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1 Intr oduction

This paperis adistillation of 30 yearsexperiencen electronicsconsulting teachinga wide variety of electronics
coursesn Electricaland ComputerEngineeringat RyersonUniversity, andsupervisinghundredof fourth year
ElectricalEngineeringundegraduatehesisprojects.As a resultof the consultingpractice |’ ve had someexpe-
riencemanagingdesigningandbuilding significantelectronicprojects.All of theseprojects,| amhapyy to say
workedandfunctionedto spec.Most of them,l amevenhappierto say wereprofitable.

At Ryerson,it’'s not sufficient for a thesisto do a paperon somesubiject: the thesismustbe a projectthat
is somavhat original and, at the end of the day, functions: it absorbsnegy anddoessomethinginterestingor
useful.As aresultof thethesissupervision]’ ve seerlegionsof inexperiencedEE studentdloodytheir noseson
projectsrangingfrom leggedrobotsto retinalscanners.

Out of all this work, angstandadwenture| have someideaof how to managea successfuklectronicproject.
Only a small subsetof theseideasis explicitly taughtin the classroom.The thesisprojectat Ryersonis one of
them— an attemptto exposethe studentso someof the ideasin a context wherethey arereceptve. However,
therearemary usefulideasthat never gettaughtandhave to be learned eitherfrom a battle-scarredeteran,or
onone’sown.

Hopefully, this presentatiomwill allow somestudentsandpracticionerdo avoid the battlealtogether

2 Project Management

Forsightandplanningat the designstagecan eliminatemary potentialproblemsand make the remainingones
easielto diagnoseandfix. Theoppositeof deluggingis something call entugging—the proces®of incorporating
new bugsin aproject.In thissection, discusshow enluggingcanbekeptto aminimumduringthedesignphase,
with acommensurateeductionin dehuggingat the commissioningor systenintegration phase.



2.1 Project Planning

As a paidconsultantpr anacademicpr anengineeringnanagehopingto starta project,or a studentproposing
athesisproject,you begin by makinga proposal In somecasesthe proposalis in respons¢o an RFP. Request
for Proposal Or you maybeinitiating a project- you have anidea,andyou needa sponsorEitherway, you have
to tell the potentialsponsorsvhatyouintendto build with their money?.

Proposal-writingcanbe fun. On the one hand, it requiressomeblue-sky imagining of a technicaldevice,
so a vivid imaginationand familiarity with the technologyare strongassets. Engineerskvetch aboutlack of
recognition, but the project proposalis one placewherea clever designis likely to be rewardedby the best
recognitionof all —financialsupport.

Familiarity with the technology: wheredoesthatcomefrom? After all, you can't be anexpertin everything,
andperhapshis projectinvolvestechnologythatis unfamiliar to you. Perhapgou don’t even have a conceptof
asolution. You mayhave to do someresearch.

2.2 Reseach
The Inter net

The Internethasmadethis much easierthanit usedto be. Armed with Internetaccessandthe Googlesearch
engine,you canturn up scadsof informationin very shortorder Therearesitesthatlist connectiongo sources
of information,andnice peoplé have puttutorialsanddesigninformationon the WEB for everyoneto use.

The manufcturersof electroniccomponentdiave hugeamountsof usefulinformationon their web pages.
They provide datasheetandApplicationNotesthatshon how to usetheir products. The App Notesareatremen-
doussourceof information,becauséhey areintendedo bereadandunderstood- they arenotwrittento impress
otheracademics.And muchof the informationin App Notesis extendableover a rangeof products,not just
the manufcturers part. For examples,checkout the web sitesfor NationalSemiconductqgrLinear Technology
Maxim andAnalogDevices.

The Applied Scienceand Technologylndex

Therewill comeatime wheneverywritten documenis availableon the WEB. However, the Internettook off as
a sourceof informationin the mid-ninety’s, soit’s only the last seven yearsof humankinds intellectualoutput.
At thetimethisis beingwritten - early2002- we’re not quitethereyet. Lots of knowledgeis lockedupin books,
magazinesndjournals’.

Thetrick is to find it. It's a soberingexperienceto visit the periodicalstackareaof a library suchasthe
basemenbf the SigmundSamuelLibrary at the University of Toronto,or CISTI in Ottava. The shelesstretch
asfarastheeye cansee,n theX, Y andZ dimensionsSomavhere theremay be somethinguseful.

Fortunately the folks at Bowker have beencataloguinghis informationfor us. Eachyear, they monitorall*
thearticlesthatarepublishedthatyear They cateyorizethesearticlesby subjectanauthor andthengeneratean
index for theyear Lately, theseindiceshave beenon CDROM, sothey’re easyto search.In the BC era(Before

10r, in the caseof studentwith your own money.

°Like,ahemme

3The term magazineis usedhereto referto a commercialpublicationthat generates profit and carriesadwertisement.The articlesare
reviewed by theeditor, but notby theauthors peers. An authoris paidfor his/herwork. Thetermjournal refersto anacademi@ocumenthat
containspeerreviewed papers.Often, the authoris expectedto pay for the priviledge of beingpublished andjournalscanbe horrendously
expensve.

40K, noteverything- thelist of the periodicalsthey monitoris finite - but it's pretty comprehense for our purposes.



CDROM), theindex waspublishedasa papervolumeevery two or threemonths,andthenin alargerversionfor
theentireyear
A typical entrylookslik e this:

To find someparticularsubjectmaterial,it’' s a matterof goingthroughthe The Applied ScienceandTechnol-
ogy Index, yearby year andidentifying all the usefularticles. The library may have thesearticlesin the stacks,
or they maybeableto obtainthearticlesvia Inter Library Loan.

Books

On the onehand,becauséookstake a long time to produce they tendto be somavhat behindthe arc of tech-
nology. The absolutelatestand greatesiGismoMk Ill is being displayedat a conferenceor tradeshaow. It's
predecessoiGismoMKk Il is beingdisplayedin a magazine. The Original Gismois describedn a text book.
Booksaregenerallynotthe placeto look for currenttechnology

On the otherhand,a well craftedbook is the benefitof carefulthought. It bringstogethera wide variety
of ideasin a systematimrganizationthatis easyto absorbanduse. For example,the book Astonomyon Your
PersonalComputemby PeterDuffet-Smith,absolutelysaved my baconwhenl hadto write a controlprogramfor
thesolartelescopattheMcLaughlinPlanetariunherein Toronto.AnyonewhousesheLinux OperatingSystem
hasa free operatingsystem,yes,andhundredsof dollarsworth of booksshaving how to useit. Sobookshave
theirplace.

Your Private Library

Every time you engagein one of theseresearchefforts, you’'ll find someinformationwhich is useful for the
currentproblem,andpossiblyfor otherdesignprojectsin the future. It's a goodideato collecta coupleof filing
cabinetsandfill themup. Eventually you will getto the pointwheretrips to the library becomenfrequent,and
theinformationis readyto handin your own office.

