smallpieces,estimatethetimeandprice for each smallpiece, andaddthemup. Thekey to this is thegranularity
of the decomposition:eachpartof the projecthasto be small enoughthat you canaccuratelyestimateits time
andcost.

Furthermore,eachof theseprojectatomshasvariousaspectsassociatedwith it. Eachonewill requiredesign,
documentation,implementation,debuggingandtesting.If it’s hardware,it will have in additiona partcostanda
timeassociatedwith trackingdown thecomponents.

Consequently, theprojectestimateis composedof two matrices(spreadsheets):onefor time,andtheotherfor
cost. This couldbevisualizedasa 3 dimensionalmatrix: eachhorizontalrow is oneof theprojectcomponents
(atoms).Theverticalcolumnsarethevariousactivities requiredto developthatcomponentto completion.The
matrix is two layersdeep:thetop layeris hours,thesecondlayeris materialcost.

In someelectronicprojectswhereyouarebuilding oneoff, thecostof componentsmaybeirrelevantcompared
to the labourcosts. (I found that the costof the electroniccomponentspaledto insignificancecomparedto the
costof thehardware: thecase,theconnectors,thewire. A $30mil-specconnectorratherdominatesthe20 cent
transistors.)On theotherhand,if theproductis to beproducedin numbers,thecomponentcostmaybecritical
andyou mayberequiredto includeevery 2 centresistor. Part of theestimateis to determinewhetherthedevice
canbeproducedto a particularcost,andthereforecanbeprofitable.

2.5 Documentation

Documentationis oneof thosemotherhoodissuesthat everyoneagreesis a good idea, but mostpeopledon’t
practice.This subjectreducesyour otherwiseamiableauthorto a ragingmaniac,soexcusemewhile I rantfor a
bit.

It is utterly astonishingto me how many studentsattemptto build anddebug a complex electronicproject,
oftenwith embeddedhardwareandsoftware,but completelywithoutdocumentation.Theoperativeexcuseis I’m
goingto dothedocumentationoncetheprojectis working, but I haveto debugit first,anexcellentcaseof placing
thecartbeforethehorse.

On beingasked to intervene,whenthe prof asksfor a schematicor codelisting, he/sheis presentedwith a
patheticcollectionof whatlookslikechickentracksonscrappaper. Theso-calledschematicis oftenamarked-up
versionof amanufacturer’sdatasheet.

Whenyou aredoinganelectronicproject,you aregeneratingintellectualproperty: ideas.The thing itself is
thehardwareembodimentof theideas– it is proof that,in at leastoneinstance,theideascanbemadeto function.
But thethingis notthatimportant– it’s theideas.And theideasarewrittendown onpaper, or codedinto magnetic
trackson acomputerdisk.

Someone,eithera client or whoever is funding theuniversityeducation,is payingfor you to generatethose
ideas.They aretheoutputof this process,sothey haveto becomplete,andthehave to besafe.

Consider, for example,thesituationof a movie shoot.We’ve all seenthem:therow of trailers,thelights, the
cameras,thepeople,thetalent– evena foodwagon!Dozensof talentedpeoplebeaveringaway for hours.At the
endof theshoot,whatis thereto show for all this effort andexpense?Someimageson a roll of film, or encoded
into magnetictape.Information.IntellectualProperty. Thegenerationof IP is Big Business,andit hasto bedone
properly. Thoseimages,on thatpreciousroll of film, areworth a fortune6.

6At onepoint, I madeelectronicpropsfor a movie. (Kidnappingof thePresident, with William Shatner, sinceyou ask. The‘Bomb’). I
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So,whena studentdirectsmeto look at their electronichardware,they arefocussingon thewrong thing: I
needto seethe idea, andthe ideais theschematic,andtheotherdrawings. Sometimesthe ideais fine, andit is
theimplementationthatis aproblem.But theideacomesfirst.

2.6 The Project Binder

The ideasmustbe protected.By all meanschoosea systemthat works for you. Myself, I believe in binders.
File foldersdon’t imposea chronologicalorderon things,andthatcanbeimportant.A bindertendsto sequence
things.As well, thereis a physicalact in removing somethingfromthebinder. You’remorelikely to put it back,
andin theright place.And binderscanbefitted with dividers.

Projectshave differentpartsto them,andtheseshouldbeassociatedwith differentsectionsof thebinder(or
container, if youprefer.) Someof theprojectareas,correspondingto sectionsof thebinder, mightbe:

Corr espondenceNegotiationswith theclient,or communicationsfrom thesupervisor.

Design The streamof conciousnessthat documentsprogressand ideastowardsa final design. In companies
wheresuchthingsareformalized,thedesignideasmayhaveto go in a lab notebookthatis witnessedeach
dayandlockedaway. In any case,theideasshouldbedatedandpagesnumbered,sothey canbereplaced
in correctorder. Yes,youwill haveto gobackto it later.

DatasheetsCollectionsof specificationsfor thevariouscomponents.

ReferenceMaterial Helpful articlesandpapersby others.

Drawings Thefinal versionof eachpartof thedesign,bothelectricalandmechanical.For example,this would
includecomputer-drawn versionsof the schematics,printedcircuit boardlayouts,connectorpinoutsand
assemblydiagrams.

