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Critical Elements in IC Industry 

APP
Area /  Performance /  Power

PAP
Performance /  Area /  Power

PPA
Power /  Performance /  Area

AreaArea PerformancePerformance PowerPower

(Inspired by A. Bose, ATS Keynote Speech, 2010) 

* *
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Dynamic Power 

Pcharge/discharge
Pshort-circuit

Psubthrehold_leakage
Pgate-oxide_leakage

Static Power 

(N. S. Kim et al., IEEE Computer, pp. 68-75, 2003) 

CMOS Power and Its TrendCMOS Power and Its Trend

1. Risk of Low-Power LSI Circuits in Testing
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Supply Voltage
Threshold Voltage

Channel Dimension
Doping Profile

Drain-Source Junction Depth  
Gate-Oxide Thickness

Temperature

Input Vector

Supply Voltage
Load Capacitance

Frequency

Switching Activity Level

Dynamic Power Static Power

Operation
Independent

Operation
Dependent

Different for Function-Mode and Test-Mode.

PowerPower--Affecting FactorsAffecting Factors

1. Risk of Low-Power LSI Circuits in Testing
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<Clock-Gating>
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External Power Supply

Extremely Low Functional Power Achieved

Example of LowExample of Low--Power DesignPower Design

1. Risk of Low-Power LSI Circuits in Testing
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1. Risk of Low-Power LSI Circuits in Testing
Low Functional Power  Low Functional Power  ≠≠ Low Test PowerLow Test Power

Functional Power
(Standard Device)

Test PowerFunctional Power
(Low-Power Device)

Power-Management
(Hardware)
(Software) Excessive

Test Power

Stronger
Switching
Activity

Parallelism
(fault / block)

Non-Functional
Test Data

Non-Functional
Clocking

Heat Damage • Yield Loss • High Test Cost • Low Reliability

2X
(1993)

5X
(2008)
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Design 
Data 

Actual
Response

LSI Chip

Fabrication

Test  
Stimuli  

Expected
Response

Passing Chips Failing Chips

Comparison

Judgment

ATE

General Flow of LSI TestingGeneral Flow of LSI Testing
1. Risk of Low-Power LSI Circuits in Testing

Determine Test Power
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Combinational
Portion

Scan
FFs

B
(Response)

A
(Stimulus)

Shift for Setting-Up Test Stimulus

Capture for Loading Test Response

Shift Power and Capture PowerShift Power and Capture Power
1. Risk of Low-Power LSI Circuits in Testing

Capture Power

Shift Power
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Impact of Test Power in AtImpact of Test Power in At--Speed ScanSpeed Scan--Based LSI TestingBased LSI Testing
1. Risk of Low-Power LSI Circuits in Testing
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ConsequencesConsequences
1. Risk of Low-Power LSI Circuits in Testing

Good chips may be damaged or may fail in LSI testing.

Undue (No-Defect) Yield Loss

Big Financial Loss

Low-power design cannot be realized without low-power test !

A Few Hundreds US$

New High-Performance MPU 
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Shift Power and Capture PowerShift Power and Capture Power
2. Basic Strategy to Test Power Reduction

Capture
Power

S1 C2C1SLCK

SE Fast Test Cycle

Shift Capture

Shift
Power

Many Shift Pulses

Different Reduction Strategies Needed

Characteristic
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Combinational Portion 

Clock Tree

Heat Damage
due to high average

per-cycle shift power
Hold-Time Violation

due to severe 
clock skew

Shifting a pattern, even a functional one, may cause heavy switching.
IR-drop may be worse in shift mode than in capture mode. 
All test vectors may have the shift power problem. 
Slow shift frequencies help reduce heat impact but not clock skew. 
Circuit / clock change has no impact on ATPG, time, size, and coverage.
Only scan chains need to be considered as sensitized paths.

Characteristics of Characteristics of Shift PowerShift Power
2. Basic Strategy to Test Power Reduction
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Set-Time Violation
due to delay increase

on long sensitized paths

The impact of capture power depends on sensitized paths.
Reducing capture power may be needed to avoid yield loss.
Increasing capture power may help to improve test quality.
Circuit / clock change may impact ATPG, time, size, and coverage.
Capture power is highly dependent on the content of a pattern.
Power management circuitry can be used for capture power reduction.
A small number of test vectors suffers from the capture power problem.