Reseach is No Substitute For Thought

Oneof thebestwaysto learnatechnologyis to look atthework of otherpractitioners The OpenSourcesoftware
movementhasbeenaboonin thatregard- we canlearnhow to write programdby looking atthework of others.

Equally, we canlearnto designcircuits by looking at otherpeoples schematiadiagrams.To someonevho
is anafficionadoof electroniccircuit designsit is anreligiousexperienceto look atthe schematidor a pieceof
Hewlett Packardor Tektronixtestgear Thereis awealthof circuit ideasin the backissuesof Electronicsworld
(akaWirelessWorld), ElectronicDesign,EDN, andmary others.

However, having studiedhow otherpeoplehave doneit is no substitutefor a carefulandthoroughunderstand-
ing of how a circuit works. After all, if (or wher) it doesnt work, you'll have to understandt to troubleshoot
it.



It was19660r so,in oneof theU of T ElectronicsLabs. | wasworking on a fourth yearelectronics
project: atachometecircuit, whichwill eventuallyfind its way into a buddy’sracingmotorgycle, but
atthis point, it clearlydoesnt work.

The circuit wassomething foundin abook. It wasbasedon a unijunctiontransistorconfiguredas
amonostable Eachignition pulsetriggeredthe unijunction,which thendumpeda fixed amountof
chageinto anammeter Theammeterveragedhesechage pulsesandsothe averagereadingwas
proportionalto therateof thetriggerpulses.

Thisis now, andl cantell you how it wassupposedo work. Thatwasthen,andasthelab teaching
assistanbbsened’l think you have noideahow thatcircuit works,Mr. Hiscocks. He wasright, and
the obsenationwould have beenmoreusefulif he hadsomeideahow it worked. Neitherof ushad
ary idea,andin thatuniversityat thattime, professorglid not oftenvisit thelabsandcertainlynever
helpedundegraduatesvith circuit problems Eventually with thecombinatiorof blind tinkeringand
blind luck, the circuit workedwell enoughto use.

Thenthe zenemower supplyin thetachometeflattenedby friend’s batterybeforearace,andhe had
to scrambleo gethis batteryrechaged.

Fortunately otherprojectsweremore successfuindthe university releasedne asa junior engineer
to prey uponanunsuspectingublic.

That experiencestuck with me, so | guessuniversity had somevalue. | never built anothercircuit until |
understoodt completely

2.2.1 Extrapolating the Cir cuit

You mustunderstandhe circuit completely not only soyou cantroubleshoott, but soyou canmaodify it to suit
whatis available. It is a real testof engineeringskill to designa circuit that usesreadily available parts,or to
repairacircuit with whatis available.

For example,just becausen existing circuit usesa certaintype of transistordoesnot meanthatyour circuit
hasto usethe sametype. A competenengineerwill determinethe specificationsof that transistor(and with
experiencethis canoftenbe doneby eye) andsubstitutevhateveris suitableandavailable.

Better yet, you may be able to take the generalprincible - chage balancing,negative feedback,thermal
balancingwhatever - andcomeup with a betteralternatve.

So,in summaryresearclandthereadingof otherpeoplescircuitsis notaboutslavishly copying otherdesigns.
It' saboutlearningenoughto do gooddesignoneself.

2.3 The Specification

This doesnt seemlike muchfun — afterall, wouldn't it be more entertainingjust to startbuilding? But no, a
projectproposals a usefuldiscipline,becausé requiresyou, the designerto createa specificatiordocument.
Thespecificatiordescribesvhatis goingto getbuilt. Thisis mostcritical becausé preventsmis-communications

betweerthe client— the personor entitity thatis puttingup the cash— andthe designer Nothingis morehorrible
thanarriving at whatyou thoughtwasthe deliverableonly to find thatthe clientis expectingadditionalfeatures,

or hasno interestin somefeaturethatyou slaved over, or wasexpectingsomethingotally different: you thought
youweredevelopingananti-gravity machine andthey expectedatime machine.To preventthis, it is essentiato
describg(a) who doeswhatand (b) whatyou aredelivering. For example,if it breaks,I’ll fix it on site, but the



client hasto payfor my trip to Whitehorseto do so. For example,we areproviding aninstalleddisplay but the
clientis providing the electricalconduitup to theinstallation.

Is this relevant to the EE studentdoing a project? Sure: the the specensureghat both the studentandthe
supervisoragreeon the deliverableand the detailsof the deliverable. This is importantfor both parties— the
studentandsupervisorlt protectshe studenfrom TheCreepingFeatule Creatule — featureghatthe supervisor
decidesvould beniceto add. And from thepointof view of thesupervisorit ensureshatthe studenunderstands
whatthey have to doto meetthe courserequirements.

You can changethe spec. It happensll the time. The original plan doesnt work, and somethinghasto
change OK, let’'s changethe spec.But thechangediave to be communicatecindagreedo by boththeengineer
andclient. In somecasesthe changesarerequiredbecausef technicaldifficulties that were unforseenn the
original design.In thatcase (dependingon the contract) the engineersnay have to eatthe extra costsanddeal
with the problem. Or the contractmay have a contingeny clausethatallows the engineergo chaige more. For
me,it'sapointof pride: if the costgoesup becaus®f something shouldhave foreseen| dealwith it.

Ontheotherhand,if theclientaddsfeaturesthenthe price goesup. Consultantdove this, becauseadditions
canbehugelyprofitable.Woebetidethe clientwho overlookssomethinghatwill haveto benegotiatedandadded
laterto thecontract:it will be expensve.

2.4 Estimating the Project

Clientsoftenask’ls it possibleto build a madinethatwill do X?’ to which the properansweris We can build
anything.How long are youwilling to wait, andhowmud are youwilling to pay?

Theissueis notwhethersomethingcanbe done:theissueis whetherit canbedoneto a specificdeadlineand
budget.Beforeembarkingon the adventureof developinganelectronicdevice, or anew computerprogramiit is
essentiato determinewhetherthis is the caseor not.

Puttingit anothemway, we're into anissueof risk manayementone of the primary actiities of engineering.
New projectsthingsthathaven't beendonebefore involverisk. Therestherisk of failing to completetheproject,
andlooking silly. Therestherisk of losingyour shirt, if you're a consultanor entrepreneurTheres therisk of
wastingtime and money on a bone-headedlea, which may resultin your demotionto the bottom of the food
chain. Somerisk is unavoidable— if we all did projectsdevoid of risk, I'd be writing this on a mudtablet. On
the otherhand,thereis no needto behae like adolescentmaleson a small-tavn Saturdaynight. Somecareful
thoughtandplanningcanpredictpossibleproblemsandpreparefor them. Thisis maturebehaiour. And it leads
to successfuprojects the onesthatcomein on time, underbudgetandlook easywhenthey aredoné.

Okay, we agreethatit’s agoodideato do anestimate How do you do it?

