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Digital Digital CircuitCircuit TestingTesting ProblemProblem

ClassicalClassical diagnosticdiagnostic approachapproach
TesterTester
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BIST has to BIST has to bebe supportedsupported by by 
DFTDFT

!! PartialPartial scanscan –– possiblepossible solutionsolution, not , not veryvery
oftenoften, , multiplemultiple diagnosticdiagnostic approachesapproaches are are 
needed needed 

!!ScanScan designdesign –– usualusual platformplatform for BISTfor BIST

!! BILBO BILBO –– enablesenables TPC TPC testingtesting, , bigbig hardware hardware 
overheadoverhead, , bigbig delaysdelays in functionalin functional pathspaths

!!BoundaryBoundary ScanScan –– enablesenables usus to to incorporateincorporate
TPGsTPGs andand SAsSAs, , oftenoften usedused
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BIST BIST SimplifiesSimplifies TestingTesting

!! Simple Tester (lower memory, easier Simple Tester (lower memory, easier 
controlling and signature evaluation)controlling and signature evaluation)

!! lower amount of transferred data (usual lower amount of transferred data (usual 
request from silicon foundry)request from silicon foundry)

!! faster testing ( higher system availability)faster testing ( higher system availability)

!!disadvantage: higher IC area devoted to disadvantage: higher IC area devoted to 
diagnosticsdiagnostics
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Two Two basicalbasical diagnostic approachesdiagnostic approaches

!! TestTest--PerPer--ClockClock (TPC) (TPC) testingtesting
–– fasterfaster testingtesting

–– complicatedcomplicated hardware for hardware for catchingcatching responsesresponses

–– problemsproblems withwith effectivityeffectivity ofof test test patternspatterns

!!TestTest--PerPer--ScanScan (TPS) (TPS) testingtesting
–– shiftingshifting eacheach newnew patternpattern throughthrough thethe chainchain

–– lessless hardware hardware consumingconsuming

–– more more timetime andand energyenergy consumingconsuming

–– cannotcannot bebe performedperformed atat speedspeed
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Test Test PaternPatern Types Used in Types Used in 
BISTBIST
!! deterministic patternsdeterministic patterns –– stored in a special stored in a special 

memory, possibility of pattern compressionmemory, possibility of pattern compression

!! generated patterns generated patterns –– pseudoexhaustive, pseudoexhaustive, 
pseudorandom, deterministicpseudorandom, deterministic

!! mixed patternsmixed patterns –– output sequence of an output sequence of an 
special decompressing automaton is modified special decompressing automaton is modified 
with the help of stored patternswith the help of stored patterns
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Pseudoexhaustive Test SetsPseudoexhaustive Test Sets

!!100 % probability of detecting 100 % probability of detecting 
considered faultsconsidered faults

!!relatively long test sequencesrelatively long test sequences

!!for large systems not practicalfor large systems not practical
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(n,r) (n,r) exhaustiveexhaustive testingtesting

TEST PATTERN GENERATOR

CUT

        r1              r2                     ru

ri ≤  r,  i = 1, 2, 3, ... u
fault coverage ≈ 100%
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Theorem:
The (n,r)-exhaustive test set with r <
3(w+1)/2 + 1 can be obtained by  concate-
nation of n  different code matrices  of size n
x n  where each code matrix  is derived from
the  matrix of the LFSR code by inverting
one column.

30.9.2002
O. Novák

14

Example: (15,5)-exhaustive test set, 225  t.

100010011010110
110001001101010
111000100110100
111100010011011
011110001001100
101111000100111
010111100010010
101011110001000
110101111000101
011010111100011
001101011110000
100110101111001
010011010111101
001001101011111
000100110101110

1.st modified LFSR
matrix

15.th modified LFSR
matrix
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1 2 3 ... m

1 2 3 ... m

And

1

2

3

.

.