Software Sourcecodefor theprograms,softwareschematics,specificationsfor datastructures.

Parts Lists This sectionlists thepartsthathavebeenselected,alongwith their suppliersandthecost.A spread-
sheetis idealfor holdingthis data.Thena bill of materialsandprojectcostcanbegeneratedeasily.

Theultimatetestsarethese:If yougot a betteroffer from anothercompany, couldsomeoneelsecontinuethe
project?If youhadto leave this projectfor six monthsandthenpick it up againandcontinue,couldyoudo it?

2.7 Freezingthe Design

I will have many suggestionsto make about the project design- the detailsof the electroniccircuit and the
software.However, first somemeta-ideas.

Thereis a greattendency to buy parts and begin building or, in the caseof softwaredevelopmentto start
coding. After all, while you arestill thinking aboutthe project, thereis nothingto show (except,of course,a
progressively thickerprojectbinder.)

But this is engineering:we aregeneratingideas.Moreover, the ideashave many aspectsandimplications–
they all haveto work harmoniouslytogether. A changein thehardwarecouldimpactthechoiceof microprocessor

discoveredthatyoucan’t invoiceafilm company. Oncethey’vefilmedyourprop,they havenointerestin paying.In fact,theoriginalcompany
maybedissolved. Fortunately, they inadvertentlyblew up my propwhenthey blew up the truck. They neededmoreshotsof thebomb,so
they hadto getmeto build anotherone.As you canimagine,it wasa little moreexpensive thesecondtime,andthetermswerestrictly Cash
In Advance.
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which would changethe programminglanguage– andso on. As the projectprogresses,decisionsmadeat the
startwill havehugeimplications.Sothesedecisionsmustbethecorrectones.

This is not to saythat thedesignerscandither forever. Therecomesa time whenwe have to decide:arewe
hereto fish or cutbait?Thedecisionsaremade,andwehave to livewith them.

But it is easy, especiallywhenfast-trackinga project,to try to do too many thingsat once. For example,it
is a very commonmistake to finalizethedesignof theelectronicsandthenrequirethatsomeonemake a suitable
power supply for the thing andpackageit in a nice enclosure.But the designof the power supplymay have
importantimplicationsfor theelectronics– it mayneedseparateanaloganddigital supplies,for example.Or we
mightfind thatwecouldgetamuchcheaperpowersupplyfor aslightly differentvoltage.Or wemightbeableto
savea bundleby operatingfrom +5 volts ratherthan+5, +12and-12.

In termsof themechanicaldesign,thebox not only keepspeoplefrom putting their fingersinto thething, it
hasto extractheatfrom thecircuit anddirect it to theoutsideworld. It hasto supportconnectors,switchesand
indicators,andall theseimpacton the circuit design. Designthe whole thing, including the mechanics,before
youbuy partsandbegin building.

So:

Do not freezethedesigntoo early.

Do it properly. Do thedesign,completely. Finishthedrawings. Checkthedrawings. Thenyou canbuild the
thing,confidentthatmostof it is goingto work, andfit in thebox.

2.8 Prototypesthat Lie

It is commonpracticeto build a proof of conceptcircuit in orderto establishthat the basicideais sound. The
conceptcircuit is often a lashup– ugly assin, resemblingnothingasmuchasa pieceof found art – resistors
stickingout atoddangles,wiresloopingthroughtheair, sectionsheldtogetherwith ducttape.

All well andgood:put a minimal investmentinto constructionat first. Build it fast,andfind out whetherthis
cleverconceptwill fly atall. But beware:conceptprototypescanlie to you.

They lie becauseof theproblemof scaling. Perhapsyouarebuilding anRFlink, andtestingthelashupcircuit
in thelab, it worksfineoveraspaceof a few meters.To work of akilometeris asimplematterof antennagreater
gainandincreasedtransmitterpower. Well, maybe,maybenot.

Or thenew high-speedpreamplifierworksfineexceptfor abit of noise.It canbescaledto greatersensitivities,
andputtingit ona four-layerboardwill curethenoiseproblem.Well, maybe,maybenot7.

Either you needto do very carefulcalculationsthat indicatea high probability of successin scalingup or
down, or you needto build the final scaledversionof the circuit. For example,power dissapationscalesasthe
square of the voltageor current. Soa power supplythat is doubledin sizemaynot simply needmoreheatsink
area– it mayneedfancoolingaswell. You canpredictthat in carefulcalculations,but you needto beawareof
theproblem.

The otherdangerof a lashupis moreinsidious,especiallyif it works. It hasn’t beentolerancedproperly. I
onceworkedwith an engineerwho sufferedfrom this problem8. He did his circuit designby building a lashup
wheretheresistorswererepresentedby decadeboxesthatcouldbeadjusted.Hewouldadjusttheseresistorsuntil
thecircuit worked,andthencopy their valuesontotheschematicdrawing. Done.

7If you think thePrintedCircuit Board(PCB)layoutwill improve things,youshoulddo thelayoutandgetaprototypePCBmade.This is
gettingmucheasierto do: therearecompaniesthatspecializein fastturnaroundprototypes,andtherearegoodwaysto gettheboardsmade
in house.

