
WAFER-LEVEL TESTING AND TEST

PLANNING FOR INTEGRATED CIRCUITS

by

Sudarshan Bahukudumbi

Department of Electrical and Computer Engineering
Duke University

Date:
Approved:

Prof. Krishnendu Chakrabarty, Chair

Prof. John Board

Prof. Romit Roy Choudhury

Prof. Montek Singh

Prof. Kishor Trivedi

Dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy

in the Department of Electrical and Computer Engineering
in the Graduate School of

Duke University

2008



ABSTRACT

WAFER-LEVEL TESTING AND TEST

PLANNING FOR INTEGRATED CIRCUITS

by

Sudarshan Bahukudumbi

Department of Electrical and Computer Engineering
Duke University

Date:
Approved:

Prof. Krishnendu Chakrabarty, Chair

Prof. John Board

Prof. Romit Roy Choudhury

Prof. Montek Singh

Prof. Kishor Trivedi

An abstract of a dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy

in the Department of Electrical and Computer Engineering
in the Graduate School of

Duke University

2008



Copyright c© 2008 by Sudarshan Bahukudumbi

All rights reserved



Abstract

The relentless scaling of semiconductor devices and high integration levels have lead

to a steady increase in the cost of manufacturing test for integrated circuits (ICs).

The higher test cost leads to an increase in the product cost of ICs. Product cost

is a major driver in the consumer electronics market, which is characterized by low

profit margins and the use of a variety of core-based system-on-chip (SoC) designs.

Packaging has also been recognized as a significant contributor to the product cost for

SoCs. Packaging cost and the test cost for packaged chips can be reduced significantly

by the use of effective test methods at the wafer level, also referred to as wafer sort.

Test application time is a major practical constraint for wafer sort, even more than

for package test. Therefore, not all the scan-based digital test patterns can be applied

to the die under test. This thesis first presents a test-length selection technique for

wafer-level testing of core-based SoCs. This optimization technique, which is based

on a combination of statistical yield modeling and integer linear programming (ILP),

provides the pattern count for each embedded core during wafer sort such that the

probability of screening defective dies is maximized for a given upper limit on the SoC

test time. A large number of wafer-probe contacts can potentially lead to higher yield

loss during wafer sort. An optimization framework is therefore presented to address

test access mechanism (TAM) optimization and test-length selection for wafer-level

testing, when constraints are placed on the number of number of chip pins that can

be contacted.

Next, a correlation-based signature analysis technique is presented for mixed-

signal test at the wafer-level using low-cost digital testers. The proposed method

overcomes the limitations of measurement inaccuracies at the wafer-level. A generic

cost model is developed to evaluate the effectiveness of wafer-level testing of analog
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and digital cores in a mixed-signal SoC, and to study its impact on test escapes,

yield loss and packaging cost. Results are presented for a typical mixed-signal “big-

D/small-A” SoC from industry, which contains a large section of flattened digital

logic and several large mixed-signal cores.

Wafer-level test during burn-in (WLTBI) is an emerging practice in the semicon-

ductor industry that allows testing to be performed simultaneously with burn-in at

the wafer-level. However, the testing of multiple cores of a SoC in parallel during

WLTBI leads to constantly-varying device power during the duration of the test.

This power variation adversely affects predictions of temperature and the time re-

quired for burn-in. A test-scheduling technique is presented for WLTBI of core-based

SoCs, where the primary objective is to minimize the variation in power consumption

during test. A secondary objective is to minimize the test application time.

Finally, this thesis presents a test-pattern ordering technique for WLTBI. The

objective here is to minimize the variation in power consumption during test applica-

tion. The test-pattern ordering problem for WLTBI is solved using ILP and efficient

heuristic techniques. The thesis also demonstrates how test-pattern manipulation

and pattern-ordering can be combined for WLTBI. Test-pattern manipulation is car-

ried out by carefully filling the don’t-care (X) bits in test cubes. The X-fill problem

is formulated and solved using an efficient polynomial-time algorithm.

In summary, this research is targeted at cost-efficient wafer-level test and burn-in

of current- and next-generation semiconductor devices. The proposed techniques are

expected to bridge the gap between wafer sort and package test, by providing cost-

effective wafer-scale test solutions. The results of this research will lead to higher

shipped-product quality, lower product cost, and pave the way for known good die

(KGD) devices, especially for emerging technologies such as three-dimensional inte-

grated circuits.

v



Acknowledgements

There are several people who significantly influenced this dissertation - in ways direct

and indirect - and I would like to thank them here. My advisor, Dr. Krishnendu

Chakrabarty provided me the academic freedom to pursue research problems that

truly interested me, and for that I am very grateful. His genuine interest in my

progress, technical insights and pursuit of perfection have largely been responsible

for making me a better researcher.

I thank Dr. Sule Ozev for providing valuable counsel and feedback on the mixed-

signal project, and for educating me on the practical aspects of mixed-signal testing.

I would also like to thank Vikram Iyengar of IBM Corporation for providing industry-

insights on the mixed-signal project and for his help in preparing the mixed-signal

manuscript. I thank Rick Kacprowicz of Intel Corporation for being our industrial

mentor in the burn-in project, and for providing valuable insights on the implemen-

tation aspects of our work.

I would like to thank my committee members Dr. Kishor Trivedi, Dr. John

Board, Dr. Montek Singh, and Dr. Romit Roy Choudhury for taking time to serve

on my dissertation committee, and for providing constructive technical feedback on

my work. I would also like to thank Dr. Chris Dwyer for serving on my preliminary

examination committee.

I would like to thank people in my research group Zhanglei Wang, Lara Oliver,

Mahmut Yilaz and Yang Zhao. I have benefited greatly from numerous discussions

with Zhanglei and Mahmut on a wide range of topics- from testing to politics. I am

also indebted to Mahmut and Hongxia Fang for all their help with data generation

for my research projects.

Many people in the secretarial and support staff in electrical engineering specifi-

vi



cally Autumn Wenner and Ellen Currin have helped me on numerous occasions with

travel reimbursements, departmental letters and administrative support, making my

life around here a lot easier.

I am grateful for financial support I received for my graduate studies from the

Semiconductor Research Corporation and the National Science Foundation.

Finally, I would like to thank my mom, dad and brother for being a constant

source of support and comfort in times of need. This dissertation will not be complete

without the excellent support system they have provided over the years.

vii



Contents

Abstract iv

Acknowledgements vi

List of Tables xii

List of Figures xiv

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.1 System-level design-for-test and test scheduling for core-based
SoCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.1.2 Wafer-level test during burn-in . . . . . . . . . . . . . . . . . 7

1.1.3 Scan design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2 Motivation for thesis research . . . . . . . . . . . . . . . . . . . . . . 10

1.2.1 Challenges associated with wafer sort . . . . . . . . . . . . . . 11

1.2.2 Emergence of KGDs . . . . . . . . . . . . . . . . . . . . . . . 13

1.2.3 WLTBI: Industry adoption and challenges . . . . . . . . . . . 13

1.3 Wafer-level test planning for core-based SoCs . . . . . . . . . . . . . . 18

1.4 Wafer-level defect screening for mixed-signal SoCs . . . . . . . . . . . 19

1.5 WLTBI of core-based SoCs . . . . . . . . . . . . . . . . . . . . . . . . 20

1.6 Power management for WLTBI . . . . . . . . . . . . . . . . . . . . . 20

1.7 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2 Test-Length Selection and TAM Optimization 24

2.1 Defect probability estimation for embedded cores . . . . . . . . . . . 26

2.1.1 Unified negative-binomial model for yield estimation . . . . . 26

viii



2.1.2 Procedure to determine core defect probabilities . . . . . . . . 27

2.2 Test-length selection for wafer-level test . . . . . . . . . . . . . . . . . 33

2.2.1 Test-length selection problem: PTLS . . . . . . . . . . . . . . 36

2.2.2 Efficient heuristic procedure . . . . . . . . . . . . . . . . . . . 40

2.2.3 Greedy heuristic procedure . . . . . . . . . . . . . . . . . . . . 41

2.3 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.4 Test data serialization . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.4.1 Test-length and TAM optimization problem: PTLTWS . . . . 54

2.4.2 Experimental results: PTLTWS . . . . . . . . . . . . . . . . . 55

2.4.3 Enumeration-based TAM width and test-length selection . . . 59

2.4.4 TAM width and test-length selection based on geometric pro-
gramming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

2.4.5 Approximation error in Pr
S . . . . . . . . . . . . . . . . . . . . 66

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3 Defect Screening for “Big-D/Small-A” Mixed-Signal SoCs 71

3.1 Wafer-level defect screening: Mixed-signal cores . . . . . . . . . . . . 72

3.1.1 Signature analysis: Mean-signature-based-correlation (MSBC) 74

3.1.2 Signature analysis: Golden-signature-based-correlation (GSBC) 75

3.2 Generic cost model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.2.1 Correction factors : Test escapes and yield loss . . . . . . . . . 79

3.2.2 Cost model: Generic framework . . . . . . . . . . . . . . . . . 81

3.2.3 Overall cost components . . . . . . . . . . . . . . . . . . . . . 83

3.3 Cost model: Quantitative analysis . . . . . . . . . . . . . . . . . . . . 84

3.3.1 Cost model: Results for ASIC chip K . . . . . . . . . . . . . . 85

ix



3.3.2 Cost model: Results considering failures due to both digital
and mixed-signal cores . . . . . . . . . . . . . . . . . . . . . . 86

3.3.3 Cost model: Results considering failure distributions . . . . . 89

3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4 Wafer-Level Test During Burn-In (Part 1): Test Scheduling for
Core-Based SOCs 95

4.1 Test scheduling for WLTBI . . . . . . . . . . . . . . . . . . . . . . . . 97

4.1.1 Graph-matching-based approach for test scheduling . . . . . . 97

4.2 Heuristic procedure to solve PCore Order . . . . . . . . . . . . . . . . . 102

4.3 Baseline methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.4 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5 Wafer-Level Test During Burn-In (Part 2): Test-Pattern
Ordering 113

5.1 Background: Cycle-accurate power modeling . . . . . . . . . . . . . . 114

5.2 Test-pattern ordering problem: PTPO . . . . . . . . . . . . . . . . . . 116

5.2.1 Computational complexity of PTPO . . . . . . . . . . . . . . . 120

5.3 Heuristic methods for test-pattern ordering . . . . . . . . . . . . . . . 122

5.4 Baseline approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.4.1 Baseline method 1: Average power consumption . . . . . . . . 124

5.4.2 Baseline method 2: Peak power consumption . . . . . . . . . . 125

5.5 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6 Wafer-Level Test During Burn-In (Part 3): Power-Management
Framework 136

x



6.1 Minimum-variation X-fill problem: PMV F . . . . . . . . . . . . . . . 137

6.1.1 Metrics: Variation in power consumption during test . . . . . 137

6.1.2 Outline of proposed method . . . . . . . . . . . . . . . . . . . 138

6.2 Framework to control power variation for
WLTBI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

6.2.1 Minimum-variation X-filling . . . . . . . . . . . . . . . . . . . 139

6.2.2 Eliminating capture-power violations . . . . . . . . . . . . . . 143

6.2.3 Test-pattern ordering for WLTBI . . . . . . . . . . . . . . . . 144

6.2.4 Complete procedure . . . . . . . . . . . . . . . . . . . . . . . 145

6.3 Baseline approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

6.3.1 Baseline method 1: Adjacent fill . . . . . . . . . . . . . . . . . 147

6.3.2 Baseline method 2: 0-fill . . . . . . . . . . . . . . . . . . . . . 148

6.3.3 Baseline method 3: 1-fill . . . . . . . . . . . . . . . . . . . . . 148

6.3.4 Baseline method 4: ATPG-compacted test sets . . . . . . . . . 148

6.4 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

7 Conclusions and Future Work 158

7.1 Thesis Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.2.1 Integrated test-length and test-pattern selection for core-based
SoCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

7.2.2 Multiple scan-chain design for WLTBI . . . . . . . . . . . . . 162

7.2.3 Layout-aware SoC test scheduling for WLTBI . . . . . . . . . 163

Bibliography 164

Biography 175

xi



List of Tables

2.1 Core defect probabilities for four ITC’02 SoC test benchmark circuits. 34

2.2 Defect screening probabilities: ILP-based approach versus proposed
heuristic approaches. . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.3 Approximation error in Pr
S due to Taylor series approximation. . . . . 51

2.4 Relative Defect-Screening Probabilities Obtained Using PTLTWS (W =
32). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.5 Relative Defect-Screening Probabilities Obtained Using Pe−TLTWS. . 62

2.6 Relative Defect Screening Probabilities Obtained Using the GP-based
Heuristic Method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

2.7 Approximation error in relative defect-screening probability for d695
and a586710. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

2.8 Approximation error in relative defect-screening probability for the
“p” SoCs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.1 Wafer-level defect screening: experimental results for an 8-bit flash
ADC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.2 Experimental Results for Cost Savings Considering Failure Type Dis-
tributions for Mixed-Signal Cores. . . . . . . . . . . . . . . . . . . . . 92

4.1 Reduction in test-power variance for d695. . . . . . . . . . . . . . . . 109

4.2 Reduction in test-power variance for p22810. . . . . . . . . . . . . . . 110

4.3 Reduction in test-power variance for p93791. . . . . . . . . . . . . . . 111

5.1 Percentage reduction in the variance of test power consumption ob-
tained using ILP and the Pattern Order heuristic. . . . . . . . . . . 127

xii



5.2 Percentage reduction in the variance of test power consumption ob-
tained using the Pattern Order heuristic for selected ISCAS’89 bench-
mark circuits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

5.3 Percentage reduction in the variance of test power consumption ob-
tained using the Pattern Order heuristic for selected IWLS’05 bench-
mark circuits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.4 Percentage reduction in the variance of test power consumption ob-
tained using the ILP-based heuristic. . . . . . . . . . . . . . . . . . . 133

5.5 Percentage reduction in the variance of test power consumption ob-
tained using the Pattern Order heuristic for three ISCAS’89 bench-
mark circuits using t-detect test patterns. . . . . . . . . . . . . . . . . 134

6.1 Percentage reduction in the variance of test power consumption ob-
tained using the Min V ar procedure for the ISCAS’89 benchmark
circuits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.2 Percentage reduction in the variance of test power consumption ob-
tained using the Min V ar procedure for the IWLS’05 benchmark cir-
cuits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.3 Percentage reduction in the variance of test power consumption using
the Min V ar procedure over Baseline 4 for the ISCAS’89 benchmark
circuits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.4 Percentage reduction in the variance of test power consumption using
the Min V ar procedure over Baseline 4 for the IWLS’05 benchmark
circuits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.5 Contribution of pattern-ordering in reducing the variation in test power
consumption. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

xiii



List of Figures

1.1 Trend in test cost versus manufacturing cost per transistor (adapted
from [1]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 The steps involved in the testing of a semiconductor device. . . . . . 3

1.3 Test architecture based on wrappers and a TAM [2]. . . . . . . . . . . 6

1.4 Test and burn-in flow using: (a) PLBI; (b) WLTBI. . . . . . . . . . . 9

1.5 Flip-flops in a circuit connected as a scan chain. . . . . . . . . . . . . 10

1.6 System-in-package test flow [3]. . . . . . . . . . . . . . . . . . . . . . 14

2.1 Defect estimation: Placement of a core with respect to blocks. . . . . 28

2.2 Flowchart depicting the sequence of procedures used to estimate core
defect probabilities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.3 Integer linear programming model for PTLS. . . . . . . . . . . . . . . 39

2.4 Percentage of test patterns applied to each core in p22810 for W = 8. 46

2.5 Percentage of test patterns applied to each core in p34392 for W = 8. 47

2.6 Percentage of test patterns applied to each core in p93791 for W = 8. 48

2.7 Relative defect-screening probabilities for the individual cores in p22810
for W = 8. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.8 Relative defect-screening probabilities for the individual cores in p34392
for W = 8. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.9 Relative defect-screening probabilities for the individual cores in p93791
for W = 8. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.10 (a) Accessing a wrapped core for package test only (b) TAM de-
sign that allows RPCT-based wafer sort using a pre-designed wrap-
per/TAM architecture. . . . . . . . . . . . . . . . . . . . . . . . . . . 53

xiv



2.11 Integer linear programming model for PTLTWS. . . . . . . . . . . . . 56

2.12 Percentage of test patterns applied to each core in d695 when W ∗ = 16
and W = 32. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.13 Relative defect-screening probabilities for the individual cores in d695
when W ∗ = 16 and W = 32. . . . . . . . . . . . . . . . . . . . . . . . 59

2.14 Percentage of test patterns applied to each core in p34392 when when
W ∗ = 16 and W = 32. . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.15 Relative defect-screening probabilities for the individual cores in p34392
when W ∗ = 16 and W = 32. . . . . . . . . . . . . . . . . . . . . . . . 63

2.16 Geometric programming model for PTLTWS. . . . . . . . . . . . . . . 64

3.1 Flowchart depicting the mixed-signal test process for wafer-level fault
detection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.2 The variation of the fault coverage and correction factor versus the
number of test vectors applied to the digital portion of Chip K. . . . 81

3.3 Distribution of cost savings for a small die with packaging costs of (a)
$1 (b) $3 (c) $5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.4 Distribution of cost savings for a medium die with packaging costs of
(a) $3 (b) $5 (c) $7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.5 Distribution of cost savings for a large die with packaging costs of (a)
$5 (b) $7 (c) $9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.6 Distribution of cost savings for a large die with packaging costs of (a)
$5, (b) $7 (c) $9, when test escapes between digital and analog parts
are correlated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

3.7 Variation in cost savings considering the impact of mixed-signal fail
types. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.1 (a) TAM architecture for the d695 SoC with W = 32 (b) Correspond-
ing B-partite (B = 3) graph, also referred to as a tripartite graph for
the d695 SoC with W = 32. The nodes correspond to cores. . . . . . 98

xv



4.2 (a) Test schedule for the d695 SoC with W = 32 and Pmax = 1800.
(b) Matched tripartite graph for the d695 SoC with W = 32. Dotted
lines represent matching. . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.3 Pseudocode for the Core Order heuristic procedure. . . . . . . . . . . 103

4.4 Power profile for d695 obtained using baseline approach 1 and Core Order
(W = 32 and Pmax = 1800). . . . . . . . . . . . . . . . . . . . . . . . 105

5.1 Example to illustrate scan shift operation. . . . . . . . . . . . . . . . 116

5.2 Integer linear programming model for PTPO. . . . . . . . . . . . . . . 120

5.3 Pseudocode for the Pattern Order heuristic. . . . . . . . . . . . . . . 124

5.4 Impact of TCth on test power variation for s5378: (a) Pmax = 145 and
(b) Pmax = 150 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.1 State of the flip-flops during scan testing. . . . . . . . . . . . . . . . . 140

6.2 Total number of transitions for different clock cycles. . . . . . . . . . 140

6.3 Equations describing the per-cycle change in transition counts. . . . . 141

6.4 Example to illustrate minimum-variation X-fill. . . . . . . . . . . . . 142

6.5 Flowchart depicting the Min V ar framework for WLTBI. . . . . . . . 146

6.6 (a) Test cubes for s208 benchmark circuit; (b) Equations describing
the per-cycle change in transition counts (c) Test set after minimum-
variation X-fill. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

xvi



Chapter 1

Introduction

As predicted by Moore’s law, the number of transistors on a chip has continued to

grow in recent years. This increase in transistor count has been accompanied by

rapid advances in the semiconductor industry, such as higher levels of integration on

a chip, greater functionality, faster clock rates, lower device power, and small form

factors. Shrinking feature sizes drive down the cost per transistor, a trend that has

been reported recently in the International Technology Roadmap for Semiconductors

(ITRS) [1]. The cost of manufacturing test, however, has failed to follow this trend;

the cost of test per transistor has shown no appreciable decrease over time. This

trend can clearly be seen from Figure 1.1 [1], where the cost for manufacturing and

testing a transistor are illustrated on the same axes. Higher levels of integration on

a chip lead to significant increase in test time. The increase in test time for these

devices leads to an increase in the test cost. More research is therefore needed to

reduce the test cost per transistor of integrated circuits (ICs).

A system-on-chip (SoC) integrated circuit consists of a set of complex pre-designed

modules, referred to as embedded cores, which are implemented on the same piece

of silicon [4]. An SoC provides the system integrator with a wider variety of design

alternatives than earlier generations of application-specific ICs. Recent advances

in semiconductor process technologies and the advent of sophisticated design tools

have enabled the design of complete electronic systems on a single chip. In order to

handle complexity and satisfy the ever-increasing demand for shorter time-to-market

for SoCs, design engineers typically use pre-designed and pre-verified embedded cores

in their designs. These embedded cores, typically provided by “fabless” companies

1



Figure 1.1: Trend in test cost versus manufacturing cost per transistor (adapted
from [1]).

in black-box form, are known as intellectual property (IP) cores.

The manufacturing test of SoCs is a process where test stimuli are applied to

the fabricated SoC by means of a test-access mechanism (TAM). The TAM provides

test access to the embedded cores in the SoC from the input/output (I/O) terminals

of the chip. The steps involved in testing of SoCs, and semiconductor devices in

general, can be classified into three categories: wafer sort or probe test, post-package

manufacturing test, and burn-in.

Wafer sort is the first step in the manufacturing test process, where the chip

in bare wafer form is tested for manufacturing defects. The devices are subjected

to standardized parametric and functional tests; devices that pass these tests are

subjected to further assembly and test processes, and the ones that fail these tests

are marked with an ink dot on the wafer to indicate that they are faulty.

Once the devices that pass the test at the wafer-level are packaged, they are
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Figure 1.2: The steps involved in the testing of a semiconductor device.

subjected to package test. The package test process is often carried out in two

stages. The first stage of testing a packaged device takes place before the burn-in

process, and the second stage, i.e., the final step in testing the device, is carried out

after burn-in. Complete parametric, functional, and structural testing are performed

during package testing of these devices.

Some devices that pass all the manufacturing tests may fail early during their

lifetime. The burn-in test process accelerates failure mechanisms that cause early

field failures (“infant mortality”) by stressing packaged chips under high operating

temperatures and voltages. The burn-in process is therefore an important component

in the test and manufacturing flow of a semiconductor device, and it is necessary to

ensure reliable field operation. Figure 1.2 illustrates the conventional test flow for

semiconductor devices.
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Techniques and solutions employed for probe testing of SoCs can also be used

exclusively during the manufacture of known good dies (KGDs); KGDs are fully

functional devices that are sold as bare dies and used in the manufacture of complex

system-in-package (SiP) devices and multi-chip packages (MCPs). Until recently, a

major concern was the electrical integrity of the bare die. There are several challenges

to performing full electrical testing of a bare die to verify conformance to specifica-

tions. Also, until recently, bare die were not subjected to burn-in. Thus latent defects

went undetected with the bare die. With recent advances in the manufacture of semi-

conductor test equipment, and increased awareness of the importance of the KGD,

complex test and burn-in functions can be carried out at the wafer level [5, 6].

Market and functionality segments exist for both SoCs and KGD integration in

SiPs and three-dimensional (3-D) ICs, and these design approaches are complemen-

tary rather than competitive [3]. SoCs find applications in standardized processes for

digital-centric functions, thereby enabling easy and seamless integration of additional

functions when necessary. SiPs and stacked 3-D ICs provide an approach where a

mix of devices, components, and technologies are used to maximize performance and

cost. Designers are thus able to drastically reduce the time-to-market with the choice

of such design technologies. It is therefore important to address the test challenges of

SoCs as well as reduce the test cost for the manufacture of KGDs at the wafer level.

1.1 Background

In this section, we review some key testing methods and concepts that are referred

to in the rest of the thesis.
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1.1.1 System-level design-for-test and test scheduling for core-

based SoCs

The testing of core-based SoCs requires the availability of a suitable on-chip test

infrastructure, which typically include test wrappers and TAMs. A core test wrapper

is the logic circuitry that is added around the embedded core to provide suitable test

access to the core, while at the same time isolating the core from its surrounding

logic during test [7, 8, 9]. The test wrapper provides each core with a normal mode

of operation, an external-test mode, and an internal-test mode. When the core is

in the normal mode of operation, it maintains the functionality that is desired for

proper device operation; the wrapper is transparent to the surrounding logic in this

mode of operation. The core in its external-test mode observes the wrapper elements

for interconnect test, and when the core is in the internal-test mode, the wrapper

elements control the state of the core input terminals for testing the core internal

logic. The TAM transports test stimuli and responses between the SoC pins and the

core terminals. Careful design of test wrappers and TAM can lead to significant cost

savings by minimizing the overall test time [8, 9, 10, 11, 12, 13, 14].

Figure 1.3 illustrates the use of generic core test wrappers and TAMs for a design

with N embedded cores [2]. The test source provides test vectors to the embedded

cores via on-chip linear feedback shift registers (LFSRs), a counter, ROM, or off-chip

automatic test equipment. A test sink, by means of on-chip signature analyzers, or off-

chip automatic test equipment (ATE), provides verification of the output responses.

The TAM is user-defined; the system integrator must design these structures for the

SoC by optimally allocating TAM wires to the embedded cores in the SoC with the

objective of minimizing the overall test time. The TAM is not only used to transport

test stimuli and responses to and from the cores, but it is also used for interconnect

test between the embedded cores in the SoC. The test access port (TAP) receives
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Figure 1.3: Test architecture based on wrappers and a TAM [2].

control signals from outside to control the mode of operation of test wrappers; the

TAP enables the loading of test instructions serially on to the test-wrappers.

The testing of core-based SoCs continues to be a major concern in the semicon-

ductor industry [1, 15]. The recent IEEE 1500 Standard addresses some aspects

of the testing of core-based SoCs [7]. A standardized 1500 wrapper can either be

provided by the core vendor or it can be implemented during system integration.

Wrapper/TAM co-optimization in conjunction with test scheduling play an impor-

tant role during system integration as they directly impact the testing time for the

SoC and the associated tester data volume. There are several issues to be consid-

ered during test scheduling of core-based SoCs, e.g., power consumption constraints

[16, 17], precedence constraints during test [17, 18], conflicts between cores arising

from the use of shared TAM wires, etc. A number of efficient solutions have recently

been proposed for TAM optimization and test scheduling [8, 11, 12, 14, 16, 18, 19];
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however, these methods are aimed at reducing the test time for package test only.

They do not address the problems that are specific to wafer-level testing.

1.1.2 Wafer-level test during burn-in

In addition to the need for effective test techniques for defect screening and speed

binning for ICs, there is an ever-increasing demand for high device reliability and low

defective-parts-per-million levels. Semiconductor manufacturers routinely perform

reliability screening on all devices before shipping them to customers [20]. Accelerated

test techniques shorten time-to-failure for defective parts without altering the device

failure characteristics [21]. Burn-in is one such technique that is widely used in the

semiconductor industry [6, 21].

