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1 Introduction

It is a commonsituationthat an electroniccircuit is neededor a studentproject,to demonstrate concept,to
validatea simulationor for onespecificapplication.For reason®f time or cost,afull-blown printedcircuit board
is often not a practicalsolution. This paperdescribedifferentmethodsof constructinga one-off or prototype
electroniccircuit.

Thesetechniquesarewell known amongthe amateurradio and hobbiestcommunity This paperbringsthe
ideastogetherfor studentsn ElectricalEngineering.

2 ThePrinted Circuit Board

When we think of constructingelectroniccircuits, we often think of a printed circuit board. An exampleis
shavnin figure 1. Stuffing componenténto a commerciallymadecircuit boardis easy andtheresultlooksvery

Figurel: ProfessionaQuality Circuit Board

professional. However, the designand manufctureof a full-blown printed circuit is a major undertaking. A
doublesidedboardincludesthefollowing elements:

top coppertraces



bottomcoppertraces
platedthroughholes,thatconnecthetop andbottomtraces
soldermask,thathelpspreventsolderbridgesbetweertraces

silkscreenshaving componentesignationsindothernotessuchasthe copyright symbol

Usingmodernmethodsthe productionof acommerciabprintedcircuit boardinvolvesa numberof steps:

1.

N o o B~ W

8.
9.

Draw thecircuit schematiaisinga schematic editor program.lt maybenecessaryo createsomeschematic
symbolsfor the program.

. Transferthe schematimetlist to a board layout program. It may be necessaryo createsomepackage

outlinesfor the program.

. Determinethe sizeandshapeof thecircuit board.
. Placethecomponent®ntheboard.

. Routethecircuit boardtracesusinganautorouter.
. Add circuit boardsilkstreemotes.

. Carefullycheckthatall the holesarein the correctpositionandthe correctsize,sothatthe componentgit

properly
Generatahe gerber files. Thesedescribethe boardfor themanufcturer

Shipthegerberdo themanufcture crossyour fingers,andhope.

Eachof thesestepsakessignificanttime andrequiresereraliterations.

The processalsorequiresaccesgo computerbasedcircuit layout tools. Studentversionsare available for
smallboards put the full-blown versionscanbe extremelyexpensve.

Typically the boardmanufcturemwill chageabout$800CDNfor the setupandproductionof their minimum
guantity which might be ten boards. Sincethesewill inevitably have somemistales, you will have to cut and
jumpertraceson theseboards.Thesecondun will morelikely be mistale free. However, the manufcturerwill
have anew setupchage,sincetheboardswill have changed.

This whole processs justifiablewhenthe circuit is goingto be producedn large numbersor therearecom-
pelling engineeringeasonsavhy a printedcircuit boardis necessaryHowever in mary situations,especiallyin
the studentprojectervironment,a printedcircuit is overkill.

In the questto producea professionalooking circuit board,it is commonfor a studentelectricalengineeito
becomesidetracled from the main objective of a circuit designproject,which is to getthe thing designedand
working.

This papershovs somealternativesto the printedcircuit board.

1Therip-up-and-retryautoroutein the systeml usecost$600CDN.



3 Prototype Milling Machine

Ratherthanshipthegerbermlotsto a manufcturerandpaythe setupandproductionchagesfor a printedcircuit
board, it is possibleto producethe boardon a PC Board Milling Machine. Organizationghat do significant
printedcircuit boarddevelopmentmay be ableto justify the $20K price of the machine,in which casethey can
generatgrototypesvery corvenientlyandquickly.

Themilling machineds essentiallyavery precisexX-Y plotterwith a cuttingtool wherethepenwould normally
reside.The machinecutstiny slotsinto barePCB stockin orderto outline eachtrace. It alsodrills thenecessary
holesin the boardand cutsthe boardout of the copperstock. A doublesidedboardcan be producedon the
machineby milling onesideaftertheother

An example board producedby this processis shown in figure 2. The top photographis a mobile robot
prototype,viewed from the componenside. The bottom photographis a closupof the wiring side. Eachlittle
blobis avia thatconsistof a shortlengthof #30ANVG solid wire, solderedo thetop andbottomtraces .Most of
the copperremainson the board(in contrasto acommercialPC Board).the only copperthatis removedis from
theoutlinearoundeachtrace.

The milling machinehasits applicationniche, and hasmadeit possiblefor an organizationlike Ryerson
University to do quick turnarounddevelopmentof printed circuit board prototypes. However, thereare some
limitations:

Thecostis beyondthereachof anindividual, sothe machinehasto be availablethroughanorganization.