8Actually, I did muchof thesuffering,sinceI hadto fix theproductionunits.
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This isn’t engineering:this is tinkering. If you only have to build onedevice, thenit’s fine. Tidy it up and
ship it. But if you build hundreds,thetransistorgainsaregoingto beall over thenormaldistribution, including
onesat theextremehigh andlow limits of allowablegain. Theresistorsandcapacitorsaregoingto exhibit their
tolerancestoo9. Theresult,unlessit wasdesignedto take it, is thata fractionof thecompletedunitswill simply
not work properly. In thesedaysof suchfinecircuit simulators,this is inexcuseable.

Designthe circuit. Lashit up. It works? Good,you now have exactly oneworking circuit. Now plug the
designinto the simulator10 andrun the componentvaluesthroughtheir rangeof values. (If the combinatorial
explosionmakesthis impossible,usea MonteCarlostatisticallyrandomsimulationof device variations.)They
all work?Great,youhavea productiondesign.

2.9 Designfor Debugging

Whenever you designan electroniccircuit, or write an embeddedcomputerprogram,or designa mechanical
enclosure,you shouldaskyourself: whenthis doesn’t work (not if, but when), how am I going to diagnosethe
problem,andhow amI goingto fix it.

In thecaseof theelectroniccircuit, thismeansthatyouhaveto beableto getat thesignals,andbring themto
theoutsideworld for measurementon a voltmeter, displayon anoscilloscopeor observationon a logic analyser.
In thecaseof modernIC’s,with their fantasticallysmallpinsandpin spacings,thiscanbeachallenge.

� If thesignalis acritical current,how canyoumeasureit? Canyoubreakthecircuit andinsertanammeter?

� If the circuit is an importantpulse,can it be directedto the oscilloscopewithout contaminatingit with
noise?You might needa dedicatedconnectorto providethis feature.

� All circuit measurementsrequiredgroundinginstrumentsto the board. Designin groundpoints,closeto
themeasurement,whereyoucanattachthescopegroundclip.

� Would this circuit beeasierto troubleshootif I canseparateit into functionalblocks?For example,should
thepowersupplydisconnectfrom themicrocomputersectionsoit canbecheckedindependently?

� In mechanicalterms,canI getthecaseopenandthecircuit boardaccessiblein areasonablelengthof time?
Is theresomepackagingschemethatmakesthis easier?

� Are therecertainsignalsthatcanbeindicatedonanLED to makeit easierto debugfaults?For example,it’s
reallyhandyto haveapower-onLED, LED indicatorsontransmitandreceiveserialport lines,andanLED
to indicatethat themicroprocessoris still alive. Thecostof a few LEDs canreally improve theuseability
andtestabilityof a circuit. You don’t needto hookup any equipmentto diagnosecertainproblems.It is
ridiculousto haveto hookupanoscilloscopeto discoverthatacommunicationcablehasgoneintermittent.

3 Debugging an EmbeddedSystem

An embeddedsystemis anelectronicsystemwhichincludesamicroprocessor(ormicrocontroller, if youprefer)as
partof thesystem.An embeddedmicroprocessorcaneliminateboardsof discretelogic andincorporatewonderful
featuresthatmakemoderndevicespossibleandprofitable.However, they canalsobevery, verynastyto debug.

9Electrolyticcapacitorscanexhibit tolerancesof -20/+100%!Thatis, theactualvaluecouldbedoublethenominalvalue.
10A spreadsheetcanbeveryusefulfor this, too.
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Thefirst embeddedcomputersystemthatI workedon,aDigital EquipmentPDP-8,hadaconsole- lampsthat
readouttheinternalvalues,andswitchesthatcouldbeusedto stopthemachine,setaprogramaddress,andsingle
stepthemachine11. It alsocostmorethanmy annualsalaryat thetime. A modernmicroprocessorcostslessthan
amealat your localdiner, with at least4K of memorythrown in. In quantity, thesamedeviceprobablycostsless
thanachocolatebar.

However, the modernembeddedmicroprocessordoesn’t have a console. Worse, it may not even have a
connectionfor a console.In orderto have accessto the innerworkingsof the device, the personwho is doing
systemintegrationwill needsomesortof userinterfaceto themicroprocessor.

Specifically, youandtheembeddedmicroprocessorwill needto interactin thefollowing ways:

� Downloadtestcodefrom thehostworkstationinto themicroprocessor.

� Executethetestcode,or sectionsof thecode.

� Setoneor morebreakpoints12 in thecode.

� Uploadmemoryandmachineregistercontentsto thehostfor displayanddiagnosis.

� Manuallymodify memoryor registerlocations.

3.1 The Emulator

Theemulatoris a clever pieceof hardwarein theform of a box or circuit boardwith two connections.Onecon-
nectionplugsinto thetargetsystemmicroprocessorsocket andtakestheplaceof (emulates) thetargetprocessor.
Theotherconnectiongoesbackto a developmentstation– usuallya Unix workstationor PC – which provides
theuserinterface.Fromtheworkstation,thedevelopercaninsertbreakpointsinto thecode,do memorydumps,
tracecodeexecution,maybeevencapturelogic signals.