The long time intervals associated with burn-in result in high cost [1, 22, 23].

It is however unlikely that burn-in will be completely eliminated in the near future

for high-performance chips and microprocessors [1]. Wafer level burn-in (WLBI) has

recently emerged as an enabling technology to lower the cost of burn-in [6]. In this

approach, devices are subjected to burn-in and electrical testing while in the bare

wafer form. By moving the burn-in process to the wafer-level, significant cost savings

can be achieved in the form of lower packaging costs, as well as reduced burn-in and

test time.

Test during burn-in at the wafer-level enhances the benefits that are derived from

the burn-in process. The monitoring of device responses while applying suitable test

stimuli during WLBI leads to the easier identification of faulty devices. We refer to

this process as “wafer-level test-during-burn-in” (WLTBI); it is also referred to in the

literature as “test in burn-in” (TIBI) [21], “wafer-level burn-in test” (WLBT) [24],

etc.

Figure 1.4 illustrates and compares the test and burn-in flow in a semiconductor
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manufacturing process. The manufacturing flow for package-level burn-in (PLBI) is

shown in Figure 1.4(a); Figure 1.4(b) highlights the manufacturing flow when WLTBI

is employed for test and burn-in at the wafer-level. Test and burn-in of devices in the

bare wafer form can potentially reduce the need for post-packaging test and burn-in

for packaged chips and KGDs. In the manufacture of KGDs, WLTBI eliminates the

need for a die-carrier and carrier burn-in, thereby resulting in significant cost savings.

The basic techniques used for the testing and burn-in of individual chips are the

same as those used in WLTBI. Test and burn-in require the availability of suitable

electrical excitation of the device/die under test (DUT), irrespective of whether it is

done on a packaged chip or a bare die. The only difference lies in the mode of delivery

of the electrical excitation. Mechanically contacting the leads provides electrical bias

and excitation during conventional testing and burn-in. In the case of WLTBI, this

excitation can be provided in any of the following three ways: the probe-per-pad

method, the sacrificial metal method and the built-in test/burn-in method [25].

The built-in test/burn-in method involves the use of on-chip design-for-test (DfT)

infrastructure to achieve WLTBI. This technique allows wafers to undergo full-wafer

contact using far fewer probe contacts. The presence of sophisticated built-in DfT

features on modern day ICs makes “monitored burn-in” possible. Monitored burn-in

is a process where a DUT is provided with input test patterns; the output responses

of the DUT are monitored on-line, thereby leading to the identification of failing

devices. It is therefore clear that WLTBI has a significant potential to lower the

overall product cost by breaking the barrier between burn-in and test processes. As

a result, ATE manufacturers have recently introduced WLBI and test equipment

that provide full-wafer contact during burn-in and they also provide test monitoring

capabilities [6, 24, 26].
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Figure 1.5: Flip-flops in a circuit connected as a scan chain.

1.1.3 Scan design

Scan design is a widely used DfT technique that provides controllability and observ-

ability for flip-flops by adding a scan mode to the circuit. When the circuit is in scan

mode, all the flip-flops form one or more shift registers, also known as scan chains.

Using separate scan access I/O pins, test patterns are serially shifted in to the scan

chains and test responses are serially shifted out. This process significantly reduces

the cost of test by transforming the sequential circuit into a combinational circuit for

test purposes. For circuits with scan designs, the test process involves test pattern

application from external ATE to the primary inputs and scan chains of the DUT.

To make a pass/fail decision on the DUT, the states of the primary outputs and the

flip-flops are fed back to the ATE for analysis. Figure 1.5 illustrates how flip-flops

are connected to form a scan chain.

1.2 Motivation for thesis research

The ATE is first used in the semiconductor manufacturing process during wafer

sort, when the chip is still in the bare wafer form. Effective defect screening at the

wafer level leads to significant cost savings by eliminating the assembly and further

testing of faulty die. Data generated during the sort process quickly provides valuable

feedback to the wafer fab. This information is time-sensitive, and the timely reporting
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of this information to the fab can facilitate changes to the manufacturing process that

can increase the yield.

1.2.1 Challenges associated with wafer sort

Wafer-level testing leads to early defect screening, thereby reducing packaging and

production cost [2, 27, 28]. As highlighted in [1, 29], packaging cost accounts for a

significant part of the overall production cost. Current packaging costs for a cost-

sensitive, yet performance-driven, IC can vary between $3.6 to $20.5, depending

on the number of pins in the IC [1]. These costs are further increased for high-

performance ICs. It has also been reported that the packaging cost per pin exceeds

the cost of silicon per square millimeter, and the number of pins per die can easily

exceed the number of square millimeters per die [1, 29].

Several challenges are associated with testing at the wafer-level. These challenges

need to be addressed in order to reduce the cost associated with the complete test

process of a semiconductor chip.

Semiconductor companies often resort to the use of low-cost testers at the wafer-

level to reduce the overall capital investment on ATE. These testers are constrained

by the limited amount of memory available to store test patterns and responses,

the number of available tester channels, and the maximum frequency at which they

can be operated. Reduced memory and the limited the number of available tester

channels reduce the number of devices that can be tested simultaneously. This is

especially a severe limitation at the wafer-level since there are multiple dies on a

single wafer; decrease in parallelism due to tester limitations results in a significant

increase in the overall test time.

Measurement inaccuracies are common when analog cores are tested in a mixed-

signal test environment based on digital signal processing. This problem is exacer-
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bated by noisy DC power supply lines, improper grounding of the wafer probe, and

lack of proper noise shielding of the wafer probe station [30]. The above problems

make test and characterization at the wafer-level especially difficult, and they can

lead to high yield loss during wafer sort.

The scaling of test costs for semiconductor devices highlights the need for new

techniques to minimize the overall test cost. Several techniques to minimize the

overall test time for SoCs during package testing have been proposed in [8, 10, 11,

12, 9]. In contrast, test planning for effective utilization of hardware resources for

wafer-level has not been studied. There is a need for basic research in two focus

areas related to wafer-level testing of core-based digital SoCs. It is common practice

in industry to partially test these devices at the wafer level in order to reduce test

cost. The first focus area addresses wafer-level test planning of these devices under

constraints of test application time. The ATE is also constrained by the number of

available tester channels because of the use of low-cost digital testers. The second

focus area develops test techniques to test these devices at the wafer-level under such

limitations.

In a special class of SoC designs known as “big-D/small-A” mixed-signal SoCs, the

fraction of die area taken up by analog circuits can range from 5% to 30% [31]. The

DragonBallTM -MX1 SoC, details for which are presented in [32], is an example of a

“big-D/small-A” mixed-signal SoC. Most “big-D/small-A” SoCs comprise of at least

a pair of complementary data converters, a significant amount of digital logic and a

PLL [32, 33]. In the SoC described in [32], the mixed-signal components constitute up

to 10% of the overall die area. The applications of mixed-signal SoCs to the consumer

market are numerous, ranging from medical monitoring devices to audio products and

handheld devices. The consumer electronics market is also characterized by low profit

margins and rising packaging costs [1, 29]. Test and packaging costs are therefore of
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increasing importance for such SoCs. Wafer-level defect screening techniques to test

these devices are essential in order to minimize the overall test cost.

1.2.2 Emergence of KGDs

Wafer sort testing was once considered a method to save packaging costs by elim-

inating bad dies. Today, wafer sort is an important step in process control, yield

enhancement, and yield management [34]. The emerging trend of selling bare dies

(KGDs) instead of packaged parts further emphasizes the importance of wafer sort.

KGDs are handled in the following ways: a) packaged by the customer in a custom

package; b) mounted directly on a substrate; c) combined with other die in a MCP

or SiPs [34]. KGDs produced with different process technologies can be integrated

into a high-density product at the package level.

With the emergence of MCPs and SiPs, the yields of the individual die making up

the package determine the overall yield of the product. Full functional and structural

testing of these devices at wafer sort is therefore important. In addition to testing

these devices, there is a need to burn-in these devices in their bare wafer form to

weed out all latent defects and ensure reliable operation.

The test flow for a typical SiP, shown in Figure 1.6, highlights the need for cost-

effective wafer-scale test and burn-in solutions.

1.2.3 WLTBI: Industry adoption and challenges

WLTBI technology has recently made rapid advances with the advent of the KGD

[35]. The growing demand for KGDs in complex SoC/SiP architectures, multi-chip

modules, and stacked memories, highlights the importance of cost-effective and vi-

able WLTBI solutions [6]. WLTBI will also facilitate advances in the manufacture of

3-D ICs, where bare dies or wafers must be tested before they are vertically stacked.
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Figure 1.6: System-in-package test flow [3].

WLTBI can therefore be viewed as an enabling technology for cost-efficient manufac-

ture of reliable 3-D ICs.

Recently, Motorola teamed up with Tokyo Electron Ltd. and W.L. Gore & Asso-

ciates Inc. to develop a WLTBI system for commercial use. These systems provided

a full-wafer direct-contact solution for bumped die used in flip-chip assembly applica-

tions [25]. Aehr Test Systems recently announced that it shipped full wafer contact

burn-in and test systems to a leading automotive IC manufacturer [36]. These test

systems have the ability to contact 14 wafers simultaneously by providing 30,000

contact-point capability per wafer. The test features of the system include a full al-

gorithmic test for memories, and vector pattern generator for devices using BIST [36].
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A study was presented in [5] to compare the cost of wafer level burn-in and test with

the burn-in and test of a singulated die. It was shown that in a high-volume manu-

facturing environment, wafer-level burn-in and test was more cost-effective compared

to equivalent “die-pack” and chip-scale packaging technologies [5]. Similar WLBI

and TDBI equipment with response monitoring capabilities at elevated temperatures

have been successfully manufactured and deployed by other leading test equipment

manufacturing firms such as Advantest [37] and Delta-V instruments [6].

Successful implementation of WLTBI technologies is essential for the cost-effective

manufacture of devices used in communication, automobile and computer markets

[25]. The following are some of the benefits of WLTBI, which motivate the need for

enabling technologies for WLTBI.

1. Burn-in for KGDs at the wafer level require less test insertions and also reduces

the burn-in cycle time when compared with die-level burn-in [25].

2. WLTBI can provide quick feedback to wafer manufacturing; this provides an

effective mechanism for process control, while at the same time improving the

yield of the process.

3. It has been shown in [5] that WLTBI is a cost-efficient technique for the man-

ufacture of reliable and fully functional KGDs.

4. Commercial WLTBI test equipment are currently being deployed by some lead-

ing semiconductor companies to lower manufacturing cost [5].

Thermal Challenges

Successful WLTBI operation requires a through understanding of the thermal char-

acteristics of the DUT. In order to keep the burn-in time to a minimum, it is essential

to test the devices at the upper end of their temperature envelope [38]. Moreover,
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the junction temperatures of the DUT need to be maintained within a small window

such that burn-in predictions are accurate.

Scan-based testing is now widely used in the semiconductor industry [39]. How-

ever, scan testing leads to complex power profiles during test application; in partic-

ular, there is a significant variation in the power consumption of a device under test

on a cycle-by cycle basis. In a burn-in environment, the high variance in scan power

adversely affects predictions on burn-in time, resulting in a device being subjected

to excessive or insufficient burn-in. Incorrect predictions may also result in thermal

runaway.

The challenges that are encountered during WLTBI are a combination of the

problems faced during the sort process and during burn-in. Wafer-sort is used to

identify defective dies at wafer level before they are assembled in a package. It is also

the first test-related step in the manufacturing process where thermal management

plays an important role. Current wafer probers use a thermal chuck to control the

device temperature during the sort process. The chuck is an actively regulated metal

device controlled by external chillers and heaters embedded under the device [38].

The junction temperature of the DUT is determined by the following relationship

[38, 40, 41]:

Tj = Ta + P · θja (1.1)

where Tj is the junction temperature of the device, Ta is the ambient temperature,

P is the device power consumption, and θja is the thermal resistance (junction to

ambient) of the device. The value of Tj is therefore determined by the device power

consumption, thermal resistance, and a constant Ta. The controllability of Tj is lim-

ited by the extent to which the parameters Ta and P can be controlled. Considerable

power fluctuations during the test of the DUT can significantly affect the value of Tj

for the DUT, thereby adversely impacting the reliability screening process.
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One of the important goals of the burn-in process is to keep the burn-in time to a

minimum, thereby increasing throughput, and minimizing equipment and processing

costs. It is also important to have a tight spread in temperature distribution of

the device, to increase yield and at the same time minimize burn-in time [38]. The

parameter Tj cannot exceed a pre-determined threshold due to concerns of thermal

runaway and the need to maintain proper circuit functionality. It is this issue of

controlling the spread in Tj over the period of test application that we address in this

thesis.

The objective of this thesis research is to reduce the overall cost of the product

by efficient test planning and test resource optimization at the wafer level. Four key

research problems are identified and solved in this thesis.

• Wafer-level test planning for core-based digital SoCs. A framework for

TAM optimization and test-length selection for wafer-level testing of core-based

digital SoCs is necessary, especially when constraints are placed on the number

of chip pins that can be contacted and the overall test time for the SoC during

probe test.

• Wafer-level defect-screening for mixed-signal SoCs. The goal here is

to develop a signature analysis technique that is especially suitable for mixed-

signal test at the wafer-level using low-cost digital testers.

• Test scheduling for WLTBI of core-based SoCs. An efficient test-scheduling

method is needed for core-based SoCs that reduces the overall variation in power

consumption during WLTBI.

• Test-pattern ordering and test-data manipulation for WLTBI. The

goal here is to optimally order test patterns and carefully fill the don’t care bits
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in the test cube such that the variation in power consumption during WLTBI

is minimized.

We present additional background material on the above problem areas in Sections

1.3-1.6, and also provide a brief overview of the work carried out in this thesis.

1.3 Wafer-level test planning for core-based SoCs

A recent SoC test scheduling method attempted to minimize the average test time

for a packaged SoC, assuming an abort-on-first fail strategy [42, 43]. The key idea

in this work is to use defect probabilities for the embedded cores to guide the test

scheduling procedure. These defect probabilities are used to determine the order in

which the embedded cores in the SoC are tested, as well as to identify the subsets of

cores that are tested concurrently. The defect probabilities for the cores were assumed

in [42] to be either known a priori or obtained by binning the failure information

for each individual core over the product cycle [43]. In practice, however, short

product cycles make defect estimation based on failure binning difficult. Moreover,

defect probabilities for a given technology node are not necessarily the same for the

next (smaller) technology node. Therefore, a yield modeling technique is needed to

accurately estimate these defect probabilities.

Test time is a major practical constraint for wafer sort, even more so than for

package test, because not all the scan-based digital tests can be applied to the die

under test. It is therefore important to determine the number of test patterns for

each core that must be used for the given upper limit on SoC test time for wafer

sort, such that the probability of successfully screening a defective die is maximized.

The number of patterns need to be determined on the basis of a yield model that

can estimate the defect probabilities of the embedded cores, as well as a “test escape
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model” that provides information on how the fault coverage for a core depends on

its test length.

Reduced-pin count testing (RPCT) has been advocated as a design-for test tech-

nique, especially for use at wafer sort, to reduce the number of IC pins that needs

to be contacted by the tester [44, 45, 46, 47, 48]. RPCT reduces the cost of test by

enabling the reuse of old testers with limited channel availability. It also reduces the

number of probe points required during wafer test; this translates to lower test cost,

as well as less yield loss issues arising from contact problems with the wafer probe.

We have developed an optimization framework for wafer sort that addresses TAM

optimization and test-length selection for wafer-level testing of core-based digital

SoCs.

1.4 Wafer-level defect screening for mixed-signal

SoCs

The test cost for a mixed-signal SoC is significantly higher than that for a digital SoC

[49]. This is due to the capital cost associated with expensive mixed-signal ATE, as

well as the high test times for analog cores. Test methods for analog circuits that

rely on low-cost digital testers are therefore especially desirable; a number of such

methods have recently been developed [50, 51, 52, 53, 54, 55, 52].

Despite the numerous benefits of testing at the wafer level, industry practitioners

have reported that mixed-signal test is seldom carried out at the wafer level [33, 56].

In our work, we present a new correlation-based signature analysis technique for

mixed-signal cores, which facilitates defect screening at the wafer-level. The proposed

technique is inspired by popular outlier analysis techniques for IDDQ testing [57, 58].

Outlier identification using IDDQ during wafer sort is difficult for deep-submicron

processes [59]. This problem has been addressed using statistical post-processing
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techniques that utilize the test response data from the ATE [57]. We have developed

a similar classification technique that allows us to make a pass/fail decision under

non-ideal ambient conditions and using imprecise measurements. We present a wafer-

scale analog test method based on the use of low-cost digital testers, and with reduced

dependence on mixed-signal testers.

1.5 WLTBI of core-based SoCs

Several test scheduling techniques target reduction in overall test application time

while considering power consumption constraints [16], precedence constraints during

test [18], and conflicts between cores arising from the use of shared TAM wires.

However, test scheduling for WLTBI has not thus far been addressed in research

literature. In this thesis, we present a test scheduling technique that reduces the

variation in power consumption during WLTBI.

1.6 Power management for WLTBI

The higher power consumption of ICs during scan-based testing is a serious concern in

the semiconductor industry; scan power is often several times higher than the device

power dissipation during normal circuit operation [60]. Excessive power consumption

during scan testing can lead to yield loss. As a result, power minimization during

test-pattern application has recently received much attention [61, 62, 63, 64, 65, 66].

Research has focused on pattern ordering to reduce test power [61, 67, 68]. The

pattern-ordering problem has been mapped to the well-known Traveling Salesman

Problem (TSP) [67, 68]. Testing semiconductor devices during burn-in at wafer-

level requires low variation in power consumption during test [38]. A test-pattern

reordering method that minimizes the dynamic power consumption does not address

the needs of WLTBI. Specific techniques need to be developed to address this aspect
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of low-power testing testing, i.e., the ordering of test patterns to minimize the overall

variation in power consumption.

In this thesis, we address the problem of power-conscious test-pattern ordering

for WLTBI. The solutions methods, which are based on ILP and efficient heuristics,

allow us to determine an appropriate ordering of test patterns that minimizes the

overall cycle-by-cycle variation in power. Reduced variance in test power results in

less fluctuations in the junction temperatures of the device. Test cubes generated

by commercial automatic test pattern generation (ATPG) tools such as [69] have a

significant percentage of don’t-care bits in the test cubes. These unspecified bits in

the test cubes can be filled with logic ‘0’ and ‘1’ to minimize peak/average power,

enhance test compression, and increase the coverage of unmodeled defects. Several

methods have been proposed to reduce the power consumption during scan testing

by filling unspecified values in the test cubes [64, 70, 71]. In this thesis, we focus on a

WLTBI-specific X-fill framework that can control the variation in power consumption

during scan shift/capture.

1.7 Thesis outline

In this thesis we address three important practical problems: (i) wafer-level modular

testing of core-based digital SoCs, (ii) wafer-level defect screening for “big-D/small-

A” SoCs, and (iii) power management for WLTBI. These problems are solved with

the underlying objective of lowering product cost, either by reducing the cost of

packaging, or the cost of testing and the associated test infrastructure. The remainder

of the thesis is organized as follows.

In Chapter 2, we present techniques for wafer-level modular testing of core-based

SoCs. A statistical yield model is first developed to estimate the defect probabil-

ities of the cores. This information is then used in an optimization framework to
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make decisions on the test-lengths for the cores under constraints of test application

time. Similar techniques for wafer-level RPCT are also developed. Simulation results

on the defect-screening probabilities are presented for five of the ITC’02 SoC Test

benchmarks.

In Chapter 3, we propose a signature analysis technique for wafer-level defect-

screening of “big-D/small-A” SoCs. A generic cost model is used to evaluate the

effectiveness of wafer-level testing of analog and digital cores in a mixed-signal SoC,

and to study its impact on test escapes, yield loss and packaging costs. Experimental

results are presented for a typical “big-D/small-A” SoC, which contains a large section

of flattened digital logic and several large mixed-signal cores.

A test-scheduling technique specifically suited for WLTBI of core-based SoCs is

presented in Chapter 4. The primary objective of the test-scheduling technique is to

minimize the variation in power consumption during test. A secondary objective is

to minimize the test application time. The test-scheduling problem is modeled using

multi-partite graphs and it is solved using a graph-matching technique. Simulation

results are presented for three ITC02 SoC benchmarks, and the proposed technique

is compared with two baseline methods.

In Chapter 5, we present a test-pattern ordering technique for WLTBI, where

the objective is to minimize the variation in power consumption during test appli-

cation. The test-pattern ordering problem for WLTBI is formulated and it is solved

optimally using integer linear programming (ILP). Efficient heuristic methods are

also presented to solve the pattern-ordering problem for large circuits. Simulation

results are presented for the ISCAS’89 and the IWLS’05 benchmark circuits, and

the proposed ordering technique is compared with two baseline methods that carry

out pattern-ordering to minimize peak power and average power, respectively. A

third baseline method that randomly orders test patterns is also used to evaluate the
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proposed methods.

In Chapter 6, we present a unified test-pattern manipulation and pattern-ordering

technique for WLTBI, where the objective is to minimize the variation in power con-

sumption during test application. Test-pattern manipulation is carried out by care-

fully filling the don’t-care bits in test cubes. The X-fill problem is formulated and

solved using an efficient polynomial-time algorithm. Simulation results are presented

for the ISCAS’89 and the IWLS’05 benchmark circuits, and the proposed ordering

technique is compared with three baseline methods that carry out pattern manipu-

lation to minimize peak-power consumption as well as with a fourth baseline that

targets only pattern compaction.

Finally, in Chapter 7, we present conclusions and identify future research direc-

tions.
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Chapter 2

Test-Length Selection and TAM

Optimization

In this chapter, we present an optimal test-length selection technique for wafer-level

testing of core-based SoCs [72, 73]. This technique, which is based on a combination

of statistical yield modeling and ILP, allows us to determine the number of patterns

to use for each embedded core during wafer sort such that the probability of screening

defective dies is maximized for a given upper limit on the SoC test time. Therefore,

this work complements prior work on SoC test scheduling that lead to efficient test

schedules that reduce the testing time during package test. For a given test access

architecture, designed to minimize test time for all the scan patterns during package

test, the proposed method can be used at wafer sort to screen defective dies, thereby

reducing package cost and the subsequent test time for the IC lot. While an optimal

test access architecture and test schedule can also be developed for wafer sort, we

assume that these test planning problems are best tackled for package test, simply

because the package test time is higher.

We also present an optimization framework for wafer sort that addresses TAM op-

timization and test-length selection for wafer-level testing of core-based digital SoCs

when the tester has limited channel availability [74]. The objective here is to design

a TAM architecture for that utilizes a pre-designed underlying TAM architecture for

package test, and determine test-lengths for the embedded cores such that the overall

SoC defect-screening probability at wafer sort is maximized. The proposed method

reduces packaging cost and the subsequent test time for the IC lot, while efficiently

utilizing available tester bandwidth at wafer sort.
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The key contributions of this chapter are as follows:

• We show how statistical yield modeling for defect-tolerant circuits can be used

to estimate defect probabilities for embedded cores in an SoC.

• We formulate the test-length selection problem for wafer-level testing of core-

based SoCs. To the best of our knowledge, this is the first attempt to define a

core-based test selection problem for SoC wafer sort.

• We develop an ILP model to obtain optimal solutions for the test-length se-

lection problem. The optimal approach is applied to five ITC’02 SoC test

benchmarks, including three from industry.

• We present an efficient heuristic approach to handle larger SoC benchmarks

that may emerge in the near future.

• We present two techniques for test-length selection and TAM optimization. The

first technique is based on the formulation of a non-linear integer programming

model, which can be subsequently linearized and solved using standard ILP

tools. While this approach leads to a thorough understanding of the optimiza-

tion problem, it does not appear to be scalable for large SoCs. We therefore

describe a second method that enumerates all possible valid TAM partitions,

and then uses the ILP model presented in Section 2.2.1 to derive test-lengths

to maximum defect screening at wafer sort. This enumerative procedure allows

an efficient search of a large solution space. It results in significantly lower

computation time than that needed for the first method. Simulation results on

TAM optimization and test-length selection are presented for five of the ITC’02

SoC Test benchmarks.
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2.1 Defect probability estimation for embedded

cores

In this section, we show how defect probabilities for embedded cores in an SoC can

be estimated using statistical yield modeling techniques.

2.1.1 Unified negative-binomial model for yield estimation

We adapt the yield model presented in [75, 76, 77] to model the yield of the indi-

vidual cores in a generic core-based SoC. The model presented in [75] unifies the

“small-area clustering” and “large-area clustering” models presented in [76] and [77],

respectively. It is assumed in [75, 76] that the number of defects in a given area A is a

random variable that follows a negative-binomial distribution. The negative binomial

distribution is a two-parameter distribution characterized by the parameters λA and

αA. The parameter λA denotes the average number of defects in an area A. The

clustering parameter αA is a measure of the amount of defect clustering on the wafer.

It can take values that range from 0.5 to 5 depending on the fabrication process, with

lower values of α denoting increased defect clustering. The probability P(x, A) that

x faults occur in area A is given by:

P(x, A) =
Γ(αA + x)

x!Γ(αA)
· (λA/αA)x

(1 + (λA/αA)αA+x
(2.1)

The above yield model was validated using industrial data in [78], and it has

recently been used in [79, 80, 81]. An additional parameter incorporated in [75] is

the block size, defined as the smallest value B such that the wafer can be divided

into disjoint regions, each of size B, and these regions are statistically independent

with respect to manufacturing defects. As in [75], we assume that the blocks are

rectangular and can be represented by a tuple (B1, B2), corresponding to the dimen-
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sions of the rectangle. The goal of the yield model in [75] was to determine the

effect of redundancy on yield in a fault-tolerant VLSI system. The basic redundant

block is called a module, and the block is considered to be made up of an integer

number of modules. Since our objective here is to model the yield of embedded (non-

overlapping) cores in an SoC, we redefine the module to be an imaginary chip area

denoted by (a1, a2). The size of the imaginary chip area, i.e., the values of a1 and a2

can be fixed depending on the resolution of the measurement system, e.g., an optical

defect inspection setup. In this chapter we assume the dimensions of the imaginary

chip area, a1 and a2, to be unity.

2.1.2 Procedure to determine core defect probabilities

We use the following steps to estimate the defect probabilities for the embedded cores:

(1) Determine the block size: Empirical data obtained on wafer maps and tech-

niques described in [75] can be used to determine the block size. The block size helps

us to determine the model parameters αB and λB, where λB refers to the average

number of defects within a block B of size (B1, B2), and αB is the clustering param-

eter for the block. The size of the block plays an important role in our procedure

to determine core defect probabilities. We next describe the procedure to determine

the block size.