If you're experiencedyou may be ableto look at a projectand guestimatecostandtime. Maybeyou did
somethindik e this before,andyou know how long thatonetook, soyou canballparkthe price andtime without
a greateffort. This canberisky, but clientsoften put you on the spotandwant somesort of estimatesoit has
to bedone.(Then,whenyou give themthefinal price,it's alwayshigherbecauseou think of all the thingsyou

5A few yearsago,| was hired to designandbuild a large orrery - aninstallationfor a local museum. This wasin a new gallery about
astronomyandthe universe,andtherewerea bunchof new exhibits besidemine. | andthe othercontractorsbeaeredaway. 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 museumtechniciansand| - hada nastybug to find in a
remote-controllealide projector (It turnedout to be a problemthe slide carosel!) In ary case,aswe approachedhe deadline,| wasclear
anddone. The exhibit acrossthe aisle- a multimediadatabas¢hing, whensuchthingswerenovel - wasnot, however. The two developers
labouredmightily andvisibly to make the deadline.ln theend,it didn’t work completelycorrectly but to everyones relief, it did something
Guesswhich exhibit got all the attentionand praise:the exhibits thatwere completeandworking daysbeforethe opening,or the onethat
wasrunninglate andrequiredherculearefforts to finish? Thatepisodetaughtme something:if you malke it look difficult, they'll appreciate
youmore.



shouldhave takeninto accountanddidn’t, whenyou gave the 'back of the ervellope’ estimate.This canmake
theclientunhapyy, but that'stheway it works. Obviously, if youfirst estimatehighandthey don't throw youinto
the streetyou canmake themvery happy with alower final price.)

A morescientificmethod,which is essentiapracticeif you arebeginningatthis, is to breakthe projectinto
smallpiecesestimatehetimeand price for eac smallpiece andaddthemup. Thekey to thisis thegranularity
of the decomposition:eachpart of the projecthasto be small enoughthat you canaccuratelyestimateits time
andcost.

Furthermoregachof theseprojectatomshasvariousaspectassociateavith it. Eachonewill requiredesign,
documentationimplementationdeluggingandtesting.|f it's hardware,it will havein additiona partcostanda
time associatedvith trackingdown the components.

Consequentltheprojectestimatas composeaf two matriceqspreadsheetspnefor time, andthe otherfor
cost. This could be visualizedasa 3 dimensionaimatrix: eachhorizontalrow is oneof the projectcomponents
(atoms). The vertical columnsarethe variousactuities requiredto developthatcomponento completion. The
matrix is two layersdeep:thetop layeris hours,the secondayeris materialcost.

In someelectronicgprojectswhereyou arebuilding oneoff, thecostof componentsaybeirrelevantcompared
to the labourcosts. (I found that the costof the electroniccomponentgaledto insignificancecomparedo the
costof the hardware: the case the connectorsthe wire. A $30 mil-specconnectorratherdominateghe 20 cent
transistors.)On the otherhand,if the productis to be producedn numbersthe componentostmay be critical
andyou may berequiredto includeevery 2 centresistor Part of the estimatds to determinewhetherthe device
canbeproducedo a particularcost,andthereforecanbe profitable.

2.5 Documentation

Documentatioris one of thosemotherhoodssuesthat everyoneagreess a goodidea, but mostpeopledon’t
practice.This subjectreducesyour otherwiseamiableauthorto a ragingmaniac,soexcusemewhile | rantfor a
bit.

It is utterly astonishingo me how mary studentsattemptto build anddelug a complex electronicproject,
oftenwith embeddedhardwareandsoftware,but completelywithoutdocumentationThe operatve excuseis I'm
goingto dothedocumentatiomncetheprojectis working, but | haveto dehugit first,anexcellentcaseof placing
the cartbeforethe horse.

On beingasledto intervene,whenthe prof asksfor a schematicor codelisting, he/sheis presentedvith a
patheticcollectionof whatlookslik e chickentrackson scrappaper Theso-calledschematigs oftenamarked-up
versionof amanufcturersdatasheet.

Whenyou aredoingan electronicproject,you aregeneratingntellectualproperty:ideas. Thething itself is
thehardwareembodimenbf theideas- it is proofthat,in atleastoneinstancetheideascanbemadeto function.
Butthethingis notthatimportant-it' stheideas.And theideasarewritten down on paper or codedinto magnetic
trackson acomputerdisk.

Someoneegithera client or whoever is funding the university educationjs payingfor you to generateghose
ideas.They arethe outputof this processsothey have to becomplete andthe have to be safe.

Considerfor example,the situationof a movie shoot.We've all seenthem:therow of trailers,thelights, the
camerasthe people thetalent— evenafood wagon! Dozensof talentedpeoplebeareringaway for hours. At the
endof the shoot,whatis thereto shaw for all this effort andexpense?Someimageson aroll of film, or encoded
into magnetidape.Information. IntellectualProperty Thegeneratiorof IP is Big Businessandit hasto bedone
properly Thoseimageson thatpreciousroll of film, areworth a fortune®.

6At onepoint, | madeelectronicpropsfor a movie. (Kidnappingof the President with William Shatnersinceyou ask. The‘Bomb’). |



So,whena studentdirectsme to look at their electronichardware, they arefocussingon the wrong thing: |
needto seethe idea andtheideais the schematicandthe otherdrawings. Sometimegheidealis fine, andit is
theimplementatiorthatis a problem.But theideacomedfirst.

2.6 The Project Binder

The ideasmustbe protected. By all meanschoosea systemthat works for you. Myself, | believe in binders.
File foldersdon’t imposea chronologicalorderon things,andthatcanbeimportant. A bindertendsto sequence
things. As well, thereis a physicalactin remwing somethingromthe binder. You're morelikely to putit back,
andin theright place.And binderscanbefitted with dividers.

Projectshave differentpartsto them,andtheseshouldbe associatedvith differentsectionsof the binder(or
containerif you prefer) Someof the projectareascorrespondindo sectionsof the binder, mightbe:

Corr espondenceNegotiationswith theclient,or communicationgrom the supervisor

Design The streamof conciousnesshat documentgprogressand ideastowardsa final design. In companies
wheresuchthingsareformalized the designideasmay have to goin alab notebookthatis withessedeach
dayandlockedaway. In ary casetheideasshouldbe datedandpageshumberedsothey canbereplaced
in correctorder Yes,youwill haveto gobackto it later

DatasheetsCollectionsof specificationgor the variouscomponents.
ReferenceMaterial Helpful articlesandpaperdy others.

Drawings Thefinal versionof eachpartof the design,both electricalandmechanical For example,this would
include computerdrawn versionsof the schematicsprinted circuit boardlayouts,connectominoutsand
assemblydiagrams.

Software Sourcecodefor the programssoftwareschematicsspecificationgor datastructures.