Theemulatorhardwareis cleverly arrangedsothatit is essentiallyinvisibleto thetargetandcanrunat thefull
speedof themicroprocessorin question.For complex systems,anemulatoris almosta necessity. Unfortunately,
anemulatormaybeextremelyexpensive andrequirea new investmentevery time the targetprocessorchanges.
It mayrequirea specialversionof themicroprocessor, calledabondout, whereinternalsignalsarebroughtto the
outsideworld. However, if it enableselusivehardware-softwareinteractionproblemsto beidentifiedandfixed,it
will payfor itself.

Someemulatorsareaffordable. For example,the MPLAB equipmentfrom Microchip, usedto debug a PIC
microprocessorsystem,is veryreasonablypriced.Microchipalsooffer differentversionsof theirmicroprocessors
– developmentunitswhichareeasilyprogrammable,andproductionunitswhich arelow cost.

3.2 The Monitor Program

If theemulatoris thehigh-pricedandheavy-dutysolutionto microprocessorsystemdebugging,themonitoris the
cheapandcheerfulapproach.In this arrangement,a small programis installedin the microprocessormemory.
This programincludesenoughintelligenceto communicatewith an externalhost,setbreakpoints,receive test
code,dumpmemoryandso on. Unlike an emulator, the monitor programtakesover someof the resourcesof

11The4K magneticcorememoryfor this thingcost1$per12-bitword.
12A breakpointis anaddressin the program.Whenthe microprocessorreachesthis address,it stops.This simpledevice enablesoneto

determinethat themachineis executingcertainsectionsof code,or to determinewhat theresultis afterexecutinga certainsectionof code.
Sometimes,it is possibleto specifywatchpoints. A watchpointis aspecificmemorylocation.Whenit is changedby theprogram,theprogram
halts.
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the targetprocessorandit is not transparentto theoperationof themicroprocessor. For example,it mayrequire
sacrificingan interrupt vectorand certainlywill requirethe useof on-boardRAM for house-keeping. It will
probablyneeda serialport of somesort (softwareor hardware)to communicatewith the hostPC.Someof the
memorymapmustbededicatedto themonitorcode.If this is acceptable,a monitorprogramis oftensufficiently
powerful to debugacompleteapplication.

Oneproblemwith a monitor is this: the microprocessormusthave certainfacilities to supporta monitor in
the first place– a serialport, somescratchpadRAM andloadablememoryfor the program,for example. The
ultimatedesignmayrequirenoneof thesefacilities.Consequently, youhaveto bepreparedto build two systems:
onethatsupportsamonitorprogram,andasecondproductionsystemthattakesout all theunnecessaryhardware
andsoftware.

3.3 Built-in DebuggingHardware

Recognizingthat debuggingis An Issuefor engineers,somecompaniesareproviding built-in facilities that fa-
cilitate debugging. For example,theMotorolaMC68HC908seriesof processorsincludea one-pinbidirectional
interfacethatcantalk to ahost,togetherwith asmallbuilt-in monitorprogramandahardwarebreakpointregister.

3.4 Tips and Tricks for Debuggingan EmbeddedSystem

4 The Hidden Schematic

Many of thesedesignconceptsrelateto theconceptof thehiddenschematic. Thehiddenschematicis thewiring
and the componentsthat you didn’t explicitly chooseto be part of the design: they camealong as parasitic
componentswith therealcomponents.Or they ariseasaconsequenceof thewiring design.Thatinnocentlooking
groundsymbolhasanentireschematicnetwork associatedwith it, andyou ignorethenetwork at yourperil.

Earth Ground

Chassis Ground: Power Supply Common

High Quality (Analog) Ground

���������������� ���������������� ����������������
����������������������������������������������������������������

Figure1: Grounds

5 Power and Ground Wiring

Any lengthof wire or printedcircuit tracehasthreeparasiticcomponentsassociatedwith it:� Resistance,which causesa voltagedropacrossthelengthof thewire ascurrentflows throughit� SeriesInductance,whichcausesavoltagespiketo occuracrossit whenthevoltagechangesandencourages
rapidcurrentchangesto travel in sucha pathasto minimiseinductance.
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� Mutual Inductance,which couplesthemagneticfield of awire into another(parallel)wire.� MutualCapacitance,which couplestheelectrostaticfield of awire into anotherwire or copperarea.

Of course,you can’t easily take into accountevery wiring parasiticin a circuit - it may be hand-wiredas
a prototype,and thenchangedlater, laid out asa printedcircuit board. Fortunately, it’s not necessaryif you
recognizewherethewiring parasiticsareimportantandplanfor thoseoccasions.

5.1 Wiring Resistance

Wiring resistancebecomessignificantwhensmallvoltagesarebeingmeasured(12 bit resolutionin anA/D con-
verter, for example)andhigh currentsareinvolved. What is a high current? Well it depends:for smalldiameter
wire, it maybeaslittle asanampor so.Whatever is sufficientcurrentto setupavoltageacrossthelengthof wire.