Combinational Portion 

Clock Tree

Sensitized Path
Better SDD Coverage
due to delay increase

on short sensitized paths

Characteristics of Characteristics of CaptureCapture PowerPower
2. Basic Strategy to Test Power Reduction
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2. Basic Strategy to Test Power Reduction
Integrated Reduction of Both Shift and Capture PowerIntegrated Reduction of Both Shift and Capture Power

Effect

Overhead

Soft
Shift Power Reduction

Soft
Capture Power Reduction

Hard
Shift Power Reduction

Soft
Capture Power Reduction

Soft: Test Data Manipulation 
Hard: Circuit Modification 

Modest Reduction

Deep Reduction

Type of Solution

Soft-Soft

Hard-Soft
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3. Shift Power Reduction

Scan Chain
Failure

Heat
Damage

S1 SLCK

SE

Test Vector
Load Completed

Shift

Test Vector
Load Started

Shift
Power

Reduction
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3. Shift Power Reduction (SOFT)
LowLow--ShiftShift--Power XPower X--Filling Filling 

0-Fill Fill all X-strings with 0.

1-Fill Fill all X-strings with 1.

If the specified bits on both sides of an X-string have the same 
logic value, the X-string is filled with that logic value; if the 
specified bits on the two sides of an X-string have opposite logic 
values, the X-string is filled with an arbitrary logic value.

MT-Fill

1 0 1 1 1 0 0 0 0 01 0 0 0 1 0 0 0 0 0

0-Fill

1 0 1 1 1 1 0 1 1 0

1-Fill
Adjacent-Fill

1 0 X X 1 X 0 X X 0 

1 0 0 0 1 1 0 0 0 0

MT-Fill

Fill an X-string with the nearest specified-bit in the shift direction.Adjacent-Fill

10 25 8 11

Easy to implement. / No circuit overhead. 
Limited effect in test compression environments. / Test data increase.
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Predictable and data-independent shift (in & out) power reduction.
No change to ATPG and no increase in test application time.

(L. Whetsel. al., Proc. ITC, pp. 863-872, 2000)

Original Scan Chain

Normal Scan Compressed ScanScan Segmentation Scan Segmentation 
3. Shift Power Reduction (Hard)
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Capture
Power
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Launch
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Response
Capture

Test Cycle

Capture

Capture
Failure

4. Capture Power Reduction

Reduction
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0

1

1

0

0 0

Test Vector Test Response

Combinational Portion

FF1

FF2

FF3

PPI PPO

Capture Switching Activity

IR-Drop

Delay Increase

Malfunction
(Test-Induced Yield Loss)

VDD

Timing

Minimize the Hamming Distance between PPI and PPO

4. Capture Power Reduction
Basic Idea of Capture Power Reduction  Basic Idea of Capture Power Reduction  
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4. Capture Power Reduction (SOFT)
The The InIn--ATPGATPG Approach  Approach  

Combinational Portion

FF1

FF2

FF3

PPI PPO

Capture Switching Activity

Toggle Rate Constraint 

Automatic Test Generation Program

Low-Capture-Power Test Vectors

Easy to implement. / Severe test data increase.
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Test Generation
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Test Cube Set

Find X-bits
(Property Preservation)

a b c
1 1 X
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X 1 X
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FF1

FF2
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0
0

1
0

Assign logic values for X-bits so that PPI = PPO.

Dynamic Compaction
(Random-Filling)

a b c
1 1 0
1 0 1
0 1 0

v1
v2
v3

Compact Test Set

Test Relaxation X-Filling

a b c
1 1 1
1 1 1
0 1 1

v1
v2
v3

Compact Test Set

The The PostPost--TestTest--GenerationGeneration Approach  Approach  
4. Capture Power Reduction (SOFT)

Easy to implement. / No test data increase.
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a b c
1 1 0
1 0 1
0 1 0

v1
v2
v3

a b c
1 1 X
1 X 1
X 1 X

v1
v2
v3

Test Relaxation

Example of Test Relaxation  Example of Test Relaxation  
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4. Capture Power Reduction (SOFT)
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Example of LowExample of Low--PowerPower--XX--Filling  Filling  

4. Capture Power Reduction (SOFT)
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Industrial Circuit
(90nm process / 1.2V / 50K gates / 2.5% VDD IR-drop budget)
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4. Capture Power Reduction (SOFT)
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4. Capture Power Reduction
Extension to Compressed Scan Testing (Extension to Compressed Scan Testing (CombinationalCombinational)  )  
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4. Capture Power Reduction
Extension to Compressed Scan Testing (Extension to Compressed Scan Testing (SequentialSequential))
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5. New Research Opportunities
Where Are We Now ? Where Are We Now ? 

