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Test Power ProblemsTest Power ProblemsTest Power Problems

Shift Power:

Duration: long
Clock: scan
Impact: thermal
Solution: DFT-based

Test Power

Capture Power:

Duration: short
Clock: scan/functional
Impact: yield
Solution: Vector-based



Test Compression Becomes MandatoryTest Compression Becomes MandatoryTest Compression Becomes Mandatory

Large test data volumeLarge test data volumeLarge test data volume

Leads to

Ever growing 
design size

New defects & 
faults brought 

by scaling 
technology

Long test timeLong test timeLong test time
High 
test cost



Test Compression TechniquesTest Compression TechniquesTest Compression Techniques

Approach: Utilize X-bits in test vectors

Linear 
decompression-based Broadcast-basedTest 

compression
techniques

Nonlinear code-based
Efficiently exploit the correlation 
among specific bits 
No ATPG constraints

High test 
compression ratio
Integrated into ATPG

High test compression 
ratio
Strict ATPG 
constraints



Impact of X-fillingImpact of XImpact of X--fillingfilling

DFT-based Vector-based

ATPG 
involved

No ATPG 
constraintShift power 

reduction
Capture 
power 
reduction

Code-based
compression

decompression-
based & 
broadcast-based
compression

X-filling 
involved

Objective:
Solve the contradiction 
caused by X-filling->

Reduce capture power 
for code-based test 

compression in at-speed 
scan testing
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Code-based Test Data CompressionCodeCode--based Test Data Compressionbased Test Data Compression

Fixed-symbol-length Schemes
Test cubes segmented into fixed-length symbols
Dictionary-based, Selective Encoding…

Variable-symbol-length Schemes
Test cubes segmented into variable-length symbols
Run-length-based, VIHC, …

Test Compression Ratio (TCR)
Related to entropy* of the test cubes to be encoded: 

*The minimum average number of bits required for each code-word
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Improve TCR by X-fillingImprove Improve TCRTCR by Xby X--fillingfilling

TCR↑ H↓ more skewed pi distribution
Fill X-bits to obtain:

Fewer types of symbols
More code-words can be 
represented by symbols with higher pi

Existing solution
Fixed-symbol-length schemes:
Alternative Fill [Balakrishnan07] 
Variable-symbol-length schemes:
still an open problem
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[Balakrishnan07] K. J. Balakrishnan and N. A. Touba. Relationship Between Entropy and Test 
Data Compression. IEEE Transactions on Computer-Aided Design, 26(2):386–395, Feb 2007.



Capture Power in At-speed TestingCapture Power in AtCapture Power in At--speed Testingspeed Testing
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Shift 
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Capture 
Clock
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Test Power Reduction with X-fillingTest Power Reduction with XTest Power Reduction with X--fillingfilling

Objective: 
Keep the capture power 
in at-speed scan testing 
under the safety limit

Approach:
Selectively fill the X-bits
in certain order
to reduce Hamming distance between v1 and v2

so that the capture transition in the entire CUT can be 
reduced under the safety limit



Problem FormulationProblem FormulationProblem Formulation

X-filling can facilitate either test compression 
ratio enhancement or test power reduction, but 
not both.

Different objectives and approaches
test sets with high TCR usually cause high capture power, 

or test sets with low capture power can not be compressed 
efficiently

There is requirement to apply them 
simultaneously in at-speed testing
Problem: Propose a compression-aware capture 
power reduction X-filling framework for at-speed 
scan testing
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Contributions highlightContributions highlightContributions highlight

Prior works:
X-bits are usually selected and filled without considering 
their impact on test compression
Considered only LoC at-speed testing
Applicable to target special test compression scheme only

Proposed work:
proposes to identify “X-candidate” that can be filled with low 
test compression ratio loss
proposed “X-propagation” metric to evaluate the impact of 
the X-bits on capture power of both LoC and LoS at-speed 
testing.
general applicability of the proposed framework in different 
X-filling and test compression strategies.



Overall flowOverall flowOverall flow

Test set with X-bitsTest set with X-bits

Check for capture 
power safety

Fill “X-candidates’’ with 
highest “X-propagation”
Fill “X-candidates’’ with 
highest “X-propagation”

endsafe

“X-candidates’’ selection“X-candidates’’ selection

violation



“X-candidates” Selection (1)““XX--candidatescandidates”” Selection (1)Selection (1)

Vector1    111X    XX01    001X    X000    110X    011X
Vector2    X000    001X    X001    011X    01X0    X000
Vector3    X001    011X    011X    110X    110X    X000
Vector4    001X    X000    X000    01X0    110X    011X

Symbol set: {X000, 011X, 110X, 001X, X001, 01X0, 111X} 
X-bits in the representing symbols can be filled without affecting the 
distribution of the symbols
X-bits in the corresponding code-words are selected as “X-candidates”

In Fixed-symbol-length schemes



“X-candidates” Selection (2)““XX--candidatescandidates”” Selection (2)Selection (2)

In Variable-symbol-length schemes
Existing solutions fill the X-bits with logic value that will not 
break the run, e.g.,
000X0X0X 001X10X1 00000000 00101001
Maximum run-length (Lmax): 8
4 code-words: 00000000, 001, 01, 001
Or: 00000001, 001, 01, 001

the last bit in the code-word with the maximum run-length 
can be filled with 0 or 1. chosen as “X-candidates”



Cause of capture power in at-speed 
scan testing: LoC/LoS scheme
Cause of capture power in atCause of capture power in at--speed speed 
scan testing: LoC/LoS schemescan testing: LoC/LoS scheme
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“X-propagation” calculation““XX--propagationpropagation”” calculationcalculation
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Experimental settingExperimental settingExperimental setting

Test compression schemes:
Fixed-symbol-length scheme: dictionary-based [Wurtenberger04] 
Variable-symbol-length scheme: VIHC [Gonciari03] 

At-speed scan testing schemes:
LoC & LoS

[Wurtenberger04] A. Wurtenberger, C. S. Tautermann, and S. Hellebrand. Data Compression for 
Multiple Scan Chains using Dictionaries with Corrections. In Proceedings IEEE International Test 
Conference (ITC), pages 926–935, October 2004.
[Gonciari03] P. T. Gonciari, B. M. Al-Hashimi, and N. Nicolici. Variable-length input Huffman coding fo
system-on-a-chip test. IEEE Transactions on Computer-Aided Design, 22(6):783–796, June 2003.



In LoC at-speed testingIn LoC atIn LoC at--speed testingspeed testing

For dictionary-based test compression

For VIHC



In LoS at-speed testingIn LoS atIn LoS at--speed testingspeed testing

For dictionary-based test compression

For VIHC
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ConclusionConclusionConclusion

At-speed scan-based testing
Utilizing X-bits for different test 
compression schemes

X-filling for capture power reduction

Conjunction:  
Compression-aware 
capture-power reduction 
X-filling framework



Thank You!Thank You!
Questions/Comments?Questions/Comments?
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