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wk-01– 04 VHDL DesignandOptimization
wk-05 FunctionalValidation
wk-06 PerformanceAnalysis,Prediction,andOptimization
wk-07 DesignWrapup
wk-08 IRSandHoliday (No Lectureor Tutorial)
wk-09 Timing Analysis
wk-10 PowerAnalysisandReduction
wk-11 PowerReduction;Faults
wk-12 FaultDetection;Built-In SelfTest(BIST)
wk-13 Scan Testing (JTAG); Review

Purpose and List of Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The purposeof this lectureis to connectthe theoryof testingandtestabilityto the currenttechniquesof scan
testingandtheIEEE Standard1149.1(akaJTAG).

� scantesting� scanchain� testingprocedure� time to runa test� boundaryscantesting

� JTAG
� IEEE1149
� lengthof time to do ascantest
� hardwareto do scantesting
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6.5 Scan Testing in General (Smith 14.6)

6.5.1 Structure and Behaviour of Scan Testing
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6.5.2 Scan Chains

6.5.2.1 Circuitry in Normal and Scan Mode
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6.5.2.2 Scan in Operation
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6.5.2.3 Scan in Operation with Example Circuit
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6.5.3 Summary of Scan Testing
� Adding scancircuitry

1. Registersaroundcircuit to betestedaregroupedinto scanchains

2. Replaceeachflop with mux+ flop

3. Flopsandmuxeswired togetherinto scanchains

4. Eachscanchainis connectedto dedicatedI/O pinsfor loadingandunloadingtestvectors

� Runningtestvectors

1. Putscanchainin “scan”mode

2. Loadin testvector(oneelementof vectorperclock cycle)

3. Putscanchainin “normal” mode

4. Runcircuit for oneclock cycle— loadresultof testinto flops

5. Unloadresultsof currenttestvectorwhile simultaneouslyloadingin next testvector(oneelementof
vectorperclockcycle)

6.5.4 Example: Time to Test a Chip

A 800MHzchip hasscanchainsof length20,000bits,18,000bits,21,000bits,22,000bits,andtwo of 15,000bits.
500,000testvectorsareusedfor eachscanchain.
Thetestsarerunat 80%of full speed.

Question: Calculate the total test time.

Answer:

We can load and unload all of the scan chains at the same time, so time will be limited by the
longest (22,000 bits).

For the first test vector, we have to load it in, run the circuit for one clock cycle, then unload the
result.

Loading the second test vector is done while unloading the first.

TimeTot � ClockPeriod��� MaxLengthVec � NumVecs ��� MaxLengthVec � 1���
� � 1	 � 0 
 80 � 800 � 106 ��� ��� 22� 000 � 500� 000 ��� 22� 000 � 1���
� 17secs

6.6 Boundary Scan

Boundaryscanoriginatedastechniqueto testwiresonprintedcircuit boards(PCBs).
Goalwasto replace“bed-of-nails”style testingwith techniquethatwould work for high-densityPCBs(lots of

smallwiresclosetogether)
Now usedto testbothboardsandchip internals.
Usedbothon boundaries(I/O pins)andinternalflops.
Standardizedby IEEE (1149)andpreviously by JTAG:
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� 4 requiredsignals(ScanPins:TDI, TDO, TCK, TMS)� 1 optionalsignal(ScanPin: TRST)� protocolto connectcircuit undertestto testerandothercircuits� statemachineto drive testcircuitry on chip� BoundaryScanDescriptionLanguage(BSDL): structurallanguageusedto describewhich featuresof JTAG
acircuit supports

JTAG circuitry now commonlybuilt-into FPGAsandASICS,or partof a cell-library. Rarelyis a JTAG circuit
custom-built aspartof a largerpart.So,you’ll probablybechoosingandusingJTAG circuits,not constructingnew
ones.

UsingJTAG circuitry is usuallydoneby giving a descriptionof your printedcircuit board(PCB)andtheJTAG
componentson eachchip (in BSDL) to testgenerationsoftware. Thesoftwarethengeneratesa sequenceof JTAG
commandsanddatathatcanbeusedto testthewireson thecircuit boardfor opensandshorts.