.

n

LFSR

Scan
loop

Binary counter

Best results:Best results:
Test type (n,r):      (15,5)     (15,6)     (15,8)     (31,5)   Test type (n,r):      (15,5)     (15,6)     (15,8)     (31,5)   (63,5)    (225,5)(63,5)    (225,5)
Test length:             225        480        3840       961   Test length:             225        480        3840       961   3969     65 0103969     65 010

NOVAK, O. NOVAK, O. -- HLAVICKA, J.: Enhancing fault coverage of pseudoexhaustive testHLAVICKA, J.: Enhancing fault coverage of pseudoexhaustive test sets. Proceedings sets. Proceedings 
of 1st IEEE International onof 1st IEEE International on--line testing workshop, Nice, France, July 4line testing workshop, Nice, France, July 4--6, 19956, 1995
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CA behavior exampleCA behavior example

Cellular Automata (CA)Cellular Automata (CA)
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Comparison ofComparison of LFSR LFSR andand CA CA 
ability of ability of (n,r) (n,r) exhaustive test exhaustive test 
sets creatingsets creating

demonstration of LFSR demonstration of LFSR 
test pattern quality test pattern quality 

demonstration of CA demonstration of CA 
test pattern qualitytest pattern quality
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LFSR and CA test pattern fault LFSR and CA test pattern fault 
coverage coverage 

231324206c 7552

472624700s 13207

565605611s 15850

111732s1196

2738214s 5378

616648247s 9234

CA:  undetected 
faults 

32 bit LFSR : 
undetected faults 

test cube 
length

circuit

Novak,Novak, O.: Pseudorandom,Weighted Random andO.: Pseudorandom,Weighted Random and PseudoexhaustivePseudoexhaustive Test Patterns Generated in Universal Cellular Test Patterns Generated in Universal Cellular 
Automata, Springer: Lecture Notes in Computer Science 1667, SeptAutomata, Springer: Lecture Notes in Computer Science 1667, Sept. 1999. 1999
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Weighted Random TestingWeighted Random Testing

!! improves random testingimproves random testing

!! inputinput--oriented weightsoriented weights

!! patternpattern--oriented weightsoriented weights
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. 

. 

. 

LFSR weight 
correction 
block 
 

CUT 

weighted pseudorandom test patternsweighted pseudorandom test patterns

demonstrace LFSRdemonstrace LFSR
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Pattern Oriented Pattern Oriented WeightedTestWeightedTest
Set EffectivenessSet Effectiveness

KunzmannKunzmann, A. : Efficient Random Testing with Global Weights. Proc. of  I, A. : Efficient Random Testing with Global Weights. Proc. of  IEEE EUROEEE EURO--DAC `96DAC `96
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CA CA as a source of weighted random test as a source of weighted random test 
patternspatterns

seed 

CA CUT 

demonstracedemonstrace
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CA and LFSR weights
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CA code and non-code word weights

0
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MixedMixed mode mode testingtesting
Kinds of test sequences:Kinds of test sequences:

–– Automaton output  bit modificationAutomaton output  bit modification
(bit fixing, bit flipping)(bit fixing, bit flipping)

-- Using modified LFSR parallel output Using modified LFSR parallel output 
vectors [vectors [ChatterjeeChatterjee, , PradhamPradham 1995]1995]

–– automaton sequence deflectionautomaton sequence deflection
–– pseudoexhaustive testing + pseudoexhaustive testing + 

supplementary pattern generationsupplementary pattern generation

Using specialUsing special

comb. logiccomb. logic

Using Using 

modificationmodification

bits stored inbits stored in

a memory a memory 
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TestTest--perper--scan: bit flippingscan: bit flipping

scan-in 

scan-
out 

. 

. 

. 

LFSR bit flipping 
function 

CUT 

H.H.--J. J. WunderlichWunderlich, G. Kiefer: Bit, G. Kiefer: Bit--Flipping BIST, Proceedings ACM/IEEE International Conference on Flipping BIST, Proceedings ACM/IEEE International Conference on 
CADCAD--96 (ICCAD96), San Jose, California, November 199696 (ICCAD96), San Jose, California, November 1996 [WUN96][WUN96]
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IC area of MPLFSR reseeding and bitIC area of MPLFSR reseeding and bit--
flipping method [WUN96]flipping method [WUN96]
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TestTest--perper--clock scheme, parallel clock scheme, parallel 
LFSR outputs modificationLFSR outputs modification

. 

. 

. 

LFSR pattern 
modification 
 

CUT 

. 

. 

. 

