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The purposeof this lectureis to connectthe theory of testingandtestabilityto the currenttechniquesf scan
testingandthe IEEE StandardL149.1(akaJTAG).

scantesting
scanchain

o JTAG
IEEE 1149

testingprocedure

timeto runatest
boundaryscantesting

lengthof time to do a scantest
hardwareto do scantesting
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6.5 Scan Testingin General (Smith 14.6)

6.5.1 Structure and Behaviour of Scan Testing
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6.5.2 Scan Chains
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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

e Adding scancircuitry

1. Registersaroundcircuit to betestedaregroupednto scanchains

2. Replacesachflop with mux + flop

3. Flopsandmuxeswired togethelinto scanchains

4. Eachscanchainis connectedo dedicated/O pinsfor loadingandunloadingtestvectors

¢ Runningtestvectors

1. Putscanchainin “scan”mode

Loadin testvector(oneelementof vectorperclock cycle)
Putscanchainin “normal” mode

Runcircuit for oneclock cycle — loadresultof testinto flops

a bk~ DN

Unloadresultsof currenttestvectorwhile simultaneoushoadingin next testvector (one elementof
vectorperclock cycle)

6.5.4 Example: Timeto Test a Chip

A 800MHz chip hasscanchainsof length20,000bits, 18,000bits, 21,000bits, 22,000bits, andtwo of 15,000bits.
500,000testvectorsareusedfor eachscanchain.
Thetestsarerun at 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

x (MaxLengthVec + NumVecs x (MaxLengthVec+ 1))
(1/(0.80x 800x 10°)) x (22,0004 500 000x (22 000+ 1))
= 17secs

6.6 Boundary Scan

Boundaryscanoriginatedastechniqueo testwireson printedcircuit boards(PCBS).

Goalwasto replace‘bed-of-nails” style testingwith techniquethatwould work for high-densityPCBs(lots of
smallwiresclosetogether)

Now usedto testbothboardsandchip internals.

Usedbothon boundariegl/O pins)andinternalflops.

Standardizetbhy IEEE (1149)andpreviously by JTAG:
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4 requiredsignals(ScanPins: TDI , TDO, TCK, TM5)

1 optionalsignal(ScanPin: TRST)

protocolto connecteircuit undertestto testerandothercircuits

statemachineto drive testcircuitry on chip

BoundaryScanDescriptionLanguaggBSDL): structurallanguageausedto describewhich featuresof JTAG

acircuit supports

JTAG circuitry now commonlybuilt-into FPGAsandASICS, or partof a cell-library Rarelyis a JTAG circuit
custom-hiilt aspartof alargerpart. So,you’ll probablybe choosingandusingJTAG circuits, not constructingnew
ones.

Using JTAG circuitry is usuallydoneby giving a descriptionof your printedcircuit board(PCB)andthe JTAG
component®n eachchip (in BSDL) to testgeneratiorsoftware. The softwarethengenerates sequencef JTAG
commandsnddatathatcanbeusedto testthewiresonthe circuit boardfor opensandshorts.

6.6.1 Boundary Scan History

1985 JETAG: JointEuropearirestAction Group
1986 JTAG (North Americancompaniegoined)
1990 JTAG 2.0formedbasisfor IEEE 1491"Testaccesport andboundaryscanarchitecture”

6.6.2 Scan Pins
TDI — testdatainput:
inputtestwectorto chip
TDO «+— testdataoutput:
outputresultof test
TCK — testclock:
clock signalthattestrunson
TNVS — testmodeselect:
controlsscanstatemachine
TRST — testreset(optional):
resetdhe scanstatemachine
chip
BSR
B—> BSCH—| BSCH—H
. circuit .
° under °
test
I: BSC > BSC :I
BSC > BSC
chip control
scan registers TDI & BR =‘$>——I TDO
feet
o Instruction Decode
normal circuit normal
input under output LY L)
pins{ test }pins L R[RC ] e
TCK B
f ! L. ji’
TDI TDO
TCK control —
™S ™S T TAP Controller _;
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6.6.3 Scan Registersand Cells

Basic Building Blocks

TDR

Testdataregister
Theboundaryscanregistersonachip

DR Fig14.2 Dataregistercell
Oftenusedasa Boundaryscancell (BSC)

JTAG Components

Fig 14.8

Toplevel diagram

BSR

Fig 14.5

Boundaryscanregister
A chainof boundaryscancells (BSCs)

BSC

Fig14.2

Boundaryscancell
Connectexternalinput andscansignalto internalcircuit. Acts aswire between
externalinputandinternalcircuit in normalmode.

BR

Fig14.3

Bypass-rgistercell
Allows directconnectionfrom TDI to TDO. Acts asa wire whenexecutingBY-
PASSinstruction.

| DCODE

Device identificationregister
dataregisterto hold manufcturers nameandchip identifier Usedin IDCODE
instruction.