Parts Lists This sectionlists the partsthathave beenselectedalongwith their suppliersandthe cost. A spread-
sheets idealfor holdingthis data. Thenabill of materialsandprojectcostcanbe generatecasily

Theultimatetestsarethese:lf you got a betteroffer from anothercompaty, could someoneslsecontinuethe
project?If you hadto leave this projectfor six monthsandthenpick it up againandcontinue,couldyou doit?

2.7 Freezingthe Design

I will have mary suggestiondo make aboutthe project design- the details of the electroniccircuit and the
software.However, first somemeta-ideas.

Thereis a greattendeng to buy parts and begin building or, in the caseof software developmentto start
coding After all, while you arestill thinking aboutthe project, thereis nothingto showv (except,of course,a
progressiely thicker projectbinder)

But this is engineering:we aregeneratingdeas. Moreover, the ideashave mary aspectandimplications—
they all have to work harmoniouslytogether A changen thehardwarecouldimpactthechoiceof microprocessor

discoveredthatyoucant invoiceafilm company. Oncethey’ve filmedyour prop,they have nointerestin paying.In fact,theoriginal compary
may be dissohed. Fortunately they inadwertently blew up my propwhenthey blew up thetruck. They neededmore shotsof the bomb, so
they hadto getmeto build anotherone. As you canimagine, it wasa little moreexpensve the secondime, andthetermswerestrictly Cash
In Advance.



which would changethe programminglanguage- andso on. As the projectprogressesjecisionsmadeat the
startwill have hugeimplications.Sothesedecisionanustbethecorrectones.

Thisis notto saythatthe designersandither forever. Therecomesa time whenwe have to decide:arewe
hereto fish or cutbait? The decisionsaremade ,andwe have to live with them.

But it is easy especiallywhenfast-trackinga project,to try to do too mary thingsat once. For example, it
is avery commonmistale to finalize the designof the electronicsandthenrequirethatsomeonenake a suitable
power supply for the thing and packaget in a nice enclosure. But the designof the power supply may have
importantimplicationsfor the electronics- it mayneedseparat@naloganddigital suppliesfor example.Or we
mightfind thatwe couldgeta muchcheapepower supplyfor aslightly differentvoltage.Or we mightbeableto
save abundleby operatingfrom +5 volts ratherthan+5, +12 and-12.

In termsof the mechanicablesign,the box not only keepspeoplefrom putting their fingersinto the thing, it
hasto extractheatfrom the circuit anddirectit to the outsideworld. It hasto supportconnectorsswitchesand
indicators,andall theseimpacton the circuit design. Designthe whole thing, including the mechanicsbefore
you buy partsandbegin building.

So:

Do notfreezethedesigntoo early.

Do it properly Do thedesign,completely Finishthe drawings. Checkthe drawings. Thenyou canbuild the
thing, confidentthatmostof it is goingto work, andfit in the box.

2.8 Prototypesthat Lie

It is commonpracticeto build a proof of conceptcircuit in orderto establishthat the basicideais sound. The
concepifcircuit is often a lashup— ugly assin, resemblingnothingas much asa pieceof found art — resistors
stickingoutatoddangleswiresloopingthroughtheair, sectionsheldtogethemith ducttape.

All well andgood: puta minimal investmeninto constructioratfirst. Build it fast,andfind outwhetherthis
cleverconceptwill fly atall. But bevare:conceptprototypescanlie to you.

They lie becaus®f the problemof scaling Perhapgouarebuilding anRF link, andtestingthelashupcircuit
in thelab, it worksfine overaspaceof afew meters.To work of akilometeris a simplematterof antennayreater
gainandincreasedransmitterpower. Well, maybe maybenot.

Orthenew high-speegreamplifierworksfine exceptfor abit of noise.It canbescaledo greateisensitvities,
andputtingit onafour-layerboardwill curethe noiseproblem.Well, maybe maybenot’.

Either you needto do very careful calculationsthat indicatea high probability of successn scalingup or
down, or you needto build the final scaledversionof the circuit. For example,power dissapatiorscalesasthe
squae of the voltageor current. So a power supplythatis doubledin size may not simply needmore heatsink
area— it may needfancoolingaswell. You canpredictthatin carefulcalculationsput you needto be aware of
theproblem.

The otherdangerof a lashupis moreinsidious,especiallyif it works. It hasnt beentolerancedoroperly |
onceworked with an engineemwnho sufferedfrom this problen?. He did his circuit designby building a lashup
wheretheresistorsvererepresentetly decadeéboxesthatcouldbe adjusted He would adjusttheseresistorauntil
thecircuit worked,andthencopy their valuesontothe schematiarawing. Done.

7If youthink the PrintedCircuit Board(PCB)layoutwill improve things,you shoulddo thelayoutandgeta prototypePCBmade. Thisis
gettingmucheasierto do: therearecompanieshatspecializein fastturnaroundorototypesandtherearegoodwaysto getthe boardsmade
in house.

8Actually, | did muchof thesuffering, sincel hadto fix the productionunits.



Thisisn’t engineering:this is tinkering. If you only have to build onedevice, thenit's fine. Tidy it up and
shipit. Butif you build hundredsthetransistorgainsaregoingto be all over the normaldistribution, including
onesat the extremehigh andlow limits of allowablegain. Theresistorsandcapacitorsaregoingto exhibit their
tolerancegoc’. Theresult,unlessit wasdesignedo take it, is thata fraction of the completedunitswill simply
notwork properly In thesedaysof suchfine circuit simulatorsthisis inexcuseable.

Designthe circuit. Lashit up. It works? Good,you now have exactly oneworking circuit. Now plug the
designinto the simulatof® and run the componentvaluesthroughtheir rangeof values. (If the combinatorial
explosionmakesthis impossible usea Monte Carlo statisticallyrandomsimulationof device variations.) They
all work? Great,you have a productiondesign.

2.9 Designfor Debugging

Whenever you designan electroniccircuit, or write an embeddedcomputerprogram,or designa mechanical
enclosureyou shouldaskyourself: whenthis doesnt work (not if, but when), how am| goingto diagnosethe
problem,andhow am| goingto fix it.

In the caseof the electroniccircuit, this meanghatyou have to beableto getatthe signals,andbringthemto
the outsideworld for measuremeran a voltmeter displayon anoscilloscopeor obsenationon a logic analyser
In the caseof moderniC’s, with their fantasticallysmall pinsandpin spacingsthis canbeachallenge.

o If thesignalis acritical current,how canyou measureét? Canyou breakthecircuit andinsertanammeter?

¢ If the circuit is an importantpulse,canit be directedto the oscilloscopewithout contaminatingt with
noise?You might needa dedicatedcconnectotto provide this feature.

o All circuit measurementequiredgroundinginstrumentgo the board. Designin groundpoints, closeto
themeasurementyhereyou canattachthe scopegroundclip.

¢ Wouldthis circuit be easierto troubleshooftf | canseparatét into functionalblocks?For example,should
the power supplydisconnecfrom the microcomputesectionsoit canbe checledindependently?

e In mechanicaterms,canl getthecaseopenandthecircuit boardaccessiblén areasonabléengthof time?
Is theresomepackagingschemehatmalesthis easier?