Efficient techniques for determining the block size have been presented in [75],

and these techniques have been validated using empirical data. The block size can

be determined using a simple iterative procedure, in which the wafer is divided into

rectangular sub-areas (blocks), whose sizes are increased at every step. Starting with

blocks of size I = 1, J = 1, we alternately increase I and J . For each fixed value of

block size I×J , we then calculate the corresponding parameter αB(I, J) and arrange

these values in a matrix. The value of (I, J), for which the difference between αB(I, J)
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Figure 2.1: Defect estimation: Placement of a core with respect to blocks.

and αB(1, 1) is minimum, is chosen as the block size. The value of αB(I, J) can be

determined using standard estimation techniques such as the moment method, the

maximum likelihood method, or curve fitting [76]. The clustering parameter remains

constant within a block and increases when the are consists of multiple blocks [75, 76];

this property forms the basis for determining the block size.

In our work, we make the following assumptions: (a) as in [75], we assume that

the area of the block consists of an integer number of imaginary chip areas; (b) the

block size and its negative binomial parameters are pre-determined using rigorous

statistical information processing of wafer defect maps. The illustration in Figure 2.1

represents a cross section of a wafer and its division among blocks. The dimensions

of the block in Figure 2.1 is (2, 3), and each block contains 8 imaginary chips of area

(1, 1).

(2) We consider each core in the SoC to be an “independent chip”. Let us consider

a core represented by (C1, C2), block size (B1, B2), and imaginary chip (a1, a2). The

imaginary chip is a sub-area in a block. For a fault in a block, the distribution of

the fault within the area of the block is uniform; the imaginary chip area parameters
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λm and αm take on values λB/B and αB respectively. The relationship between

the imaginary chip area parameters and the block parameters can be established

using techniques proposed in [75]. The purpose of dividing a wafer into blocks, is to

facilitate the division of a wafer into sub-areas, such that distinct fault clusters are

contained in distinct blocks (each block is statistically independent with respect to

manufacturing defects). We now determine the probability that the core is defective

using the following steps:

(a) In a statistical sample of multiple wafers, a core can be oriented in different

configurations with respect to the block. The number of possible orientations of the

core with respect to the block in the wafer is given by min{B1, C1} × min{B2, C2}.
The dimensions of the block in Figure 2.1 are smaller than that of the core. The

number of possible orientations for the core in Figure 2.1 is therefore 2×4, i.e., there

are 8 possible core orientations with respect to the block in Figure 2.1. The list of

possible values (R1, R2) in Figure 2.1 can take, (1,1), (1,2), (1,3), (1,4), (2,1), (2,2),

(2,3), (2,4), intuitively illustrates the 8 possible core orientations with respect to a

block of size (2,4).

(b) For each orientation, determine the distance from the top-left corner of the core to

the closest block boundaries. This is represented as (R1, R2), the two values denoting

distances in the Y and X directions, respectively; the placement of the core with

respect to the block determines the way the core is divided into complete and partial

blocks. In Figure 2.1, we have R1 = R2 = 1.

(c) The dimensions of the core can now be represented as C1 = R1 + n1 · B1 + m1,

and C2 = R2 + n2 · B2 + m2, where n1 and m1 are defined as:

n1 = �(C1−R1

B1
)�

m1 = (C1 −R1) mod B1

The parameters n2 and m2 are defined in a similar fashion. The values of n1, m1, n2,
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m2 for the illustrated orientation in Figure 2.1 are all 1.

(d) The core can be divided into a maximum of nine disjoint sub-areas for the orienta-

tion illustrated in Figure 2.1, with each sub-area placed in a different block. Dividing

the core into independent sub-areas allows for the convolution of the probability of

failure of each individual sub-area. Let us assume that there are a total of D sub-

areas; the probability that the core is defect-free is given by P(R1,R2) =
∏D

i=1 a(Ni).

The superscript (R1, R2) indicates the dependence of this probability on the place-

ment. Here a(Ni) denotes the probability that all the Ni imaginary chip areas in

the sub-area i are defect-free. This probability can be obtained from Equation (2.2)

shown below, where a(k, N) denotes the probability of k defect-free modules in a

sub-area with N modules. By substituting N instead of k in Equation (2.2), we

obtain Equation (2.3). This is done in order to estimate the probability that a block

is fault-free.

a(k, N) =

(
N

k

)N−k∑
i=0

(−1)i

(
N − k

i

)(
1 +

(i + k)λm

αm

)−αm

(2.2)

a(N, N) = a(N) =

(
1 +

Nλm

αm

)−αm

(2.3)

The process of dividing the area of a core into multiple sub-areas facilitates the

application of large-area clustering conditions on the individual sub-areas. It is im-

portant to distinguish between sub-areas i = 1, 3, 7, 9 and i = 2, 4, 5, 6, 8 in Figure

2.1. In the latter case, the sub-area i is divided into several parts, each contained in a

different block. The derivation of the probability density function for these sub-areas

is now a trivial extension of the base case represented by Equation (2.3).

(e) The final step is the estimation of the defect probability for the core. We first

estimate the probability that the core is defect-free for all possible values of R1 and
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Figure 2.2: Flowchart depicting the sequence of procedures used to estimate core
defect probabilities.

R2. The overall defect-free probability P is obtained by averaging the defect-free

probability over all orientations, and it is given by:

P =
1

min(B1, C1) ·min(B2, C2)

min(B1,C1)∑
R1=1

min(B2,C2)∑
R2=1

P(R1,R2) (2.4)

We use Figure 2.1 to illustrate the calculation of the defect probability for an

embedded core. The figure represents the relative placement of a core with respect

to the blocks. We have a block size of (4, 2), a core size of (6, 4) and imaginary chip

area of size (1, 1). The core is divided into nine distinct sub-areas numbered 1 − 9.
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For values of αB = 0.25 and λB = 0.1, we now determine the probability that the

core is defect-free using Equation (2.3):

P(1,1) = a(R1 ·R2) · a(R1 · B2)
n2 · a(R1 ·m2) ·

a(B1 · R2)
n1 · a(B1 · B2)

n1×n2 · a(B1 ·m2) ·

a(m1 ·R2) · a(m1 · B2)
n2 · a(m1 ·m2)

= a(1) · a(4)n2 · a(1) · a(2)n1 · a(8)n1×n2 · a(2) ·

a(1) · a(4)n2 · a(1)

= (0.9879) · (0.9554) · (0.9879) · (0.9765) · (0.9193)

·(0.9765) · (0.9879) · (0.9879) · (0.9554)

= 0.76206 (2.5)

The above procedure is repeated until the defect-free probability for all min(B1, C1)

×min(B2, C2) combinations of R1 and R2 are determined. The final core defect-free

probability is then calculated using Equation (2.4). The probability that the core

has a defect is simply P̄ = 1 − P. For a given SoC, this procedure can be repeated

for every embedded core until all defect probabilities are obtained. The flowchart in

Figure 2.2 summarizes the sequence of procedures that lead to the estimation of core

defect probabilities. The procedure begins by accumulating wafer defect information

and information on the individual core dimensions. This information is then used to

determine the size of the block and the block parameters, λb and αb. These are then

used to calculate parameters for the imaginary chip area. The defect probability of

the core is then calculated for all possible core orientations, with respect to a block

in the wafer; the defect probability of the core is the calculated using Equation (2.4).

The knowledge of the dimensions of each individual core is necessary to deter-

mine the corresponding defect probabilities. In this chapter, we use the overall SoC
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dimensions as given in [82] to derive information pertaining to the size of the indi-

vidual modules in the ITC’02 SOC Test benchmarks. Since these benchmarks do not

provide information about the sizes of the embedded cores, we use the total number

of patterns for each core as an indicator of size. This assumption helps us extract the

relative size of a core by normalizing it with respect to the overall SoC dimensions.

We use layout information in the form of X−Y coordinates for the SoC as described

in [82]; the bottom-left corner of the SoC has X − Y coordinates of (0, 0), and the

layout information provides information on the X − Y coordinates of the top-right

corner of the SoC. The sequence of procedures in Figure 2.2 is then performed to

determine the core defect probabilities. Table 2.1 shows the defect probabilities for

each core in four of the ITC’02 SoC test benchmark circuits [83], estimated using the

parameters αB = 0.25 and λB = 0.035.

2.2 Test-length selection for wafer-level test

In this section, we formulate the problem of determining the test-length for each em-

bedded core, such that for a given upper limit on the SoC test time (expressed as a

percentage of the total SoC test time), the defect-screening probability is maximized.

We present a framework that incorporates the defect probabilities of the embedded

cores in the SoC, the upper bound on SoC test time at wafer sort, the test lengths

for the cores, and the probability that a defective SoC is screened. The defect prob-

abilities for the cores are obtained using the yield model presented in Section 2. Let

us now define the following statistical events for Core i:

Ai: the event that the core has a fault; the probability associated with this event is

determined from the statistical yield model.

Bi: the event that the tests applied to Core i do not produce an incorrect response.

Āi and B̄i represent events that are complementary to events Ai and Bi, respectively.
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Table 2.1: Core defect probabilities for four ITC’02 SoC test benchmark circuits.

Two important conditional probabilities associated with the above events are yield

loss and test escape, denoted by P(B̄i | Āi) and P(Bi | Ai), respectively. Using a ba-

sic identity of probability theory, we can derive the probability that the test applied
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to Core i detects a defect:

P(B̄i) = P(B̄i | Ai) · P(Ai) + P(B̄i | Āi) · P(Āi) (2.6)

Due to SoC test time constraints during wafer-level testing, only a subset of the

pattern set can be applied to any Core i, i.e., if the complete test suite for the SoC

contains pi scan patterns for Core i, only p∗i ≤ pi patterns can be actually applied to

it during wafer sort. Let us suppose the difference between the SoC package test time

and the upper limit on wafer sort test time is ΔT clock cycles. The test time for each

TAM partition therefore needs to be reduced by ΔT clock cycles, if we assume that

the package test times on the TAM partitions are equal. The value of p∗i adopted for

Core i depends on its wrapper design. The larger the difference between the external

TAM width and internal test bitwidth (number of scan chains plus the number of

I/Os), the greater the impact of (pi−p∗i ) on ΔT . In fact, given two cores (Core i and

Core j) with different wrapper designs, the reduction in the number of patterns by

the same amount, i.e., pi−p∗i = pj−p∗j , can lead to different amount of reductions in

core test time (measured in clock cycles). Let fci(p
∗
i ) be the fault coverage for Core

i with p∗i test patterns.

We next develop the objective function for the test-length selection problem.

The goal of this objective function is to satisfy two objectives: (1) Maximize the

probability that Core i fails the test; 2) Minimize the overall test escape probability.

The ideal problem formulation is one that leads to an objective function satisfying

both the above objectives.

Let us now assume that the yield loss is γi, the test escape is βi, and the probability

that Core i has a defect is θi. Using these variables, we can rewrite Equation (2.6)

as:

P(B̄i) = fci(p
∗
i ) · θi + γi · (1− θi) (2.7)

35



Similarly we can rewrite P(Bi) as follows:

P(Bi) = 1− P(B̄i) = θi · βi + (1− γi) · (1− θi) (2.8)

We therefore conclude that for a given value of αi and γi, the objective function

that maximizes the probability P(B̄i) that Core i fails the test, also minimizes the test

escape βi. Therefore, it is sufficient to maximize P(Bi) to ensure that the test escape

rate is minimized. In our study, we assume that the yield loss γi is negligible for each

core. Assuming that the cores fail independently with the probabilities derived in

Section 2, the defect-screening probability PS for an SoC with N embedded cores is

given by PS = 1−∏N
i=1P(Bi).

2.2.1 Test-length selection problem: PTLS

We next present the test-length selection problem PTLS, wherein we determine an

optimal number of test patterns for each core in the SoC, such that we maximize the

probability of screening defective dies at wafer sort for a given upper limit on the SoC

test time. We assume a fixed-width TAM architecture as in [8], where the division of

W wires into B TAM partitions, and the assignment of cores to the B TAM partitions

have been determined a priori using methods described in [84, 8, 85, 10].

Let the upper limit on the test time for an SoC at wafer sort be Tmax (clock

cycles). This upper limit on the scan test time at wafer sort is expected to be a

fraction of the scan test time TSoC (clock cycles) for package test, as determined by

the TAM architecture and test schedule. The fixed-width TAM architecture requires

that the total test time on each TAM partition must not exceed Tmax.

If the internal details of the embedded cores are available to the system integrator,

fault simulation can be used to determine the fault coverage for various values of p∗i ,

i.e., the number of patterns applied to the cores during wafer sort. Otherwise, we
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model the relationship between fault coverage and the number of patterns with an

exponential function. It is well known in the testing literature that the fault coverage

for stuck-at faults increases rapidly initially as the pattern count increases, but it

flattens out when more patterns are applied to the circuit under test [2, 86]. In our

work, without loss of generality, we use the normalized function fci(p
∗
i ) =

log10(p∗i +1)

log10 pi

to represent this relationship. A similar relationship was used in [86]. We have

verified that this empirical relationship matches the “fault coverage curve” for the

ISCAS benchmark circuits.

Let εi(p
∗
i ) be the defect-escape probability for Core i when p∗i patterns are applied

to it. This probability can be obtained using Equation (2.8) as a function of the test

escape βi and the probability θi that the core is faulty. The value of θi for each core

in the SoC is obtained using the procedure described in Section 2.2.

The optimization problem PTLS can now be formally stated as follows:

PTLS: Given a TAM architecture for a core-based SoC and an upper limit on the

SoC test time, determine the total number of test patterns to be applied to each

core such that: (i) the overall testing time on each TAM partition does not exceed

the upper bound Tmax and (ii) the defect-screening probability P(B̄i) for the SoC is

maximized. The objective function for the optimization problem is as follows:

Maximize Y =

N∏
i=1

1− P(Bi)

where the number of cores in the SoC is N . We next introduce the indicator binary

variable δij , 1 ≤ i ≤ N , 0 ≤ j ≤ pi, which ensure that exactly one test-length is

selected for each core. It is defined as follows:

δij =

{
1 if p∗i = j
0 otherwise
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where
∑pi

i=1 δij = 1. The defect escape probability ε∗i for Core i is given by ε∗i =∑qi

j=1 δijεi(j). We next reformulate the objective function to make it more amenable

for further analysis. Let F = ln(Y ). We therefore get:

F = ln(Y )

= ln
( N∏

i=1

1− P(Bi)
)

=

N∑
i=1

ln(1− εi)

=
N∑

i=1

ln
(
1−

pi∑
j=1

δijεi(j)
)

We next use the Taylor series expansion ln(1 − x) = −
(

x + x2

2
+ x3

3
+ · · ·

)

and ignore the second- and higher-order terms [87]. This approximation is justified

if the defect-escape probability for Core i is much smaller than one. While this is

usually the case, occasionally the defect-escape probability is large; in such cases, the

optimality claim is valid only in a limited sense. The impact that this approximation

has on the overall defect-screening probability of the SoC is examined in Section 2.3.

The simplified objective function is given by:

Maximize F =

N∑
i=1

(
pi∑

j=1

−
(
δijεi(j)

))
(2.9)

In other words, our objective function can be stated as

Minimize F =

N∑
i=1

(
pi∑

j=1

δijεi(j)

)
(2.10)
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Next we determine the constraints imposed by the upper limit on the SoC test

time. Suppose the SoC-level TAM architecture consists of B TAM partitions. Let

Ti(j) be the test time for Core i when j patterns are applied to it. For a given Core

i on a TAM partition of width wB, we use the design-wrapper technique from [8]

to determine the longest scan in (out) chains of length si(so) of the core on that

TAM partition. The value of Ti(j) can be determined using the formula Ti(j) =

(1 + max{si, so} · j + min{si, so}) [8]. The test time T ∗
i for Core i is therefore given

by T ∗
i =

∑pi

j=1 δijTi(j). Let Aj denote the set of cores that are assigned to TAM

partition j. We must ensure that
∑

Corei∈Aj
T ∗

i ≤ Tmax, 1 ≤ j ≤ B.

The number of variables and constraints for a given ILP model determines the

complexity of the problem. The number of variables in the ILP model is only N +

N
∑N

i=1 pi, and the number of constraints is only
∑N

i=1 N · pi + B; thus this exact

approach is scalable for large problem instances. The complete ILP model is shown

as Figure 2.3.

Minimize F =
∑N

i=1

(∑pi

j=1 δijεi(j)

)
subject to:

1.
∑pi

i=1 δij = 1, 1 ≤ i ≤ N , 0 ≤ j ≤ pi

2.
∑

Corei∈Aj
T ∗

i ≤ Tmax, 1 ≤ j ≤ B

3. δij = 0 or 1, 1 ≤ i ≤ N, 0 ≤ j ≤ pi

/* Constants : εi(j), Ti(j) */

/* Variables : δij , T ∗
i , 1 ≤ i ≤ N , 0 ≤ j ≤ pi */

Figure 2.3: Integer linear programming model for PTLS.
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2.2.2 Efficient heuristic procedure

The exact optimization method based on ILP is feasible for the largest benchmarks

(contributed by Philips) in the ITC’02 SoC benchmark set. While these three bench-

marks are representative of industrial designs in 2002, current core-based SoCs are

larger in size. To handle such SoCs, we present a heuristic approach to determine

the test-length p∗i for each core, given the upper limit on maximum SoC test time.

The heuristic method consists of a sequence of five procedures. The objective of the

heuristic method is similar to that for the ILP technique, i.e., to maximize the over-

all defect-screening probability. The heuristic method performs an iterative search

over the TAM partitions. In each, step we identify a core for which a reduction in

the number of applied patterns results in a minimal decrease in the overall defect-

screening probability. This procedure is repeated until the time constraint on all TAM

partitions is satisfied. We next describe the procedures that make up the heuristic

method.

1. We begin our heuristic procedure by assuming that all patterns are applied to

each core. This assumption implies that
∑

Corei∈Aj
T ∗

i = TSoC , 1 ≤ j ≤ B.

2. In procedure Tpat Reduce, for each TAM partition j, 1 ≤ j ≤ B, we chose a

particular Corei ∈ Aj such that a decrease in the number of applied patterns

Δp∗i results in a minimal decrease in εi(p
∗
i ); we consider different values of

Δp∗i in the range 1 ≤ Δp∗i ≤ 15 in our experiments, and choose the value

that results in maximum defect screening for the SoC. Procedure Tpat Reduce,

searches for a core in each TAM partition, which yields a maximum value for

θi · (fci(p
∗
i ) − (fci(p

∗
i − Δp∗i ). For the sake of simplicity, we assume that the

yield loss γi is negligible for each core.

3. We use the design wrapper technique in our next procedure step, Ttime Update,
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to determine the test time reduction for Core i (obtained using Tpat Reduce),

corresponding to the reduction in the number of test patterns Δp∗i . We denote

ΔTij as the reduction in test time obtained by reducing the number of test

patterns for Core i on TAM partition j by Δp∗i ; this can be obtained by solving

the following equation: ΔTmaxij
= �(1 + max(si, so)ij) ·Δp∗i + min(si, so)ij�.

The core test time, T ∗
i , is now updated as T ∗

i −ΔTmaxij
.

4. The Tmax Check procedure checks whether
∑

Corei∈Aj
T ∗

i ≤ Tmax, 1 ≤ j ≤ B.

This procedure is performed each time after procedure Tpat Reduce is executed.

5. If the check in procedure Tmax Check returns true for all TAM partitions, we

then compute the overall defect-screening probability for the SoC.

A sort operation is performed each time procedure Tpat Reduce is executed. Hence

the worst-case computational complexity of the heuristic procedure is O(p
T
·N logN),

where N is the number of cores in the SoC, and p
T

=
∑N

i=1 pi is the total number

of test patterns for package test for all the cores. The pseudocode for the heuristic

procedure, as shown in Algorithm 1, calculates the test-lengths and the defect-escape

probabilities for each core in the SoC.

2.2.3 Greedy heuristic procedure

We now present a greedy heuristic procedure to solve the test-length selection prob-

lem. This procedure was developed to demonstrate the need for an iterative heuristic

procedure that reduces the core test-lengths with minimal impact on defect-screening.

The heuristic approach in this section determines the test length p∗i for each core,

given the upper limit on maximum SoC test time as a constraint. Let us suppose

there are B TAM partitions in the SoC test access architecture. It is obvious that
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Algorithm 1 Test-Length Selection

1: Let Tmax be the constraint on wafer test time for the SoC, Tmax = k · TSoC ,
0 ≤ k ≤ 1;

2: Let B = total number of TAM partitions;
3: Let k = fraction of TSoC permissible for wafer test;
4:
∑

Corei∈Aj
T ∗

i = TSoC , 1 ≤ j ≤ B;

5: while time constraint for the SoC is not satisfied for TAM partition j, 1 ≤ j ≤ B
do

6: for all cores in Aj do
7: Find i such that θi · (fci(p

∗
i )− (fci(p

∗
i −Δp∗i ) is maximum;

8: end for
9: ΔTmaxij

= �(1 + max(si, so)ij) ·Δp∗i + min(si, so)ij�;
10: T ∗

i = T ∗
i −ΔTmaxij

;
11: for all TAM partitions, 1 ≤ j ≤ B do
12: if

∑
Corei∈Aj

T ∗
i ≤ Tmax, 1 ≤ j ≤ B then

13: Compute relative defect-screening probability for the SoC;
14: end if
15: end for
16: end while
17: return relative defect-screening probability Pr

S for the SoC;

we can satisfy the constraint on Tmax if we reduce the test time for all the cores in

each TAM partition to a fraction of the original test time.

Let us denote the maximum wafer-test time for Core i on TAM partition j as

Tmaxij
. The test-length for the core corresponding to the test time Tmaxij

is given

by p∗i = �Tmaxij−min(si,so)ij

1+max(si,so)ij
�. With the knowledge of the test-length p∗i for each core

in the SoC, we can then proceed to determine the corresponding defect-escape prob-

abilities εi(p
∗
i ), and then the overall defect-escape probability of the SoC given by

εSoC =
∏N

i=1

(
1− εi(p

∗
i )
)
. The heuristic procedure is simple and has a computational

complexity of only O(N). The above procedure is reasonable if the test times on

the TAM partitions are fairly close to one another. This however is not the case in

most industrial designs because of the heterogeneous nature of the cores in the SoC.

The pseudocode for the heuristic procedure, which calculates the test-lengths and

the defect-escape probabilities for each core in the SoC, is shown in Algorithm 2.
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Algorithm 2 Test-length selection

1: Let Tmax = k · TSoC , 0 ≤ k ≤ 1; /*Constraint on wafer-test time for the SoC*/
2: Let B = total number of TAM partitions;
3: Let k = fraction of TSoC permissible for wafer test;
4: Let εSoC = overall SoC defect escape probability during wafer-test;
5: while all core test-lengths have not been determined, do
6: for TAMj ← 1 to B do
7: Calculate max(si, so)ij and min(si, so)ij , ∀i on TAMj ;

8: p∗i = �Tmaxij
−min(si,so)ij

1+max(si,so)ij
�, ∀i on TAMj ;

9: Calculate εi(p
∗
i ), ∀i on TAMj ;

10: end for
11: end while
12: εSoC =

∏N
i=1

(
1− εi(p

∗
i )
)
;

2.3 Experimental results

In this section, we present experimental results for five SoCs from the ITC’02 SoC

test benchmark suite [83]. We use the public domain ILP solver lpsolve for our

experiments [88]. Since the objectives of our experiment are to select the number

of test patterns in a time-constrained wafer sort test environment, and at the same

time maximize the defect-screening probability for the SoC, we present the following

results:

• Given values of W and Tmax relative to TSoC , the percentage of test patterns

for each individual core that must be applied at wafer sort to maximize the

defect-screening probability for the SoC.

• The relative defect-screening probability Pr
S for each core in an SoC, where

Pr
S = PS/P100

S and P100
S is the defect-screening probability if all 100% of the

patterns are applied per core.

• The relative defect-screening probability for each SoC obtained using the ILP

model and the proposed heuristic methods.

• Approximation errors in Pr
S due to the Taylor series approximation.
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We first present results on the number of patterns determined for the cores. The

results are presented in Figures 2.4-2.6 for three values of Tmax: 0.75TSoC, 0.50TSoC ,

and 0.25TSoC. For the three large “p” SoCs from Philips, we select the value of B

that minimizes the SoC package test time. The results show that the fraction of

patterns applied per core, while close to 100% in many cases, varies significantly in

order to maximize the SoC defect-screening probability. The maximum value of TAM

width W (in bits) is set to 32 and we repeat the optimization procedure for all TAM

widths ranging from 8 to 32 in steps of eight. Results are reported only for W = 8;

similar results are obtained for other values of W . The CPU time for lpsolve for the

largest SoC benchmark was less than a second.

We next present the defect-screening probabilities for all the individual cores in

the benchmark SoCs (Figures 2.7-2.9). The cores that are more likely to lead to

fails during wafer sort exhibit higher defect-screening probabilities, and vice versa.

A core with small defect probability ends up having more patterns removed from the

initial test suite during wafer sort. This is because a manufacturing defect is unlikely

to cause a failure in that core. The second reason for low relative defect-screening

probability is because certain cores have very few patterns that need to be applied

when test-lengths are reduced for these cores. As a result, we obtain significantly low

relative defect-screening probabilities for these cores. Even though the large SoCs

have low relative defect-screening probabilities, these are the optimal values under

the given test time constraints at wafer sort.

Finally, we compare our ILP-based optimization technique with the two heuris-

tic procedures on the basis of relative SoC defect-screening probabilities obtained

using the two methods. The values of the defect-screening probabilities PS of the

benchmark SoCs obtained using both the ILP-based model and the heuristic method

for varying TAM widths, as well as overall test time are summarized in Table 2.2.
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The results show that, as expected, the ILP-based method leads to higher defect-

screening probabilities when compared with the heuristic procedure. Nevertheless,

the heuristic procedure is efficient for defect screening when Tmax = 0.75TSoC and

0.5TSoC . The greedy heuristic method on the other hand yields poor defect-screening

probabilities compared to the ILP method and the heuristic method. This shows

that the proposed heuristic method is effective for screening dies at wafer sort testing

of large SoCs. A significant percentage of the faulty dies can be screened at wafer

sort using our proposed techniques.

Figure 2.4: Percentage of test patterns applied to each core in p22810 for W = 8.

Approximation error in Pr
S due to Taylor series approximation

A Taylor’s series expansion of δi(j)εi(j), without the higher-order terms, was used

in Section 2.2 to obtain a linear objective function for PTLS. If the defect-escape

probability for Core i is much smaller than unity, this assumption can be justified.
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Figure 2.5: Percentage of test patterns applied to each core in p34392 for W = 8.

To study the effect of this approximation, we evaluated the approximation error for

industrial designs. We used a commercial nonlinear programming (NLP) solver [89] to

incorporate higher order terms in our objective function. The nonlinear programming

solver [89] uses the generalized reduced gradient (GRG) method to solve large-scale

nonlinear problems [90].