IR cell

Fig 14.4

Instructionregistercell
Cellsarecombinediogetherasa shift registerto form aninstructionregister(IR)

Fig14.6

Instructionregister
Two or morelR cellsin arow. Holds datathatis shiftedin on TDI, sendsthis
datain parallelto instructiondecoder

IDecode

Table14.4

Instructiondecoder
Readsnstructionstoredin instructionregister (IR) andsendscontrol signalsto
bypasgegister(BR) andboundaryscanregister(BSR)

Fig 14.7

TAP Controller
Statemachinethat, togethemwith instructiondecodercontrolsthe scancircuitry.

6.6.4 Scan Instructions

Thisthe setof requiredinstructions ptherinstructionsareoptional.

EXTEST  Testboard-leel interconnect. Drive output pins of chip with hard-codedest
vector Sampleresultsoninputs.

SAMPLE  Sampleresultdata

PRELOAD Loadtestvector

BYPASS  Directly connecfTDI to TDO. Thisis usedwhenseveral chipsaredaisychained
togetherto skip loadingdatainto somechips.

| DCODE  Outputmanufcturerandpartnumber

6.6.5 TAP Controller

TheTAP controlleris requiredto have 16 statesandobey the statemachineshavn in Fig 14.7.

300
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6.6.6 Other descriptionsof JTAG/IEEE 1194.1

Texaslnstrumentsntroductoryseminaron IEEE 1149.1

http://ww. ti.com sc/docs/jtag/sem narl. pdf
TexasInstrumentsntermediateseminaron IEEE 1149.1

http://ww. ti.com sc/docs/jtag/semn nar 2. pdf
SunmidroSPARC-llep scan-testinglocumentation

http://ww. sun. conl m croel ectroni cs/ whitepapers/wpr-0018-01/
IntellitechJTAG overview:

http://ww. intellitech.conlresources/technol ogy. htm
Actel's JTAG description:

http://ww. actel . com appnot es/ 97s05d15. pdf
Descriptionof JTAG supporton Motorola Coldfile microprocessor:

http://e-ww. not orol a. conl col | at eral / MCF5307TR- JTAG. pdf

6.7 Summary and Conclusionson Testing

6.7.1 Faults

Faultsaremanugcturingdefects.Commonoccurencesire opens (wire is broken) and shorts (two wires arecon-
nectedogether).

Whenworking with faults,we work with wire segments, not signals.In the circuit below, thereare8 different
wire sgments(L1-L8). Eachwire segmentcorrespondso a logically distinctfaultlocation. All physicalfaultson
a sggmentaffect the samesetof signals,sothey aregroupedtiogetherinto a “logical fault”. If a signalhasafanout
of 1, thenthereis onewire sggment. A signalwith afanoutof n, wheren > 1, hasn+ 1 wire sggments— onefor
the sourcesignalandonefor eachgateof fanout.

For signal“b” in the circuit here,the fanout b '
is 2, sotherearethreewire sggments(L2, L4,
andL5).

Althoughtherearemary differentbadbehaiours thatfaultscanleadto, the simplemodelof single-stuck-at-
faults hasprovenvery capableof finding realfaultsin realcircuits.
single assumehatat mostwire sggmentin circuit hasafault.
stuck-at-0 (s@) assumehatthefaulty behaiour is thatthe segmentis hardwiredto O.
stuck-at-1 (s@) assumehatthefaulty behaiour is thatthe sgmentis hardwiredto 1.

6.7.2 Testing

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

Standardpracticein testingis to testcircuits for single stuck-atfaults. Mathematicsand empirical evidence
demonstratéhattestinga circuit for singlestuck-atfaultswill alsodetectmary othertypesof faultsandwill often
detectmultiple faults.

Somefaultsare undetectable Undetectablestuck-atfaults are locatedin redundant partsof a circuit. These
redundanpartsareaddedto preventtiming hazardsAs such,a stuck-atfaultin redundantircuitry will not affect
the steadystatebehaiour of the circuit, but couldallow timing glitchesto occur
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If acircuit has100% single stuck-atfault coveragewith a suite of testvectors,theneachstuck-atfault in the
circuit canbe detectedby one or morevectorsin the suite. This also meansthat the circuit hasno undetectable
faults,andhenceno redundantircuitry.

It is possiblethat achieving 100% coveragefor single stuckat faultswill allow defectie chipsto passif they
have faultsthatarenot stuck-at-1or stuck-at-Oor if they have multiple faults.

| think, but haven't seena proof, thatachiering 100% single stuck-atcoveragewill detectall combinationsof
multiple stuck-atfaults. But, if you do not achieze 100%coverage thena stuck-atfault thatyou arent testingfor
canmask(hide)afaultthatyou aretestingfor.

Therearetwo waysto generatevectorsandcheckresult: built-in testsandscantesting.

Bothrequire:

e generatdestvectors
e overidenormaldatapatho sendtest-\ectors ratherthannormalinputs,asinputsto flops
e compareoutputsof flopsto expectedresult

6.7.2.1 Scan Testing

In scantesting,the generatiorand checkingare doneoff-chip. This hasthe adwantageof flexibility andreduced
on-chiphardware, but increaseshe length of time requiredto run a test. We wantto individually drive andread
every flop in thecircuit.