ChatterjeeChatterjee, M., , M., PradhanPradhan, D. K.: A Novel Pattern Generator for Near Perfect Fault, D. K.: A Novel Pattern Generator for Near Perfect Fault--Coverage,Coverage,
IEEE VLSI Test Symposium, 1995IEEE VLSI Test Symposium, 1995
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Methods using compressed test Methods using compressed test 
sequence in a memorysequence in a memory

!! DaenDaen, W., , W., MuchaMucha, J,: Hardware Test Pattern Generation for Built, J,: Hardware Test Pattern Generation for Built--in in 
Testing. Proc. of  IEEE Test Conference, 1981Testing. Proc. of  IEEE Test Conference, 1981

!! KoenemannKoenemann, B.: , B.: LFSRLFSR –– coded test patterns for scan designs. Proc. coded test patterns for scan designs. Proc. EuropEurop. . 
Test Conf., Munich , Germany, 1991Test Conf., Munich , Germany, 1991

!! HellebrandHellebrand, S. , S. -- RajskiRajski, J., J.-- TarnickKTarnickK, S., S.-- VenkataramanVenkataraman, S. , S. -- CourtoisCourtois, B.: , B.: 
BuiltBuilt--In Test for Circuits with Scan Based on Reseeding of In Test for Circuits with Scan Based on Reseeding of MultipleMultiple--
Polynomial Linear Feedback Shift RegistersPolynomial Linear Feedback Shift Registers. IEEE Trans. on Comp.,. IEEE Trans. on Comp., vol. vol. 
44, No. 2, February 199544, No. 2, February 1995 [HEL95][HEL95]

!! ChakrabartyChakrabarty, K. , K. –– Murray, B.T. Murray, B.T. –– IyengarIyengar, V.: Built, V.: Built--in Test Pattern in Test Pattern 
Generation for HighGeneration for High--Performance Circuits Using Performance Circuits Using TwistedTwisted--Ring CountersRing Counters. . 
Proc. of IEEE VLSI Test Proc. of IEEE VLSI Test SympSymp. 1999. 1999 [CHA99][CHA99]

!! HellebrandHellebrand, S., , S., -- LiangLiang, H.G. , H.G. –– WunderlichWunderlich, H.J.: A mixed mode BIST , H.J.: A mixed mode BIST 
scheme based on reseeding of scheme based on reseeding of folding countersfolding counters. Proc. of IEEE ITC, 200. Proc. of IEEE ITC, 200
[HEL00][HEL00]

!! Novák, O., Novák, O., HlawiczkaHlawiczka, A. , A. GarbolinoGarbolino, T, , T, GuczwaGuczwa, K. , K. PlívaPlíva, Z. , Z. NosekNosek, J,: Low , J,: Low 
Hardware Overhead Deterministic Logic BIST with ZeroHardware Overhead Deterministic Logic BIST with Zero--Aliasing Aliasing 
Compactor. Proc. IEEE DDECS conf. Compactor. Proc. IEEE DDECS conf. GyörGyör, Hungary 2001, Hungary 2001 [NOV01][NOV01]

!! Kaligeros,EKaligeros,E., ., KavousianosKavousianos, X., , X., BakalisBakalis, D., , D., NikolosNikolos, D.: A New , D.: A New Reseeding Reseeding 
Technique for LFSRTechnique for LFSR--based Test Pattern Generation. Proc of 7th IOLTW based Test Pattern Generation. Proc of 7th IOLTW 
OnOn--Line Testing Workshop, 2001Line Testing Workshop, 2001 [KAL01][KAL01]

!! Novák, O., Nosek, J. : Test Pattern Decompression Using a Novák, O., Nosek, J. : Test Pattern Decompression Using a Scan ChainScan Chain. . 
Proc. of the 2001 IEEE International Symposium on Defect and FauProc. of the 2001 IEEE International Symposium on Defect and Fault lt 
Tolerance in VLSI Systems [NOV01b]Tolerance in VLSI Systems [NOV01b]
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MP LFSR [HEL95]MP LFSR [HEL95]
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Twisted ring counter BIST Twisted ring counter BIST 
[CHA99][CHA99]
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Reseeding Technique for LFSRReseeding Technique for LFSR--
based Test Pattern Generation based Test Pattern Generation 
[KAL01][KAL01]
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Long LFSR

DD D

primary
boundary/scan input

flip-flops

. . . . .  .
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0
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Folding counters BIST [HEL00]Folding counters BIST [HEL00]
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Input reduction in scanInput reduction in scan--based based 
BIST [HEL00]BIST [HEL00]
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Using scan chain for test pattern Using scan chain for test pattern 
decompression [NOV01b]decompression [NOV01b]

Internal D flop-flop inputs and outputs 
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ScanScan ChainChain DecompressionDecompression
AbilityAbility [NOV01b][NOV01b]