6.6.1 Boundary Scan History

1985 JETAG: JointEuropeanTestAction Group

1986 JTAG (NorthAmericancompaniesjoined)

1990 JTAG 2.0formedbasisfor IEEE 1491“Testaccessport andboundaryscanarchitecture”

6.6.2 Scan Pins

TDI �� testdatainput:
input testvectorto chip

TDO ��� testdataoutput:
outputresultof test

TCK �� testclock:
clocksignalthattestrunson

TMS �� testmodeselect:
controlsscanstatemachine

TRST �� testreset(optional):
resetsthescanstatemachine
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6.6.3 Scan Registers and Cells

Basic Building Blocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..

TDR Testdataregister
Theboundaryscanregistersonachip

DR Fig 14.2 Dataregistercell
Oftenusedasa Boundaryscancell (BSC)

JTAG Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fig 14.8 Top level diagram
BSR Fig 14.5 Boundaryscanregister

A chainof boundaryscancells(BSCs)
BSC Fig 14.2 Boundaryscancell

Connectsexternalinput andscansignalto internalcircuit. Acts aswire between
externalinputandinternalcircuit in normalmode.

BR Fig 14.3 Bypass-registercell
Allows directconnectionfrom TDI to TDO. Acts asa wire whenexecutingBY-
PASSinstruction.

IDCODE Device identificationregister
dataregisterto hold manufacturer’s nameandchip identifier. Usedin IDCODE
instruction.

IR cell Fig 14.4 Instructionregistercell
Cellsarecombinedtogetherasashift registerto form aninstructionregister(IR)

IR Fig 14.6 Instructionregister
Two or moreIR cells in a row. Holds datathat is shiftedin on TDI, sendsthis
datain parallelto instructiondecoder.

IDecode Table14.4 Instructiondecoder
Readsinstructionstoredin instructionregister(IR) andsendscontrol signalsto
bypassregister(BR) andboundaryscanregister(BSR)

Fig 14.7 TAP Controller
Statemachinethat,togetherwith instructiondecoder, controlsthescancircuitry.

6.6.4 Scan Instructions

This thesetof requiredinstructions,otherinstructionsareoptional.
EXTEST Test board-level interconnect. Drive output pins of chip with hard-codedtest

vector. Sampleresultson inputs.
SAMPLE Sampleresultdata
PRELOAD Loadtestvector
BYPASS Directly connectTDI to TDO. This is usedwhenseveralchipsaredaisychained

togetherto skip loadingdatainto somechips.
IDCODE Outputmanufacturerandpartnumber

6.6.5 TAP Controller

TheTAP controlleris requiredto have 16 statesandobey thestatemachineshown in Fig 14.7.
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6.6.6 Other descriptions of JTAG/IEEE 1194.1

TexasInstrumentsintroductoryseminaron IEEE 1149.1
http://www.ti.com/sc/docs/jtag/seminar1.pdf

TexasInstrumentsintermediateseminaron IEEE1149.1
http://www.ti.com/sc/docs/jtag/seminar2.pdf

SunmidroSPARC-IIepscan-testingdocumentation
http://www.sun.com/microelectronics/whitepapers/wpr-0018-01/

IntellitechJTAG overview:
http://www.intellitech.com/resources/technology.html

Actel’s JTAG description:
http://www.actel.com/appnotes/97s05d15.pdf

Descriptionof JTAG supportonMotorolaColdfile microprocessor:
http://e-www.motorola.com/collateral/MCF5307TR-JTAG.pdf

6.7 Summary and Conclusions on Testing

6.7.1 Faults

Faultsaremanufacturingdefects.Commonoccurencesareopens (wire is broken)andshorts (two wiresarecon-
nectedtogether).