Thereare significantoperatingcosts:the milling bits have a very limited life, especiallyif large areasof
coppemeedto beremoved.

Operationof the machinerequiressomeskill to producereliableboards.For example, the PC boardstock
mustnot bewarpedor thetraceswill have shortcircuitsbetweerthem.

The prototypeboard doesnot have suchamenitiesas plated through holes, solder mask, or silkscreen
markings. Handwiring the platedthroughholesis tediousand mustbe donevery carefully not to create
shortcircuits’.

It's not unusualto inadwertently createa shortcircuit betweentracesor a traceand ground. Finding and
fixing thesecanbevery time consuming.

In spite of theselimitations, a milled prototypeis usefulin mary prototypingsituations. It is excellentfor
generatingadio-frequeng prototypesvherecircuit elementsuchasinductorsandstripline resonatorsnustbe
fabricatedn the printedcircuit boardcopper It's feasibleto do small productionrunsif the boardcanbe kept
to onelayer It's oftenvery usefulto have a prototypethatis essentiallythe samesizeandshapeasthefinal PC
boardversion.

Onevery usefulapplicationof themilling machines in producingadaptorcarriersfor surfacemountcompo-
nentintegratedcircuits. Many surfacemountintegratedcircuits aredifficult to wire to becausef thetiny sizeof
the packageandpins. The adaptorcarrieris a small circuit boardthathasa connectiorpatternthat matcheghe
integratedcircuit and bringsthe connectionpointsout to a 0.1 inch grid that canbe wired into a protoboardor
othercircuit.

It shouldbekeptin mindthatary printedcircuit boardproducednamilling machinemustbedesignedising
all thestepsdiscussedhn the previoussection.For a studentprojectthis canbeatime-consuminglistractionfrom
themainobjective, whichis to getaworking circuit.

2| oncewired a prototypewith over 300 platedthroughholes. It took several daysto accomplishand!’ Il never doit again.Theboardhad
oneintermittentthattook some7 hoursto find.



Figure2: Milled PCBoardPrototype



4 \Veroboard

| wasintroducedto Veroboardwhile in high school,backin the 60’s, so Veroboarchasbeenaroundfor a while.
Veroboards a productout of the UK andis excellentfor constructingdiscretecomponentircuits suchasthe
audioamplifiershavnin figure 3. As you cansee theresultis a professionalooking circuit. Veroboards widely
known andusedin the UK, but almostunknavn in North Americafor somereason.

Veroboards phenolichoard,punchedon 100 mil (0.1 inch) centres bareon the top andwith copperstrips
on the bottom. To constructthe electroniccircuit, you lay out the componentsn a north-southdirection. The
tracesrunin aneast-westindarebrokenaspartof the constructiorprocessn orderto isolatethe variouscircuit
connections.

Verohave aspeciattool for breakingtracesput I’ velong sincelostmine. A 3/8” drill bit worksjustfine. Push
it up againsta traceandtwist, andthetraceis broken. In the wiring sideview of figure 3 the tracesarerunning
north-southandyou canseewherethey have beenbroken. In the componensideview of figure 3 you cansee
thejumperson the componensideof the boardthatconnectraceson thewiring side.

An exampleof aschemati@ndits correspondiny/eroboardayout,is shovn in figure4. Thehorizontaltraces
arethe Veroboardcopperstripson the wiring sideof the board. The verticaltracesarejumpersthatare usedto
connecthevarioustraces.

AnotherVeroboardexampleis shavn in figure 5. After cookingan expensve microprocessqll installedthis
device betweerthe outsideworld andthe microprocessoto limit the voltageon eachmicroprocessoline with a
seriegresistorandclampingdiodes.

Veroboards surprizinglyrugged. Componentganbe solderedandunsoldereda coupleof timesbeforethe
coppertracedift. I've evenseenit usedin smallproductionruns.

Veroboards notwell suitedfor complex digital circuits. It's mainareaof applicationis analogcircuitry.

| find it usefulto usethexf i g drawing programto planouta Veroboardayoutbeforeconstructingt. When
thelayoutis completed] printit at 100%scaleandglueit to thecomponensideof theboard. This thenactsasa
guidein constructingandtroubleshootinghe circuit®.