We present experimental results on the approximation error in Pr
S when ILP is

used to solve PTLS versus when NLP is used. The relative defect-screening proba-

bility Pr
S was determined for a nonlinear objective function where the quadratic and

cubic terms are considered in addition to the leading order term. Let Pr
S−ILP denote

the relative defect-screening probability of the SoC obtained using a linear objec-

tive function (Equation (2.10)), and let Pr
S−NLP denote the relative defect-screening

probability of the SoC using a nonlinear objective function. The nonlinear objective
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Figure 2.6: Percentage of test patterns applied to each core in p93791 for W = 8.

Figure 2.7: Relative defect-screening probabilities for the individual cores in p22810
for W = 8.
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Figure 2.8: Relative defect-screening probabilities for the individual cores in p34392
for W = 8.

Figure 2.9: Relative defect-screening probabilities for the individual cores in p93791
for W = 8.
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function that we use in our experiments is shown in Equation (2.11).

Minimize F =

N∑
i=1

(
pi∑

j=1

δijεi(j) +
(δijεi(j))

2

2
+

(δijεi(j))
3

3

)
(2.11)

The relative magnitudes of the quadratic and cubic terms are negligible compared

to the leading order term when the defect-escape probability of the core is negligible.

We determine the approximation error as a measure to quantify the effect of these

higher-order terms on Pr
S. The approximation error is given by

Pr
S−ILP−Pr

S−NLP

Pr
S−ILP

×100%.

As in the case of any nonlinear optimization package, the commercial solver used

[89] cannot guarantee finding a globally optimal solution in cases where there are

distinct local optima and CPU time is limited. Knowledge of the convexity of the ob-

jective function and the constraints are essential to determine whether the nonlinear

test-length selection problem will yield globally optimal solutions. In other words, if

a function f(x) has a second derivative in the interval [a, b], a necessary and sufficient

condition for it to be convex in that interval is that the second derivative f ′′(x) ≥ 0,

∀x in [a, b] [91]. It is evident that the a second derivative exists for the objective

function in Equation (2.11), and the function is convex; the solver therefore yields

globally optimal solutions for the nonlinear test-length selection problem.

The approximation errors for the d695 SoC, and two “p” SoCs from Philips are

shown in Table 2.3 respectively. The experimental results show that the relative

defect-screening probabilities for the SoC are consistently higher when a linear ob-

jective function is used. The error in predicting the defect-screening probability,

however, is less that 10% in most cases; our approximation is therefore reasonable

for the benchmark circuits used in this work. The CPU time for lpsolve, to solve the

ILP version of PTLS for the largest SoC benchmark was less than a second. The time

on the NLP solver [89] to solve PTLS with the nonlinear objective function ranges
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from 4 minutes for the d695 SoC, to 26 minutes for the “p” SoCs from Philips. This

clearly indicates that the nonlinear version of PTLS is not scalable for large SoCs.

Table 2.3: Approximation error in Pr
S due to Taylor series approximation.

Approximation Error (%)
W Tmax = 0.75 TSoC Tmax = 0.5 TSoC Tmax = 0.25 TSoC

d695 8 7.14 5.66 1.59
16 7.55 5.25 4.28
24 7.82 8.25 23.66
32 11.19 8.62 9.80

p34392 8 1.31 7.35 7.40
16 1.02 0.86 3.68
24 0 0.86 3.87
32 2.02 1.79 11.14

p22810 8 1.48 1.02 12.82
16 1.48 0.53 18.43
24 0.74 1.10 8.44
32 2.15 36.08 36.18

2.4 Test data serialization

Suppose Core i is accessed from the SoC pins for package test using a TAM of width

wi (bits). Let us assume that for RPCT-based wafer sort, the TAM width for Core

i is constrained to be w∗
i bits, where w∗

i < wi. In order to access Core i using only

w∗
i bits for wafer sort, the pre-designed TAM architecture for package test needs to

be appropriately modified.

Figure 2.10(a) shows a wrapped core that is connected to a 4-bit wide TAM

width (wi = 4). For the same wrapped core, Figure 2.10(b) outlines a modified test

access design that allows RPCT-based wafer-level test with w∗
i = 2. For wafer sort

in this example, the lines TAMout[0], and TAMout[2] are not used. In order to ensure

efficient test access architecture for wafer sort, serial-to-parallel conversion of the test
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data stream is necessary at the wrapper inputs of the core. A similar parallel-to-

serial conversion is necessary at the wrapper outputs of the cores. Boundary input

cells BIC[0], . . . , BIC[3], and boundary output cells BOC[0], . . . , BOC[3], which can

operate in both a parallel load and a serial shift mode, are added at the I/Os of the

wrapped core. Multiplexers are added on the input side of the core to enable the

use of a smaller number of TAM lines for wafer sort. A global select signal PT/WS

is used to choose either the package test mode (PT/WS = 0) or the wafer sort

mode (PT/WS = 1). For the output side, the multiplexers are not needed; the test

response can be serially shifted out to the TAM while the next pattern is serially

shifted in to the boundary input cells. Note the above design is fully compliant

with the IEEE 1500 standard [7] because no modifications are made to the standard

wrapper cells.

We next explain how the test time for Core i is affected by the serialization

process. Let Ti(j) be the total testing time (in clock cycles) for core i if it is placed

on TAM partition j of the SoC. Let wi(j) be the width of TAM partition j in the

pre-designed TAM architecture. At the wafer level, if only w�
i bits are available for

TAM partition j, we assume, as in [92] for hierarchical SoC testing, that the wi lines

are distributed equally into w�
i parts. Thus the wafer-level testing time for core i on

TAM partition j equals � wi(j)
w∗

i (j)
� · Ti(j) clock cycles. In the example of Figure 2.10(b),

the test time for core i due to serialization for is T ∗
i (j) = Ti(j) ·(4/2). Note that other

TAM serialization methods can also be used for wafer sort. While TAM serialization

can be integrated in an overall optimization problem, it is not considered here for the

sake of simplicity.
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2.4.1 Test-length and TAM optimization problem: PTLTWS

Let us now consider an SoC with a top-level TAM width of W bits and suppose it

has B TAM partitions of widths w1, w2, · · · , wB, respectively. For a given value of

the maximum wafer level TAM width W ∗, we need to determine appropriate TAM

sub-partitions of widths w∗
1, w∗

2, . . . , w∗
B such that w∗

i ≤ wi, 1 ≤ i ≤ B, and

w∗
1 + w∗

2 + · · ·+ w∗
B = W ∗. The optimization problem PTLTWS can now be formally

stated as follows:

Problem PTLTWS: Given a pre-designed TAM architecture for a core-based SoC,

the defect probabilities for each core in the SoC, maximum available test bandwidth

at wafer sort W ∗ and the upper limit on the test time for the SoC at wafer sort TMAX ,

determine (i) the total number of test patterns to be applied to each core, and (ii)

the (reduced) TAM width for each partition, such that: (a) the overall testing time

on each TAM partition does not exceed the upper bound Tmax, and (b) the defect-

screening probability P (B̄i) for the SoC is maximized.

The objective function for the optimization problem is the same as that developed

in Section 2.2.1 and is given by Equation (2.10). Due to serialization, the testing

time for core i on TAM partition j, is given by �(wi(j)/w
∗
i (j)�Ti(j) [92]. Therefore

the test time of core i when it is tested with a reduced bitwidth of w∗
i is given by

Equation (2.12).

T ∗
i =

pi∑
j=1

δijTi(j)
⌈wi(j)

w∗
i (j)

⌉
(2.12)

Let us now define a second binary indicator variable λik, to ensure that every core

in the SoC is tested using a single TAM width; this variable can be defined as follows:

λik =

{
1 if w∗

i = 1/k
0 otherwise
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It can be inferred from the above definition that
∑wi

k=1 λik = 1 and Equation (2.12)

can now represented as T ∗
i (j) =

∑pi

j=1

∑wi

k=1 δijTi(j)λjk�wi ·k�. The nonlinear term in

the constraint δij ·λik can be replaced with a new binary variable uijk by introducing

two additional constraints:

δij + λik ≤ uijk + 1 (2.13)

δij + λik ≥ 2 · uijk (2.14)

A constraint to ensure that every core in a TAM partition is tested with the same

TAM width W ∗
x is also necessary and can be represented as shown in Equation (2.15).

The variable Aj denotes the set of cores that are assigned to TAM partition j. The

constraint must be satisfied for every core in Aj .

wi∑
k=1

k · λik = W ∗
x (2.15)

The complete ILP model is shown in Figure 2.11. The number of variables and

constraints in the ILP model determines the complexity of the problem. The number

of variables in our ILP model is
∑N

i=1(pi +wi +pi ·wi), and the number of constraints

is 2 ·N + 2
∑N

i=1(pi · wi) + B + 1.

2.4.2 Experimental results: PTLTWS

We now present the experimental results for two SoCs from the ITC’02 SoC test

benchmark suite [83]. We use the public domain ILP solver lpsolve for our experi-

ments [88]. Since the objectives of our experiment are to select the number of test

patterns in a time- and bitwidth-constrained wafer-sort environment, and at the same

time maximize the defect-screening probability, we present the following results:

• Given values of W ∗ and Tmax relative to TSoC , the percentage of test patterns

that must be applied for each individual core to maximize the defect-screening
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Minimize F =
∑N

i=1

(∑pi

j=1 δijεi(j)
)
, subject to :

1)
∑nx

i=1

(∑pi

j=1

∑wi

k=1 δijTi(j)λjk�wi · k�
)
≤ Tmax;∀x, 1 ≤ x ≤ B

2)
∑pi

j=1 δij = 1;∀i, 1 ≤ i ≤ N

3)
∑wi

k=1 λik = 1;∀i, 1 ≤ i ≤ N

4)
∑wi

k=1 k · λik = W ∗
x ;∀Corei ∈ Aj

5)
∑B

x=1 W ∗
x ≤W ∗

6) δij + λik − 1 ≤ uijk;∀i, j, k
7) δij + λik ≥ 2 · uijk;∀i, j, k

/* Constants : εi(j), Tmax */

/* Variables : δij , λik, uijk; 1 ≤ i ≤ N , 0 ≤ j ≤ pi */

Figure 2.11: Integer linear programming model for PTLTWS.

probability for the SoC.

• The values of TAM partition widths w∗
1, w

∗
1, · · ·w∗

B such that w∗
1+w∗

1+· · ·+w∗
B =

W ∗.

• The relative defect-screening probability Pr
S for each core in an SoC, where

Pr
S = PS/P100

S and P100
S is the defect-screening probability if all 100% of the

patterns are applied per core.

• The relative defect-screening probability for the SoC obtained using the ILP

model.

We first present results on the number of patterns determined for the cores. The

results for the d695 benchmark SoC is presented in Figure 2.12 for three values of

Tmax: TSoC , 0.75TSoC and 0.5TSoC . The fraction of test patterns applied per core

is found to be different in each case to maximize the defect-screening probability.
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Figure 2.12: Percentage of test patterns applied to each core in d695 when W ∗ = 16
and W = 32.

Results are reported only for W ∗ = 16 and W = 32; similar plots are obtained for

different values of W ∗ and W . Figure 2.13 illustrates the defect-screening probabilities

for the cores in the d695 benchmark for the above-mentioned test case.

We summarize the results for two benchmark SoCs in Table 2.4.2 for three different

values of W ∗ and W = 32. The relative defect-screening probabilities PS and TAM

partition widths to be used at wafer sort, obtained using PTLTWS, are enumerated

for both benchmark SoCs. The ILP-based technique takes up to 3 hours of CPU

time on a 2.4 GHz AMD Opteron processor with 4 GB of memory for d695, when

W ∗ = 16 and W = 32. The results show that a significant portion of the faulty dies

can be screened at wafer sort using the proposed technique.
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Figure 2.13: Relative defect-screening probabilities for the individual cores in d695
when W ∗ = 16 and W = 32.

2.4.3 Enumeration-based TAM width and test-length selec-

tion

The ILP-based approach in Section 2.2 is efficient only for small SoCs. However,

due to its large size, it may not scale well for SoCs with a large number of cores.

It is therefore necessary to develop an alternative technique that can handle larger

SoC designs. We next propose an efficient heuristic approach Pe−TLTWS based on a

combination TAM partition-width enumeration and ILP.

Our enumeration approach is based on the “odometer” principle used in a car

odometer. Each digit of a car odometer here corresponds to a TAM partition width

at wafer sort. Each digit can take values between 1 and the upper limit fixed by the

TAM architecture designed for package test. We first increase the least significant

digit if possible, and next roll the digit over to one and increase the next least-

significant digit. The implementation of the enumeration approach for determining

the optimal TAM partition widths and test-lengths can be done using the following
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sequence of procedures:

(i) Given the number of TAM partitions B and an upper limit on the maximum

TAM width W ∗, we first enumerate all possible TAM partition combinations. This

enumeration can be done following the principle of a B-bit odometer, where each

bit corresponds to the width of each TAM partition. The odometer resets to one as

opposed to zero in the case of a conventional odometer (the maximum value that the

ith bit can take before a reset is wi). At every increment in the odometer, we check

whether
∑B

i=1 w∗
i = W ∗.

All possible TAM partitions that meet the above condition are recorded as a valid

partition. We illustrate the above enumeration procedure with a small example. Let

us consider an SoC whose TAM architecture is fixed and designed for 5 bits, and parti-

tioned into three TAM partitions of widths 2, 3, and 1 respectively. The possible TAM

enumerations for the above partitions are {〈1, 1, 1〉, 〈1, 2, 1〉, 〈1, 3, 1〉, 〈2, 1, 1〉, 〈2, 2, 1〉,
〈2, 3, 1〉}. If we consider W ∗ to be 4, then the valid TAM partitions are {〈1, 2, 1〉, 〈2, 1, 1〉}.
(ii) For each valid TAM partition calculated in Step (i), we apply the test-length se-

lection procedure PTLS. We calculate the defect-screening probability for the SoC

from the results obtained using PTLS.

(iii) If the defect-screening probability of the new partition is greater than the pre-

vious partition, we store it as the new defect-screening probability, and store this

partition as the current optimal partition.

(iv) We repeat this procedure until all possible TAM partitions are enumerated.

Experimental results obtained using the Pe−TLTWS procedure are summarized in

Table 2.5. The results are represented in a similar fashion as in Table 2.4. The values

of the defect screening probabilities PS for five benchmark circuits [83], as well as

the recommended TAM partition widths for wafer-sort are shown in the table. The

number of patterns determined using Pe−TLTWS for the p34392 SoC is illustrated in

60



Fig. 2.14. The results are shown for three values of Tmax: TSoC , 0.75TSoC and 0.5TSoC .

Results are reported only for W ∗ = 16 and W = 32; similar plots are obtained for

a range of values of W ∗ and W . Fig. 2.15 illustrates the relative defect-screening

probabilities for the cores in the p34392 benchmark for the above-mentioned test

case. The heuristic method results in lower defect-screening probability for most

cases compared with the ILP-based method; for higher values of W ∗, the difference

in defect screening probability between the two methods decreases. The computation

time for the largest benchmark SoC p93791 was only 4 minutes, hence this approach

is suitable for large designs.

Figure 2.14: Percentage of test patterns applied to each core in p34392 when when
W ∗ = 16 and W = 32.
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Figure 2.15: Relative defect-screening probabilities for the individual cores in
p34392 when W ∗ = 16 and W = 32.

2.4.4 TAM width and test-length selection based on geomet-

ric programming

Geometric programming (GP) problems are convex optimization problems that are

similar to linear programming problems [93]. A GP is a mathematical problem of

the form

Minimize f0(x)

subject to fi(x) ≤ 1, i = 1, · · · , m
gi(x) = 1, i = 1, · · · , p

where fi are posynomial functions, gi are monomials, and xi are the optimization

variables; it is implicitly assumed that the optimization variables are positive, i.e.,

xi > 0 [93]. Mixed-integer GPs are a class of problems that are hard to solve [93].

The problem PTLTWS can be modeled as a mixed-integer GP (MIGP) problem. In
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this chapter, we employ a heuristic method to solve the MIGP problem Pgp−TLTWS

for test-length and TAM width selection. Using heuristic methods, approximate

solutions can be found in a reasonable amount of time; however, the optimality

of the solution cannot be guaranteed. Before we describe the GP-based heuristic

method, we need to modify the objective function to make it amenable for further

analysis. The objective of PTLTWS is to maximize the defect-screening probability,

PS = 1−∏N
i=1P(Bi). This is equivalent to the following minimization-based objective

function.

Minimize G =

N∏
i=1

(
pi∑

j=1

δijεi(j)

)

Minimize G =
∏N

i=1

(∑pi
j=1 δijεi(j)

)
, subject to :

1)

∑nx
i=1

(∑pi
j=1

∑wi
k=1 δijTi(j)λjk�wi·k�

)
Tmax

≤ 1; ∀x, 1 ≤ x ≤ B

2)
∑pi

j=1 δij = 1; ∀i, 1 ≤ i ≤ N

3)
∑wi

k=1 λik = 1; ∀i, 1 ≤ i ≤ N

4)
∑wi

k=1 k·λik

W∗
x

= 1;∀Corei ∈ Aj

5)
∑B

x=1 W∗
x

W∗ = 1

/* Constants : εi(j), Tmax, W ∗ */

/* Variables : δij , λik; 1 ≤ i ≤ N , 0 ≤ j ≤ pi */

Figure 2.16: Geometric programming model for PTLTWS.

The constraints for the optimization problem described in Section 2.4.1 can be

easily modified for use in the MIGP problem. The complete MIGP problem for

PTLTWS is shown in Figure 2.16. We use GP relaxation to transform the MIGP

problem to a general GP problem that can be solved using commercial tools [94]. To

obtain an approximate solution of the MIGP problem, the MIGP is relaxed to a GP

and solved using [94]; the result obtained in this way is an upper bound on the optimal
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value of the objective function for the MIGP. The values of the variables obtained after

relaxation are then simply rounded towards the nearest integer. The heuristic then

iteratively reassigns the values of the variables such that the constraints are satisfied

while maximizing the defect-screening probability for the SoC. The heuristic used to

solve Pgp−TLTWS consists of the following steps:

1. In the first step of this procedure, we relax the MIGP PTLTWS to a GP problem.

The relaxation essentially means that the binary indicator variables used in the

optimization problem can take non-integer values.

2. We then use [94] to solve the relaxed MIGP problem. The resulting values of

the indicator variables δij are sorted for each core i. The highest value of δij for

each core is rounded to unity, while the remaining variables are rounded down

to zero.

3. The procedure then assigns the smallest value of TAM width to each core in

the SoC; i.e., λi1 = 1, ∀i. For the smallest value of TAM widths assigned to the

cores, the test time for each TAM partition is calculated.

4. The procedure then iteratively assigns additional TAM width to the TAM par-

tition with the maximum test time. This is repeated until
∑B

i=1 w∗
i = W ∗.

5. Once the TAM widths for RPCT are determined, we check to determine if∑
Corei∈Aj

T ∗
i ≤ Tmax, 1 ≤ j ≤ B. If violations in test time constraints are

observed, we identify a core in each TAM partition for which a reduction in

the number of applied patterns results in a minimal decrease in the overall

defect-screening probability. For each TAM partition j, 1 ≤ j ≤ B, where a

violation in test time is observed, we chose a particular Corei ∈ Aj such that a

decrease in the number of applied patterns Δp∗i results in a minimal decrease

in εi(p
∗
i ); we consider different values of Δp∗i in the range 1 ≤ Δp∗i ≤ 5 in our
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experiments, and choose the value that results in maximum defect screening Pr
S

for the SoC. This procedure, searches for a core in each TAM partition, which

yields a maximum value for θi · (fci(p
∗
i )− (fci(p

∗
i −Δp∗i ). This is repeated until

the time constraint on all TAM partitions are satisfied.

6. The relative defect-screening probability Pr
S = PS/P100

S for each core in the

SoC is then calculated; P100
S is the defect-screening probability if all 100% of

the patterns are applied per core. This information is used to determine the

relative defect-screening probability for the SoC.

Experimental results obtained using the GP-based heuristic procedure are sum-

marized in Table 2.6. The results are represented in a similar fashion as in Table

II. The relative defect-screening probability obtained using the GP-based heuristic is

greater than that obtained using the enumerative heuristic technique and less than

that obtained using the ILP method. The computation time ranges from 6 minutes

for the a586710 SoC, to 51 minutes for the p93791 SoC.

2.4.5 Approximation error in Pr
S

We present experimental results on the approximation error in Pr
S when ILP and

heuristic methods are used to solve PTLTWS versus when NLP and GP-based meth-

ods are used. We use a commercial solver [94] for the GP-based heuristic method. The

relative defect-screening probability was determined for a nonlinear objective (Equa-

tion (2.11)) function using [89], where the quadratic and cubic terms are considered

in addition to the leading order term; this procedure is similar to the procedure

described in Section 2.3.

Let Pr
S−ILP denote the relative defect-screening probability of the SoC obtained

using a linear objective function, Pr
S−e−TLTWS the defect-screening probability us-

ing the enumerative heuristic, Pr
S−NLP denote the relative defect-screening prob-
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ability of the SoC using a nonlinear objective function, and Pr
S−GP the relative

defect-screening probability using the GP-based heuristic method. We determine

the approximation error as a measure to quantify the effect of these higher-order

terms on Pr
S . The approximation error obtained using the ILP method is deter-

mined as δILP =
Pr

SILP
−Pr

SNLP

Pr
SNLP

× 100%. The approximation errors obtained using

the heuristic and GP are similarly determined as δHeur =
Pr

SHeur
−Pr

SNLP

Pr
SNLP

× 100% and

δGP =
Pr

SGP
−Pr

SNLP

Pr
SNLP

× 100% respectively.

As it is evident from the above equations, the results obtained using the non-

linear programming solver is used as a baseline case. This is because the results

obtained using GP-based heuristic are only bounds (upper bounds on the relative

defect-screening probability), and the results obtained using ILP and the enumera-

tive heuristic method are not optimal. The “p” benchmarks do not consider solutions

obtained using ILP because of the lack of a suitable solver to solve problems of this

size. The approximation errors for the benchmark circuits are presented in Tables

2.6-2.7. The time needed by the NLP solver [89] to solve PTLTWS with the nonlinear

objective function ranges from 6 minutes for the d695 SoC, to 4 hours for the “p”

SoCs from Philips. This clearly indicates that the nonlinear version of PTLTWS is

not scalable for large SoCs. The time to solve the GP-based heuristic ranges from 2

minutes for the d695 SoC, to 45 minutes for the “p” SoCs. The GP-based heuristic

can therefore be used to quickly determine bounds on Pr
S.

2.5 Summary

We have formulated a test-length selection problem for wafer-level testing of core-

based SoCs. This is the first attempt to formulate a test-length selection problem

for wafer sort of core-based SoCs. To solve this problem, we first showed how defect
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Table 2.7: Approximation error in relative defect-screening probability for d695 and
a586710.

Tmax = TSoC Tmax = 0.75TSoC Tmax = 0.5TSoC

SoC W ∗ δHeur δGP δILP δHeur δGP δILP δHeur δGP δILP

d695 8 4.36 1.59 0.17 7.77 4.82 0.37 15.09 11.81 3.31
12 3.83 1.58 0.15 7.48 7.48 0.58 12.73 10.45 2.94
16 3.23 1.74 0.25 7.10 5.72 1.04 11.31 9.61 2.36

a586710 8 2.47 1.52 0.12 3.77 1.46 0.54 5.40 4.76 0.94
12 2.18 1.46 0.32 3.27 1.22 0.41 4.87 3.79 0.79
16 2.05 1.53 0.28 3.03 0.78 0.46 4.36 2.93 1.03

Table 2.8: Approximation error in relative defect-screening probability for the “p”
SoCs.

Tmax = TSoC Tmax = 0.75TSoC Tmax = 0.25TSoC

SoC W ∗ δHeur δGP δHeur δGP δHeur δGP

p22810 8 2.91 4.09 4.36 7.68 5.40 7.18
12 1.82 2.92 4.29 7.09 5.31 8.19
16 1.28 2.26 3.06 4.43 3.62 4.54

p34392 8 0.97 2.62 3.48 5.99 6.54 10.33
12 1.12 2.56 3.25 5.49 7.55 11.07
16 1.85 2.64 2.84 4.78 5.67 7.62

p93791 8 4.30 6.62 5.75 8.97 6.48 8.92
12 6.16 8.87 7.10 10.28 8.21 10.72
16 4.90 7.01 6.53 7.23 8.35 9.15

probabilities for the individual cores in an SoC can be obtained using statistical

modeling techniques. The defect probabilities were then used in an ILP model to

solve the test-length selection problem. The ILP approach takes less than a second

for the largest SoC test benchmarks from Philips. Experimental results for the ITC’02

SoC test benchmarks show that the ILP-based method can contribute significantly

to defect-screening at wafer sort. A heuristic method that scales well for larger SoCs

has also been presented.

We have also formulated a test-length and a TAM width selection problem for

wafer-level testing of core-based digital SoCs. To the best of our knowledge, this
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is the first attempt to incorporate TAM-width-selection in the wafer-level SoC test

flow. Experimental results for the ITC’02 SoC test benchmarks using the optimal

method and the enumeration based approach show that the proposed approach can

contribute to effective defect screening at wafer sort.

Chapter 3 presents a wafer-level defect screening technique for core-based mixed-

signal SoCs. A cost model is also formulated to study the impact of the defect-

screening technique on overall cost savings.
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Chapter 3

Defect Screening for “Big-D/Small-A”

Mixed-Signal SoCs

Conventional test techniques for mixed-signal circuits requires the use of a dedicated

analog test bus and an expensive mixed-signal ATE [95, 96]. In this chapter, we

present a correlation-based signature analysis technique for mixed-signal cores in a

SoC [97]. This method is specifically developed for defect screening at the wafer level

using low-cost digital testers, and with minimal dependence on mixed-signal testers.

A comprehensive cost model is needed to evaluate the effectiveness of wafer-level

testing, and its impact on test and packaging cost. We develop a cost model and use

it to quantify the benefits derived from wafer-level testing of both analog and digital

cores. Correction factors, which account for the misclassification of dies under test,

are incorporated in the cost model. Experimental results involving the wafer-level

test technique as well as the cost model are presented for an industrial mixed-signal

SoC. The results show that a significant reduction in product cost can be obtained

using wafer-level testing and the proposed signature analysis method.