¢ AretherecertainsignalsthatcanbeindicatedonanLED to makeit easietto dehugfaults?For example,it's
really handyto have apower-onLED, LED indicatorsontransmitandreceve serialportlines,andanLED
to indicatethatthe microprocessois still alive. The costof afew LEDs canreally improve the useability
andtestability of a circuit. You don’t needto hookup ary equipmento diagnosecertainproblems.lt is
ridiculousto have to hookup anoscilloscopdo discoverthata communicatiorcablehasgoneintermittent.

3 Dehuggingan EmbeddedSystem

An embeddedystenis anelectronicsystemwhichincludesamicroprocessofor microcontoller, if youprefer)as
partof thesystem.An embeddednicroprocessotaneliminateboardsof discretdogic andincorporatevonderful
featureghatmake moderndevicespossibleandprofitable.However, they canalsobevery, very nastyto delug.

9Electrolyticcapacitorsanexhibit tolerancef -20/+100%! Thatis, the actualvaluecould be doublethe nominalvalue.
10A spreadsheatanbe very usefulfor this, too.
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Thefirstembeddedomputersystenthatl workedon, a Digital EquipmentPDP-8,hadaconsole- lampsthat
readouttheinternalvalues andswitcheshatcouldbeusedto stopthemachine seta programaddressandsingle
stepthemachiné?. It alsocostmorethanmy annualsalaryatthetime. A modernmicroprocessocostslessthan
amealatyourlocal diner, with atleast4K of memorythrown in. In quantity the samedevice probablycostsless
thana chocolatebar.

However, the modernembeddedmicroprocessodoesnt have a console. Worse, it may not even have a
connectionfor a console.In orderto have accesgo the inner workings of the device, the personwho is doing
systemintegrationwill needsomesortof userinterfaceto the microprocessor

Specifically you andthe embeddednicroprocessowill needto interactin thefollowing ways:

¢ Downloadtestcodefrom the hostworkstationinto the microprocessor

Executethetestcode,or sectionsof thecode.

Setoneor morebreakpoint&? in thecode.

Uploadmemoryandmachineregistercontentgo the hostfor displayanddiagnosis.

Manually modify memoryor registerlocations.

3.1 The Emulator

The emulatoris a clever pieceof hardwarein the form of abox or circuit boardwith two connectionsOnecon-
nectionplugsinto thetargetsystemmicroprocessosoclet andtakesthe placeof (emulateythetargetprocessar
The otherconnectiongoesbackto a developmentstation— usuallya Unix workstationor PC — which provides
the userinterface. Fromthe workstation,the developercaninsertbreakpointdnto the code,do memorydumps,
tracecodeexecution,maybeeven capturdogic signals.

Theemulatorhardwareis cleverly arrangedsothatit is essentiallyinvisibleto thetargetandcanrun atthefull
speedbf the microprocessoin question.For complex systemsanemulatoris almosta necessityUnfortunately
anemulatormay be extremelyexpensve andrequirea new investmentevery time the target processochanges.
It mayrequirea specialversionof the microprocessgqicalleda bondout whereinternalsignalsarebroughtto the
outsideworld. However, if it enableslusive hardware-softvareinteractionproblemso beidentifiedandfixed, it
will payfor itself.

Someemulatorsare affordable. For example,the MPLAB equipmentfrom Microchip, usedto delug a PIC
microprocessasystemjs veryreasonablyriced. Microchip alsooffer differentversionsof their microprocessors
— developmentunitswhich areeasilyprogrammableandproductionunitswhich arelow cost.

3.2 The Monitor Program

If theemulatoris the high-pricedandheary-duty solutionto microprocessosystemdehugging,themonitoris the
cheapandcheerfulapproach.In this arrangementa small programis installedin the microprocessomemory
This programincludesenoughintelligenceto communicatewith an external host, setbreakpointsyeceve test
code,dumpmemoryandso on. Unlike an emulator the monitor programtakes over someof the resourceof

11The 4K magneticcorememoryfor this thing cost1$ per 12-bitword.

12p breakpointis an addressn the program. Whenthe microprocessoreacheshis addressit stops. This simpledevice enablesoneto
determinethatthe machineis executingcertainsectionsof code,or to determinewhatthe resultis after executinga certainsectionof code.
Sometimesit is possibleto specifywatdpoints A watchpointis a specificmemorylocation. Whenit is changedy theprogramtheprogram
halts.
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thetargetprocessoandit is not transparento the operationof the microprocessorFor example,it mayrequire
sacrificingan interrupt vector and certainly will requirethe useof on-boardRAM for house-lkeeping. It will
probablyneeda serial port of somesort (software or hardware)to communicatewith the hostPC. Someof the
memorymapmustbe dedicatedo the monitorcode.f thisis acceptablea monitor programis oftensuficiently
powerful to delug a completeapplication.

Oneproblemwith a monitor is this: the microprocessomusthave certainfacilities to supporta monitorin
thefirst place— a serial port, somescratchpadRAM andloadablememoryfor the program,for example. The
ultimatedesignmay requirenoneof thesefacilities. Consequentlyyou have to bepreparedo build two systems:
onethatsupportsa monitorprogram,anda secondoroductionsystemthattakesout all the unnecessarfardware
andsoftware.

3.3 Built-in Debugging Hardware

Recognizingthat deluggingis An Issuefor engineerssomecompaniesare providing built-in facilities that fa-
cilitate dehugging. For example,the MotorolaMC68HC908seriesof processorincludea one-pinbidirectional
interfacethatcantalk to ahost,togethemwith a smallbuilt-in monitorprogramandahardwarebreakpointregister

3.4 Tips and Tricks for Debuggingan EmbeddedSystem
4 The Hidden Schematic

Many of thesedesignhconceptgelateto the conceptof the hiddenschematic The hiddenschematids the wiring
and the componentghat you didn’t explicitly chooseto be part of the design: they camealong as parasitic
componentsvith therealcomponentsOr they ariseasa consequencef thewiring design.Thatinnocentiooking
groundsymbolhasanentireschematicetwork associateavith it, andyouignorethe network at your peril.

_| Earth Ground

L, Chassis Ground: Power Supply Common

%7 High Quality (Analog) Ground

Figurel: Grounds

5 Power and Ground Wiring

Any lengthof wire or printedcircuit tracehasthreeparasiticcomponentgssociatedvith it:
¢ Resistancewhich causes voltagedropacrosshelengthof thewire ascurrentflows throughit

e Seriednductancewhich causesvoltagespike to occuracrosst whenthevoltagechangesndencourages
rapid currentchangedo travel in sucha pathasto minimiseinductance.
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e Mutual Inductancewhich coupleshe magnetidield of awire into another(parallel)wire.
e Mutual Capacitanceyhich couplesheelectrostatidield of awire into anothewire or copperarea.