31t would be usefulin thesedaysof computercircuit boardlayout programs to have a programthat would automaticallytranslatea
schematidnto a Veroboardayout. As far asI’'m aware,sucha programdoesnot exist. Alternatively, an existing commercialPCB layout
programmight be setupin sucha way asto generate veroboardayout.



Figure3: VeroboardAudio Amplifier, ComponenandWiring Sides
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Figure5: CableAdaptor ComponenandWiring Sides



5 TheProtoboard

If you've doneary work in electronicsyou’ve probablyuseda prototypingboard. A small protoboardcircuit is
shavnin figure6.

The boardconsistsof a numberof groupsof holes. In the centreof the board,you can seethat thereare
groupsof 5 holesrunningvertically. Eachof thesehasa connectiorstrip below the plastic,sothatanything lead
pluggedinto onegroupof five holesis connectedo anotheldeadin the samegroup. Therearealsolargergroups
of holesthat run alongthe top of the board. Thesecanbe usedaspower supplybusses.Connectionaremade
with jumpersof #22AWG solid wire.

The prototypeboardis a wonderfulinvention. It allows oneto throw togethera circuit in minutes. Experi-
mentingis easyandrequiresveryfew tools. (A pair of needle-nosegliersfor pushingleadsinto thesoclets,and
a pair of side-cuttergor trimming componenteads,arebothhandy) Onenice aspecbf the protoboards thatit
canbesetupto mimic thelayoutof a schematicwith a positive power busatthetop, groundin themiddleanda
negative power bus atthe bottont

Figure6: Protoboard

For low frequeng work, theprotoboards anessentiatool. However, it doeshave somelimitationsin critical
applicationsWherelargegainsor highfrequenciesreinvolved,the protoboardioesnot provide very predictable
groundingpaths,andthis mayleadto noisepickup andoscillation. Thereis a small capacitancéetweenreachof
the connectorows, andthis canupsetsomehigh frequeng circuits. The currentcapacityof a protoboards very
limited — I wouldn't useit for anything muchmorethan500mA.If you forcelarge diameterdeadsinto the holes,
thecontactsarebentbacksothey don't make reliablecontact,andthis canbedifficult to troubleshoot.

4Always, always decouplethe power bussego the groundbus with 100nFcapacitors.Larger capacitorssuchas10 F electrolytic, are
alsoagoodidea.
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For a studentproject,the protoboards a goodplaceto start. But for a circuit thathasto be reliable (when
carriedaroundin a studentknapsack)someothermethodof constructiorshouldbe used.A usefulstratey is to
dehlug certainpartsof a circuit on a protoboardandthenmigratethatcircuit to someotherconstructiortechnique.

6 Haywire Technique

This technigqueusesbarecopperprintedcircuit boardasa platformfor the restof the circuit. The printedcircuit
boardfunctionsasalow impedanceroundplanefor thecircuit. Componentsiresolderedo the groundplaneor
to eachother Integratedcircuitsaremounteddead bug style ontothe copperandcomponentsolderedirectly to
thelC pins. An exampleof a haywirecircuitis shavnin figure7.

Figure7: Haywire Circuit 1
If you look carefully, you canseewherecomponentvires aresoldereddirectly to the groundplane,andthe

integratedcircuitsmountedpins-up. Thecircuit is anexperimentalvariable-gairpreamplifierfor anoscilloscope,
wherehigh frequeng behaviour is important. The protoboardversionof this circuit functionedafter a fashion,
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but it wasnecessaryo build this prototypeto getit to operateup to its specification(4MHz). Thethreetoggle
switchesselectoneof 8 gainsettings.
A secondexampleis shavn in figure 8. In this circuit, the boardhasbeendivided into threestrips, one

Figure8: Haywire Circuit 2

eachfor the positive pawer, ground,andnegative power. Notice the decouplingcapacitorsat the left endof the
circuit, wherepower entershe board.Thetwistedwiresin theforgroundarea gimmick capacito— anadjustable
capacitorof afew picofarads.

Of coursemodificationsto the circuit requireuseof a solderingiron. The haywiredcircuit is morereliable
thanaprotoboarctircuit. Youdon't haveto worry aboutflaky connectionsvhenleadsaresoldered Thehaywired
circuit hasfewer problemsdueto straycapacitancendthe large groundplaneareaminimisesproblemsdueto
indictive or resistie voltagegradients.

7 TheDreme Tool Method

Whena circuit is not too complicated(ie, canbe laid out with a single copperlayer) andincludessomelarge,
odd-sizedcomponentsthe milled circuit techniqueshown in figure9 is useful.