A high currentloadshouldhave its own direct connectionto the power supply. Ideally, the circuitry that is
sensitive to noiseshouldhave its own separatepower supply(or regulator). Whenthehigh currentloadandthe
low powercircuitry mustsharethesamepowersupply, they shouldhaveindependentsupplyandgroundingwires
that go directly backto the power supplyterminals: the regulatoroutput,if it’s a regulatedsupply, or the filter
capacitorterminals,if it’sunregulated.

Thepowersupply, onehopes,behavesasapurevoltagesource,with insignificantinternalresistance,andwill
hold its outputvoltageconstantwith changingcurrent.

Providea high-currentloadwith its own power leadsbackto thepowersupplyterminals.

Oneoften-unexpectedsituationinvolving high currentsis in a capacitor-filteredpower supply. Thecharging
current into the filter capacitoris a short, high-amplitudepulsethat can createa significantvoltageacrossa
connectingwire. For full wave rectification,thepulseoccursat twice line frequency - 120Hzin North America-
andmayinducehumin anaudiostage.

For the charging loop betweena full-wave bridgerectifier andits associatefilter capacitor(s),keep
thewiring shortandheavy. Connectloadsat thecapacitorterminals, notat thebridgerectifier.

Notice thataddingfilter capacitorsto a wiring systemdoesnot fix theproblemwherea high-currentload is
creatinga voltagedropacrosstheresistanceof somesignalwire. Capacitorscanstabilizethepowersupplylines
againsttransients,whicharesignalsof brief duration.If theinterferingsignalsexist at low frequencies,thewiring
mustbere-routed.

Sizewiring appropriatelyto the currentbeingcarriedandthe allowablevoltagedrop. If you are in doubt,
consultawire tableandcalculatethevoltagedropfor thechosensizeof wire.

For example,supposewe aredriving a smallDC motorwhich requires0.5ampsstartingcurrent.We happen
to wire this with a 1 foot lengthof #32 solid wire (wire-wrapwire). What’s the voltagedrop acrossthe wire?
Thewire tabletells us that#32hasa resistanceof 165� per1000feet, so the resistanceof our one-footlength
is 0.165� . Thevoltagedropwould be ����� mA � 0.165�	��

����� milli volts. An 8 bit A/D converterwith a 5 volt
rangehasa stepsizeof ����������������� � milli volts. If thewiring is suchthat the motorcurrentinducesthis error
voltageasanerrorin theA/D reading,the82.5milli volt droprepresentsabout4 stepson theA/D converter.

5.2 Shorted Power Supply Wiring

It is not uncommonto find a deadshortbetweenpowersupplypositiveandtheground.For example,a particular
componentmayhave diedasa short-circuitconnectionbetween����� and � �"! , or theremaybea PCBdefect,or
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theremaybea tiny solderbridgelinking thetwo. (This is particularlya problemwhenevery unusedpartof the
boardis a coppergroundplane.) This is nasty, becausetherearemanythingsconnectedto power supplyand
ground.Whereis theshortcircuit?

Thisis wherewiring resistanceworksto youradvantage.Pumpasubstantialcurrentthroughthepowersupply
line, andthewiring resistancewill createa voltagegradientthatpointsto theshortcircuit.

A lab power supplywith adjustablecurrentlimit is required.Connectthesupplyto thedefective board,turn
on thesupply, andthenincreasethecurrentcontroluntil you have somethinglike anampor soflowing through
theshort-circuit.Obtaina sensitive voltmeter– somethingthatcanindicatemilli volts. Connectthenegative lead
of the voltmeterto the negative of the power supply. With the positive test leadof the voltmeter, start at the
negativeterminalof thepowersupplyandmovethetestleadalongthepowersupplygroundwire in thedirection
of increasingvoltage. Youshouldbeableto follow thevoltagegradientbackto thepositiveterminalof thepower
supply. In theprocess,youshouldencountertheshorteddeviceor shortingconductor.

Incidentally, it’s a goodideato checkthepower connectionsof a new circuit board,whetherhand-wiredor
printedcircuit, before loadingit with components.It’sa lot easierto find ashortcircuit on abareboard.

Sometimes,when the offending connectionis a copperwhisker betweentraces,the substantialcurrent is
enoughto blow away theconnectionandfix theboard.

Alwayscheckanew boardfor shortsbetweenthevarioussupplylines.

To find a shortbetweena powersupplyline andground,dumpsomecurrentdown theline andtrace
thevoltagegradient.

5.3 Wiring Inductance

At first blush,the currentsdrawn by moderndigital circuits suchasthe 74HC (High SpeedCMOS) series,are
negligible andthereforeinconsequential.Indeed,thevoltagedropdueto IR losses- theresistanceof thewiring -
is not important.What is importantis thepowersupplywiring inductance.

Thereareseveralfactorsthatconspireto make this anissue:

1. The switchingtime of moderngatesis in the orderof nanoseconds:���$#�% seconds.Consequently, in the
equation & ' �)( !�* '!�+
the voltage

& ' createdacrossan inductor is proportionalto the inductance( and the changein inductor
current !�* ' , and inverselyproportionalto the spanof time !�+ that the changeoccurs. As !�+ grows ever
smaller(with increasinglogic switchingspeeds),theinducedvoltageincreases.