Whenworking with faults,we work with wire segments, not signals.In thecircuit below, thereare8 different
wire segments(L1–L8). Eachwire segmentcorrespondsto a logically distinct fault location.All physicalfaultson
a segmentaffect thesamesetof signals,sothey aregroupedtogetherinto a “logical fault”. If a signalhasa fanout
of 1, thenthereis onewire segment.A signalwith a fanoutof n, wheren � 1, hasn � 1 wire segments— onefor
thesourcesignalandonefor eachgateof fanout.

For signal “b” in the circuit here, the fanout
is 2, sotherearethreewire segments(L2, L4,
andL5).
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Althoughtherearemany differentbadbehaviours that faultscanleadto, thesimplemodelof single-stuck-at-
faults hasprovenvery capableof finding realfaultsin realcircuits.

single assumethatatmostwire segmentin circuit hasa fault.
stuck-at-0 (s@0) assumethatthefaultybehaviour is thatthesegmentis hardwiredto 0.
stuck-at-1 (s@1) assumethatthefaultybehaviour is thatthesegmentis hardwiredto 1.

6.7.2 Testing

Faults are detectedby stimulatingcircuits (real, manufacturedcircuit, not a simulation!) with test-vectors and
checkingthatrealcircuit givescorrectoutput.

Standardpracticein testingis to testcircuits for singlestuck-atfaults. Mathematicsandempiricalevidence
demonstratethat testinga circuit for singlestuck-atfaultswill alsodetectmany othertypesof faultsandwill often
detectmultiple faults.

Somefaultsareundetectable.Undetectablestuck-atfaultsarelocatedin redundant partsof a circuit. These
redundantpartsareaddedto prevent timing hazards.As such,a stuck-atfault in redundantcircuitry will not affect
thesteadystatebehaviour of thecircuit, but couldallow timing glitchesto occur.
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If a circuit has100%singlestuck-atfault coveragewith a suiteof testvectors,theneachstuck-atfault in the
circuit canbe detectedby oneor morevectorsin the suite. This alsomeansthat the circuit hasno undetectable
faults,andhence,no redundantcircuitry.

It is possiblethat achieving 100%coveragefor singlestuckat faultswill allow defective chipsto passif they
have faultsthatarenot stuck-at-1or stuck-at-0,or if they have multiple faults.

I think, but haven’t seena proof, thatachieving 100%singlestuck-atcoveragewill detectall combinationsof
multiple stuck-atfaults. But, if you do not achieve 100%coverage,thena stuck-atfault thatyou aren’t testingfor
canmask(hide)a fault thatyouaretestingfor.

Therearetwo waysto generatevectorsandcheckresult:built-in testsandscantesting.
Both require:

� generatetestvectors� overidenormaldatapathto sendtest-vectors,ratherthannormalinputs,asinputsto flops� compareoutputsof flopsto expectedresult

6.7.2.1 Scan Testing

In scantesting,the generationandcheckingaredoneoff-chip. This hasthe advantageof flexibility andreduced
on-chiphardware,but increasesthe lengthof time requiredto run a test. We want to individually drive andread
every flop in thecircuit.

Evenwithout usingany I/O pinsfor testingpurposes,chipsarealreadyI/O bound,soscan-testingmustbevery
frugal in its useof pins.Flopsareconnectedtogetherin a “scanchain”with oneinput pin andoneoutputpin.

If thelength(numberof flops)of a scanchainis n, thenit takes2n � 1 clock cyclesto run a singletest:n clock
cyclesto scanin thetestvector, 1 clock cycle to executethetestvector, andn cyclesto scanout theresults.Once
theresultsarescannedout, they canbecomparedto theexpectedresultsfor acorrectlyworkingcircuit.

If we run 2 or moretests(andchipsgenerallyaresubjectedto hundredsof thousandsof tests),thenwe speed
thingsup by scanningin thenext testvectorwhile wescanout thepreviousresult.