In the traditionalmethodof laying out a circuit board,the tracesare usuallyfine lines. But whenyou think
aboutit, the large empty spacebetweentracesis not necessary- the coppercould be increasedandthe space
decreasedyroviding everythingcanbe madeto fit. Theneachwire in the circuit becomesnareaon the circuit

12



Figure9: Milled Circuit: DremelTool Method

board,andthe areasare separatedrom eachotherby thin gaps.Puttingit technically eachwiring nodeon the
schematids allocatedanareaon the printedcircuit board.
This leadsto someadvantagesn circuit boardconstruction.

Theareaxanbeseparatedrom eachotherby hand,usinga Dremeltool with amilling bit to cutagapthat
isolateseachcircuit areain the copper

Eachcopperconductoris now alargearea,soit cansafelycarryaheavy current.

The boardcantake a fair amountof alusewith a solderingiron andis the copperis still unlikely to lift
(unlike boardswith delicatetraces) sincethereis alargeareaholdingit to the substrate.

Eacharearepresentarelatively largetarget,socomponenholescanbedrilled withoutworryingtoo much
aboutalignment.

Thecircuit shavnin figure9 is anSCRIlight dimmercircuit thatwasbuilt by theatre¢echnologystudentsThis
particulartechniquevasappropriatdbecausehe studentssould eachmill outtheir own boardby handtheboard
couldtake someinexpertsolderingwithout beingdamagedandit could handleline currentof severalamperes.

Thepositionof themilling linesweretransferredo thecopperayerusingcarbonpaperandthenmilled outby
hand.Anothertemplate shaving drill sizesandpositionswasgluedto the componensideandusedasadrilling
guide. The sameDremeltool that was usedfor milling out the tracescannow be usedto drill the component
holes.

Noticein figure9 how themountingholeareasdn thefour cornersareisolatedfrom therestof thecircuit. The
circuit gapsareplainly visible from the componensideof the board,which aidstroubleshooting.

It's importantwhenmilling the boardthat all the circuit areasare completelyisolatedfrom eachother It's
easyto overlooka copperwhisker connectingwo areas.After milling is complete t's a goodideato checkfor
ary shortcircuitswith anohmmeteror continuity checler.
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Dependingonthesizeof the copperarea,solderingto this type of boardmayrequiresignificantheat.A large
copperareamay take sometime to comeup to temperature.So the boardshouldbe carefully cleanedbefore
soldering,andsolderjoints shouldbe carefullyinspectedafter soldering.

8 Radio Frequency Boards

A relatedtechniguéor boardconstructioris shovn in figure 10.

Figure10: RadioFrequenyg Circuits

Thesearetwo radio frequeng circuits,a 50MHz amplifieron theleft, anda sectionfilter on theright. In
both theseboards,areashave beenmilled out usinga Dremeltool andthencomponentsolderedo the copper
areas. The amplifier boardwas divided up into squaresandthe coppersquaresusedasterminal pointsfor the
components.This way, the circuit canbe modifiedand componentaddedwithout having to changethe circuit
board.

Notice the copperboardshieldthatis solderedo seseralareason the mainboard,often necessaryo isolate
outputfrom inputin anRF circuit. (At radiofrequenciesstraycapacitancdetweeroutputandinput canturnan
amplifierinto anoscillator) Componenteadlengthscanbe keptshort. The materialusedis double-sidedoard
stock. Onesideis usedfor attachingcomponentsthe otherasa groundplane. Wherenecessaryholesin the
boardcanbring tracesfrom the top sideto the groundplane.

14



9 WireWrap

Wire-wrap is a the techniquetraditionally usedfor a complex digital prototypes.It supportsan extremelyhigh
wiring density so lots of circuitry canbe pacledinto a smallboard. In thesedaysof accuratepowerful digital
simulationsthewire-wrappedprototypeis notascommonasit usedto be. After a successfusimulationit usual
to migratethe designto a printedcircuit boardwithout a wire-wrapprototype.However, wire-wrapis still useful
wheretherearemary IC’s to beinterconnecte@nda printedcircuit boardis overkill.

Views of awire-wrap boardareshowvnin figure 11. Thefirst partof thefigure shovs acomponentiew of the

Figurell: Wire WrapBoard

board togethemwith thewire used #30AWG, anda wire-wraptool, anunwraptool, andneedle-nosetiveezers-
ausefulaccessoryThe secondoartis a closeupof thewire-wrappinsandwiring.