2. Whenalogicgateis in thehighor low state,itscurrentisnegligible,andhencethestaticpowerconsumption
is negligible. Whena gateswitchesandtheoutputtransitionsthroughtheactive region half-way between� ��� andground,the gatesupplycurrentincreasessignificantly. So thereis a momentarypulseof current
from thepowersupply.

Reference[4], page1-21 indicatesthata typical currentpulsein HC (High-SpeedCMOS) logic is 20mA
over a time-spanof 5 to 10 nanoseconds.For AC (AdvancedCMOS),a fasterlogic family thanHC, the
currentpulseis givenas60mA over thesametime-span.
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3. Theloadsdrivenbymoderngatesarelargelycapacitive. Thedrivinggatedoesnothaveto supplysignificant
currentto drive somelogic gateload,whenin the quiescentstate.But whenthe logic level changes,the
gatemustchargeor dischargetheloadcapacitance.Theequation

* � �-, !
&
�!�+

describeswhathappens:asthecapacitor, is chargedor dischargedin ashorttime ( !�+ again)thecapacitor
current* � mustincrease.Thiscurrentmustbesuppliedvia theinductanceof thepositivepowersupplyline
andreturnedvia theinductanceof thegroundreturnline. In bothcases,thechangingcurrentwill generate
voltagesacrossthoseinductances.

4. As a rule of thumb, wiring inductanceis in the order of 5nH/cm (seereference[2], section9.11, and
reference[4], page1-21).

Consider, for example,thata logic gateis switching20mAinto a capacitive load,in aninterval of 5 nanosec-
onds.Thepowersupplywire is 10cmin length.Thentheinducedvoltagewill be:

( � � nH/cm �.��� cm

� ��� nH& ' � ( !�*!�+
� /0�1�2�.��� #3%54 � /6���2�7�8��#�9 4/6�:�.��� #�% 4� ��� � volts

Eachtime thelogic gateswitches,it will generatea 200milli volt spikeon thesupplyline. Now multiply this
by severalgatesswitchingsimultaneously, andtheremayberealproblemscausedby this noise.

Whatarethesolutions?

1. Themostimportantsolutionis to providea reservoir of chargecloseto theintegratedcircuit, in aso-called
bypasscapacitor. Thiscapacitormustbeableto dumpit’schargequickly, sotheleadsof thecapacitormust
beshortin ordernot to addinductancein serieswith thecapacitor. A ceramiccapacitor, with shortleads,
is idealfor this. A typical valueis in therangeof 10 to 100nanofarads.With a faster, morecomplex logic
device, theneedfor bypassingincreasesin importance.

This advice– alwaysdecouplelogic circuits– appliesnot only to digital logic but many otherdevicesas
well. The ubiquitous555 timer, in its original form, generatedhorrific power supplyspikes that would
trigger nearbylogic. A 100nFcapacitorhadto be installed,without fail, next to the device. I spentone
entireafternoontroubleshootinga problemof mysteriousintermittentbehaviour of somelogic circuitry,
whicheventuallyturnedout to bethe555power-supply-noise-problem.

In anothercase,mysteriousbehaviour of a 16V8 GAL device turnedout to be dependenton adequate
bypassingat thedevice. (Studentswereputtingthebypasscapacitorat thefarendof theprotoboard,where
it hadno effect.)

2. Usetheslowestlogic that is acceptablein theapplication.As indicatedabove, theswitchingcurrentpulse
of AC logic is 3 timestheamplitudeof HC logic. Furthermore,fasteredgesrequirelargercurrentsto charge
anddischargeany loadcapacitance.
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3. Ensurethatthegroundandsupplyline enclosethesmallestpossiblearea.Theinductanceof a loopof wire
is proportionalto its area,soreducingtheenclosedareareducestheinductance.

Ideally, the groundreturnshouldbe a continuousplaneof copperon the oppositeside from the supply
wiring. If this is the case,the returnpathof the transientcurrentwill naturallychoosethe pathof least
inductance.In fact, it will choosea paththat causesit travel in the groundplanedirectly underneaththe
sourceconductor, becausethis minimizesthe enclosedareaand the inductance.If possible,the ground
planeshouldnot be perforatedwith slits or openareas,becausethis forcesthe groundcurrentto travel
appartfrom thesupplycurrent,with a consequentincreasein loop area.

For this reason,many digital logic boardsareconstructedin four layers.Fromtop to bottom:� Top sidesignalwiring� Powersupplypositive� Powersupplyreturn(digital ground)� Bottomsidesignalwiring

Not only doesthis minimizingof looparearesultin smallervoltagetransientson thepowersupplylines,it
significantlyreducesEMI (Electro-magneticInterference),radiatedinterference.

Usetheslowestlogic thatis acceptablein theapplication.

Ensurethat thegroundandsupplyline enclosethesmallestpossiblearea.If possible,usea ground
planefor powersupplyreturn.

5.4 Analog and Digital Power Supplies

Many systemscontainamix of analogcircuitry, suchaspreamplifiersandA/D converters,driving digital circuitry.
In somecases,you canget away with operatingeverythingfrom the samegroundandsupplylines. But if the
amplifiersarehigh gain,or the A/D convertermustdetectmilli volt level signals,it’s bestto provide the analog
circuitry with a separatepowersupplysystem.