0,095158s15850

0,034553s13207

0,358960s9234

0,102147s5378

0,31439s1488

0,33659s1423

0,21832s1238

0,22800s1196

0,21715s953

0,497354c7552

Scan chain/MintestStored bitsCircuit
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Using CA for test pattern Using CA for test pattern 
decompression [NOV01]decompression [NOV01]

CUT

DT T

primary
boundary/scan
input registers

FIFO

. . . . . .

clk frequency
divider

(divides by a)

stored
modifying

bits

Memory

data compactor

internal flip-
flops

30.9.2002
O. Novák

40

Decompression AutomataDecompression Automata
!! scanscan chain chain 
!!binarybinary counter counter 
!! LFSR LFSR withwith reseedingreseeding allall internalinternal bitsbits

simultaneouslysimultaneously
!! LFSR LFSR withwith outputoutput modificationmodification
!!LFSR LFSR withwith sequencesequence deflectiondeflection
!!MultiMulti--PolynomialPolynomial LFSRLFSR
!!CellularCellular automatonautomaton
!!JohnsonJohnson ((foldingfolding) ) countercounter
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Hardware for test pattern Hardware for test pattern 
decompressiondecompression

 LFSR 
/TRC 
/FC 

/MPLFSR 
/CA 

  
scan chain 

Memory 
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DA effectiveness: Experiment 1DA effectiveness: Experiment 1

!!Percentage of created (s,r) exhaustive Percentage of created (s,r) exhaustive 
test set against the number of clock test set against the number of clock 
cycles performed between feeding a cycles performed between feeding a 
new input random bit into the new input random bit into the 
automaton. The number of automaton automaton. The number of automaton 
stages is fixed.stages is fixed.
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scan chain
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binary counter
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LFSR with reseeding
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LFSR with output modification

0

20

40

60

80

100

1 2 3 4 5 6 7 8 9 10 11 13 22 23 24 35 45 88 89 14
7
24

7
41

1
11

11
15

57
21

11

>40
96



30.9.2002
O. Novák

49

MP LFSR
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CA with primitive polynomial
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Johnson counter
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Experiment 2Experiment 2

!!Percentage of created (s,r) exhaustive Percentage of created (s,r) exhaustive 
test set depending on the automaton test set depending on the automaton 
dimensions. The number of clock cycles dimensions. The number of clock cycles 
performed between feeding a new input performed between feeding a new input 
random bit is fixed.random bit is fixed.
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Johnson counter
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Experiment 3Experiment 3

!!Relative part of (s,r) exhaustive test set, Relative part of (s,r) exhaustive test set, 
which was obtained by DA for several which was obtained by DA for several 
values r against the number of used test values r against the number of used test 
patterns. The number of clock cycles patterns. The number of clock cycles 
between feeding a new input bit is equal between feeding a new input bit is equal 
to 13.to 13.
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5-10 bit patterns generated in the LFSR
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automaton/random automaton/random 
pattern quality ratiopattern quality ratio

place values of test sequence lengthsplace values of test sequence lengths
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5-10 bit patterns generated in the CA
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Experiment 4Experiment 4

!!Evaluation of the number of detected Evaluation of the number of detected 
faults on ISCAS circuits. The automata faults on ISCAS circuits. The automata 
are stimulated in the same way as in the are stimulated in the same way as in the 
previous experiments. Mathematical previous experiments. Mathematical 
model is replaced with ISCAS circuitsmodel is replaced with ISCAS circuits
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Average Decompression Average Decompression 
EffectivenessEffectiveness

!!CA with maximum period, CA with maximum period, 

!!MP LFSR, MP LFSR, 

!!LFSR, LFSR, 

!!CA, CA, 

!!Johnson counter, Johnson counter, 

!!scan chain,scan chain,

!!binary counterbinary counter

MAXMAX

MINMIN
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LFSR and scan chain fault 
coverage
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LFSR and LFSR with output 
modification fault coverage
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ConclusionsConclusions fromfrom experimentsexperiments
withwith DAsDAs

!!RRelative percentage of the (n,r) exhaustive elative percentage of the (n,r) exhaustive 
test sets obtained from DAs, which are excited test sets obtained from DAs, which are excited 
with regularly distributed random bitswith regularly distributed random bits,, gives us gives us 
a general idea of the decompression quality of a general idea of the decompression quality of 
DAsDAs