Evenwithoutusingary 1/O pinsfor testingpurposesghipsarealreadyl/O bound,so scan-testingnustbevery
frugalin its useof pins. Flopsareconnectedogetherin 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 executethe testvector andn cyclesto scanout the results.Once
theresultsarescanneaut, they canbe comparedo the expectedresultsfor a correctlyworking circuit.

If we run 2 or moretests(andchipsgenerallyare subjectedo hundredsof thousand®f tests),thenwe speed
thingsup by scanningn the next testvectorwhile we scanout the previousresult.

ScanLength = numberof flip flopsin ascanchain
NumVectors = numberof testvectorsin testsuite
TimeScan = numberof clock cyclesto runtestsuite
= NumVectors x (ScanLength + 1) + ScanLength

To find atestvectorthatwill detectafault:

1. build Booleanequation(or Karnaughmap)of correctcircuit

2. build Booleanequation(or Karnaughmap)of faulty circuit

3. compareequationgor Karnaughmaps) regionsof differencerepresentestvectorsthatwill detectfault

Becausét takessomuchtime to performa scantest,reducingthe numberof testvectorsthatareneededs very
important.

faultl dominates fault2is definedas: “any testvectorthatwill detectfaultlwill alsodetectfault2”

Summaryof Techniqudo Find andOrderTestVectors:

identify all possiblefaults
gatecollapsing

nodecollapsing

P W bd PP

intelligentcollapsing
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. faultdomination
. determinerequiredtestvectors

. chooseaminimal setof testvectorsto detectremainingfaults

co N o O

. ordertestvectorsbasedon numberof faultsdetected NOTE: wheniteratingthroughthis step,needto take
into accountfaultsdetectedy earliertestvectors)

6.7.2.2 Built-In Self Test (BIST)

With built-in selftest,thecircuit testsitself. Bothtestvectorgeneratiorandcheckingaredoneusinglinearfeedback
shift registers(LFSRS).

The figure belov shavs an LFSR that generatesll possible3-bit vectorsexcept000. (An n bit LFSR that
generate®" — 1 differentvectorsis calleda “maximal-lengthLFSR".)

Assumethatresetinitializesthe circuitto 111. The l: M

sequencehatis generateds: 111, 011, 001, 100, D—E u uﬂ

010, 101, 110. This sequenceas repeatedso the Qg2

numberafter110is 111. gl
g0

Eachlinearfeedbaclkshift registerhasa characteristipolynomial,thatcorrespondso thebehaiour of thesignal
thatis theinputto thefirst flip-flop in the shift register

The exponentsn the polynomialcorrespondo the delayx? is the input to the shift register x* is the outputof
thefirst flip-flop, x? is the outputof the secondetc. The coeficientis 1 if theres a feedbackapfrom the outputof
theflop.

Checkingis doneby building one signhatureanalyzercircuit for eachsignaltested. The circuit returnstrue if
the signalgenerateshe correctsequencef outputsfor the testvectors. Doing this with completeaccurag would
requirestoring2" bits of informationfor eachoutputfor a circuit with n inputs. This would be asexpensve asthe
original circuit. So,BIST usesnathematicsimilarto errorcorrection/detectinto approximatevhetherthe outputs
arecorrect.Thistechniques called“signatureanalysis”andoriginatedwith Hewlett-Packardin the 1970s.

Thecheckingis donewith anLFSR, similar to the BIST generatiortircuit. The checkingcircuit is designedo
outputa 1 atthe endof the sequencef 2" — 1 testresultsif the sequencef resultsmatcheghe correctcircuit. We
coulddo thiswith anLFSRof 2" — 1 flops, but assaidbefore this would be at leastasexpensve asduplicatingthe
original circuit.

ThecheckingLFSRis designedimilarly to ahashingunctionor parity checkingcircuit. If it returns0, thenwe
know thatthereis afaultin thecircuit. If it returnsa 1, thenthereis probablynotafaultin the circuit, but we cant
sayfor sure.

Thereis atradeof betweertheaccurayg of theanalyzerandit’'s area.Themoreaccuratet is, themoreflip flops

arerequired.

The LFSR hererecognizeghe sequencd, 0,

1,1,1,0,0: output D—D—E——&

e from circuit
under test g2

It could be used,in conjunctionwith the maximal-lengthLFSR above, to detectfaultsin a circuit that, when
stimulatedwith the sequencsvith the sequencéd.11,011,001,100,010,101,110; outputsthesequencd, 0, 1, 1,
1,0,0.
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6.7.3 Scan vs Sdaf Test
Scan

1 lesshardware

| slower

1+ well definedcoverage

1 testvectorsareeasyto modify

Self Test

| morehardware

1 faster

| ill definedcoverage

| testvectorsarehardto modify



