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1 Introduction

It is a commonsituationthat an electroniccircuit is neededfor a studentproject, to demonstratea concept,to
validateasimulationor for onespecificapplication.For reasonsof timeor cost,afull-blown printedcircuit board
is often not a practicalsolution. This paperdescribesdifferentmethodsof constructinga one-off or prototype
electroniccircuit.

Thesetechniquesarewell known amongthe amateurradioandhobbiestcommunity. This paperbringsthe
ideastogetherfor studentsin ElectricalEngineering.

2 The Printed Circuit Board

When we think of constructingelectroniccircuits, we often think of a printed circuit board. An exampleis
shown in figure1. Stuffing componentsinto a commerciallymadecircuit boardis easy, andtheresultlooksvery

Figure1: ProfessionalQuality Circuit Board

professional.However, the designandmanufactureof a full-blown printedcircuit is a major undertaking. A
doublesidedboardincludesthefollowing elements:

� topcoppertraces
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� bottomcoppertraces

� platedthroughholes,thatconnectthetop andbottomtraces

� soldermask,thathelpspreventsolderbridgesbetweentraces

� silkscreen,showing componentdesignationsandothernotessuchasthecopyright symbol

Usingmodernmethods,theproductionof a commercialprintedcircuit boardinvolvesanumberof steps:

1. Draw thecircuit schematicusingaschematic editor program.It maybenecessaryto createsomeschematic
symbolsfor theprogram.

2. Transferthe schematicnetlist to a board layout program. It may be necessaryto createsomepackage
outlinesfor theprogram.

3. Determinethesizeandshapeof thecircuit board.

4. Placethecomponentson theboard.

5. Routethecircuit boardtraces,usinganautorouter.

6. Add circuit boardsilkstreennotes.

7. Carefullycheckthatall theholesarein thecorrectpositionandthecorrectsize,sothat thecomponentsfit
properly.

8. Generatethegerber files. Thesedescribetheboardfor themanufacturer.

9. Shipthegerbersto themanufacture,crossyourfingers,andhope.

Eachof thesestepstakessignificanttimeandrequireseveraliterations.
The processalsorequiresaccessto computer-basedcircuit layout tools. Studentversionsareavailablefor

smallboards,but thefull-blown versionscanbeextremelyexpensive1.
Typically theboardmanufacturerwill chargeabout$800CDNfor thesetupandproductionof theirminimum

quantity, which might be ten boards.Sincethesewill inevitably have somemistakes,you will have to cut and
jumpertraceson theseboards.Thesecondrun will morelikely bemistake free. However, themanufacturerwill
haveanew setupcharge,sincetheboardswill havechanged.

This wholeprocessis justifiablewhenthecircuit is goingto beproducedin largenumbersor therearecom-
pelling engineeringreasonswhy a printedcircuit boardis necessary. However in many situations,especiallyin
thestudentprojectenvironment,a printedcircuit is overkill.

In thequestto producea professionallooking circuit board,it is commonfor a studentelectricalengineerto
becomesidetracked from the main objective of a circuit designproject,which is to get the thing designedand
working.

Thispapershowssomealternativesto theprintedcircuit board.
1Therip-up-and-retryautorouterin thesystemI usecost$600CDN.
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3 Prototype Milling Machine

Ratherthanshipthegerberplotsto a manufacturerandpaythesetupandproductionchargesfor a printedcircuit
board, it is possibleto producethe boardon a PC Board Milling Machine. Organizationsthat do significant
printedcircuit boarddevelopmentmaybeableto justify the$20K priceof themachine,in which casethey can
generateprototypesveryconvenientlyandquickly.

Themilling machineis essentiallyaverypreciseX-Y plotterwith acuttingtool wherethepenwouldnormally
reside.Themachinecutstiny slotsinto barePCBstockin orderto outlineeachtrace.It alsodrills thenecessary
holesin the boardandcuts the boardout of the copperstock. A doublesidedboardcanbe producedon the
machineby milling onesideaftertheother.

An exampleboardproducedby this processis shown in figure 2. The top photographis a mobile robot
prototype,viewed from the componentside. The bottomphotographis a closupof the wiring side. Eachlittle
blob is avia thatconsistsof a shortlengthof #30AWG solid wire, solderedto thetop andbottomtraces.Most of
thecopperremainson theboard(in contrastto a commercialPCBoard).theonly copperthatis removedis from
theoutlinearoundeachtrace.