The remainder of the chapter is organized as follows. Section 3.1 describes the

proposed signature analysis method for wafer-level test of analog cores. Simulation

results are presented to evaluate the signature analysis method. Section 3.2 describes

the cost model for a generic mixed-signal SoC. Section 3.3 details the reduction in

product cost that can be obtained using wafer-level testing for an industrial mixed-

signal SoC. Finally, Section 3.4 concludes this work.
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3.1 Wafer-level defect screening: Mixed-signal cores

Test procedures for data converters can be classified as being based on either spectral-

based tests or code density tests. Spectral-based test methods [96] usually involve

the use of a suitable transform, such as the Fourier Transform, to analyze the out-

put. These methods are used to determine the dynamic test parameters of the data

converter. On the other hand, code density tests are based on the constructions of

histograms of the individual code counts [98]. The code counts of the data converter-

under-test are then analyzed and compared with the expected code counts to de-

termine its static parameters. Recent work in mixed-signal testing has focused on

spectral-based frequency domain tests, due to the inherent advantage of test time

over the code density tests. In [96], a test flow process is described, that uses only

the dynamic tests. A case study on sample data converters presented in [96] claims

that 96% of faults involving both static and dynamic specifications can be detected

without using the code density test technique. It is important to note that the pro-

cedure described in [96] is aimed at production testing. In [99], it has been shown

that frequency-domain-based signature analysis helps in suppressing non-idealities

associated with the test data, and it serves as a robust mechanism for enhancing

fault coverage and reducing false alarms.

In effect, a mixed-signal path can be sandwiched between a pair of complementary

data converters to generate a mixed-signal core driven by digital inputs and outputs

[53]. Testing this mixed-signal path, which is a basic building block in most “big-

D/small-A” SoC designs, holds key to cost effective testing using low cost digital

testers. The inadequacy of analog tests and their lack of effectiveness at wafer sort to

accurately measure test parameters and identify faulty dies have been highlighted in

[33] and [56]. A new defect screening technique for mixed-signal cores at wafer sort

is needed for the following reasons:
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• Time-domain signature analysis techniques have extremely low tolerance to

noise, since the measured signature can be incorrect even for single bit errors

[100].

• Noisy signals and imprecise test clocks at wafer sort lead to distortion in the

value of the dynamic parameters of such a signal to noise ratio (SNR), which

directly affects the effective number of bits for the data converter. The lower-

order bits of the data converter, in the presence of noise, convert noise rather

than the signal itself. In such circumstances, the comparison of the data con-

verter with a pre-specified signature, inevitably leads to increased yield loss.

• Test signals which are more linear than the linearity of the device under test

(DUT), are prescribed as a requirement for successful testing of data convert-

ers [101]. This cannot be guaranteed in “big-D/small-A” SoC designs, as the

digital-to-analog converters (DACs) are used to provide test stimuli to the

analog-to-digital converters (ADCs), when configured in a loop-back mode.

Measurement inaccuracies associated with a mixed-signal test and measurement

environment are described in [53, 30]. These problems can lead to a degradation in

the quality of the measurements made; these effects are more pronounced at wafer

sort [30, 56]. As a result, yield loss and test escape are more likely at the wafer-level.

Test procedures examine the output response of the circuit and compare it to

a pre-determined “acceptable” signature. In light of all the possible error sources

during wafer sort, a reliable acceptable signature is hard to derive because it requires

the modeling of all possible errors. To address the above problems, outlier analysis

has been extensively used in the IDDQ testing of digital circuits [57, 58]. We employ

a similar pass/fail criterion in the proposed wafer-level testing approach. To perform

such an analysis, we first require a measurable parameter for each core. In IDDQ
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testing, this data comes in the form of supply current information. However, in spec-

tral analysis, the information obtained as a signature is spread over multiple data

points, where each data point represents the power associated with the corresponding

frequency bin. It is therefore necessary to encode this information as a single param-

eter corresponding to each individual core. We propose two correlation-based test

methods to achieve this goal. These methods are referred to as the mean-signature-

and golden-signature-based correlation techniques.

3.1.1 Signature analysis: Mean-signature-based-correlation

(MSBC)

In [99], the authors use the correlation between a reference spectrum and the spectrum

of the circuit under test as a pass/fail criterion. The reference spectrum serves

as an acceptable signature, and is used for comparison with the spectrum of the

circuit under test. Such a reference signature is called an Eigen signature [99]. The

sensitivities to changes in the shape of the spectrum of the device-under-test from

the Eigen signature can be quantified by means of a correlation parameter. The

correlation is a fraction that lies between 0 and 1, and it serves as a single measurable

parameter for each individual die.

The characteristic spectrum Xi of the ith core-under-test in a batch of m identical

cores is obtained using a P -point Fast Fourier Transform (FFT) and is defined as:

Xi = {xi1, xi2, · · ·xiP}, 1 ≤ i ≤ m. The elements xi1, xi2, · · ·xiP in the above spec-

trum denote the power associated with the corresponding frequency bin. Ideally, the

spectrum of each die should be correlated to a set of averages of the spectra of m dies

tested under similar ambient operating conditions. The Eigen signature E is deter-

mined as the set of averages of the spectra of m identical cores-under-test and can be

defined as: E = {(∑m
i=1 xi1)/m, (

∑m
i=1 xi2)/m, · · · , (∑m

i=1 xiP )/m}. In particular, if
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the number of good dies is appreciably larger than the number of defective ones, the

Eigen signature contains the information needed to classify the good dies from the

defective ones. Since both Xi and E are random variables, let X i and E represent

the mean of Xi and E respectively. The correlation between the Eigen spectrum and

that of the circuit under test can now be defined using Equation (3.1) as:

corr(Xi, E) =

P∑
j=1

(xij −X i)

(∑m
i=1 xij

m
−E

)

[ P∑
j=1

(xij−X i)
2

P∑
j=1

(∑m
i=1 xij

m
−E

)2]1/2
(3.1)

3.1.2 Signature analysis: Golden-signature-based-correlation

(GSBC)

For the MSBC technique, the collection of spectral signatures requires the storage

of spectral information of a number of dies before a pass/fail decision can be made.

While this information does not have to reside in the main memory of the tester,

storing and handling such a large amount of data may be inconvenient. It may be

desirable to use a pre-defined golden-signature for correlation during wafer sort. It is

important to note that the use of a pre-defined spectrum as the golden signature does

not hamper outlier analysis. The golden-signature spectrum is obtained a priori, by

assuming ideal and fault-free operating conditions for the circuit under test. The

correlation parameter can still be used to identify the possible faulty dies. The

correlation parameters are estimated in the same way as in Section 3.1.1. The only

difference here lies in the use of a golden signature as the Eigen signature. The test

flow for both methods is described in Figure 3.1.

The next step in signature analysis is to set a threshold to determine the pass/fail

criterion for each die. As explained previously, due to all the non-idealities in the
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Figure 3.1: Flowchart depicting the mixed-signal test process for wafer-level fault
detection.

measurements, a pre-determined threshold is of little use. However, during wafer sort,

characterization data on mixed-signal components is already available. The charac-

terization data provides information on the approximate percentage of dies that are

expected to pass the final test. Modular testing of SoCs can also provide information

on the approximate yield per module/core in an SoC [102]. Characterization infor-

mation, in conjunction with the module yield data, can be used to estimate a priori,

the approximate number of dies that will pass the test. The yield loss due to this

indirect testing method should be minimized, since yield loss affects overall cost by

increasing the effective cost of silicon per unit die. The number of passing dies can
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be estimated by using the expected yield (Y%) information from the characterization

data. We set the fraction of the number of dies passing the test to be Y% + (100−Y%)
k

.

The constant k can be chosen based on the type of signature analysis technique used.

The effectiveness of the proposed methods can be established by determining the

resultant yield loss and test escapes. If G represents the number of good circuits and

Gfail the number of good circuits failing the test, then the yield loss can be estimated

to be
Gfail

G
. The number of faulty circuits that pass the test (Fpass) can be used to

calculate the test escapes as Fpass

N−G
.

To evaluate the above performance metrics, we develop a behavioral model of a

flash-type ADC in MATLAB. We generate 1500 unique circuit instances of the ADC

by inducing parametric variations in the associated components and also by injecting

certain hard and soft failure types. The hard failure type corresponds to catastrophic

failures and the soft failure type corresponds to parametric variations that result in

undesirable circuit operation. The hard faults are generated for 100 data converters

by forcing resistive opens and broken lines in the comparator network. We then

vary the component parameters; the values of resistors and the offset voltages of

the comparators, to generate three sets of data converters. We modify the standard

deviations of resistor values and offset voltages to randomly inject the soft faults.

The three sets of data converters correspond to high yield (HY-90%), moderate yield

(MY-75%) and low yield (LY-60%). Correlation parameters for each unique ADC are

obtained for both the proposed methods and by using a 1024-point and a 4096-point

FFT. In this experiment, the specification that determines the good/faulty dies is

the differential-non-linearity (DNL) parameter. The acceptable range of DNL for the

ADC is set to be 0 ≤ DNL ≤ 0.5. Based on the random fault injection scheme, we

have a number of marginally faulty dies (0.5 ≤ DNL ≤ 1), moderately faulty dies

(1 ≤ DNL ≤ 2) and grossly faulty dies (DNL > 2). The percentages of marginal,
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moderate and grossly faulty data converters in the overall population are 44%, 37%

and 19% respectively.

We present experimental results for the 8-bit flash ADC model in Table 3.1. It is

clear that the MSBC technique outperforms the GSBC technique in most cases, both

in terms yield loss (YL) and overall test escapes (OTE). Table 3.1 lists the percentage

of test escapes for marginal (TEMaF ), moderate (TEMoF ), and grossly (TEGF ) faulty

dies. The percentages are given in terms of the number of faulty dies in each group).

Columns 5-7 list the relevant data separately for each fail type. As a result, the

rows of the table for these three columns do not add up to 100%. This analysis is

performed in order to evaluate the effectiveness of our proposed signature analysis

techniques over different failure regions. A significant percentage of marginal failures

result in test escapes. This shows that the proposed signature analysis technique is

not effective for screening marginal failures. On the other hand, 33%–92% and 26%–

92% of the moderately faulty dies are screened in the case of the MSBC technique and

GSBC technique, respectively. Thus our technique is effective for screening moderate

and gross failures, which is typically the objective in wafer-level testing. Marginal

failures are best detected at package test, where the chip can be tested in a more

comprehensive manner.

3.2 Generic cost model

In this section, we present a cost model to evaluate wafer-level testing for a generic

mixed-signal SoC. A cost model for an entire electronic assembly process is described

in [103], using the concept of “yielded cost”. However, it cannot be readily adapted

for wafer-level testing. In [27], a cost modeling framework for analog circuits was

proposed, but it did not explicitly model the precise relationship between yield loss,

test escape and the overall product cost. The effects of yield loss and test escape for
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Table 3.1: Wafer-level defect screening: experimental results for an 8-bit flash ADC.
FFT: No. of

Correlation Sample Points-
Technique Yield Type YL (%) OTE (%) TEMaF (%) TEMoF (%) TEGF (%) k

Mean 1024-LY 0.8176 46.66 89.25 33.21 3.53 5
Signature 1024-MY 0.25 67.7 97.11 66.19 0 7

1024-HY 0.9 49 95.23 54 7.4 7
4096-LY 0.06 47 77.1 7.95 0 10
4096-MY 0.08 27.43 58.65 12.67 0 10
4096-HY 0 25 95.23 10 0 10

Golden 1024-LY 1.006 75.71 98.59 73.7 42.47 5
Signature 1024-MY 0.0375 68.75 96.15 67.6 5 7

1024-HY 1.1 74 100 76 55.55 5
4096-LY 0.18 29.78 88.31 7.95 0.88 8
4096-MY 0.16 43.36 96.15 15.49 0 10
4096-HY 0.1 2.5 100 8 0 10

YL → Yield loss; OTE → Overall test escapes; TEMaF , TEMoF and TEGF → Test escapes for
marginal, moderate and grossly faulty dies respectively.

both the digital and mixed-signal cores in an SoC is modeled in our unified analytical

framework. The proposed model also considers the cost of silicon corresponding to

the die area.

3.2.1 Correction factors : Test escapes and yield loss

Testing at the wafer level leads to yield loss and test escapes. Yield loss occurs when

testing results in the misclassification of good dies as being defective, and the dies

are not sent for packaging. We use the term Wafer-Test-Yield Loss (WYL), to refer

to the yield loss resulting from wafer-level testing, and the associated non-idealities.

Clearly, WYL must be minimized to reduce product cost.

The test escape component is also undesirable, due in large part to the mandated

levels of shipped-product quality-level (SPQL), also known as defects per million,

which is a major driver in the semiconductor industry. SPQL is defined as the

fraction of faulty chips in a batch that is shipped to the customer. Test escapes at

the wafer-level are undesirable because they add to packaging cost, but they do not

increase SPQL if these defects are detected during module tests.

In order to make the cost model robust, we introduce correction factors to account
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for the test escapes and WYL. The correction factor for test escapes is obtained from

the “fault coverage curve”, which shows the variation of the fault coverage versus the

number of test vectors. It has been shown in [2], and more recently in [104], that, the

fault coverage curve can be mapped to a log function of the type fcn = 1 − αe−βn,

where n is the number of test patterns applied, fcn is the fault coverage for n test

patterns, α and β are constants specific to the circuit under test and the fault model

used.

Typically in wafer-level testing for digital cores, only a subset of patterns are

applied to the circuit, i.e., if the complete test suite contains n patterns, only n∗ ≤ n

patterns are actually applied to the core-under-test. The correction factor θn∗ , defined

as θn∗ = (fcn−fcn∗ )
fcn

, 0 ≤ n∗ ≤ n, is used in the model to account for test escapes during

wafer-level testing.

Figure 3.2 shows how the fault coverage varies as a function of the number of

applied test vectors for the digital portion of a large industrial ASIC, which we

call Chip K11. The digital logic in this chip contains 2,821,647 blocks (including

approximately 334,000 flip-flops), where a block represents a cell in the library. The

figure also shows the correction factor as a function of the number of test vectors

applied to the same circuit. Section 3.1 showed how we can evaluate the test escapes

for analog cores. Let us assume that the test escape for analog cores is β. Assuming

that test escapes for the analog cores are independent from the test escapes for digital

cores (a reasonable assumption due to the different types of tests applied for the two

cores), the SoC test escape can be estimated to be 1− (1− θn∗) · (1− β).

Let us now consider the correction factor due to WYL. If the WYL for the digital

part of the SoC is WY Ld and that for the analog part of the SoC is WY La, the

effective WYL for the SoC is simply given by WY Leff = 1−(1−WY Ld)·(1−WY La).

1ASICs Test Methodology, IBM Microelectronics, Essex Jct, VT 05452.
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Figure 3.2: The variation of the fault coverage and correction factor versus the
number of test vectors applied to the digital portion of Chip K.

The parameter WY Ld can be negligible if overtesting, which is a major concern

nowadays for production testing of digital circuits [105], is not significant at the

wafer-level. However, the parameter WY La cannot be neglected for the reasons

described in Section 3.1.

3.2.2 Cost model: Generic framework

We now present our generic cost model. The cost model treats the outcomes of a

test as random variables and assigns probabilities to the different possible outcomes.

Appropriate conditional probabilities are used to ensure that the model takes all

possible scenarios into account. Let us first define the following events: T+: the

event that the test passes, i.e., the circuit is deemed to be fault-free; T−: the event

of the test fails, i.e., the circuit is deemed to be faulty; D+: the event that the die is
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fault-free; D−: the event that the die is faulty.

Conditional probabilities associated with the above events help us to determine

the various factors that influence overall test, packaging and silicon cost. The follow-

ing conditional probabilities are of interest—P (T+ | D−): Probability of a test pass

for a faulty die (representative of test escapes); P (T+ | D+): Probability of a test

pass for a good die (correct classification of a good die); P (T− | D−): Probability of

a test fail for a bad die (correct defect screening); P (T− | D+): Probability of a test

fail for a good die (representative of WYL).

Using the above conditional probabilities, we can derive the following expressions

for P (T+) and P (T−):

P (T+) = P (T+ | D+)P (D+) + P (T+ | D−)P (D−) (3.2)

P (T−) = P (T− | D+)P (D+) + P (T− | D−)P (D−) (3.3)

where, P (T+) = 1− P (T−).

P (T+ | D−) denotes the test escape, while P (T− | D+) indicates the yield loss.

Note that P (D+) represents the yield Y of the process and P (D−) = 1 − P (D+).

Knowing these parameters, we can calculate P (T−) using Equation (3.3). Solving

for P (T+ | D+) from the above equations, we get:

P (T+ | D+) = (1− P (T−)− (P (T+ | D−)P (D−))/P (D+) (3.4)

The probability P (T+) represents the fraction of the total number of dies that

need to be packaged. The conditional probability P (T+ | D+) represents the number

of good dies that are packaged i.e., it represents the fraction of dies for which the test

passes when the die is fault-free. This conditional probability, which can be easily

calculated using Equation (3.4), is used to calculate the effective cost per unit die

from the overall test and manufacturing costs.
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3.2.3 Overall cost components

The overall production cost depends on whether only after-package testing is carried

out, or if wafer-level testing is done in addition to production testing. We first

determine the cost when only after-package testing is carried out. Let the total

number of dies being produced be N , let tap represent the total test application time

at the production level and cap represent the cost of test application (in $) per unit

time during after-package testing. Let CP denote the cost of packaging per unit die,

Adie be the area of the die under consideration, and Csil be the cost of silicon (in $)

per unit area of the die. The overall production cost Cocap (that includes test time

cost and silicon area cost, but ignores other cost components not affected by the

decision to do wafer-level testing) associated with manufacturing a batch of N dies

can now be determined using Equation (3.5):

Cocap = (N · tap · cap) + N · CP + (N · Adie · Csil) (3.5)

Similarly the overall cost (Cocwap) associated with the manufacture of a batch of

N dies for which both wafer-level and after-package testing are performed can be

determined using Equation (3.6).

Cocwap = (N · tw · cw) + P (T+) ·N · CP + (P (T+) ·

N · tap · cap) + (N · Adie · Csil) (3.6)

In Equation (3.6), tw and cw represent the overall test time at the wafer-level and

the tester cost per unit time, respectively. Recall that P (T+) represents the fraction

of dies that pass the test at the wafer-level. This is an indicator of the number of dies

to be packaged and tested at the production level. The cost per unit die by performing

wafer and production level tests (Cdiewap) can be calculated from Equations (3.5) and

(3.6) as Cocwap/(N ·Y ·P (T+ | D+)). When only production level tests are performed
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the cost per unit die can be estimated to be Cocap/(N ·Y ). This estimate of the cost per

unit die is overly optimistic because we assume that there is no yield loss or test escape

associated with after-package testing. This is usually not the case in practice. We

can now define the cost savings as (δC = Cocap/(N ·Y ))−(Cocwap/N ·Y ·P (T+ | D+)),

which indicates the reduction in production cost per die due to the use of wafer-level

testing.

3.3 Cost model: Quantitative analysis

In this section, we use the model to validate the importance of wafer-testing from a

cost perspective. In order to use the cost model, we need realistic values of the cost

components used in the model. For this purpose, we model the section of flattened

digital logic (as explained in Section 3.2) as a single core, and use relevant information

from a commercial mixed-signal SoC, Chip U22. The mixed-signal SoC includes a pair

of complementary data converters of identical bit-resolution. The data converters can

be configured in such a way that each DAC is routed through the ADC for purposes

of test (as explained in Section 3.1). It is appropriate to assume that the ADC and

the DACs are tested as pairs because a single point of failure is a sufficient criterion

to reject the IC as being faulty.

In [29], the importance of packaging is highlighted with realistic numbers on the

cost of silicon and cost of packaging per unit die. Furthermore, [31, 106] provides

actual packaging costs for various types of packages. In this section, we choose the cost

of packaging per die after carefully studying the published data. The package cost is

varied from $1 per die to $9 per die, which is considerably lower than published data.

Lower values of package costs are considered for smaller dies. Since the cost model

for wafer-level testing will predict more cost savings for higher package costs, we

2ASICs Test Methodology, IBM Microelectronics, Essex Jct, VT 05452.
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choose lower values for the package cost to ensure that there is no bias in the results.

Packaging costs for a high-end IC can be as high as $100 per die [29, 106, 1]. The cost

of silicon from [29] is estimated to be $0.1 per unit mm2. We consider three typical die

sizes from industry (10mm2, 40mm2 and 120mm2) corresponding to small, medium

and large dies, for purposes of simulation. We use a typical industry “yield curve”1,

shown in Figure 3.3, to illustrate the spread in cost savings than is achieved by testing

mixed-signal SoCs at the wafer level. The points on the yield curve correspond to the

probability that the yield matches the corresponding point on the x-axis. The yield

curve is appropriately adjusted to reflect distributions corresponding to die sizes,

because, higher yield numbers are optimistic for large dies, and vice versa [107].

3.3.1 Cost model: Results for ASIC chip K

Test costs typically range from $0.07 per second for an analog tester to $0.03 per

second for a digital tester1. The cost is further reduced dramatically for an old tester,

which has depreciated from long use to a fraction of a cent per second. The proposed

wafer-level test method benefits from lower test time costs, hence to eliminate any

favorable bias in our cost evaluation, we assume that the test time cost is an order

of magnitude higher, i.e., $0.30 per second.

We model the test escapes by assuming that the the digital portion ASIC Chip

K is tested with 4046 test patterns, and for which the test escape correction factor

is calculated from Figure 3.2. The analog test time is modeled by assuming that

the data converter pair is tested with a 4096-point FFT. The test escape of the

mixed-signal portion of the chip is assumed to be 50%.

Figures 3.3–3.5 illustrate the effect of varying packaging costs on δC for small and

large dies, respectively. The cost savings per die are analyzed for each point in the

discretized yield curve. This is done in order to illustrate the spread in cost saving
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that can be achieved in a realistic production environment. It is evident that the

savings that can be achieved by performing wafer level tests is significant, and that

it decreases with increase in yield.

Figure 3.3: Distribution of cost savings for a small die with packaging costs of (a)
$1 (b) $3 (c) $5.

3.3.2 Cost model: Results considering failures due to both

digital and mixed-signal cores

Until now, we have only considered chip failures that can be attributed to either

the digital logic or the analog components, but not both. We next evaluate the cost

savings when the digital and the analog fails are correlated. Let A denote the event

of a mixed-signal test escape and B denote the event of a digital test escape. A test

escape in either the mixed-signal portion of the die, or in the digital portion of the die

will result in the part being packaged. The probability that the test process results in

at least one test escape can be given as P (A∪B); this probability can be represented
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Figure 3.4: Distribution of cost savings for a medium die with packaging costs of
(a) $3 (b) $5 (c) $7.

Figure 3.5: Distribution of cost savings for a large die with packaging costs of (a)
$5 (b) $7 (c) $9.
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using the following equation:

P (A ∪B) = P (A) + P (B)− P (A ∩ B) (3.7)

Using previously introduced notation, the above equation can be rewritten as

follows:

P (T+ | D−) = β + θn∗ − P (A ∩ B) (3.8)

Our initial experiment considered a scenario where we assumed the test escapes

occurring in the different sections of the die to be independent. We therefore took

the product of the individual test escape probabilities to determines the resultant

test escape. We now consider an additional scenario where test escapes occur in

both parts of the die simultaneously, i.e., when a test results in a test escape in the

digital portion of the die, the mixed-signal test also results in a test escape. This is

given by the probability P (A∩B). In our experiments we consider test escape values

by varying P (A ∩ B) between 0 and min{P (A), P (B)} to determine the test escape

probability from Equation (3.8). The values of P (A), P (B), and the various costs

associated with the test and packaging process remain the same from our experiments

in Section 3.3.1. The purpose of this experiment is to determine the impact, on the

overall cost savings, of test escapes that occur in both the digital and mixed-signal

portions of the die.

We now present experimental results for a large die under three different yield

scenarios: high yield (Figure 3.6(a)) where the yield is 90%, medium yield (Figure

3.6(b)) where the yield is 75%, and low yield (Figure 3.6(c)), where the yield is 60%.

The x-axis denotes the probability of test escape overlap; the overlap in test escape

is varied from 0 to the test escape probability of digital cores (0.05 for Chip U). It is

observed from Figure 3.6 that our defect screening technique results in cost savings

despite the overlap in test escapes in the digital and mixed-signal cores. The cost
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savings are minimum when there is no overlap in test escapes between the digital

and mixed-signal cores, and vice-versa. Similar results are obtained for small and

medium dies.

3.3.3 Cost model: Results considering failure distributions

The results in Figures 3.3–3.5 do not consider the breakdown between the various

mixed-signal fail types. The percentage of marginal, moderate and gross failures

can be determined via statistical binning of failure information for a given batch of

dies being manufactured. Unfortunately, such failure data is not easily available in

the literature; companies are reluctant to disclose this information. Therefore, we

consider different scenarios and a range of values for the percentages corresponding

to the different failure types. Let x1, x2 and x3 represent the percentage of failures

corresponding to marginal, moderate and gross fail types, and TE1, TE2 and TE3 be

their corresponding test escape rates. The test escape (β) for the analog cores can

now be calculated as: (TE1 · x1 + TE2 · x2 + TE3 · x3)/(x1 + x2 + x3).

We first consider the following cases: 1) all the fail types are equally distributed; 2)

the marginal fail type dominates the sample fail population; 3) the moderate fail type

dominates the sample fail population; 4) the gross fail type dominates the sample fail

population. In the case of a particular fail type dominating the sample fail population,

we assume that the other two fail types make equal contributions to the number of

failing dies. Table 3.2 illustrates the above four cases; it is assumed here that the

digital core in the SoC is tested with 4046 digital test patterns. The packaging costs

are chosen according to the yield type considered. We consider a packaging cost of

$5 for the low yield case, since the low yield case nominally corresponds to large

dies. Similarly we consider packaging costs of $3 and $1 for the medium and high

yield cases respectively. The die areas considered are, 10mm2, 40mm2 and 120mm2,
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(a) Low-yield scenario

(b) Medium-yield scenario

(c) High-yield scenario

Figure 3.6: Distribution of cost savings for a large die with packaging costs of (a)
$5, (b) $7 (c) $9, when test escapes between digital and analog parts are correlated.
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corresponding to low, medium and high yield. A constant yield loss of 1% for all test

cases is considered. The percentage test escapes corresponding to failure type are

determined from Table 3.1 for all yield cases. The choices of packaging costs reflect

the lower bounds from the values considered in Section 3.3.1. We assume here that

the digital and mixed-signal fails are uncorrelated, due to the lack of representative

information. In practice, as discussed in Section 3.3.2, the correlation information

can be easily incorporated in the cost model if it is available for failing dies.

Table 3.2 presents results obtained using the cost model for the different cases

described above. We present results for both the MSBC- and the GSBC-based tech-

niques. The purpose of this experiment is to relate the importance of the proposed

wafer-level defect screening techniques to the dominance of a particular fail type. It is

obvious that a sample population with a high marginal fail type will result in a high

overall test escape rate for the SoC (TEMSBC and TEGSBC). On the other hand, the

test escape rate will be low for the gross fail type. Table 3.2 shows that irrespective of

the distribution of fail types, wafer-level testing reduces cost in most cases. The use

of the MSBC-based technique results in greater cost savings (CSMSBC), compared to

the GSBC technique (CSGSBC). For a process known to have high yield, wafer-level

testing does not always reduce test and packaging costs. The negative entries in

Table 3.2 provide a reality check on the extent to which wafer-level tests should be

applied. These results help us to judiciously determine the extent of wafer testing

for different scenarios. The GSBC technique is inefficient for testing in a high-yield

production environment, which typically corresponds to the manufacture of small

dies. It is more suitable for low- and medium-yield dies.