Eachintegratedcircuit sitsin awire wrapsoclet. Thewire-wrapsocket hassquarepinsof abouta centimeter
in length,which projectinto thewiring sideof the board.

Connectionaremadewith #30ANG solid wire. Theendof thewire is strippedfor aboutl.5cmandthenfed
into an offsethole in the endof the wire-wraptool. The centerhole of the wire-wraptool is thenplacedover a
pin andtwisted. This resultsin aspiralwrapof 7 or 8 turnsof thewire aroundthe pin. The squarecornersof the
pin cutinto the wire, ensuringa gas tight connectiorthatwill not degradewith time. Wire-wrapwasoriginally
inventedto be usedin thetelephonesystemsoit is known to bereliable.

If discretecomponentseedto be mountedonthe sameboard,T44 pins(seesectionl0 below) canbe pushed
into the boardsothatthe components solderedo the top andwire-wrappedo the bottom. Alternatively, com-
ponentsanbesolderedo anIC carrier - asmallplatformwith pinsthatfit into anlC socket. Thecarrieris then
pluggedinto anIC socletandconnectionsvire-wrappedo the pins of thatsoclet.

It' seasyto getlostin theforestof pinsandwiresof awire-wrapboard,andmix up IC numbersr pin numbers.
It's possibleto getlittle plasticlabelsto go on eachIC, but theseareexpensie. A betteralternatie is to design
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the layout on a computey shawving the integratedcircuit numbersand pin numbers.Print it out at 100%scale,
glueit to thewiring sideof the board,andpoke the socletsthroughthe boardandpaper This kind of roadmap
will beverywelcomewhentrying to find a particularsignalto probe.

10 Vectorboard

TheVectorcompaly producesa numberof diffirent circuit boardsthatareusefulin the constructiorof electronic
prototypesln this sectionwe’ll look atanapplicationof their bareperforatedboard. The componenaindwiring
sidesof anexampleareshownin figure12.

Figure12: VectorboardApplication

This boardis typical of mary electroniccircuits. It containsa single chip microprocessqranaloguesignal
conditioningcircuitsanda variety of externalconnections.

Integratedcircuit wire-wrap soclets are fastenedo the circuit boardusing hot-gunglue®. The component
leadsthemselescannotbe usedfor wire-wrapping,becauseahey areroundin cross-sectionlf you do wrapto
a roundcrosssectionwire, it will probablywork for a while and thenfail when oxide forms on the wire and
componentead. If youdowire-wrapon acircularcross-sectiondéad,you shouldsolderthe connectiorto make
it reliable.

5Don't usecyanoacrylatgaka Crazy-Glue,SuperGlue), becauseét tendsto wick up into the IC soclet andmake the soclet unuseable.
Guesshow | discoveredthis. ..
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A specialVectorpin, thetype T44, is usedto mountdiscretecomponentsThe squarecrosssectiontail of the
T44 pin cutsthroughoxide on the wire wrapwire andmalesareliableconnection.The T44 pin hasafork atthe
componenend,ashouldetthatfits snuglyinto a Vectorboardole,andalong tail thatis usedfor wire-wrapping.
The fork sectionof eachT44 pin holdsoneendof a componensuchasa resistoror capacitor The component
leadscanbebentto solderto adjacenpinsandcomponenteads.

Theoverallresultis arespectabléooking circuit, atleastwhenviewedfrom thecomponenside.

11 Terminal Strip Construction

Theterminalstripsshavn in figure 13 areusefulin avariety of circuit constructionsA wide variety, atvery low
cost,areavailablefrom Cinch-Jone%

Figure13: TerminalStripsand Application

Figure13 alsoshavs two circuit boardconstructionshatuseterminalstrips. Theleft-mostcircuit is ajig for
measuringnductance Thewiring is supportedy theterminalsof four binding postsanda BNC connectorplus
a5-way terminalstrip.

Theright-mostcircuit is theremnantf a power supplyzenerregulatorandcapacitoffilter.

Terminalstrip constructioris especiallyeffectivewhenthereareonly afew componentso bemounted.Often,
thecomponentganbe completelymountedon oneterminalstrip or betweerntwo terminalstrips.As in all circuit
constructionalittle planningpaysoff in aneatresult.

6] wasunableto find a WEB referenceto thesedevices. Thereis, however, a picturein the ElectrosonicCataloguereferencg9], page
484.
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