The milling machinehasits applicationniche, and hasmadeit possiblefor an organizationlike Ryerson
University to do quick turnarounddevelopmentof printedcircuit boardprototypes. However, thereare some
limitations:

� Thecostis beyondthereachof anindividual,sothemachinehasto beavailablethroughanorganization.

� Therearesignificantoperatingcosts:the milling bits have a very limited life, especiallyif largeareasof
copperneedto beremoved.

� Operationof themachinerequiressomeskill to producereliableboards.For example,thePCboardstock
mustnot bewarpedor thetraceswill haveshortcircuitsbetweenthem.

� The prototypeboarddoesnot have suchamenitiesas platedthroughholes,soldermask,or silkscreen
markings.Handwiring the platedthroughholesis tediousandmustbe donevery carefully not to create
shortcircuits2.

� It’ s not unusualto inadvertentlycreatea shortcircuit betweentracesor a traceandground. Finding and
fixing thesecanbevery timeconsuming.

In spiteof theselimitations, a milled prototypeis useful in many prototypingsituations. It is excellentfor
generatingradio-frequency prototypeswherecircuit elementssuchasinductorsandstriplineresonatorsmustbe
fabricatedin the printedcircuit boardcopper. It’s feasibleto do small productionrunsif the boardcanbe kept
to onelayer. It’s oftenvery usefulto have a prototypethat is essentiallythesamesizeandshapeasthefinal PC
boardversion.

Oneveryusefulapplicationof themilling machineis in producingadaptorcarriersfor surfacemountcompo-
nentintegratedcircuits. Many surfacemountintegratedcircuitsaredifficult to wire to becauseof thetiny sizeof
thepackageandpins. Theadaptorcarrieris a small circuit boardthathasa connectionpatternthatmatchesthe
integratedcircuit andbringsthe connectionpointsout to a 0.1 inch grid that canbe wired into a protoboardor
othercircuit.

It shouldbekeptin mindthatany printedcircuit boardproducedonamilling machinemustbedesignedusing
all thestepsdiscussedin theprevioussection.For astudentprojectthiscanbeatime-consumingdistractionfrom
themainobjective,which is to geta workingcircuit.

2I oncewired a prototypewith over 300platedthroughholes.It took severaldaysto accomplishandI’ ll never do it again.Theboardhad
oneintermittentthattook some7 hoursto find.
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Figure2: Milled PCBoardPrototype
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4 Veroboard

I wasintroducedto Veroboardwhile in high school,backin the60’s,soVeroboardhasbeenaroundfor a while.
Veroboardis a productout of the UK andis excellentfor constructingdiscretecomponentcircuits suchasthe
audioamplifiershown in figure3. As youcansee,theresultis aprofessionallookingcircuit. Veroboardis widely
known andusedin theUK, but almostunknown in NorthAmericafor somereason.

Veroboardis phenolicboard,punchedon 100mil (0.1 inch) centres,bareon the top andwith copperstrips
on the bottom. To constructthe electroniccircuit, you lay out the componentsin a north-southdirection. The
tracesrun in aneast-westandarebrokenaspartof theconstructionprocessin orderto isolatethevariouscircuit
connections.

Verohaveaspecialtool for breakingtraces,but I’ velongsincelostmine.A 3/8” drill bit worksjustfine. Push
it up againsta traceandtwist, andthetraceis broken. In thewiring sideview of figure3 thetracesarerunning
north-south,andyou canseewherethey have beenbroken. In thecomponentsideview of figure3 you cansee
thejumperson thecomponentsideof theboardthatconnecttraceson thewiring side.

An exampleof aschematicandits correspondingVeroboardlayout,is shown in figure4. Thehorizontaltraces
aretheVeroboardcopperstripson thewiring sideof theboard. Thevertical tracesarejumpersthatareusedto
connectthevarioustraces.

AnotherVeroboardexampleis shown in figure5. After cookinganexpensivemicroprocessor, I installedthis
devicebetweentheoutsideworld andthemicroprocessorto limit thevoltageon eachmicroprocessorline with a
seriesresistorandclampingdiodes.

Veroboardis surprizinglyrugged.Componentscanbesolderedandunsoldereda coupleof timesbeforethe
coppertraceslift. I’ veevenseenit usedin smallproductionruns.

Veroboardis not well suitedfor complex digital circuits. It’smainareaof applicationis analogcircuitry.
I find it usefulto usethexfig drawing programto planout a Veroboardlayoutbeforeconstructingit. When

thelayoutis completed,I print it at100%scaleandglueit to thecomponentsideof theboard.This thenactsasa
guidein constructingandtroubleshootingthecircuit3.