We next vary x1, x2, and x3, each between 0 and 100, under the constraint that

x1 + x2 + x3 = 100. The resulting cost savings are shown in Figure 3.7. The three

axes in Figure 3.7 denote the percentage of marginal failures (x1), the percentage
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(a) Low-yield scenario

(b) Medium-yield scenario (c) High-yield scenario

Figure 3.7: Variation in cost savings considering the impact of mixed-signal fail
types.

of gross failures (x3), and the cost savings per die, respectively. (The percentage of

moderate failures, x2, is derived from x1 and x3.) Results are presented for three

different yield scenarios: low, medium, and high yield; MSBC is used as the defect-

screening technique for the results presented in Figure 3.7. It is observed that the cost

savings are the least when marginal failures dominate the fail population. Similarly,
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a fail population with significant gross failures result in high cost savings per die.

As expected, the cost savings for moderate failures lies between the cost savings for

marginal and gross failures. Similar results are observed when GSBC is used instead

of MSBC.

3.4 Summary

We have proposed a wafer-level defect screening technique for core-based mixed-signal

SoCs. Two new correlation-based signature analysis methods have been presented for

wafer-level testing of analog cores. A comprehensive cost model has been developed

for a generic mixed-signal SoC; this model allows us to quantify the savings that

result from wafer-level testing. Test escape, yield loss, and packaging have been

incorporated in this production cost model. We have used an industrial mixed-signal

SoC to evaluate the proposed wafer-level test method. The proposed method uses

a low-cost digital tester for wafer-level mixed-signal test, which further reduces test

cost.

The next chapter presents a test scheduling technique for WLTBI of core-based

SoCs. The objective of the proposed test-scheduling technique is to minimize the

variation in power consumption during WLTBI, while maintaining a reasonable test

application time for the SoC.
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Chapter 4

Wafer-Level Test During Burn-In (Part

1): Test Scheduling for Core-Based SOCs

Test scheduling of core-based SoCs leads to varying junction temperatures during

test application. This is due to the varying power consumption of the multiple

heterogeneous cores that are tested in parallel. This can result in a device being

subjected to excessive or insufficient burn-in, and in certain cases may result in

thermal runaway.

In this chapter, we present a power-conscious test-scheduling technique for WLTBI

of core-based SoCs [108]. This technique allows us to select cores that are tested in

parallel while minimizing the overall variation in power. Minimizing the overall vari-

ance in power results in less fluctuations in the junction temperature of the device.

Test scheduling for WLTBI of core-based SoCs is important because of the following

reasons:

1. Scheduling the cores serially during WLTBI does not satisfy the objectives of

dynamic burn-in. The objective of dynamic burn-in is to have the maximum

switching activity, so that all the latent defects can be screened efficiently.

Testing a single core at a time does not contribute significantly towards stressing

the device.

2. Even though the burn-in time is long, all the time is not allocated for test

purposes. Burn-in involves temperature and voltage cycling multiple times [40].

Burn-in also involves subjecting the device to a period of static burn-in when

no patterns are applied. Any minimization in test time that can be achieved
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through a test scheduling technique will help minimize the overall time required

for WLTBI, while at the same time satisfying the twin objectives of burn-in

and test.

3. All the die in the wafer cannot be contacted during WLTBI [6]. This can

be because of the lack on sufficient probe pins and/or limitations of WLTBI

equipment to remove heat. When only a fraction of the die can be tested during

burn-in, it is important to have low test times for the SoCs in order to test all

die during WLTBI.

The main contributions of this chapter are as follows:

• We motivate the importance of handling thermal problems during WLTBI from

a test-application perspective, and show how test scheduling can be used to

alleviate these problems.

• We formulate a test-scheduling problem for WLTBI of core-based SoCs. Our

goal is to minimize the variations in the test power of the SoC during test

application

• We prove that the test-scheduling problem for WLTBI is NP-complete. We

develop a heuristic technique to solve the test-scheduling problem for core-based

SoCs.

The remainder of this chapter is organized as follows. Section 4.1 formulates

the test-scheduling problem for WLTBI. The heuristic method to solve the problem

efficiently is presented in Section 4.2. Section 4.3 presents the baseline methods. The

simulation results for three off the ITC’02 SoC benchmarks are presented in Section

4.4. Finally, we summarize the chapter in Section 4.5.
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4.1 Test scheduling for WLTBI

Efficient test-scheduling methods target increased test concurrency to reduce the test

application time. This leads to increased power consumption during test. Recent test-

scheduling techniques for core based SoCs have included the additional dimension

of test power consumption [109, 17]; this ensures that a pre-determined limit on

power consumption is not exceeded during test. These techniques, however, do not

address the variations in power that occur during test application. We develop a

power-conscious test scheduling approach in this chapter, tailored for WLTBI of

core-based SoCs. The primary objective of our work is to minimize variations in

power consumption such that predictions on burn-in time are accurate. A secondary

objective is to minimize the test application time.

4.1.1 Graph-matching-based approach for test scheduling

A graph G(V1, · · · , VN ; E), where V1, V2, · · · , VN are subsets of vertices and E is the

set of edges, is B-partite if there is no edge between any two vertices in the vertex

subset Vi, 1 ≤ i ≤ N [110]. In other words, the vertices are partitioned into B sets

(partitions), such that no two vertices contained in any one partition are adjacent

to one another. The assignment of cores to TAMs in an SoC can be represented by

a complete B-partite graph, where B is the number of TAM partitions; the set of

vertices, Vi denotes the cores assigned to TAM partition i. The edges between the

nodes in the different partitions model the fact that at any clock cycle, any group of

cores on different TAM partitions are candidates for concurrent testing. An example

of a TAM architecture for the d695 SoC with a TAM width W = 32 is shown in

Figure 4.1(a). This can be represented by a complete B-partite graph (B = 3) as

shown in Figure 4.1(b); this is also known as a complete tripartite graph. Edges

exist between all pairs of nodes (cores) in different partitions; this implies that at
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(a) (b)

Figure 4.1: (a) TAM architecture for the d695 SoC with W = 32 (b) Corresponding
B-partite (B = 3) graph, also referred to as a tripartite graph for the d695 SoC with
W = 32. The nodes correspond to cores.

any given clock cycle, any set of cores on the three different TAM partitions can be

tested concurrently.

We assume a fixed-width TAM architecture and test buses [111], where the divi-

sion of W wires into B TAM partitions has been determined a priori using methods

described in [111, 84]. We now have to determine an optimal ordering of cores such

that the overall variation in power consumption for the SoC is minimized while sat-

isfying the constraint on peak power consumption Pmax. We refer to this problem as

PCore Order. We use the following two measures as metrics to analyze the variation in

power consumption.

1. The first measure is the statistical variance in test power consumption. Let TSoC

represent the test time for the SoC in clock cycles, and Pmean the mean value

of power consumption per clock cycle during test. The variance in test power

consumption for the SoC is defined as 1
TSoC

∑TSoC

i=1 (Pi − Pmean)2. Low variance

indicates low (aggregated) deviation in test power from the mean value of power

consumption during test. Successful WLTBI requires the minimization of this
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metric.

2. The cycle-to-cycle variation in test power consumption is an indicator of the

“flatness” of the power profile during test. Large cycle-to-cycle power variations

are undesirable. We therefore quantify the “flatness” in the power profile using

the metric γ =
∑TSoC−1

i=1 |Pi+1−Pi|
TSoC−1

; Pi and Pi+1, denote the power consumption

during the ith and (i + 1)th clock cycles. Low values of γ are desirable for

WLTBI.

Without loss of generality and to simplify the presentation, we henceforth consider

an SoC with three TAM partitions (B = 3). (The extension to more than three TAM

partitions is straightforward.) The problem PCore Order for an SoC with three TAM

partitions can now be formally stated as follows:

Problem PCore Order : Let T1, T2 and T3 be the sets of cores on TAM partitions 1,

2 and 3 respectively. Determine the sets of cores that can be tested simultaneously,

and the ordering of the cores on the TAM partitions, such that the overall variation

in power consumption for the SoC is minimized and the peak power constraint Pmax

is satisfied.

We relate the core-ordering problem to the maximum tripartite graph-matching

problem [112]. For any three sets X, Y , Z, and a corresponding set S of triples X ×
Y ×Z, the maximum tripartite matching problem determines a maximum matching

set of triples M , M ∈ S. The elements of X, Y and Z that are matched occur exactly

in one triple ∈M , and for any other matching M
′
, |M | ≥ |M ′ |.

To solve PCore Order, we need to determine sets of cores that are tested (con-

currently) during a test-session, and the ordering of these sets of cores in the test

schedule such that the variation in power consumption during test is minimized. The

tripartite graph, such as the the one shown in Figure 4.1(b), is used to represent the
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assignment of cores to TAMs in an SoC. A matched triple in the tripartite graph

represents a set of three cores that are concurrently tested during a test-session with-

out violating the peak power constraint Pmax. The numbers of cores on each TAM

partition in an SoC are not necessarily equal. It is therefore necessary to determine

matched sets of triples, matched edges, and unmatched vertices (in the same order)

iteratively for the tripartite graph, to ensure that all the cores are assigned to the test

schedule. A graph-theoretic matching procedure can be used to determine and order

the matched triples, the resulting matched edges, and unmatched vertices. We next

describe how edge weights are added to the tripartite graph. These weights indicate

the power variation during test.

In a weighted tripartite graph G, a weight w(e), is associated with each edge e.

The edge weight in the context of PCore Order can be used to numerically represent

the variation in power consumption when the two cores corresponding to the vertices

at the end-points of the edge are tested concurrently. The tripartite graph can now

be augmented to include weights for groups of three vertices, one from each partition

in the tripartite graph. This weight ρ(i, j, k) is used to represent the variation in

power consumption when the three cores i, j, and k are tested in parallel. It is given

by ρ(i, j, k) = μ(i, j, k)+σ(i, j, k); the parameter μ(i, j, k) is the statistical mean and

σ(i, j, k) is the standard deviation in power consumption, when cores i, j, and k are

tested concurrently. Note that 1 ≤ i ≤ |T1|, 1 ≤ j ≤ |T2| and 1 ≤ k ≤ |T3|.
We next determine a matching in the tripartite graph that results in the least

“cost”. The cost of a matching here corresponds to the aggregate variation in power

consumption when the cores corresponding to the matched groups of vertices and

matched edges, are assigned to test sessions in the test schedule for WLTBI. The

matching problem uses the weighted tripartite graph to determine matched sets of

three vertices and matched edges in the order of increasing weight to obtain a match
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with the lowest cost. Matched sets of three vertices and edges in the order of increas-

ing weight leads to a reduction in the variance in test power, and the mean cycle-

to-cycle variation in test power. The least-cost weighted tripartite graph-matching

problem is

Problem PGMP : Given a weighted tripartite graph G, determine a lowest-cost

matching for G.
Figure 4.2(a) illustrates an example test schedule optimized for WLTBI. The first

two test sessions TS1 and TS2 in the test schedule correspond to matched set of

triples {3, 1, 4}, and {7, 2, 6} in the weighted tripartite graph shown in Figure 4.2(b).

The dotted lines in Figure 4.2(b) represent matching in the tripartite graph. Cores 3,

1, and 4 when tested concurrently result in the least power variation among all valid

core combinations. The power data for this example is taken from the cycle-accurate

test modeling approach presented in [109]. The test session TS3 is represented by a

matched edge {5, 8} in Figure 4.2(b). Cores 9 and 10 represent unmatched vertices

in the tripartite graph, and they are tested individually in the test schedule. The

solution to PGMP therefore corresponds to a solution for PCore Order.

We next use the method of restriction to prove that PCore Order is NP-hard. A

special case of PCore Order, where |T1| = |T2| = |T3| = n and all the edge weights are

equal, is equivalent to the well-known perfect tripartite matching problem [112]. The

perfect tripartite matching problem is stated as follows:

Instance: Three disjoint subsets X, Y and Z, where |X| = |Y | = |Z| = n, and a

set of triples S ⊆ X × Y × Z.

Question: Is there a matched set of triples M , where M ⊆ S such that |M | = n,

and every element of M occurs exactly in one triple of S?

The perfect tripartite matching problem is known to be NP-Complete [112]. Since

a special case of PCore Order is equivalent to a general instance of the perfect tripartite
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(a) (b)

Figure 4.2: (a) Test schedule for the d695 SoC with W = 32 and Pmax = 1800.
(b) Matched tripartite graph for the d695 SoC with W = 32. Dotted lines represent
matching.

matching problem, it follows from the method of restriction that PCore Order is NP-

hard.

4.2 Heuristic procedure to solve PCore Order

We next describe the heuristic algorithm that we use to solve PCore Order. The algo-

rithm starts with an initial assignment of cores to TAM partitions, and then itera-

tively (re)assigns cores to the three TAM partitions such that the variation in test

power is minimized. The main steps, as shown in Figure 4.3, are outlined below:

1. In procedure Initial Assign, we schedule cores that are tested first on each TAM

partition, i.e., their test start-times are zero. The assignment of cores is obtained

by determining the set of cores that yield the least variation in power consumption

when tested simultaneously.

2. In procedure Assign Cores, we determine the next sets of cores that are assigned

to the test schedule. Cores are iteratively scheduled in sets of three, until all cores
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Algorithm Core_Order

1: Initial_Assign();
2: Determine ρ(i, j, k)init = μ(i, j, k)init + σ(i, j, k)init;
3: while there is a matched triple, do
4: Assign_Cores();
5: delete vertices corresponding to the triple chosen

by Assign_Cores();
6: end while
7: while |T1|, |T2|, and |T3| �= ∅; do
8: Unmatched_Assign();
9: end while

10: return test schedule for the cores in the SoC;

Figure 4.3: Pseudocode for the Core Order heuristic procedure.

corresponding to the matched connections in the tripartite graph are scheduled.

3. In procedure Unmatched Assign, we determine the assignment of cores (vertices)

that have not been matched. If all the cores in a particular TAM partition have

already been scheduled, Unmatched Assign selects cores from the remaining TAM

partitions to reduce the overall variation in test power.

The proposed solution can be easily extended for SoCs with more than three

TAM partitions. Instead of a tripartite graph, we will need a B-partite graph for

B TAM partitions. The Initial Assign procedure and the Assign Cores procedure

both require searching through N3 candidate solutions in the worst case; hence the

time complexity is O(N3), where N is the number of cores in the SoC. The worst-case

time complexity of the heuristic procedure in terms of the number of TAM partitions

B is O(NB). The heuristic procedure is exponential in the number of TAM partitions

B, but B is a constant at wafer-level since the TAM architecture is optimized during

design time for package test.
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4.3 Baseline methods

We next describe two baseline methods. The first baseline method solves a power-

constrained test-scheduling problem for core-based SoCs. This approach considers

a single power-limit value for the entire SoC [109]. We determine the variation in

power consumption over time, when only a peak power limit is considered for test

scheduling. We use the same TAM architecture used by the Core Order heuristic.

The baseline scheduling algorithm keeps a record of the per-cycle values of power

consumption and ensures that it is less than Pmax at every cycle. When a new core

is added to the test schedule, the test power for the core is accumulated to reflect

the overall power consumption profile of the SoC. The algorithm iteratively schedules

the cores in the SoC to minimize the SOC test time, while satisfying the power limit

Pmax.

In the second baseline method, we consider a pre-designed TAM architecture,

where the division of W top-level TAM wires into B TAM partitions, and the as-

signment of cores to these TAM partitions are determined a priori using methods

described in [111] for package test. We then test these cores serially with their pre-

allocated TAM width, such that the power consumption and the variance in power

consumption are kept to a minimum. No two cores are tested concurrently.

4.4 Experimental results

In this section, we present experimental results for three SoCs from the ITC’02 SoC

test benchmarks. We use cycle-accurate power data from [109]. Since the objective

of PCore Order is to minimize the variation in test power consumption (represented by

the two metrics presented in Section 4.1) during WLTBI, we present the following

results:
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• The percentage difference in variance between baseline method 1 and Core Order.

This difference is denoted by δVBaseline1, and it is computed as VBaseline1−VCore Order

VBaseline1
×

100%; VCore Order represents the variance in test power consumption obtained using

the Core Order heuristic, and VBaseline1 represents the variance in power consump-

tion obtained using the first baseline method.

• The percentage difference in variance between baseline method 2 and Core Order.

This is calculated in a similar fashion as δVBaseline1, and is denoted as δVBaseline2.

• We highlight the difference in the mean cycle-to-cycle power variation obtained

using baseline method 1, and Core Order. We characterize this difference as δγ

= γBaseline1−γCore Order

γBaseline1
×100%; γBaseline1 and γCore Order are the “flatness” indicators

obtained using the first baseline method and the Core Order heuristic respec-

tively.

• We also present the WLTBI test time for the SoC obtained using Core Order and

the baseline test methods.

We first present power profiles and the corresponding distribution in power con-

sumption values during test. Figure 4.4 illustrates the power profile for the d695 SoC

when tested with a TAM width of 32; the maximum value of power consumption,

Pmax, is set to 1800 units in this case. (The units are derived from [109].) Figures

4.4(a) and 4.4(b) represent the power profile during test for the baseline approach

and the distribution in power consumption values corresponding to the power profile,

respectively; Figures 4.4(d) and 4.4(e) represent the same information obtained us-

ing the Core Order heuristic. Figures 4.4(c) and 4.4(f) illustrate the flatness profiles

obtained for the baseline scenario and using Core Order respectively. We can make

the following observations from Figure 4.4:
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• The standard deviation SD, and hence the variance in power during test, is sig-

nificantly lower when Core Order is used to determine the ordering of cores.

• The mean value of power consumption (Mean) during test is also significantly

lower when the cores are ordered using Core Order. This is because Core Order

reduces the variation in power consumption at the cost of increased test time.

• The lower values of variance in power consumption obtained using the Core Order

heuristic results in a distribution where the power consumption values are packed

into fewer bins in the power distribution profile as compared to the baseline ap-

proach.

• The power profile obtained using Core Order, for the case illustrated in Figure

4.4, is 59% flatter than the baseline scenario. This is an indicator of the low

cycle-to-cycle power variation during test.

The results for the three benchmark SoCs, d695, p22810 and p93791 are sum-

marized in Tables 4.1-4.3 respectively; eight different values of W are considered in

each case. The values of Pmax for each circuit are chosen carefully after analyzing the

per-cycle test-power data provided in [109]. The minimum value of Pmax is chosen

such that a feasible schedule can be formulated using the given value of Pmax. The

SoC test time, TTCore Order, obtained using Core Order, and the SoC test time using

the baseline cases, TTBaseline1 and TTBaseline2 are reported in addition to δVBaseline1,

δVBaseline2, and δγ. The results show that significant reduction in test power variation

can be obtained using our heuristic procedure, which ideally is the goal for WLTBI.

Significant reduction in cycle-to-cycle power variation is observed for all scenarios

when Core Order is used to order the cores.

The test times for the proposed approach are higher than that for baseline method

1. Recall that test-time minimization is a secondary objective for WLTBI. The
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primary objective here is to minimize the test-power variance. Note that a limited

increase in the test time is not a serious drawback because the wafer is subjected to

relatively long intervals of burn-in.

The second baseline approach results in low values of variance for power consump-

tion. This because the cores are tested sequentially in this case, thereby resulting in

much higher test times as compared to the first baseline approach and Core Order.

Higher test times result in higher memory requirements; this limits the number of die

that can tested in parallel during WLTBI. Temperature and voltage cycling during

burn-in result in the die being tested at different operating temperatures and voltages

[37]. A reasonable test time is therefore necessary to support test repetitions under

such a scenario. The tester scan clock frequency for the burn-in ATE is lower than

that for a conventional ATE [37]. The significantly higher test time for the second

baseline method renders the method unsuitable for WLTBI.

The CPU time for test scheduling for d695 is less than a minute for all cases. The

Core Order procedure takes up to 2 hours for the p22810 SoC and up to 4 hours of

CPU time for the p93791 SoC on a 2.4 GHz AMD Opteron processor, with 4 GB of

memory.

4.5 Summary

We have formulated a test-scheduling problem for WLTBI of core-based SoCs, which

minimizes the variation in test power during test application. This is the first at-

tempt to develop a test-scheduling solution to address thermal issues that arise during

WLTBI. We have used cycle-accurate test-power data for the cores to solve the test-

scheduling problem. We have shown that test-scheduling under power-variation con-

straints can be modeled using the graph-matching problem on multi-partite graphs.

We have proven that the test-scheduling problem PCore Order is NP-Complete; there-
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fore, we have presented a heuristic technique to solve PCore Order. Results for the

ITC’02 SoC test benchmarks show that a significant reduction in power variation is

obtained using the proposed method.

In Chapter 5, we present test-pattern ordering technique for WLTBI of full scan

circuits. The objective of the test-pattern ordering problem is to minimize the vari-

ation in power consumption during test application.
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Chapter 5

Wafer-Level Test During Burn-In (Part

2): Test-Pattern Ordering

Test application during burn-in at the wafer level requires low variation in power

consumption during test pattern application. The issue of controlling the variation in

power consumption during test is addressed in this chapter. We present two solution

methods, that allow us to determine an ordering of test patterns for WLTBI. Reduced

variance in test power results in less fluctuations in the junction temperatures of

the device. The ordering methods presented help control the variation in power

consumption during test; this will significantly lower the fluctuations in junction

temperature.

The key contributions of this chapter are as follows:

• We motivate the importance of handling thermal problems during WLTBI, and

show how test pattern ordering can be used to alleviate these problems.

• We present a test-pattern-ordering technique based on ILP for scan-based WLTBI.

Our goal is to minimize the variations in the test power of the device during test

application.

• We also develop heuristic techniques to solve the test pattern ordering problem

for large circuits.

The remainder of the chapter is organized as follows. A brief overview of cycle-

accurate power modeling technique for scan based circuits is presented in Section

5.1. Section 5.2 presents the ILP-based test pattern ordering technique for WLTBI.
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In Section 5.3, a heuristic method to solve the problem efficiently is presented. The

baseline methods used to evaluate the test pattern ordering techniques are presented

in Section 5.4. Section 5.5 presents simulation results for several ISCAS’89 and

IWLS’05 benchmark circuits [113]. Finally, Section 5.6 summarizes the chapter.

5.1 Background: Cycle-accurate power modeling

A significant percentage of scan cells change values in every scan-shift and scan-

capture cycle. The toggling of scan flip-flops can result in excessive switching activity

during test, resulting in high power consumption. It has been shown in [63] that the

number of transitions of the DUT is proportional to the number of transitions in the

device scan-chains. Therefore, a reduction in the number of transitions in the scan

cells during test application leads to lower test power. A number of techniques have

been developed to reduce the peak power and average power consumption during test

by reducing the number of transitions in the scan chain [62, 114]. These techniques

rely on test-pattern ordering [115, 116], scan-chain ordering [67, 117], and the use of

multiple capture cycles during test application [115] to reduce the toggling of scan

cells during shift/capture cycles. Segmented scan approaches [118, 65, 64] have also

been used to address test power issues for industrial designs.

Scan-chain transition-count calculation

In [63], a metric known as the weighted transition count (WTC) was presented to

calculate the number of transitions in the scan chain during scan shifting. It was

also shown in [63] that the WTC has a strong correlation with the total device power

consumption. The WTC metric can be extended easily to determine the cycle-by-

cycle transition counts while applying test patterns. The knowledge of the length

of the scan chains, the test pattern to be scanned in, and the initial state of the
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scan cells (response from previously applied test stimulus), can be used to generate

cycle-accurate test power data.

We next illustrate the procedure to determine cycle-accurate power consump-

tion. Let us consider the case of a circuit under test (CUT) with six scan cells

FF1, FF2, FF3, FF4, FF5, FF6, and a test pattern tp = (110110) being scanned in.

Let the initial state of scan cells be tr = (101110). Figure 5.1 represents the cycle-

by-cycle change in the values of the scan cells when the test pattern is scanned in,

and the test response is scanned out. The scan-in and scan-out of the test pattern

and responses are not the only contributors to the change in values of the scan cells.

It is also important to consider the transitions that occur during the capture cycle.

The number of transitions that occur during the capture cycle can be calculated by

determining the Hamming distance between the test stimuli and its expected test

response.

Let us consider a scan chain of length n that has an initial value ti = (ti1, ..., tin),

and a test pattern tp = (tp1, ..., tpn) that is shifted into the scan chain. The transitions

that occur during the shifting of the test pattern (and shifting out the previous state

test response) can be represented as an n× n matrix T [109]. An element tij of T is

1 if there is a transition in scan cell j during clock cycle i; otherwise tij = 0. T can

be used to calculate the total number of scan-cell transitions (a measure of the power

consumption during test) during every clock cycle. During any given clock cycle i,

the total number of transitions tr(i) can be calculated by summing the values of all

elements in row i of T ; this can be expressed using the equation tr(i) =
∑n

j=1 tij .

For the example shown in Figure 5.1, the cycle-by-cycle number of scan-cell tran-

sitions is given by the set {4, 4, 4, 4, 5, 4}. For the test response (111100), the number

of transitions that occur during the capture cycle for this example is 2. For multiple

scan chains, the above calculation can simply be carried out independently for each
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Figure 5.1: Example to illustrate scan shift operation.

scan chain.

5.2 Test-pattern ordering problem: PTPO

In this section we present the test pattern ordering problem PTPO. The goal is

to determine an optimal ordering of test patterns for scan-based testing, such that

the overall variation in power consumption during test is minimized. For simplicity

of discussion, we assume a single scan chain for test application and N patterns

T1, T2, · · · , TN . The extension of PTPO to a circuit with multiple scan chains is

trivial. The test application for the CUT is carried out as follows:

1. The scan flip-flops in the circuit are all assumed to be initialized to 0.

2. The test-application procedure is initiated by shifting in the first test pattern into

the circuit.

3. The scan-out of the first test response and the scan-in of the next pattern are then

carried out simultaneously. This process is repeated until all the test patterns are

applied to the CUT, and all test responses are shifted out of the circuit.
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4. The scan-out of the final test response terminates the test application process for

the CUT.