Of course,you cant easily take into accountevery wiring parasiticin a circuit - it may be hand-wiredas
a prototype,and then changedater, laid out as a printed circuit board. Fortunately it's not necessaryf you
recognizewherethewiring parasiticsareimportantandplanfor thoseoccasions.

5.1 Wiring Resistance

Wiring resistancdecomesignificantwhensmallvoltagesarebeingmeasured12 bit resolutionin an A/D con-
verter, for example)andhigh currentsareinvolved. Whatis a high current? Well it dependsfor smalldiameter
wire, it maybeaslittle asanampor so. Whateveris sufficientcurrentto setup avoltageacrosghelengthof wire.

A high currentload shouldhave its own direct connectiorto the power supply Ideally, the circuitry thatis
sensitie to noiseshouldhave its own separateower supply (or regulator). Whenthe high currentload andthe
low power circuitry mustsharethe samepower supply they shouldhave independensupplyandgroundingwires
that go directly backto the power supplyterminals: the regulatoroutput, if it's a regulatedsupply or thefilter
capacitorterminals,f it's unregulated.

Thepowersupply onehopesbehaesasa purevoltagesource with insignificantinternalresistanceandwill
holdits outputvoltageconstanwith changingcurrent.

Provide a high-currentoadwith its own power leadsbackto the power supplyterminals.

Oneoften-unepectedsituationinvolving high currentsis in a capacitoffiltered power supply The chaging
currentinto the filter capacitoris a short, high-amplitudepulse that can createa significantvoltage acrossa
connectingwire. For full wave rectification,the pulseoccursat twice line frequeng - 120Hzin North America-
andmayinducehumin anaudiostage.

For the chaging loop betweena full-wave bridgerectifier andits associatdilter capacitor(s)keep
thewiring shortandheary. Connectoadsat the capacitorterminals notatthe bridgerectifier.

Notice thataddingfilter capacitorso a wiring systemdoesnot fix the problemwherea high-currentioadis
creatinga voltagedrop acrosgheresistancef somesignalwire. Capacitorcanstabilizethe power supplylines
againstransientswhich aresignalsof brief duration.If theinterferingsignalsexist atlow frequenciesthewiring
mustbere-routed.

Sizewiring appropriatelyto the currentbeing carriedandthe allowable voltagedrop. If you arein doubt,
consultawire tableandcalculatethe voltagedropfor the chosersizeof wire.

For example,supposeave aredriving a smallDC motorwhich requires0.5 ampsstartingcurrent.We happen
to wire this with a 1 foot lengthof #32 solid wire (wire-wrapwire). What's the voltagedrop acrossthe wire?
Thewire tabletells usthat#32 hasa resistancef 1652 per 1000feet, so the resistancef our one-footlength
is 0.1692. Thevoltagedropwould be 500mAx0.1692 = 82.5 millivolts. An 8 bit A/D corverterwith a5 volt
rangehasa stepsizeof 5/256 = 19.5 millivolts. If thewiring is suchthatthe motor currentinducesthis error
voltageasanerrorin the A/D readingthe 82.5milli volt droprepresentabout4 stepsonthe A/D corverter

5.2 Shorted Power Supply Wiring

It is notuncommorto find a deadshortbetweerpower supplypositve andthe ground.For example,a particular
componenmmay have died asa short-circuitconnectiorbetweenV,. andGnd, or theremaybe a PCB defect,or
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theremay be atiny solderbridgelinking thetwo. (This is particularlya problemwhenevery unusecdbart of the
boardis a coppergroundplane.) This is nasty becausehereare manythings connectedo power supplyand
ground.Whereis the shortcircuit?

Thisis wherewiring resistancevorksto your advantage Pumpa substantiaturrentthroughthe power supply
line, andthewiring resistancevill createa voltage gradientthatpointsto theshortcircuit.

A lab power supplywith adjustablecurrentlimit is required.Connectthe supplyto the defective board,turn
on the supply andthenincreasehe currentcontroluntil you have somethindike anampor so flowing through
the short-circuit. Obtaina sensitve voltmeter— somethinghat canindicatemilli volts. Connectthe negative lead
of the voltmeterto the negative of the power supply With the positive testlead of the voltmeter startat the
negative terminalof the power supplyandmove the testleadalongthe power supplygroundwire in thedirection
of increasingvoltage. You shouldbeableto follow the voltagegradientbackto the positive terminalof the power
supply In the processyou shouldencountethe shorteddevice or shortingconductor

Incidentally it's a goodideato checkthe pawer connectionf a new circuit board,whetherhand-wiredor
printedcircuit, before loadingit with componentsit’s alot easierto find a shortcircuit on abareboard.

Sometimeswhen the offending connectionis a copperwhisker betweentraces,the substantialcurrentis
enoughto blow away the connectiorandfix theboard.

Alwayschecka new boardfor shortsbetweerthevarioussupplylines.

To find a shortbetweenra power supplyline andground,dumpsomecurrentdown the line andtrace
thevoltagegradient.

5.3 Wiring Inductance

At first blush,the currentsdravn by moderndigital circuits suchasthe 74HC (High SpeedCMOS) series,are

negligible andthereforenconsequentiallndeed the voltagedropdueto IR losses theresistancef thewiring -

is notimportant.Whatis importantis the pawer supplywiring inductance
Therearesereralfactorsthatconspireto make this anissue:

1. The switchingtime of moderngatesis in the orderof nanoseconds10~° seconds.Consequentlyin the
equation
di;
R i
T

the voltagew; createdacrossaninductoris proportionalto the inductanceL andthe changein inductor
currentdi;, andinverselyproportionalto the spanof time dt thatthe changeoccurs. As dt grows ever
smaller(with increasindogic switchingspeeds)theinducedvoltageincreases.

2. Whenalogic gateisin thehighor low statejts currentis negligible, andhencehestaticpoverconsumption
is negligible. Whena gateswitchesandthe outputtransitionsthroughthe active region half-way between
V.. andground,the gatesupply currentincreasesignificantly Sothereis a momentarypulseof current
from the power supply

Referencd4], pagel-21indicatesthata typical currentpulsein HC (High-SpeedCMOS) logic is 20mA
over atime-spanof 5 to 10 nanosecondskor AC (AdvancedCMOS), a fasterlogic family thanHC, the
currentpulseis givenas60mA overthe sametime-span.
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3. Theloadsdrivenby moderngatesarelargely capacitive Thedriving gatedoesnothaveto supplysignificant
currentto drive somelogic gateload, whenin the quiescenstate. But whenthe logic level changesthe
gatemustchageor dischagetheload capacitanceTheequation

dv
.C — C Cc
‘ dt
describesvhathappensasthe capacitorC is chagedor dischagedin ashorttime (dt again)the capacitor
currenti, mustincreaseThis currentmustbe suppliedvia theinductanceof the positive power supplyline

andreturnedvia theinductanceof the groundreturnline. In both casesthe changingcurrentwill generate
voltagesacrosghoseinductances.