3It would be useful in thesedaysof computercircuit boardlayout programs,to have a programthat would automaticallytranslatea
schematicinto a Veroboardlayout. As far asI’m aware,sucha programdoesnot exist. Alternatively, an existing commercialPCB layout
programmightbesetup in suchawayasto generateaveroboardlayout.
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Figure3: VeroboardAudio Amplifier, ComponentandWiring Sides
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Figure5: CableAdaptor, ComponentandWiring Sides
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5 The Protoboard

If you’vedoneany work in electronics,you’veprobablyuseda prototypingboard.A smallprotoboardcircuit is
shown in figure6.

The boardconsistsof a numberof groupsof holes. In the centreof the board,you canseethat thereare
groupsof 5 holesrunningvertically. Eachof thesehasa connectionstrip below theplastic,sothatanything lead
pluggedinto onegroupof five holesis connectedto anotherleadin thesamegroup.Therearealsolargergroups
of holesthat run alongthe top of the board. Thesecanbe usedaspower supplybusses.Connectionsaremade
with jumpersof #22AWG solidwire.

Theprototypeboardis a wonderfulinvention. It allows oneto throw togethera circuit in minutes.Experi-
mentingis easy, andrequiresveryfew tools.(A pairof needle-nosedpliersfor pushingleadsinto thesockets,and
a pair of side-cuttersfor trimming componentleads,arebothhandy.) Oneniceaspectof theprotoboardis that it
canbesetup to mimic thelayoutof a schematic,with a positivepowerbusat thetop,groundin themiddleanda
negativepowerbusat thebottom4

Figure6: Protoboard

For low frequency work, theprotoboardis anessentialtool. However, it doeshavesomelimitationsin critical
applications.Wherelargegainsor highfrequenciesareinvolved,theprotoboarddoesnotprovideverypredictable
groundingpaths,andthis mayleadto noisepickupandoscillation.Thereis a smallcapacitancebetweeneachof
theconnectorrows,andthis canupsetsomehigh frequency circuits.Thecurrentcapacityof aprotoboardis very
limited – I wouldn’t useit for anythingmuchmorethan500mA.If you forcelargediameterleadsinto theholes,
thecontactsarebentbacksothey don’t makereliablecontact,andthis canbedifficult to troubleshoot.

4Always,alwaysdecouplethe power bussesto thegroundbus with 100nFcapacitors.Largercapacitors,suchas10� F electrolytic,are
alsoagoodidea.
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For a studentproject,the protoboardis a goodplaceto start. But for a circuit thathasto be reliable(when
carriedaroundin a studentknapsack),someothermethodof constructionshouldbeused.A usefulstrategy is to
debugcertainpartsof acircuit onaprotoboard,andthenmigratethatcircuit to someotherconstructiontechnique.

6 Haywire Technique

This techniqueusesbarecopperprintedcircuit boardasa platformfor therestof thecircuit. Theprintedcircuit
boardfunctionsasa low impedancegroundplanefor thecircuit. Componentsaresolderedto thegroundplaneor
to eachother. Integratedcircuitsaremounteddead bug styleontothecopperandcomponentssoldereddirectly to
theIC pins.An exampleof ahaywirecircuit is shown in figure7.

Figure7: HaywireCircuit 1

If you look carefully, you canseewherecomponentwiresaresoldereddirectly to thegroundplane,andthe
integratedcircuitsmountedpins-up.Thecircuit is anexperimentalvariable-gainpreamplifierfor anoscilloscope,
wherehigh frequency behaviour is important. The protoboardversionof this circuit functionedafter a fashion,
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but it wasnecessaryto build this prototypeto get it to operateup to its specification(4MHz). The threetoggle
switchesselectoneof 8 gainsettings.

A secondexampleis shown in figure 8. In this circuit, the boardhasbeendivided into threestrips, one

Figure8: HaywireCircuit 2

eachfor thepositive power, ground,andnegative power. Notice thedecouplingcapacitorsat the left endof the
circuit, wherepowerenterstheboard.Thetwistedwiresin theforgroundareagimmick capacitor– anadjustable
capacitorof a few picofarads.

Of course,modificationsto thecircuit requireuseof a solderingiron. Thehaywiredcircuit is morereliable
thanaprotoboardcircuit. Youdon’t haveto worry aboutflaky connectionswhenleadsaresoldered.Thehaywired
circuit hasfewer problemsdueto straycapacitanceandthe largegroundplaneareaminimisesproblemsdueto
indictiveor resistivevoltagegradients.