!!SScan chain has can chain has similarsimilar pattern decompression pattern decompression 
effectiveness effectiveness likelike other more complicated other more complicated 
automata in case of using a new input bit automata in case of using a new input bit 
every clock cycleevery clock cycle
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!! FeedingFeeding thethe DA DA withwith oneone input bit input bit in regularin regular
instantsinstants isis veryvery effectiveeffective ifif a limited number of a limited number of 
clock cycles clock cycles isis usedused between between a a newnew bit bit 
feedingfeeding

!!For maximum memory savings (maximum For maximum memory savings (maximum 
numbers of autonomously performed cycles) numbers of autonomously performed cycles) 
we have to use more complicated hardware we have to use more complicated hardware 
structures of DA in order to avoid the pattern structures of DA in order to avoid the pattern 
quality degradationquality degradation

!! MixedMixed mode mode testingtesting seemsseems to to bebe thethe most most 
memorymemory savingsaving test test approachapproach

!! ProblemProblem ofof difficultdifficult evaluationevaluation ofof thethe storedstored
bitsbits limitslimits itsits usageusage
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MemoryMemory BISTBIST

!!MBIST MBIST allowsallows atat--speedspeed operationoperation
((accessaccess andand recoveryrecovery timetime cancan bebe
ensuredensured))

!! BIST BIST logiclogic isis developeddeveloped as HDL as HDL andand isis
broughtbrought throughthrough sysntesissysntesis withwith timingtiming
constrainsconstrains to to ensureensure thatthat itit operatesoperates atat
speedspeed..
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M BIST M BIST 
RequirementsRequirements

((fromfrom CrouchCrouch, A.L: Design for Test for Digital IC, A.L: Design for Test for Digital IC`s `s 
and Embedded Core Systems)and Embedded Core Systems)
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ExampleExample ofof
M BISTM BIST

((fromfrom CrouchCrouch, A.L: Design for Test for Digital IC, A.L: Design for Test for Digital IC`s `s 
and Embedded Core Systems)and Embedded Core Systems)
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LFSR LFSR ––
Based Based 
MemoryMemory
BISTBIST

((fromfrom CrouchCrouch, A.L: Design for Test for Digital IC, A.L: Design for Test for Digital IC`s `s 
and Embedded Core Systems)and Embedded Core Systems)
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SignatureSignature analysersanalysers (SA)(SA)

!! classicallyclassically: 16 bit LFSR, primitive : 16 bit LFSR, primitive polynomialpolynomial, , 
1 1 inputinput

!! MISR: MISR: additionaladditional XORedXORed inputsinputs
!! problemproblem ofof faultyfaulty CUT response CUT response maskingmasking

((faultfault aliasingaliasing))
!! BILBO, HILDOBILBO, HILDO
!!CircularCircular BISTBIST

((faultfault aliasingaliasing = probability = probability ofof twotwo faultsfaults resultingresulting
inin a a correctcorrect signaturesignature))
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CUT has to CUT has to bebe
designeddesigned withwith
XX-- managementmanagement

((fromfrom CrouchCrouch, A.L: Design for Test for Digital IC, A.L: Design for Test for Digital IC`s `s 
and Embedded Core Systems)and Embedded Core Systems)
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HILDOHILDO
CUTCUT

Shift Shift registerregister

nonnon--linearlinear logic logic 
functionfunction

linearlinear feedbackfeedback

nonnon--linearlinear feedbackfeedback
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QuestionsQuestions

!! WhatWhat isis thethe numbernumber ofof undetectableundetectable
faultsfaults for HILDO for HILDO andand C BIST?C BIST?

!! IsIs itit possiblepossible to to findfind a a solutionsolution ofof HILDO HILDO 
for for realreal circuitscircuits? (? (ProblemProblem ofof CPU CPU timetime))

!! In whatIn what extentextent do do wewe havehave to to taketake care care 
aboutabout faultfault alisingalising??
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TestTest--perper--clockclock BIST BIST withwith zerozero faultfault
aliasingaliasing [NOV01][NOV01]
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FIFO memory

memory clk
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ConclusionsConclusions

!! BIST is commonly used in embedded BIST is commonly used in embedded 
memories (at speed testing)memories (at speed testing)

!! BIST becomes to be commonly BIST becomes to be commonly 
accepted in core designsaccepted in core designs

!! MixedMixed--mode BIST is a good mode BIST is a good 
compromise between low hardware compromise between low hardware 
overhead demand and the cost of overhead demand and the cost of 
testing (memory, time)testing (memory, time)