4. As a rule of thumb, wiring inductanceis in the order of 5nH/cm (seereference2], section9.11, and
referencd4], pagel-21).

Considerfor example,thatalogic gateis switching20mA into a capacitie load,in aninterval of 5 nanosec-
onds.The power supplywire is 10cmin length. Thentheinducedvoltagewill be:

L = b5nH/cmx 10cm
= 50nH
di
L_
dt
= (50 x107%) x

v =

(20 x 1073)
(5 x1079)
= 0.2 volts

Eachtime thelogic gateswitchesjt will generatea 200 milli volt spike on the supplyline. Now multiply this
by severalgatesswitchingsimultaneouslyandtheremaybereal problemscausedy this noise.
Whatarethesolutions?

1. Themostimportantsolutionis to provide aresenoir of chagecloseto theintegratedcircuit, in aso-called
bypasscapacitor This capacitormustbe ableto dumpit’s chagequickly, sotheleadsof thecapacitomust
be shortin ordernot to addinductancen serieswith the capacitor A ceramiccapacitoywith shortleads,
is idealfor this. A typical valueis in therangeof 10to 100 nanofirads.With a faster morecomplex logic
device,the needfor bypassingncreasesn importance.

This advice— alwaysdecoupldogic circuits— appliesnot only to digital logic but mary otherdevicesas
well. The ubiquitous555 timer, in its original form, generatechorrific power supply spikes that would
trigger nearbylogic. A 100nFcapacitorhadto beinstalled,without fail, next to the device. | spentone
entire afternoontroubleshootinga problemof mysteriousintermittentbehaiour of somelogic circuitry,
which eventuallyturnedout to bethe 555 power-supply-noise-problem

In anothercase,mysteriousbehaiour of a 16V8 GAL device turnedout to be dependenbn adequate
bypassingtthedevice. (Studentsvereputtingthe bypassapacitorat thefar endof the protoboardwhere
it hadno effect.)

2. Usetheslowestlogic thatis acceptablén the application.As indicatedabove, the switchingcurrentpulse
of AC logic is 3 timestheamplitudeof HC logic. Furthermorefasteredgesequirelargercurrentso chage
anddischageary load capacitance.
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3. Ensurethatthe groundandsupplyline enclosethe smallestpossiblearea.Theinductanceof aloop of wire
is proportionalto its area,soreducingthe enclosedareareducegheinductance.

Ideally, the groundreturn shouldbe a continuousplane of copperon the oppositeside from the supply
wiring. If this is the case,the return pathof the transientcurrentwill naturally choosethe path of least
inductance.In fact, it will choosea paththat causest travel in the groundplanedirectly underneatthe
sourceconductor becausehis minimizesthe enclosedareaand the inductance. If possible,the ground
planeshouldnot be perforatedwith slits or openareas,becausehis forcesthe groundcurrentto travel
appartfrom the supplycurrent,with aconsequenincreasen loop area.

For thisreasonmary digital logic boardsareconstructedn four layers.Fromtop to bottom:

Top sidesignalwiring

Pawver supplypositive

Pawver supplyreturn(digital ground)
Bottomsidesignalwiring

Not only doesthis minimizingof loop arearesultin smallervoltagetransientson the power supplylines, it
significantlyreduce€€MI (Electro-magnetiénterference)radiatednterference.

Usethe slowestlogic thatis acceptablén theapplication.

Ensurethatthe groundandsupplyline enclosethe smallestpossiblearea. If possibleuseaground
planefor power supplyreturn.

5.4 Analog and Digital Power Supplies

Marny systemgontainamix of analogcircuitry, suchaspreamplifiersandA/D corvertersdriving digital circuitry.
In somecasesyou cangetaway with operatingeverythingfrom the samegroundandsupplylines. But if the
amplifiersare high gain, or the A/D corvertermustdetectmillivolt level signals,it’s bestto provide the analog
circuitry with a separat@ower supplysystem.

Sure,op-ampsaresupposedo ignorenoiseon their power supplypins. But single-supplyop-ampshave poor
positive power-supplyrejectionatthefrequeng of digital glitches.Someof themhave no power supplyrejection
onthenegative supplyline — so-calledground.In otherwords,a pulseof N millivolts onthe groundfindsits way
to the outputof theamplifierasN millivolts!

If boththe logic and analogdevices operatefrom the same5 volts, you may be able to provide separate
power supplyandgroundleadsfor each,and’starground’the lines backat the commonpower supply If digital
noisecontaminatetheanalogpower supply you canaddaresistve-capacitie or inductive-capacitiefilter 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 autoroutemprogramwill think thatthey're the samenet. It will
thenmindlesslyintersperseligital andanalogpower supplyconnectionsexactly whatis notwanted.You needto
keepthe analogsupplyline anddigital supplyline separate@ndgivendistinctnamessuchas+5A, +5D. Get
theautoroutetto bring theleadsbackto the power supplyarea,andthenput ajumperinto the PCBto wire them
together This hasotheradvantagesat a later date,you canseparat@analoganddigital pawer in the eventthat
they seemto beinterferingandmustbe mutuallyfiltered. The jumpercanbe usedasatestpointfor boardpower
supplyvoltage. Similarily, the groundsneedto be separated@nd given distinct names,suchasAGND, DGND
andbroughtbackto jumpers.
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I now dothis asamatterof coursegvenon very simpleboards.It’s easyto do, andit makesit mucheasierto
fix power supplycrosstallproblems.

If the performancerequirementsare severe (a 12 bit A/D corverterin the presenceof high-speeddigital
logic, for example),the analogcircuitry andthe logic shouldeachgettheir own power supply In thesedaysof
inexpensve three-terminaregulators,this is easyto do andgoesa long way towardsquiet power to the analog
system Evenwith this measureyou maywell have to addseriesnductancedn the supplylinesto isolatenoise.

Useseparate@ower supplyandgroundleadsfor theanaloganddigital sectionsof the circuit. If they
usethe samevoltage,starconnecthembackatthe power supply

If theanalogpower supplyandgroundmustbe particularlyclean,designin stringentseparationwith
individual power supplyregulatorsandisolatingfilters on the analogsupplyandgroundlines.

5.5 A/D Converter Grounding

An A/D corverteris bothananalogcircuit anda digital circuit. Thefront endhasto resohe milli volt level signals
while the backendproducedligital level signalswith nanoseconttransitions.It's amazingiechnologybut it has
to bewired up carefullyto work correctly Herearesomehard-won pointers:

1. Keepthe analogpower-groundpair separatérom the digital power-groundpair, asadvisedn section5.4.
2. Do notextendadigital groundplaneunderthe A/D corverter

3. Readthe A/D datasheetery, very carefully. Pay specialattentionto the applicationscircuits andthe way
they aregrounded For example,it is commonto find thatthe A/D pin labelledDGND is the groundreturn
for thedigital sectionof the A/D but (for bestnoiseperformanceyhouldbereturnedo theanalogground!