The test power problem has become real and severe in industry.

Test power has been separated into shift power and capture power. 

Simple metrics developed for test power analysis, ex. WSA. 

Solutions developed for reducing average shift power. 

Solutions developed for reducing peak capture power. 

Mission Accomplished ?Mission Accomplished ?
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5. New Research Opportunities
The Answer The Answer 

NN

OO
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5. New Research Opportunities
LowLow--Power  Power  ≠≠ PowerPower--Safety Safety 

Global

Test
Power

Reduction

Transition-Gate No-Transition-Gate

Long Sensitized Path Long Sensitized Path

Still Risky !!

CircuitCircuit # of # of 
GatesGates

# of # of 
FFsFFs

# of # of 
ClockClock
GatorsGators

# of Test# of Test
VectorsVectors

Test Power AnalysisTest Power Analysis

# of# of
Risky Test Risky Test 

VecVec..

Ave.Ave.
Sens.Sens.
PathsPaths
/ / VecVec..

Ave.Ave.
Risky.Risky.
PathsPaths
/ / VecVec..

CPUCPU
(sec.)(sec.)

# of Risky # of Risky 
VecVec. with . with 
Low WSALow WSA

SmallSmall 50K50K 1,0771,077 6666 319319 8 8 0.10.1 1.11.1 4848 33

LargeLarge 600K600K 35,56635,566 984984 191191 11 11 0.20.2 3.83.8 2,7722,772 55
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5. New Research Opportunities
Gold Rush Goes OnGold Rush Goes On

Fast and accurate vector-based test power safety checking

Mitigating the clock-skew impact of shift power 

Pinpoint capture power management 

Solution-independent migration framework for test compression 

IP development with predefined low-power test data / infrastructure 

High-quality low-shift-power & low-capture-power logic BIST 

Power-safe 3D testing 

More Gold Ahead
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5. New Research Opportunity --- 1
Fast and Accurate Test Power Impact AnalysisFast and Accurate Test Power Impact Analysis

Heat
Analysis

Ideal but costly in terms of CPU time and data volume.

Sensitization
Analysis

Excessive Heat + Excessive Delay along Sensitized Paths

S.O.S.

Delay
Analysis

IR-Drop
Analysis +

No one can predict whether a test vector is power-safe or not.

Severe impact of 
process variation. 

No one knows whether test power is sufficiently reduced or not.
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Mitigating the ClockMitigating the Clock--Skew Impact of SSkew Impact of Shift Powerhift Power
5. New Research Opportunity --- 2

Clock Tree

Combinational Portion

Heat Problem

Timing Problem

Good Solutions

No Solutions
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Pinpoint

Long Sensitized Path

Sensitized Path

Non-Sensitized Path

FFs
VF (V)

Capture

High Local
Switching Activity

Low Local 
Switching Activity

Cold

Hot

Dead

5. New Research Opportunity --- 3
Pinpoint Capture Power Management  Pinpoint Capture Power Management  

No need to consider dead areas.
Hot areas must be removed.
Cold areas may be made “warm”.

Right Power Test
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Test Quality

Test Cost

Test Power

Maintain

Trade-Off

6. Summary
Holistic View  Holistic View  
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6. Summary
Technology Evolution  Technology Evolution  

2010

Current
Low-Power Test

Technologies

Coarse-Grained Fine-Grained
Unfocused (Global) Reduction

Over-Reduction Risk
Under-Reduction Risk

Severe Test Data Increase
No Power Safety Guarantee

2015?

Future
Power-Safe Test

Technologies

Focused (Local) Reduction
No Over-Reduction

Under-Reduction Countermeasure
Minimum Test Data Increase

Power Safety Guarantee
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Functional Power (Functional Power (1x1x)            Test Power ()            Test Power (2x~5x2x~5x) ) 

Excessive Test Power            TestExcessive Test Power            Test--Induced Yield LossInduced Yield Loss

Low-Power
Design

Low-Power
Test

6. Summary
Basic Message  Basic Message  

Low-power LSI circuits are at risk in testing !
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THANK YOU

Let us make LSI testing “cool ” .