7 The Dremel Tool Method

Whena circuit is not too complicated(ie, canbe laid out with a singlecopperlayer) andincludessomelarge,
odd-sizedcomponents,themilled circuit techniqueshown in figure9 is useful.

In the traditionalmethodof laying out a circuit board,the tracesareusuallyfine lines. But whenyou think
aboutit, the large emptyspacebetweentracesis not necessary– the coppercould be increasedandthe space
decreased,providing everythingcanbemadeto fit. Theneachwire in thecircuit becomesanareaon thecircuit
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Figure9: Milled Circuit: DremelTool Method

board,andtheareasareseparatedfrom eachotherby thin gaps.Puttingit technically, eachwiring nodeon the
schematicis allocatedanareaon theprintedcircuit board.

This leadsto someadvantagesin circuit boardconstruction.

� Theareascanbeseparatedfrom eachotherby hand,usingaDremeltool with amilling bit to cutagapthat
isolateseachcircuit areain thecopper.

� Eachcopperconductoris now a largearea,soit cansafelycarryaheavy current.

� The boardcantake a fair amountof abusewith a solderingiron andis the copperis still unlikely to lift
(unlikeboardswith delicatetraces),sincethereis a largeareaholdingit to thesubstrate.

� Eacharearepresentsarelatively largetarget,socomponentholescanbedrilled withoutworryingtoomuch
aboutalignment.

Thecircuit shown in figure9 is anSCRlight dimmercircuit thatwasbuilt by theatretechnologystudents.This
particulartechniquewasappropriatebecausethestudentscouldeachmill out their own boardby hand,theboard
couldtakesomeinexpertsolderingwithoutbeingdamaged,andit couldhandleline currentof severalamperes.

Thepositionof themilling linesweretransferredto thecopperlayerusingcarbonpaperandthenmilled outby
hand.Anothertemplate,showing drill sizesandpositions,wasgluedto thecomponentsideandusedasadrilling
guide. The sameDremeltool that wasusedfor milling out the tracescannow be usedto drill the component
holes.

Noticein figure9 how themountingholeareasin thefour cornersareisolatedfrom therestof thecircuit. The
circuit gapsareplainly visible from thecomponentsideof theboard,which aidstroubleshooting.

It’s importantwhenmilling the boardthat all the circuit areasarecompletelyisolatedfrom eachother. It’s
easyto overlooka copperwhisker connectingtwo areas.After milling is complete,it’s a goodideato checkfor
any shortcircuitswith anohmmeteror continuitychecker.
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Dependingon thesizeof thecopperarea,solderingto this typeof boardmayrequiresignificantheat.A large
copperareamay take sometime to comeup to temperature.So the boardshouldbe carefully cleanedbefore
soldering,andsolderjointsshouldbecarefullyinspectedaftersoldering.

8 Radio Frequency Boards

A relatedtechniquefor boardconstructionis shown in figure10.

Figure10: RadioFrequency Circuits

Thesearetwo radio frequency circuits,a 50MHz amplifieron the left, anda � sectionfilter on the right. In
both theseboards,areashave beenmilled out usinga Dremeltool andthencomponentssolderedto the copper
areas.The amplifier boardwasdivided up into squaresandthe coppersquaresusedasterminalpointsfor the
components.This way, thecircuit canbemodifiedandcomponentsaddedwithout having to changethe circuit
board.

Notice thecopperboardshieldthat is solderedto severalareason themainboard,oftennecessaryto isolate
outputfrom input in anRF circuit. (At radiofrequencies,straycapacitancebetweenoutputandinput canturn an
amplifier into anoscillator.) Componentleadlengthscanbekeptshort.Thematerialusedis double-sidedboard
stock. Onesideis usedfor attachingcomponents,the otherasa groundplane. Wherenecessary, holesin the
boardcanbring tracesfrom thetopsideto thegroundplane.
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9 Wire-Wrap

Wire-wrap is a the techniquetraditionally usedfor a complex digital prototypes.It supportsan extremelyhigh
wiring density, so lots of circuitry canbepackedinto a smallboard. In thesedaysof accurate,powerful digital
simulations,thewire-wrappedprototypeis not ascommonasit usedto be. After a successfulsimulationit usual
to migratethedesignto a printedcircuit boardwithout a wire-wrapprototype.However, wire-wrapis still useful
wheretherearemany IC’s to beinterconnectedanda printedcircuit boardis overkill.

Viewsof awire-wrap boardareshown in figure11. Thefirst partof thefigureshowsacomponentview of the

Figure11: Wire WrapBoard

board,togetherwith thewire used,#30AWG, andawire-wraptool, anunwraptool, andneedle-nosedtweezers–
a usefulaccessory. Thesecondpartis a closeupof thewire-wrappinsandwiring.