4. Usespecialcarein the connectionof the A/D referencevoltages. For reliable high-resolutionoperation,
theseneeda cleansourceof power, which rulesout the digital power supply(unlesst’s carefullyfiltered.)

5. In onecase] wasdesigningavideowall systenthatinhaledstandard/iideoanddeliveredit to acomputer
typebus. Therewerethree8 bit video A/D corvertersandD/A corverters(onefor eachof theRed,Green
andBlue signals)thatsharedhis samebus,andthey weremultiplexedontothe busalongwith variousbits
of sharedRAM. | foundthatdigital noisewascontaminatinghevideosignals.This eventuallyturnedout
to be capacitve feedthroughfrom the digital bus, backthroughthe A/D corverterto its input (evenwhen
the A/D corverterwastri-statedoff the digital bus), andfrom thereinto otheranalogvideo signals. The
solution:anoctalbuffer betweerthe A/D outputandthedigital bus.

Digital noisemay leak backwardsthroughthe A/D corverter, in which caseyou shouldbuffer
the outputof the A/D.

If you aredesigninganddehugginga high-speed\/D corverter, readreference$6],[7],[8],[9] and[10]. They
containvaluableinformation.

6 Logic Interfaces

Whenone specifictype of logic is usedthroughouta design,interfaceproblemsare avoidedentirely. However,
in mary real-world designsthelogic hasto acceptinputsfrom the outsideworld — switchesor analogsignals—
and/ordeliverit to the outsideworld, with high-currenfoadsor non-standardoltages.Many potentialproblems
occurattheseinterfaces.
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6.1 Logic SpeedRequirements

A logic inverter— the basisof muchlogic circuitry — is really an overdrivenamplifier The amplifier hasfast
responséime andspendsnostof its life saturatedr cutoff. However, it doesbriefly transitionthroughtheactive
region,andwhile there,it beharesasanamplifier.

If theinputsignalspendsanappreciabldengthof time in the active region, andthe conditionsareright for a
signalto find its way from the outputof the gatebackto the input, the gatemay oscillate generatinga train of
high-frequeng pulses'®. Dependingon the frequeng, thesepulsescanbe hardto seeon an oscilloscope- you
haveto have afastscopegoodprobesandgoodmeasuringechnique Dependingponthedesignof thelogic, these
pulsesmaywreakhavoc with whatfollows.

A comprehensie table of maximumallowablerisetimesis givenin referencg4], pagel-61. For example,
assuminga 5 volt logic swing,the maximumtransitiontimesfor variouslogic familieswould be:

Logic Family Maximum TransitionTime, nsec

T4F 75
74HC 400
74AC 50

So, for example,if you have a photo-interruptedriving AC logic, you mustensurethat the output of the
photo-interruptetransitionsthrough5 volts in lessthan50 nanosecondsl his canbe difficult to achieve.

If thereis any doubtthat this is a problem, passthe signalthrougha Schmitt Trigger device, suchasthe
74HC14Hex Schmitt Trigger. (In an FPGA design,you would specify Schmitt Trigger input configuration.)
The Schmitthasenoughlogic hysterysighata slow logic signalwill not causeoscillation,andthe outputof the
Schmittalwaystransitionsn afew nanosecondsuitablefor high speedogic.

Logic gatesrequirefast-transitiorsignals.If in doubt,squareup the signalwith a schmitttrigger.

6.2 UnusedInputs, Spare Gates

Groundthe inputs of ary sparegatesin a package. This isn't critically importantwhen delugging the first
prototype,but it's somethingthat shouldbe taken careof in the final design. Otherwise,the input will float
arnywherebetweenV,; andground. If the input straysinto the active region, it will causethe gateto conduct
significantcurrentthroughits output stage. Multiplied by mary gates,this sendsup the power consumption
unnecessarilyseesection5.3).

6.3 Unusedlnputs, Active Gate

It is extremelyimportantthat spareinputson a logic device thatis usedin the circuit be connectedo V4 or
ground.Thisis particularlyeasyto missonlogic devicesthathave multiple selectiines. It' s aninsidiousproblem
with CMOS logic (the usualcasethesedays),becausehe floating input may float in the correctposition (high
or low) during detugging**. However, asa corollary of the Law of Maximum Aggravation, you canbe sureit
will actup atthemostincorvenienttime, suchaswhenit is beingobsenedby anImportantClient. In acomple

13This behaiour is sometimesput to use, when 4000 seriesCMOS invertersare usedas linear amplifiers. In this case,the outputis
connectedo the input througha resistor which biasesthe input and outputinto the active region. 4000serieslogic is slow enoughthat it
doesnt tendto oscillateasmuchashigherfrequeng logic families— andif it doesoscillate,it's easyto seeon the scope.

14GrizzledVeteranNote: TTL logic, now obsoletebut still foundin muchextantequipmentcantolerateunconnectedéhputs,becausehe
device readsthemasHIGH. Not truefor CMOS.
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circuit, this canbedifficult to find, becausét may be intermittentanddependon the ambienthumidity, phaseof
themoon,moodof thecircuit, andsoon.

If you think you might have a floating pin problem,connecta 10K resistorto the positive supplyandrun it
acrossall the possiblepackagepins. The connectheresistorto groundandrepeat.Whenthe circuit burstsinto
correctoperationor stopsoperatingasyou do this, you have foundthe offendingpin.

Incidentally your PCB layoutor schematicaptureprogrammay be ableto warnyou if you have anuncon-
nectednputpin.

7 And in Conclusion,Folks...

Thereare mary rewardsin electronicsand electricalengineering. Theres the reward of getting somethingto
work andseeingit do what you planned. Theres the reward for being paid a significantamountof money to
do somethingthat not everyonecando. Theres the reward of someondinding your work useful,and perhaps
occasionallytelling you so.

Theserewardscomeonly with somepresistencandsweat.If it wereeasyasl tell my studentsanyonecould
doit. But we arethe experts.Thepublic trustsus, asprofessionaéngineer®r the nearequialent,to know what
we aredoing. Sowe mustdo thejob properlyor we betraythattrust.

Doing the job properlymeansthat we are professionals A professionakeepson top of the technologyby
readingandlearning,all their life. And in thefast-changingvorld of electronicswherethetechnologyis totally
differentby the endof theweek,thereis no otherway to survivefor long.

A professionatioescarefuldesignwork andkeepscompletedocumentationwhetheror nottheclientdemands
it. That'sjustthewaythisjob is done.And, noteverypro doesthis, butit’ s niceto give backto your professiorby
sharingwhatyou'velearnedwith others.Presumablywe don't needto protectour livelyhoodby beingasecretve
guild.

Who can say why designingand building electronicgadgetsis suchfun? But it is fun (mostof the time,
aryway), andit canleadto aninterestingife.

Okay, enoughsermonizing Go designsomethingl hopethesenoteshelpyou getit to work.
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