We next compute the cycle-by-cycle power when response Ri is shifted out and test

pattern Tj is shifted in, for a scan chain of length n. Let TCk(Ri, Tj), 1 ≤ k ≤ n, de-

note the power (number of transitions) for shift cycle k. The overall test power can be

represented by the following set TC(Ri, Tj) = {TC1(Ri, Tj), · · · , TCn(Ri, Tj), TCn+1

(Ri, Tj)}. The parameter TCn+1(Ri, Tj) denotes the number of transitions during the

capture cycle. The average power consumption for TC(Ri, Tj), μ(Ri, Tj), is given by:
∑n+1

k=1 TCk(Ri,Tj)

n+1
. The unbiased estimate of statistical variance in test power, σ2(Ri, Tj),

is given by

σ2(Ri, Tj) =
1

n

n+1∑
k=1

(TCk(Ri, Tj)− μ(Ri, Tj))
2.

For the example of Figure 5.1, the average power consumption and the statistical

variance in test power are 3.85 and 0.80, respectively. We use the following two

measures as metrics to analyze the variation in power consumption.

1. The first measure is the statistical variance in test power consumption. Let Ttot be

the test time (in clock cycles) needed to apply all the test patterns for the CUT.

Let Pmean be the mean value of power consumption per clock cycle during test.

The variance in test power consumption for the CUT is defined as 1
Ttot−1

∑Ttot

i=1 (Pi−
Pmean)2. Low variance indicates low (aggregated) deviation in test power from the

mean value of power consumption during test. Successful WLTBI requires the

minimization of this metric.

2. The total cycle-to-cycle variation in test power consumption is an indicator of the

“flatness” of the power profile during test. Large cycle-to-cycle power variations
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are undesirable. We therefore quantify the “flatness” of the power profile using a

measure Tth, obtained by counting the number of clock cycles i for which |Pi−Pi+1|
Pi

exceeds a threshold γ. The parameter Pi, denotes the power consumption during

the ith clock cycle. A large value of Tth for a given value of γ is undesirable for

WLTBI.

The optimization problem PTPO can now be formally stated as follows:

PTPO: Given a CUT with test set T = {T1, T2, . . . , TN}, determine an optimal order-

ing of test patterns such that: 1) the overall variation in power consumption during

test is minimized, and 2) the constraint on peak power consumption Pmax during

test is satisfied. As a pre-processing step, the cycle-accurate power information for

all pairs of patterns and σ2(Ri, Tj), ∀i, j, need to be computed. For N scan chains,

each of length n, this step takes O(nN2) time.

A binary indicator variable xij , S ≤ i ≤ N , 1 ≤ j ≤ E, is used in the optimization

problem to ensure that each test pattern appears exactly once in the ordered sequence.

It is defined as follows:

xij =

{
1 if Tj immediately follows Ti

0 otherwise

We use S to denote a (dummy) start pattern and xiS = 0 ∀i ⇒ 1 ≤ i ≤ N .

Likewise, E denotes a (dummy) end pattern and xEi = 0 ∀i⇒ 1 ≤ i ≤ N .

The objective function for the optimization problem can be written as follows:

Minimize F = max∀i

{ N∑
j=1

xij · σ2(Ri, Tj)

}

The above min-max objective function can be linearized as follows:

Minimize C, subject to
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C ≥
N∑

j=1

xij · σ2(Ri, Tj), 1 ≤ i ≤ N

Next we formulate constraints to ensure that a test pattern is followed (and pre-

ceded) by exactly one pattern. This constraint can be represented by the following

two sets of equations.

N∑
j=1

xij = 1, i = S, 1, 2, . . . , N

N∑
i=1

xij = 1, j = 1, 2, . . . , E

We next formulate constraints imposed by the upper limit on peak power con-

sumption during any given clock cycle. Let us assume that the maximum constraint

on peak power consumption at any given clock cycle is Pmax; the constraint to ensure

that this limit on power consumption is never violated can be written as:

xij = 0 if max{TC(Ri, Tj)} > Pmax

Thus far, the model does not consider the change in power consumption when

three test patterns Ti, Tj , Tk are applied consecutively. It is important during WLTBI

to ensure that the power consumption between any two consecutive test patterns does

not change dramatically. We therefore need to maintain the change in test power

between two consecutive patterns within a reasonable threshold TCth. This value is

chosen starting with the lowest value of TCth necessary to formulate a valid ordering.

We model this constraint as follows:

|TCn(Ri, Tj)− TC1(Rj , Tk)|
TCn(Ri, Tj)

> TCth =⇒ xij · xjk = 0.
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Figure 5.2: Integer linear programming model for PTPO.

The xij · xjk product term is nonlinear and it can be replaced with a new binary

variable uijk and two additional constraints [85]:

xij + xjk ≤ uijk + 1

xij + xjk ≥ 2 uijk

In the worst case, the number of variables in the above ILP model is O(N3) and

the number of constraints is also O(N3). The complete ILP model is shown as Figure

5.2.

5.2.1 Computational complexity of PTPO

It can be easily shown that the pattern-ordering problem for WLTBI is NP-Complete.

The objective of PTPO is to determine an ordering of the N test patterns 〈O1, O2, · · · ,
ON〉 that minimizes max{σ2(RO1, TO2), σ

2(RO2 , TO3), · · · , σ2(RON−1
, TON

)}. Before
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we prove that the pattern-ordering problem for WLTBI is NP-Complete, we in-

troduce the bottleneck traveling salesman problem (BTSP) [119]. Consider a set

{C1, C2, · · · , Cn} of n cities. The problem of finding a tour that visits each city ex-

actly once and minimizes the total distance traveled is known as TSP. In BTSP, we

attempt to find a tour that minimizes the maximum distance traveled between any

two adjacent cities in the tour. It has been shown in [119] that BTSP is NP-Complete.

Claim: The pattern-ordering problem PTPO is NP-Complete.

Proof: We know that pattern-ordering problem is in NP because we can verify any

solution in polynomial time with a simple O(N2) examination of all possible pattern

combinations for ordering at each instant.

Let G = (V, E) be a complete graph, where V = {C1, · · · , Cn} is the set of

vertices and E = {(Ci, Cj) : Ci �= Cj} is the set of edges. Every edge (Ci, Cj) has

an associated weight w(i, j). In the BTSP context, a vertex can be interpreted as a

city and the edge weight can be the distance between the cities or the time of travel

between the two cities. With these notations, the BTSP problem is to find a tour

that minimizes the maximum distance between any two cities in the tour.

The notations for the same graph G = (V, E) can be written in the context of

the pattern-ordering problem. In the context of the pattern-ordering problem, a

vertex can be interpreted as a test pattern and the edge weight w(i, j) can be used

to represent σ2(Ri, Tj), i.e., variation in test power when test response i is scanned

out while scanning in test pattern j.

An optimal ordering of test patterns is one that minimizes the maximum value of

σ2(Ri, Tj). This is an exact instance of BTSP. An optimal ordering of test patterns

that minimizes the maximum value of variation in test power consumption can be

found in polynomial time if and only if a tour that minimizes the maximum distance

between all two cities in the tour is found in polynomial time. This proves that PTPO
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is NP-hard. Since PTPO is in NP, we conclude that it is NP-Complete. We next

present a heuristic technique to solve PTPO for large problem instances.

5.3 Heuristic methods for test-pattern ordering

The exact optimization procedure based on ILP is feasible only when the number of

patterns is less than an upper limit, which depends on the CPU and the amount of

available memory. To handle large problem instances, we present a heuristic approach

to determine an ordering of test patterns for WLTBI, given the upper limit Pmax

on peak power consumption. The heuristic method consists of a sequence of four

procedures. Its objective is similar to that of the ILP technique, i.e., to minimize

the overall variation in power consumption during test. We start by determining

cycle-accurate test power information for all pairs of test patterns in O(nN2) time.

We next determine the first pattern to be shifted-in, and then iteratively determine

the ordering of patterns such that the variation in test power is minimized. The

main steps used in the Pattern Order heuristic, as shown in Figure 5.3, are outlined

below:

1. In procedure Power Determine, the cycle-accurate information on test power

consumption TC(Ri, Tj) is determined for all possible pairs (Ri, Tj).

2. In procedure Initial Assign, the first test pattern to be shifted-in to the circuit

is determined. The pattern Ti that yields the lowest value in test power variance,

σ(S, Ti), is chosen as the first test pattern to be applied. We ensure that the

constraint on peak power consumption Pmax is not violated when Ti is applied to

the CUT. The first pattern Ti that is added to the ordered list of test patterns is

referred to as Initpat.

3. In procedure Pat Order, the subsequent ordering of patterns is iteratively de-
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termined. Once Initpat is determined, the subsequent ordering of patterns are

then iteratively determined by choosing the test pattern that results in the lowest

test-power variance σ(Initpat, Ti) without violating Pmax.

4. In procedure Final Assign, the lone unassigned test pattern is added last to the

test ordering. A final list of ordered patterns for WLTBI can now be constructed

using information from the Initial Assign and the Pat Order procedures.

A search operation is performed each time procedures Initial Assign, and Pat Order

are executed to determine the test pattern to be ordered. Hence the worst-case com-

putational complexity of the heuristic procedure, not including the O(nN2) initial-

ization step, is O(N log2N).

A second heuristic method based on the ILP model for PTPO can also be used

to determine an ordering of patterns for WLTBI. The computational complexity

associated with the ordering of a large number of test patterns limits the use of the

ILP model for large circuits. Using a divide-and-conquer approach, the ILP model

can recursively be applied to two or more subsets of test patterns for a circuit with

large N . The ordered subsets of patterns can then be combined, by placing subsets

that result in minimum cycle-to-cycle variation in power consumption adjacent to

each other.

5.4 Baseline approaches

In order to establish the effectiveness of the optimization framework for WLTBI,

we consider three baseline methods. The first baseline method finds an ordering

of test patterns that minimizes the average power consumption during test. The

second baseline method finds an ordering of test patterns to minimize the peak power

consumption during test. The third baseline randomly orders the test patterns.
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Figure 5.3: Pseudocode for the Pattern Order heuristic.

5.4.1 Baseline method 1: Average power consumption

The first baseline method determines an ordering of test patterns to minimize the

average power consumption during test. The problem of reordering test sets to min-

imize average power has been addressed using the well-known TSP [67, 68]. Starting

with the initial state S, consecutive test patterns are selected at each instance to
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minimize the average power consumption.

The above problem can be easily shown to be NP-hard [112]. Efficient heuristics

are therefore necessary to determine an ordering of test patterns to minimize the

average power consumption in a reasonable amount of CPU time. We use a heuristic

technique based on the cross-entropy method [120]. The average power values are

collected in a matrix of size N × N . Each element in the matrix corresponds to

an average power value for an ordered pair of patterns; for example element (1, 2)

in the matrix corresponds to the average power consumption when test pattern 2 is

shifted-in after test pattern 1. The heuristic technique takes the complete N × N

matrix as an input to determine an ordering of test patterns.

5.4.2 Baseline method 2: Peak power consumption

The second baseline approach determines an ordering of test patterns such that the

peak power consumption is minimized during test. The objective function for this

baseline method is as follows:

Minimize F = max∀i

{ N∑
j=1

xij · P(Ri, Tj)

}
,

where P(Ri, Tj) denotes the peak power consumption when response Ri is shifted

out while simultaneously shifting in Tj. This optimization problem can be easily

solved to obtain a test-pattern ordering that reduces the peak power consumption.

As in the case of PTPO, an ILP method can be used for this baseline for small problem

instances. For large problem sizes, procedures Initial Assign and Pat Order can

be modified to select a test-pattern ordering that results in the lowest peak power

consumption.
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5.5 Experimental results

In this section, we present experimental results for eight circuits from the ISCAS’89

test benchmarks, and five IWLS’05 circuits. Since the objective of the test pattern

ordering problem is to minimize the variation in test power consumption during

WLTBI, we present the following results:

• The percentage difference in variance between baseline method 1 and the Pattern

Order heuristic. This difference is denoted by δVB1, and it is computed as

VBaseline1−VPattern Order

VBaseline1
× 100%; VPattern Order represents the variance in test power

consumption obtained using the Pattern Order heuristic, and VBaseline1 represents

the variance in power consumption obtained using the second baseline method.

• The percentage difference in variance between baseline method 2 and the Pattern

Order heuristic. This is calculated in a similar fashion as δVBaseline1, and is

denoted as δVB2.

• The percentage difference in variance obtained using random ordering of test pat-

terns and the Pattern Order heuristic. This is calculated in a similar fashion as

δVBaseline1, and is denoted as δVB3.

• We highlight the difference in the total number of clock cycles i during which

|Pi−Pi+1|
Pi

exceeds γ for baseline method 1, and Pattern Order. We characterize this

difference as δTthB1
=

TthBaseline1
−TthPattern Order

TthBaseline1
×100%; TthBaseline1

and TthPattern Order

are the measures (defined in Section IV) obtained using the first baseline method

and the Pattern Order heuristic respectively. The value of γ is chosen to be 0.05

(i.e., 5%) to highlight the flatness in power profiles obtained using the different

techniques.

• The indicators δTthB2
and δTthB3

are determined in a similar fashion as δTthB1
.
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(a)

(b)

Figure 5.4: Impact of TCth on test power variation for s5378: (a) Pmax = 145 and
(b) Pmax = 150 .
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• For three ISCAS’89 and one IWLS’05 benchmark circuits, the above results are

reported for both the ILP method and the Pattern Order heuristic.

• For three benchmark circuits, the above results are reported for the ILP-based

heuristic technique.

• The reduction in the variance of test power are reported for three ISCAS’89 bench-

mark circuits with a single scan chain, using t-detect test sets.

We use a commercial ATPG tool to generate t-detect (t = 1, 3, 5) stuck-at pat-

terns (and responses) for the ISCAS’89 and IWLS’05 benchmarks. The experi-

mental results for three ISCAS’89 benchmark circuits obtained using ILP and the

Pattern Order heuristic is shown in Table 5.1. Figure 5.4 illustrates the impact of

TCth on the percentage savings in test power variation. It is observed that higher

(relaxed) values of TCth result in reduced savings in test power variation for s5378;

similar results are observed for other circuits. The results for five larger ISCAS’89

benchmark circuits are listed in Table 5.2. The experimental results for the five

IWLS’05 benchmark circuits are listed in Table 5.3. The values of Pmax (measured

in terms of the number of flip-flop transitions) for each circuit are chosen carefully

after analyzing the per-cycle test-power data. We also present experimental results

obtained using the ILP-based heuristic technique for three benchmark circuits in Ta-

ble 5.4. We use the smallest value of TCth necessary to construct a valid ordering

for the results in Table 5.4. Experimental results obtained using t-detect test sets for

three ISCAS’89 circuits are presented in Table 5.5.

The ordering of test patterns using the ILP based technique yields lower varia-

tion in test power compared to the heuristic method. The Pattern Order heuristic

however, is an efficient method for circuits with a large number of test patterns. The

results show that a significant reduction in test power variation can be obtained us-
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ing the proposed ordering technique. The test-pattern-ordering technique also results

in low cycle-to-cycle variation in test power consumption. The ILP-based heuristic

technique can also be used as an effective technique to determine the ordering of

test patterns for WLTBI. This reduction in test power variation obtained using the

ILP-based heuristic technique is comparable to the Pattern Order heuristic.

Even small reductions in the variations in test power can contribute significantly

towards reducing yield loss and test escape during WLTBI. We know from Equation

(1.1) that the junction temperature of the device varies directly with the power

consumption. This indicates that a 10% variation in device power consumption will

lead to a 10% variation in junction temperatures; this can potentially result in thermal

runaway (yield loss), or under burn-in (test escape) of the device. The importance

of controlling the junction temperature for the device to minimize post-burn-in yield

loss is highlighted in [40].

All experiments were performed on a 2.4 GHz AMD Opteron processor, with 4

GB of memory. The CPU times for optimal ordering of test patterns using ILP

ranges from 16 minutes for s1423 to 6 hours for s5378. The CPU times for ordering

test patterns using the Pattern Order heuristic, when the cycle-accurate power in-

formation is given, is in the order of minutes (the maximum being 120 minutes for

s13207). The CPU time to construct the cycle-accurate power information is in the

order of hours for the benchmark circuits.

5.6 Summary

We have formulated a test-pattern-ordering problem to minimize power variations

during WLTBI. The pattern-ordering approach is based on cycle-accurate power in-

formation for the device under test. An exact solution technique has been developed

based on integer linear programming. Heuristic techniques have also been presented
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to solve the pattern-ordering problem. We have compared the proposed reordering

techniques to baseline methods that minimize peak power and average power, as well

as a random-ordering method. In addition to computing the statistical variance of

the test power, we have also quantified the flatness of the power profile during test

application. Experimental results for the ISCAS’89 and the IWLS’05 benchmark

circuits show that there is a moderate reduction in power variation if patterns are

carefully ordered using the proposed techniques. Since the junction temperatures in

the device under test are directly proportional to the power consumption, even small

reductions in the power variance offer significant benefits for WLTBI.

In Chapter 6, we present a unified test-pattern manipulation and pattern-ordering

framework for WLTBI. The presence of don’t care bits in test cubes is exploited in

the next chapter to reduce the variation in power consumption during scan shift and

capture.
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Chapter 6

Wafer-Level Test During Burn-In (Part

3): Power-Management Framework

In Chapter 5, a test-pattern ordering technique was proposed for WLTBI. It de-

termines an ordering of test patterns for WLTBI while minimizing the variation in

power consumption. It was however assumed that the test patterns do not contain

any don’t-care bits.

Dynamic burn-in using a full-scan circuit ATPG was proposed in [121] with the

objective of maximizing the number of transitions in the scan chains. We focus on a

WLTBI-specific X-fill framework that can control the variation in power consump-

tion during scan shift/capture. The test-pattern-ordering technique developed in

Chapter 5 is integrated into this framework to further reduce the variation in power

consumption during WLTBI.

We show how test-data manipulation and pattern ordering can be used to al-

leviate thermal problems during WLTBI. We present a unified framework for test-

pattern-manipulation and test-pattern-ordering for scan-based WLTBI. Our goal is

to minimize the variation in test power during test application. In order to fully

realize the benefits of WLTBI, it is necessary to address the challenges of test during

burn-in at the wafer level. We attempt to reduce the variation in power consumption

during test by manipulating test cubes. Improving power-management for WLTBI

can result in reduced yield loss at the wafer level [122].

The remainder of this chapter is organized as follows. Section 6.1 provides a de-

scription of the metrics used along with a description of the problem. Section 6.2

presents the “minimum variance” framework to control power variation for WLTBI.
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The baseline methods used to evaluate the proposed technique are presented in Sec-

tion 6.3. Section 6.4 presents simulation results for several ISCAS’89 and IWLS’05

benchmark circuits [113]. Finally, Section 6.5 summarizes the chapter.

6.1 Minimum-variation X-fill problem: PMV F

In this section, we present an outline of a procedure that can be used to manage test

power efficiently for WLTBI. Test application for a DUT is carried out by simultane-

ous scan-out of the test response and scan-in of the next test pattern; this is repeated

until all the test patterns are applied to the DUT. Every time a shift operation is

performed there is significant switching activity in the scan chains. This leads to

constantly varying device power during test. It is therefore important to minimize

the cycle-by-cycle variation in the number of transitions during the course of pattern

application. In addition, it is also important to minimize the power variance for scan

capture. The capturing of output responses in the scan chains can result in excessive

flip-flop transitions, resulting in the violation of peak-power constraints [71]. In [63],

a metric known as the weighted transition count (WTC) was presented to calculate

the number of transitions in the scan chain during scan shifting. It was also shown

in [63] that the WTC has a strong correlation with the total device consumption.

The WTC metric can be easily extended to determine the cycle-by-cycle transition

counts during pattern application.

6.1.1 Metrics: Variation in power consumption during test

As in Chapter 5, we use the following two measures as metrics to analyze the variation

in power consumption.

1. The statistical variance in test power consumption.
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2. The total cycle-to-cycle variation in test power consumption used to assess the

“flatness” of the power profile during test.

Detailed descriptions of the above two metrics can be found in Chapter 5 (Section

5.1) of this thesis.

6.1.2 Outline of proposed method

The goal of problem PMV F is to first determine optimal X-fill values for the test

cubes using for scan-based testing, and then an ordering of fully specified test vectors

such that the overall variation in power consumption during test is minimized. For

simplicity of discussion, we assume a single scan chain for test application and N test

cubes T1, T2, · · · , TN . The extension of PMV F to a circuit with multiple scan chains

is trivial. The optimization problem PMV F can now be formally stated as follows:

PMV F : Given a CUT with a set T of N test cubes, i.e., T = {T1, T2, . . . , TN},
determine appropriate X-fill values for the unspecified bits in the test cubes, and

subsequently determine an optimal ordering of the fully specified test patterns such

that: 1) the overall variation in power consumption during test is minimized, and 2)

the constraint on per-cycle peak-power consumption Pmax during test is satisfied.

The steps involved in the proposed Min V ar procedure to minimize power vari-

ation are as follows:

Step 1: The first step involves generation of test cubes for the DUT for any targeted

fault set. In our work we consider test patterns for stuck-at faults. An a priori ran-

dom ordering of test cubes for the DUT is first considered.

Step 2: The second step involves the elimination of power violations that occur

during scan shifting. The objective during this step is to fill the unspecified bits in

the test cube (X-fill) such that the cycle-by-cycle variation in power consumption is

minimized. There is significant variation in power consumption when a test response
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is shifted out and a test pattern is shifted in simultaneously. This procedure mini-

mizes the cycle-by-cycle variation in test power for the pattern ordering determined

in the first step.

Step 3: In this step, peak-power violations due to scan capture are eliminated. If

capture-power violations are observed after the X-fill procedure, the previously as-

signed values of Xs are reassigned to new values to control the capture power during

test.

Step 4: The penultimate step in the power-management procedure for WLTBI in-

volves test-pattern ordering. After Steps 1, 2 and 3 are completed, the test-pattern

ordering approach from [123] is used to further reduce the variation in power con-

sumption during WLTBI.

Step 5: The final procedure checks for any power violations introduced by the test-

pattern ordering procedure. Power violations, if any, are resolved in a similar fashion

as done in Step 3.

6.2 Framework to control power variation for

WLTBI

In this section, we describe Min V ar, a procedural framework to control the power

variation during test for WLTBI. It consists of a sequence of four steps as described

in Section 6.1.

6.2.1 Minimum-variation X-filling

The switching activity in the scan flip-flops during shift in/out result in significant

power consumption during test. Let us consider a scan chain of length n that has

an initial value r = (r1 r2 · · · rn); the initial value corresponds to the test response

from previous pattern application. Let us consider a test pattern t = (t1 t2 · · · tn)
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that is shifted into the scan chain. Figure 6.1 represents the cycle-by-cycle change in

states of the scan cells when the test pattern t is scanned in and the test response

r = (r1 r2 · · · rn) is scanned out. The total number of transitions in the scan

chain, i.e., the transition count for the various clock cycles can be represented by the

equations described in Figure 6.2. The transition count during any clock cycle j is

represented as TC(j); e.g., TC(1) represents the total number of transitions in the

scan chain during the first clock cycle.

Clock
cycle FF1 FF2 FF3 FF4 · · · FFn−1 FFn

0 r1 r2 r3 r4 · · · rn−1 rn

1 tn r1 r2 r3 · · · rn−2 rn−1

2 tn−1 tn r1 r2 · · · rn−3 rn−2

3 tn−2 tn−1 tn r1 · · · rn−4 rn−3

...
...

...
...

...
...

...
...

n− 1 t2 t3 t4 t5 · · · tn r1

n t1 t2 t3 t4 · · · tn−1 tn

Figure 6.1: State of the flip-flops during scan testing.

TC(1) = (r1 ⊕ tn) + (r1 ⊕ r2) + (r2 ⊕ r3) + · · ·+ (rn−1 ⊕ rn−2)
+ (rn−1 ⊕ rn)

TC(2) = (tn ⊕ tn−1) + (r1 ⊕ tn) + (r2 ⊕ r1) + · · ·+ (rn−3 ⊕ rn−2)
+ (rn−1 ⊕ rn−2)
...

TC(n) = (t1 ⊕ t2) + (t3 ⊕ t2) + (t4 ⊕ t3) + · · ·+ (tn ⊕ tn−1)
+ (r1 ⊕ tn)

Figure 6.2: Total number of transitions for different clock cycles.

The cycle-by-cycle change in transition counts can now be represented using the

equations shown in Figure 6.3. The objective during WLTBI is to minimize the

cycle-by-cycle change in power consumption during test. This can be accomplished

by minimizing the change in transition counts between any two consecutive clock

cycles. In other words, our goal is to minimize ΔTC(j) = TC(j)− TC(j − 1) for all

j, 2 ≤ j ≤ n, by making it as close to 0 as possible.
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E0 : ΔTC(1) = TC(1)
E1 : ΔTC(2) = |TC(2)− TC(1)|

= |(tn ⊕ tn−1)− (rn−1 ⊕ rn)|
E2 : ΔTC(3) = |TC(3)− TC(2)|

= |(tn−1 ⊕ tn−2)− (rn−1 ⊕ rn−2)|
...

En−1 : ΔTC(n) = |(t1 ⊕ t2)− (r1 ⊕ r2)|

Figure 6.3: Equations describing the per-cycle change in transition counts.

We start by eliminating the equations where there are no unspecified bits. We

have a system of n equations and at most n unknowns (t1, t2, · · · , tn) on the right-hand

side describing the change in transition count between clock cycles. If we consider

the set of equations {E1, E2, · · · , En}, we are specifically interested in the equations

that have at least one unspecified bit. We begin the filling of unspecified bits by

first considering an equation with only one unknown variable. The following theorem

shows that such an equation always exists.

Theorem 1. Given the set of equations E = {E1, E2, · · · , En} from Figure 6.3, de-

noting the per-cycle change in transition counts, there exists at least one equation in

E that has only a single unknown variable.

Proof. We use the method of contradiction. Every equation in the set E has at most

two variables on the right-hand side. Suppose none of these equations has exactly

one unknown variable. This implies that every equation has two unknowns, i.e., the

complete test pattern t1, t2, · · · , tn is unspecified. This is a contradiction since the

test pattern must have at least one specified bit.

Once the equation Ei with exactly one unknown is solved to minimize ΔTC(i+1),

it leads to at least another equation with exactly one unknown variable. This process

is continued until all the variables are assigned values to minimize each ΔTC(j),

1 ≤ j ≤ n.
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Let us consider Equation (6.1) representing the change in transition count for

clock cycle j.

ΔTC(j) = tn−j+2 ⊕ tn−j+1 − rn−j+2 ⊕ rn−j+1 (6.1)

Without loss of generality, let us suppose that tn−j+1 is a care bit and tn−j+2 is an

unspecified bit. Since our objective is to minimize ΔTC(j), we can determine tn−j+2

as follows:

tn−j+2 = (rn−j+2 ⊕ rn−j+1)⊕ tn−j+1 (6.2)

Once tn−j+2 is determined, we delete the equation for ΔTC(j) from the set of

equations and proceed in a similar fashion until all the unspecified bits in the test

cubes are filled. As a final step, we solve for ΔTC(1). It is important to note here that

we cannot guarantee the least possible value for ΔTC(1). However, the above O(n)

algorithm is optimal for ΔTC(2), ΔTC(3), · · · , ΔTC(n) for minimizing variation in

power consumption during scan shift. The algorithm solves one equation at a time,

and there can be a maximum of n equations; the complexity of the algorithm is

therefore O(n).