Eachintegratedcircuit sitsin awire wrapsocket. Thewire-wrapsockethassquarepinsof abouta centimeter
in length,which projectinto thewiring sideof theboard.

Connectionsaremadewith #30AWG solidwire. Theendof thewire is strippedfor about1.5cmandthenfed
into anoffsethole in theendof thewire-wraptool. Thecenterholeof thewire-wraptool is thenplacedover a
pin andtwisted.This resultsin a spiralwrapof 7 or 8 turnsof thewire aroundthepin. Thesquarecornersof the
pin cut into thewire, ensuringa gas tight connectionthatwill not degradewith time. Wire-wrapwasoriginally
inventedto beusedin thetelephonesystem,soit is known to bereliable.

If discretecomponentsneedto bemountedon thesameboard,T44pins(seesection10below) canbepushed
into theboardsothat thecomponentis solderedto thetop andwire-wrappedto thebottom. Alternatively, com-
ponentscanbesolderedto anIC carrier - a smallplatformwith pinsthatfit into anIC socket. Thecarrieris then
pluggedinto anIC socketandconnectionswire-wrappedto thepinsof thatsocket.

It’seasyto getlostin theforestof pinsandwiresof awire-wrapboard,andmix upIC numbersor pinnumbers.
It’s possibleto get little plasticlabelsto go on eachIC, but theseareexpensive. A betteralternative is to design
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the layout on a computer, showing the integratedcircuit numbersandpin numbers.Print it out at 100%scale,
glue it to thewiring sideof theboard,andpoke thesocketsthroughtheboardandpaper. This kind of roadmap
will beverywelcomewhentrying to find aparticularsignalto probe.

10 Vectorboard

TheVectorcompany producesanumberof diffirentcircuit boardsthatareusefulin theconstructionof electronic
prototypes.In thissection,we’ll look atanapplicationof theirbareperforatedboard.Thecomponentandwiring
sidesof anexampleareshown in figure12.

Figure12: VectorboardApplication

This boardis typical of many electroniccircuits. It containsa singlechip microprocessor, analoguesignal
conditioningcircuitsanda varietyof externalconnections.

Integratedcircuit wire-wrapsocketsarefastenedto the circuit boardusinghot-gunglue5. The component
leadsthemselvescannotbeusedfor wire-wrapping,becausethey areroundin cross-section.If you do wrap to
a roundcrosssectionwire, it will probablywork for a while and thenfail whenoxide forms on the wire and
componentlead.If youdowire-wraponacircularcross-sectionallead,youshouldsoldertheconnectionto make
it reliable.

5Don’t usecyanoacrylate(akaCrazy-Glue,Super-Glue),becauseit tendsto wick up into the IC socket andmake thesocket unuseable.
Guesshow I discoveredthis . . .
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A specialVectorpin, thetypeT44, is usedto mountdiscretecomponents.Thesquarecrosssectiontail of the
T44 pin cutsthroughoxideon thewire wrapwire andmakesa reliableconnection.TheT44 pin hasa fork at the
componentend,ashoulderthatfits snuglyinto a Vectorboardhole,anda long tail thatis usedfor wire-wrapping.
The fork sectionof eachT44 pin holdsoneendof a componentsuchasa resistoror capacitor. Thecomponent
leadscanbebentto solderto adjacentpinsandcomponentleads.

Theoverall resultis a respectablelooking circuit, at leastwhenviewedfrom thecomponentside.

11 Terminal Strip Construction

Theterminalstripsshown in figure13 areusefulin a varietyof circuit constructions.A wide variety, at very low
cost,areavailablefrom Cinch-Jones6.

Figure13: TerminalStripsandApplication

Figure13 alsoshows two circuit boardconstructionsthatuseterminalstrips.Theleft-mostcircuit is a jig for
measuringinductance.Thewiring is supportedby theterminalsof four bindingpostsandaBNC connector, plus
a 5-way terminalstrip.

Theright-mostcircuit is theremnantsof a powersupplyzenerregulatorandcapacitorfilter.
Terminalstripconstructionis especiallyeffectivewhenthereareonly afew componentsto bemounted.Often,

thecomponentscanbecompletelymountedononeterminalstripor betweentwo terminalstrips.As in all circuit
construction,a little planningpaysoff in aneatresult.

6I wasunableto find a WEB referenceto thesedevices. Thereis, however, a picturein theElectrosonicCatalogue,reference[9], page
484.
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