Sure,op-ampsaresupposedto ignorenoiseon theirpowersupplypins.But single-supplyop-ampshavepoor
positivepower-supplyrejectionat thefrequency of digital glitches.Someof themhavenopowersupplyrejection
on thenegativesupplyline – so-calledground.In otherwords,apulseof N milli voltson thegroundfindsits way
to theoutputof theamplifierasN milli volts!

If both the logic and analogdevices operatefrom the same5 volts, you may be able to provide separate
powersupplyandgroundleadsfor each,and’starground’thelinesbackat thecommonpowersupply. If digital
noisecontaminatestheanalogpowersupply, youcanaddaresistive-capacitiveor inductive-capacitivefilter in the
analogsupplyline.

If you are laying out a circuit boardwith this scheme,and the analogpower line and digital power line
connecttogetherbackat the power supply, the autorouterprogramwill think that they’re the samenet. It will
thenmindlesslyinterspersedigital andanalogpowersupplyconnections,exactlywhatis notwanted.Youneedto
keeptheanalogsupplyline anddigital supplyline separatedandgivendistinctnames,suchas+5A, +5D. Get
theautorouterto bring theleadsbackto thepowersupplyarea,andthenput a jumperinto thePCBto wire them
together. This hasotheradvantages:at a laterdate,you canseparateanaloganddigital power in the event that
they seemto beinterferingandmustbemutuallyfiltered.Thejumpercanbeusedasa testpoint for boardpower
supplyvoltage. Similarily, the groundsneedto be separatedandgiven distinct names,suchasAGND, DGND,
andbroughtbackto jumpers.
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I now do this asamatterof course,evenon verysimpleboards.It’seasyto do,andit makesit mucheasierto
fix powersupplycrosstalkproblems.

If the performancerequirementsare severe (a 12 bit A/D converter in the presenceof high-speeddigital
logic, for example),theanalogcircuitry andthe logic shouldeachget their own power supply. In thesedaysof
inexpensive three-terminaregulators,this is easyto do andgoesa long way towardsquiet power to the analog
system.Evenwith thismeasure,you maywell have to addseriesinductancesin thesupplylinesto isolatenoise.

Useseparatepowersupplyandgroundleadsfor theanaloganddigital sectionsof thecircuit. If they
usethesamevoltage,starconnectthembackat thepowersupply.

If theanalogpowersupplyandgroundmustbeparticularlyclean,designin stringentseparationwith
individualpowersupplyregulatorsandisolatingfilters on theanalogsupplyandgroundlines.

5.5 A/D Converter Grounding

An A/D converteris bothananalogcircuit andadigital circuit. Thefront endhasto resolvemilli volt level signals
while thebackendproducesdigital level signalswith nanosecondtransitions.It’s amazingtechnology, but it has
to bewired up carefullyto work correctly. Herearesomehard-wonpointers:

1. Keeptheanalogpower-groundpair separatefrom thedigital power-groundpair, asadvisedin section5.4.

2. Do not extenda digital groundplaneundertheA/D converter.

3. ReadtheA/D datasheetvery, verycarefully. Pay specialattentionto theapplicationscircuitsandtheway
they aregrounded.For example,it is commonto find thattheA/D pin labelledDGND is thegroundreturn
for thedigital sectionof theA/D but (for bestnoiseperformance)shouldbereturnedto theanalogground!

4. Usespecialcarein the connectionof the A/D referencevoltages.For reliablehigh-resolutionoperation,
theseneeda cleansourceof power, which rulesout thedigital powersupply(unlessit’s carefullyfiltered.)

5. In onecase,I wasdesigningavideowall systemthatinhaledstandardvideoanddeliveredit to acomputer-
typebus. Therewerethree8 bit videoA/D convertersandD/A converters(onefor eachof theRed,Green
andBluesignals)thatsharedthissamebus,andthey weremultiplexedontothebusalongwith variousbits
of sharedRAM. I foundthatdigital noisewascontaminatingthevideosignals.This eventuallyturnedout
to becapacitive feedthroughfrom thedigital bus,backthroughtheA/D converterto its input (evenwhen
the A/D converterwastri-statedoff the digital bus), andfrom thereinto otheranalogvideo signals.The
solution:anoctalbuffer betweentheA/D outputandthedigital bus.

Digital noisemay leakbackwardsthroughtheA/D converter, in which caseyou shouldbuffer
theoutputof theA/D.

If youaredesigninganddebuggingahigh-speedA/D converter, readreferences[6],[7],[8],[9] and[10]. They
containvaluableinformation.

6 Logic Interfaces

Whenonespecifictypeof logic is usedthroughouta design,interfaceproblemsareavoidedentirely. However,
in many real-world designs,thelogic hasto acceptinputsfrom theoutsideworld – switches,or analogsignals–
and/ordeliver it to theoutsideworld, with high-currentloadsor non-standardvoltages.Many potentialproblems
occurat theseinterfaces.
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6.1 Logic SpeedRequirements

A logic inverter– the basisof much logic circuitry – is really an overdrivenamplifier. The amplifier hasfast
responsetimeandspendsmostof its life saturatedor cutoff. However, it doesbriefly transitionthroughtheactive
region,andwhile there,it behavesasanamplifier.