ScanLength = numberof flip flopsin ascanchain
NumVectors = numberof testvectorsin testsuite
TimeScan = numberof clock cyclesto run testsuite

= NumVectors ��� ScanLength � 1��� ScanLength
To find a testvectorthatwill detecta fault:

1. build Booleanequation(or Karnaughmap)of correctcircuit

2. build Booleanequation(or Karnaughmap)of faultycircuit

3. compareequations(or Karnaughmaps),regionsof differencerepresenttestvectorsthatwill detectfault

Becauseit takessomuchtime to performascantest,reducingthenumberof testvectorsthatareneededis very
important.

fault1dominates fault2is definedas:“any testvectorthatwill detectfault1will alsodetectfault2.”
Summaryof Techniqueto Find andOrderTestVectors:

1. identify all possiblefaults

2. gatecollapsing

3. nodecollapsing

4. intelligentcollapsing
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5. fault domination

6. determinerequiredtestvectors

7. chooseminimal setof testvectorsto detectremainingfaults

8. ordertestvectorsbasedon numberof faultsdetected(NOTE: wheniteratingthroughthis step,needto take
into accountfaultsdetectedby earliertestvectors)

6.7.2.2 Built-In Self Test (BIST)

With built-in self test,thecircuit testsitself. Both testvectorgenerationandcheckingaredoneusinglinearfeedback
shift registers(LFSRs).

The figure below shows an LFSR that generatesall possible3-bit vectorsexcept 000. (An n bit LFSR that
generates2n � 1 differentvectorsis calleda “maximal-lengthLFSR”.)

Assumethat resetinitializes thecircuit to 111. The
sequencethat is generatedis: 111, 011, 001, 100,
010, 101, 110. This sequenceis repeated,so the
numberafter110is 111.

q2
q1
q0

Eachlinearfeedbackshift registerhasacharacteristicpolynomial,thatcorrespondsto thebehaviour of thesignal
thatis theinput to thefirst flip-flop in theshift register.

Theexponentsin thepolynomialcorrespondto thedelayx0 is the input to theshift register, x1 is theoutputof
thefirst flip-flop, x2 is theoutputof thesecond,etc. Thecoefficient is 1 if there’s a feedbacktapfrom theoutputof
theflop.

Checkingis doneby building onesignatureanalyzercircuit for eachsignal tested.The circuit returnstrue if
thesignalgeneratesthecorrectsequenceof outputsfor the testvectors.Doing this with completeaccuracy would
requirestoring2n bits of informationfor eachoutputfor a circuit with n inputs. This would beasexpensive asthe
originalcircuit. So,BIST usesmathematicssimilar to errorcorrection/detection to approximatewhethertheoutputs
arecorrect.This techniqueis called“signatureanalysis”andoriginatedwith Hewlett-Packardin the1970s.

Thecheckingis donewith anLFSR,similar to theBIST generationcircuit. Thecheckingcircuit is designedto
outputa 1 at theendof thesequenceof 2n � 1 testresultsif thesequenceof resultsmatchesthecorrectcircuit. We
coulddo thiswith anLFSRof 2n � 1 flops,but assaidbefore,this wouldbeat leastasexpensive asduplicatingthe
original circuit.

ThecheckingLFSRis designedsimilarly to ahashingfunctionor paritycheckingcircuit. If it returns0, thenwe
know that thereis a fault in thecircuit. If it returnsa 1, thenthereis probablynot a fault in thecircuit, but we can’t
sayfor sure.

Thereis a tradeoff betweentheaccuracy of theanalyzerandit’sarea.Themoreaccurateit is, themoreflip flops
arerequired.

TheLFSRhererecognizesthesequence1, 0,
1, 1, 1, 0, 0:

q2

output
from circuit
under test

It could be used,in conjunctionwith the maximal-lengthLFSR above, to detectfaults in a circuit that, when
stimulatedwith thesequencewith thesequence111,011,001,100,010,101,110;outputsthesequence1, 0, 1, 1,
1, 0, 0.
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6.7.3 Scan vs Self Test

Scan
�

lesshardware
�

slower
�

well definedcoverage
�

testvectorsareeasyto modify

Self Test
�

morehardware
�

faster
�

ill definedcoverage
�

testvectorsarehardto modify