If theinput signalspendsanappreciablelengthof time in theactive region,andtheconditionsareright for a
signalto find its way from the outputof thegatebackto the input, the gatemayoscillate, generatinga train of
high-frequency pulses13. Dependingon thefrequency, thesepulsescanbehardto seeon anoscilloscope– you
haveto haveafastscope,goodprobesandgoodmeasuringtechnique.Dependingonthedesignof thelogic, these
pulsesmaywreakhavocwith whatfollows.

A comprehensive tableof maximumallowablerise timesis givenin reference[4], page1-61. For example,
assuminga 5 volt logic swing,themaximumtransitiontimesfor variouslogic familieswouldbe:

Logic Family MaximumTransitionTime,nsec
74F 75

74HC 400
74AC 50

So, for example,if you have a photo-interrupterdriving AC logic, you mustensurethat the outputof the
photo-interruptertransitionsthrough5 volts in lessthan50 nanoseconds.This canbedifficult to achieve.

If thereis any doubt that this is a problem,passthe signal througha SchmittTrigger device, suchas the
74HC14Hex SchmittTrigger. (In an FPGA design,you would specify Schmitt Trigger input configuration.)
TheSchmitthasenoughlogic hysterysisthata slow logic signalwill not causeoscillation,andtheoutputof the
Schmittalwaystransitionsin a few nanoseconds,suitablefor highspeedlogic.

Logic gatesrequirefast-transitionsignals.If in doubt,squareup thesignalwith a schmitttrigger.

6.2 UnusedInputs, Spare Gates

Groundthe inputs of any sparegatesin a package. This isn’t critically importantwhen debugging the first
prototype,but it’s somethingthat shouldbe taken careof in the final design. Otherwise,the input will float
anywherebetween�<;=; andground. If the input straysinto the active region, it will causethe gateto conduct
significantcurrent throughits output stage. Multiplied by many gates,this sendsup the power consumption
unnecessarily(seesection5.3).

6.3 UnusedInputs, ActiveGate

It is extremelyimportantthat spareinputson a logic device that is usedin the circuit be connectedto � ;=; or
ground.This is particularlyeasyto misson logic devicesthathavemultipleselectlines. It’saninsidiousproblem
with CMOS logic (the usualcasethesedays),becausethe floating input mayfloat in the correctposition(high
or low) duringdebugging14. However, asa corollaryof the Law of MaximumAggravation,you canbesureit
will actup at themostinconvenienttime,suchaswhenit is beingobservedby anImportantClient. In acomplex

13This behaviour is sometimesput to use,when4000 seriesCMOS invertersareusedas linear amplifiers. In this case,the output is
connectedto the input througha resistor, which biasesthe input andoutput into the active region. 4000serieslogic is slow enoughthat it
doesn’t tendto oscillateasmuchashigherfrequency logic families– andif it doesoscillate,it’s easyto seeon thescope.

14GrizzledVeteranNote: TTL logic, now obsoletebut still foundin muchextantequipment,cantolerateunconnectedinputs,becausethe
device readsthemasHIGH. Not truefor CMOS.
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circuit, this canbedifficult to find, becauseit maybeintermittentanddependon theambienthumidity, phaseof
themoon,moodof thecircuit, andsoon.

If you think you might have a floatingpin problem,connecta 10K resistorto the positive supplyandrun it
acrossall thepossiblepackagepins. Theconnecttheresistorto groundandrepeat.Whenthecircuit burstsinto
correctoperationor stopsoperatingasyoudo this,youhave foundtheoffendingpin.

Incidentally, your PCBlayoutor schematiccaptureprogrammaybeableto warnyou if you have anuncon-
nectedinput pin.

7 And in Conclusion,Folks . . .

Therearemany rewardsin electronicsandelectricalengineering.There’s the reward of gettingsomethingto
work andseeingit do what you planned. There’s the reward for beingpaid a significantamountof money to
do somethingthat not everyonecando. There’s the reward of someonefinding your work useful,andperhaps
occasionallytelling youso.

Theserewardscomeonly with somepresistenceandsweat.If it wereeasy, asI tell my students,anyonecould
do it. But wearetheexperts.Thepublic trustsus,asprofessionalengineersor thenear-equivalent,to know what
we aredoing.Sowemustdo thejob properlyor we betraythattrust.

Doing the job properlymeansthat we areprofessionals. A professionalkeepson top of the technologyby
readingandlearning,all their life. And in thefast-changingworld of electronics,wherethetechnologyis totally
differentby theendof theweek,thereis no otherway to survivefor long.

A professionaldoescarefuldesignwork andkeepscompletedocumentation,whetherornottheclientdemands
it. That’sjust thewaythis job is done.And,noteveryprodoesthis,but it’sniceto givebackto yourprofessionby
sharingwhatyou’velearnedwith others.Presumably, wedon’t needto protectour livelyhoodby beingasecretive
guild.

Who cansaywhy designingandbuilding electronicgadgetsis suchfun? But it is fun (mostof the time,
anyway),andit canleadto aninterestinglife.

Okay, enoughsermonizing.Godesignsomething.I hopethesenoteshelpyou getit to work.
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