Previous test r1 r2 r3 r4 r5 r6 r7 r8 r9 r10

response (r) 0 1 1 0 1 0 1 1 0 1
Original test t1 t2 t3 t4 t5 t6 t7 t8 t9 t10
cube (t) 0 X X 1 0 X 1 0 X 1
Fully specified test vector
after Min V ar fill 0 1 0 1 0 0 1 0 1 1
Fully specified test vector
after adjacent fill [19] 0 0 0 1 0 0 1 0 0 1

Figure 6.4: Example to illustrate minimum-variation X-fill.

We next present an example to illustrate the minimum variance X-fill method.

Figure 6.4 considers a test-response r that needs to be shifted out while test-pattern

t is shifted in. The test-pattern t has unspecified bits that need to be appropriately

filled. The fully specified test pattern obtained using the proposed technique is shown

in Figure 6.4; the test vector derived from adjacent fill [64] for peak-power minimiza-
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tion is also shown in the figure. The minimum-variance X-fill method results in an

X-filling of the test cube that yields 22.47% less cycle-by-cycle variance in test power

when compared with the baseline adjacent-fill method.

6.2.2 Eliminating capture-power violations

Capture-power violations occur when an excessive number of flip-fops transition dur-

ing scan capture. The Hamming distance between the test pattern and the corre-

sponding response quantifies the capture power in terms of the number of transitions.

The capture power for a given set of test cubes can be controlled by reassigning 1/0

values to the unspecified bits in the test cubes. The don’t-cares in our framework

have thus far been mapped to 0s and 1s based on the shift cycles, as described in

Section 6.2.1. Let the response captured be denoted by r∗ = (r∗1, r
∗
2, · · · , r∗n). The

following equation now denotes the number of transitions during the capture cycle.

ΔTC(n + 1) = t1 ⊕ r∗1 + t2 ⊕ r∗2 + · · ·+ tn ⊕ r∗n (6.3)

A capture-power violation occurs when the value of ΔTC(n + 1) exceeds Pmax.

It is therefore necessary to undo the assignment of some of the don’t-cares in the

test pattern to obtain a permissible value of power during the capture cycle. If

ti �= r∗i and if ti was originally a don’t-care, we can reverse the original mapping by

complementing its value. Fault-free simulation is then perform with the modified

input vector to analyze the impact on capture power, i.e., a check is performed

to observe if ΔTC(n + 1) has decreased. If the bit-reversal results in a decrease

in ΔTC(n + 1), the change is kept. This procedure is repeated until the capture

power violation is resolved. We begin the procedure by assuming a value of power

consumption P ∗
max. If Pmax denotes the value of power consumption that resolves all

power violations, the number of iterations in the procedure is (Pmax−P ∗
max)

ΔP
; ΔP is the

143



increment step in maximum power consumption during each iteration. The value of

ΔP can be chosen based on the size of the benchmarks circuit and constraints on

CPU time.

If we assume that the maximum number of unspecified bits in a test cube is p, the

worst-case complexity of this procedure is O(Np). It is important to note here that

the above procedure does not explore the exponential number of input assignments

(2p assignments in the worst case) for each test cube. The procedure uses a greedy

algorithm to save CPU time. Once the capture power violation is resolved, fault-free

simulation is performed to verify if the bit-reversals have created new shift-power

violations. If power violations exist after the completion of the bit-reversal procedure,

the power constraint Pmax is relaxed and the procedure is repeated; this process is

repeated until all power violations are eliminated.

6.2.3 Test-pattern ordering for WLTBI

In Chapter 5 a heuristic method (Pattern Order) was presented to order test patterns

for WLTBI. We use the same test-pattern ordering method here to further reduce the

variation in power consumption during WLTBI. Section 5.5 describes the heuristic

method in detail. The heuristic approach determines an ordering of test patterns

for WLTBI, given an upper limit Pmax on peak power consumption. It consists of a

sequence of four procedures. The main steps used in the Pattern Order heuristic,

as described in Chapter 5, are outlined below for the sake of completeness:

1. In procedure Power Determine, the cycle-accurate information on test power

consumption TC(Ri, Tj) is determined for all possible response/test-pattern pairs

(Ri, Tj).

2. In procedure Initial Assign, the first test pattern to be shifted-in to the circuit

is determined. The pattern Ti that yields the lowest value in test power variance,

144



σ(S, Ti), is chosen as the first test pattern to be applied; S is used to denote a

(dummy) start pattern. We ensure that the constraint on peak power consumption

Pmax is not violated when Ti is applied to the CUT. The first pattern Ti that is

added to the ordered list of test patterns is referred to as Initpat.

3. In procedure Pat Order, the subsequent ordering of patterns is iteratively de-

termined. Once Initpat is determined, the subsequent ordering of patterns are

then iteratively determined by choosing the test pattern that results in the lowest

test-power variance σ(Initpat, Ti) without violating Pmax.

4. In procedure Final Assign, the lone unassigned test pattern is added last to the

test ordering. A final list of ordered patterns for WLTBI can now be constructed

using information from the Initial Assign and the Pat Order procedures.

6.2.4 Complete procedure

The complete framework for reducing the variation in power consumption during

WLTBI is described in Figure 6.5. The process begins by determining the test cubes

for the DUT. Starting with a randomly ordered test set, the procedures described

in Sections 6.2.1-3 are performed in the order described in Figure 6.5 to obtain an

ordered set of fully-specified test patterns. This pattern set is specifically determined

for WLTBI in order to keep the fluctuations in junction temperature under control

while applying test patterns during burn-in. The experimental results for our pro-

posed framework are described in Section 6.4, and are compared with appropriate

baseline scenarios.

We next present an example using the full-scan version of the s208 ISCAS’89

benchmark circuit to illustrate the complete procedure. This circuit has eight flip-

flops in the scan chain. We use a commercial ATPG tool to generate test cubes for

s208; we consider six of the test cubes for this example, as shown in Figure 6.6(a).
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Figure 6.5: Flowchart depicting the Min V ar framework for WLTBI.

The eight equations for the X-fill procedure for the first pattern are shown in Figure

6.6(b). We first target equation E7, which has one unknown variable t2. For the

first test cube, we set t2 to 0 to minimize ΔTC(8). We next consider equation E6 to

minimize ΔTC(7). This procedure is continued until all X’s are assigned values. The

same procedure is repeated for the remaining test cubes. The completely-specified

test patterns are now shown in Figure 6.6(c). The next step is to check for power

violations during capture. We arbitrarily set Pmax = 6 for this example. For the

current assignment of don’t-care values, a power violation occurs for the current

specification of test pattern 3. We use the procedure in Section 6.2.2 to reverse-

map don’t cares to resolve the power violation. Modifying the third test pattern

to t3 = 11101010 removes the power violation. The complete set of previous state
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test responses are shown in Figure 6.6(c). Finally, we use the procedure in Section

6.2.3 to determine an ordering of test patterns. The ordering of test patterns for this

example is {3, 2, 6, 1, 4, 5}.

Pattern t1 t2 t3 t4 t5 t6 t7 t8
1 1 X X X X 0 X 1
2 X 1 1 X X X 1 X
3 X X 1 0 X X X 0
4 0 X X X X 0 1 X
5 1 X X 0 1 0 X 0
6 X 1 X X X X 0 X

(a)

E0 : ΔTC(1) = TC(1)
E1 : ΔTC(2) = (1 ⊕ t7)− (0⊕ 0)
E2 : ΔTC(3) = (t7 ⊕ 0)− (0⊕ 0)
E3 : ΔTC(4) = (0 ⊕ t5)− (0⊕ 0)
E4 : ΔTC(5) = (t5 ⊕ t4)− (0 ⊕ 0)
E5 : ΔTC(6) = (t4 ⊕ t3)− (0 ⊕ 0)
E6 : ΔTC(7) = (t3 ⊕ t2)− (0 ⊕ 0)
E7 : ΔTC(8) = (t2 ⊕ 1)− (0⊕ 0)

(b)

Pattern t1 t2 t3 t4 t5 t6 t7 t8
1 1 0 0 0 0 0 1 1
2 0 1 1 0 0 1 1 0
3 0 0 1 0 1 0 1 0
4 0 1 1 1 0 0 1 0
5 1 1 0 0 1 0 1 0
6 1 1 1 0 0 1 0 1

(c)

Figure 6.6: (a) Test cubes for s208 benchmark circuit; (b) Equations describing the
per-cycle change in transition counts (c) Test set after minimum-variation X-fill.

6.3 Baseline approaches

In order to establish the effectiveness of the proposed framework for WLTBI, we

consider four baseline methods. All four baseline methods determine the assignment

of the X’s in the test cubes to minimize power consumption.

6.3.1 Baseline method 1: Adjacent fill

The first baseline method involves filling strings of X’s in the test cube with the same

value [124]; this minimizes the number of transitions during scan-in. For example,
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if we consider a test cube 0X1XXX10, an assignment of X’s that minimizes the

number of transitions results in a fully specified test vector 00111110. If a peak-power

violation is observed, a reverse bit-stripping process [124] is employed to introduce a

different assignment of values to the unspecified bits in the vector. This process is

repeated until all peak-power violations are eliminated.

6.3.2 Baseline method 2: 0-fill

The second baseline method employs an X-fill methodology that assigns logic value

0 to all unspecified bits in the test cube. This method was employed in [64] for power

minimization during scan testing. In [64], the authors do not consider a specific value

of peak power; the objective of the work in [64] is to simply minimize the power

consumption during test. For this baseline scenario, we check for power violations

during scan-in and capture. If power violations occur after filling the test cubes, we

perform reverse bit-stripping to eliminate all peak power violations.

6.3.3 Baseline method 3: 1-fill

The third baseline method is similar to baseline method 2. In this baseline method

we assign a logic value 1 to all unspecified bits in the test cube. Power violations are

checked and reverse bit-stripping as in Baseline Method 2.

Such a fill technique can still result in a peak-power violation during scan-in and

capture. Once X-fill is complete, it is necessary to check if the peak power Pmax is

violated.

6.3.4 Baseline method 4: ATPG-compacted test sets

The final baseline method considers an ATPG-compacted test set, i.e., fully specified

test vectors are used. The pattern counts for these test sets are significantly less
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than for the case where test cubes are used. While the proposed method uses more

patterns, it is not a serious concern because burn-in times are relatively high in

practice.

• The percentage difference in variance between baseline method 1 and the Min V ar

procedure. This difference is denoted by δVB1, and it is computed as VBaseline1−VMin V ar

VBaseline1
×

100%; VMin V ar represents the variance in test power consumption obtained using

the Min V ar procedure, and VBaseline1 represents the variance in power consump-

tion obtained using the first baseline method.

• The percentage difference in variance between baseline method 2 and the Min V ar

procedure. This is calculated in a similar fashion as δVBaseline1, and is denoted as

δVB2.

• The percentage difference in variance obtained using 1-fill of test cubes and the

Min V ar procedure. This is calculated in a similar fashion as δVBaseline1, and is

denoted as δVB3.

• The percentage difference in variance obtained using a fully compacted test set

and the Min V ar procedure. This is calculated in a similar fashion as δVBaseline1,

and is denoted as δVB4.

• We highlight the difference in the total number of clock cycles i during which

|Pi−Pi+1|
Pi

exceeds γ for baseline method 1, and Min V ar. We characterize this

difference as δTthB1
=

TthBaseline1
−TthMin V ar

TthBaseline1
×100%; TthBaseline1

and TthMin V ar
are the

measures obtained using the first baseline method and the Min V ar procedure

respectively. The value of γ is chosen to be 0.05 (i.e., 5%) to highlight the flatness

in power profiles obtained using the different techniques.
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• The indicators δTthB2
, δTthB3

δTthB4
and are determined in a similar fashion as

δTthB1
.

• The contribution of the pattern-ordering procedure (Section 6.2.3) towards reduc-

ing the variance in power consumption. This additional contribution is denoted as

δPattern Order is computed as
VMin V ar−V X−fill

Min V ar

VMin V ar
; V X−fill

Min V ar denotes the variance in

test power consumption obtained using the minimum-variation X-fill procedure

described in Section 6.2.1-2.

• The contribution of pattern-ordering in reducing the number of clock cycles i

during which |Pi−Pi+1|
Pi

exceeds γ, denoted as δPOTth
.

6.4 Experimental results

In this section, we present experimental results (Tables 6.1-6.5) for circuits from the

ISCAS’89 benchmarks and the IWLS’05 benchmarks. Since the objective of the test

pattern ordering problem is to minimize the variation in test power consumption

during WLTBI, we present the following results:

A commercial tool was used to perform scan insertion for the IWLS benchmark

circuits, which are available in Verilog format. We used a commercial ATPG tool to

generate stuck-at patterns (and responses) for the full-scan ISCAS’89 and IWLS’05

benchmarks. The results for the five large ISCAS’89 benchmark circuits are listed in

Table 6.1. The values of Pmax (measured in terms of the number of flip-flop transitions

per cycle) for each circuit are chosen carefully after analyzing the per-cycle test-power

data. We also present experimental results for the IWLS’05 benchmark circuits in

Table 6.2. A description of the IWLS’05 benchmarks in terms of the number of

scan flip-flops and total number of cells is shown in Table 6.2. Tables 6.3 and 6.4

describe the percentage reduction in the variance of test power consumption using
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Table 6.3: Percentage reduction in the variance of test power consumption using
the Min V ar procedure over Baseline 4 for the ISCAS’89 benchmark circuits.

No. of No. of
compacted scan Baseline 4

Circuit test patterns chains Pmax δVB4 δTthB4

s9234 349 1 150 17.46 18.21
160 15.48 17.65
170 14.74 15.83

4 150 16.95 16.37
160 14.72 15.97
170 12.35 12.12

8 150 10.47 11.15
160 10.08 9.95
170 5.63 7.18

s15850 210 1 310 19.46 20.03
320 18.15 18.63

4 310 15.48 19.67
320 14.10 18.71

8 310 13.64 16.76
320 11.48 12.59

s35392 20146 1 895 13.32 12.53
910 12.07 11.23
930 11.70 10.81

4 895 12.38 11.92
910 10.51 11.69
930 10.35 11.38

8 895 10.03 10.39
910 8.31 9.96
930 6.13 7.42

s38417 436 1 770 9.18 8.87
780 6.53 5.21
790 5.70 5.38

4 770 5.18 6.32
780 3.49 3.67
790 3.14 3.29

8 770 4.43 4.86
780 3.39 4.12
790 3.24 3.90

s38584 313 1 735 12.01 10.24
745 11.30 9.93
755 10.79 9.45

4 735 11.54 10.82
745 8.50 8.83
755 7.51 8.07

8 735 7.38 8.93
745 6.70 6.43
755 3.31 4.39

the Min V ar over Baseline 4 for the ISCAS’89 and the IWLS’05 benchmark circuits

respectively. Table 6.5 describes the individual contribution of X-fill and pattern-

ordering procedures in reducing the variation in power consumption during test for

five benchmarks.

The Min V ar procedure is an efficient method for circuits with a large number
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Table 6.4: Percentage reduction in the variance of test power consumption using
the Min V ar procedure over Baseline 4 for the IWLS’05 benchmark circuits.

No. of No. of
compacted scan Baseline 4

Circuit test patterns chains Pmax δVB4 δTthB4

systemcaes 294 1 530 23.24 25.19
540 21.57 24.43
550 19.66 21.94

4 530 17.88 21.34
540 15.88 20.36
550 12.09 15.61

8 530 9.35 14.98
540 8.82 13.87
550 8.14 12.46

usb funct 237 1 960 16.87 15.43
970 15.79 14.02
980 14.13 10.64

4 960 12.62 8.72
970 10.99 6.61
980 9.07 5.04

8 960 6.10 4.33
970 3.95 2.58
980 0.99 0.68

ac97 ctrl 230 1 1025 18.68 19.13
1040 18.45 18.17
1050 17.66 17.66

4 1025 17.34 17.38
1040 16.79 15.98
1050 15.80 15.85

8 1025 15.30 15.63
1040 14.33 14.68
1050 13.25 13.38

wb conmax 413 1 1460 21.34 19.87
1500 20.21 19.05

4 1460 19.70 18.34
1500 18.88 17.37

8 1460 18.51 16.59
1500 16.09 13.24

des perf 346 1 5600 12.14 14.86
5650 11.73 13.93

4 5600 11.06 13.51
5650 9.79 13.10

8 5600 8.89 12.65
5650 7.70 12.50

ethernet 2110 1 6380 14.96 14.28
6400 14.24 13.80

4 6380 13.07 13.24
6400 12.49 12.76

8 6380 10.91 11.35
6400 10.58 10.80

of test patterns. The results show that a significant reduction in test power variation

can be obtained using the proposed framework for test data manipulation and test-

pattern-ordering. The technique also results in low cycle-to-cycle variation in test

power consumption. The “negative” reduction in Table 6.1 in a few cases can be
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attributed to the heuristic nature of the pattern-ordering procedure. The negative

entries in Table 6.5, which implies that pattern reordering is counter-productive can

be explained as follows. The test pattern set is split into multiple sets to reorder

patterns for large benchmark circuits. This is done to save CPU time for reordering.

The Pattern Order heuristic appears to be ineffective for these instances. However,

X-fill alone results in significant variance reduction in each case.

Even small reductions in the variations in test power can contribute significantly

towards reducing yield loss and test escape during WLTBI. We know from Equation

(1.1) that the junction temperature of the device varies directly with the power

consumption. This indicates that a 10% variation in device power consumption will

lead to a 10% variation in junction temperatures; this can potentially result in thermal

runaway (yield loss), or under burn-in (test escape) of the device. The importance

of controlling the junction temperature for the device to minimize post-burn-in yield

loss is highlighted in [40].

All experiments were performed on a 2.4 GHz AMD Opteron processor, with 4

GB of memory. The CPU times for the Min V ar procedure (including X-fill and

pattern reordering) is in the order of hours for large benchmark circuits. The CPU

time for X-fill alone is in the order of minutes.

6.5 Summary

We have developed a new X-fill method to minimize power variation during WLTBI.

This approach is based on cycle-accurate power information for the device under

test. For N test patterns, an O(N) procedure has been presented to solve the X-fill

problem for scan-shift and capture. We have further reduced the variation in power

consumption by reordering the test-pattern set after minimum-variation X-fill. We

have compared the proposed reordering techniques to baseline methods that fill un-
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specified bits in a test cube with the objective of reducing power consumption during

scan testing. In addition to computing the statistical variance of the test power, we

have also quantified the flatness of the power profile during test application. Ex-

perimental results for the ISCAS’89 and the IWLS’05 benchmark circuits show that

there is a moderate to significant reduction in power variation if patterns are carefully

manipulated and ordered using the proposed framework. Since the junction temper-

atures in the device under test are directly proportional to the power consumption,

even small reductions in the power variance offer significant benefits for WLTBI.
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Chapter 7

Conclusions and Future Work

A prerequisite to assembling 3-D ICs and SiP devices, is the ability to manufacture

and test KGD solutions in a cost-effective manner. The research reported in this

dissertation explores multiple solutions for wafer-level manufacturing test of SoCs

and KGDs. The goal of this research is to provide robust and scalable engineering

solutions for wafer-level test and optimization techniques for test planning. According

to the ITRS [1], each device in the future can be considered to be a SoC or a 3-D IC

(or SiP). The need for flexible test solutions to accommodate increasing integration

trends has also been emphasized [1]. The high test cost associated with the testing of

these devices motivates the need for effective test techniques and test planning at the

wafer level. Significant yield improvements early in the product/process development

cycle can be achieved by efficient wafer-level test techniques [125].

In this thesis, we have addressed the design of a test infrastructure at the wafer

level. Efficient test techniques at wafer level under resource constraints have also

been developed. We have developed test-planning approaches for wafer-level test

that address test-resource optimization, defect screening, test scheduling, and test-

data manipulation for digital and mixed-signal SoCs, as well as for KGDs. This thesis

research also focuses on reducing the capital expenditure on ATE at the wafer level

by combining the burn-in and test processes.

7.1 Thesis Contributions

Chapter 2 presented a test-length selection problem for wafer-level testing of core-

based SoCs. Theoretical foundations and a statistical model were developed, and
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techniques were presented to determine defect probabilities for the individual cores

in an SoC. An ILP model that incorporates defect probabilities to determine the test-

lengths for each core in the SoC was also developed with the objective of maximizing

defect screening at wafer sort. The ILP approach presented is computationally effi-

cient and takes only a fraction of a second even for the largest SoC test benchmarks

from Philips. Experimental results for the ITC’02 SoC test benchmarks have shown

that the test-length selection procedure can lead to significant defect-screening at

wafer sort. An efficient heuristic method that scales well for larger SoCs was also

presented. A test-length selection problem for RPCT of core-based SoCs was also

formulated and solved using ILP and heuristic-based techniques.

Chapter 3 presented a wafer-level defect screening technique for core-based mixed-

signal SoCs. Correlation-based signature analysis methods were used for defect

screening at the wafer-level for analog cores. A cost model was presented to quantify

the savings that result from wafer-level testing. An industrial mixed-signal SoC was

used to evaluate the proposed wafer-level test method. The proposed method elimi-

nated the need for expensive mixed-signal ATE at wafer sort, reducing test cost and

improving tester efficiency.

Chapter 4 presented a test-scheduling problem for WLTBI of core-based SoCs,

that minimizes the variation in test power during test application. The test-scheduling

method used cycle-accurate test-power data for the cores. A heuristic technique was

used to solve the test scheduling problem. Results for the ITC’02 SoC test bench-

marks were presented to illustrate the reduction in power variation obtained using

the proposed method.

Chapter 5 presented a test-pattern-ordering problem for WLTBI. An efficient

heuristic technique was presented to solve the pattern-ordering problem in addition

to an ILP based technique. The proposed reordering techniques were compared
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with appropriate baseline methods. The relevance of the pattern-ordering problem

in the context of WLTBI was further emphasized by quantifying the “flatness” in

power profile during test application. Experimental results were presented for several

ISCAS’89 and IWLS’05 benchmark circuits to show the reduction in power variation

obtained using the proposed pattern-ordering techniques.

Chapter 6 presented a new X-fill method to minimize power variation during

WLTBI. An efficient O(N) procedure for N test patterns was presented to solve the

X-fill problem for scan-shift and capture. The baseline methods considered filled

unspecified bits in a test cube with the objective of reducing power consumption

during scan testing. The statistical variance of the test power and the flatness of

the power profile during test application were quantified for the proposed methods.

Experimental results were presented for the ISCAS’89 and the IWLS’05 benchmark

circuits. Reduction in power variations obtained by carefully manipulating and or-

dering test patterns were presented for several benchmark circuits.

7.2 Future work

This thesis has explored a number of wafer-level test solutions that reduce product

cost. The focus has been on new test planning methods for digital SoCs, as well as

for mixed-signal SoCs and KGDs. As next-generation semiconductor devices become

more integrated with multiple functionalities, a number of new test challenges will

continue to emerge. We next summarize future research directions. The topics dis-

cussed below are aligned with the theme of intelligently performing test at the wafer

level to achieve maximum cost benefits.
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7.2.1 Integrated test-length and test-pattern selection for

core-based SoCs

In this thesis, we have limited ourselves to test-length selection for core-based SoCs

under resource constraints of test time and TAM width. The ultimate objective of

wafer sort testing is to maximize the detection of faulty die; this maximizes profit

margins by lowering packaging costs. The test-length selection framework proposed

in this thesis does not address the issue of pattern grading to choose the reduced test

pattern set. In [126], “output deviation” was proposed as a coverage-metric and a

test-pattern grading method for pattern-reordering. It was also shown in [126] that

test sets that are carefully reordered using such a metric as basis can potentially yield

“steep” fault coverage curves.

In practice, random ordering of test patterns generated by commercial ATPG

tools can be integrated into the framework proposed in this thesis. This can be used

to select test-lengths that yield maximum defect screening probability at wafer sort.

However, if the same test pattern set generated by commercial ATPG tools are graded

and reordered using techniques similar to the ones proposed in [126], defect screening

at wafer sort can significantly be enhanced under resource constraints. The pattern

reordering step can be used as a pre- or post-processing procedure to the framework

proposed in this thesis.

This research direction will provide an intelligent framework for test-pattern se-

lection. The number of test patterns for wafer sort under resource constraints can be

determined using the framework presented in Chapter 2; the choice of test patterns

however, can be determined using output deviations. This process of test-pattern

selection can potentially lead to improved defect screening at the wafer level under

resource constraints.
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7.2.2 Multiple scan-chain design for WLTBI

Multiple scan chains have been primarily used in DfT architectures to lower test

application times. With increasing emphasis on power consumption, several design

techniques for multiple scan designs have been developed [127, 128]. In [127] a single

scan chain is partitioned into multiple smaller scan chains to minimize the number

of transitions in the scan chains. Thus far, the layout information, information on

clock domains, and other geometric constraints have not been incorporated in such

design techniques.

WLTBI is an enabling technology for cost-efficient manufacture of next generation

KGDs. It is important that the on-die variation in junction temperature is kept to a

minimum during WLTBI. Efficient DfT architectures that incorporate multiple scan

designs while considering the layout of the scan chains need to be developed for future

IC designs. Such architectures will minimize the variation in junction temperature

during test application. There are several challenges associated with the development

of such techniques:

• Full-chip thermal modeling: Complete thermal modeling is necessary to determine

the impact of scan-chain placement on overall device temperature. Commercial

finite-element analysis tools such as Flotherm [129] can be used to model the

impact of scan chain placement. Circuit simulation, in addition to thermal anal-

ysis using commercial tools, is essential to optimally determine the best scan-cell

placement for optimal thermal performance during WLTBI.

• Impact of routing: It is also important to consider routing constraints during the

design of multiple scan chains [130]. The best scan design for thermal performance

during WLTBI will not be the best design in terms of scan-chain routing. It is

therefore important to incorporate routing constraints for scan design in the overall
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framework.

7.2.3 Layout-aware SoC test scheduling for WLTBI

One of the primary benefits of a test scheduling method, specifically suited for

WLTBI, is the reduction in power variation during test application. In this thesis,

we presented an efficient test scheduling approach to minimize the power variation

during test. However, the proposed test scheduling method does not consider the

placement of the cores in SoC while formulating the test schedule. The simultaneous

testing of cores that are placed close to one another can lead to hot-spots during test

application. It is also beneficial to stress the DUT uniformly during WLTBI.

It is therefore important to study the activity patterns of the cores during WLTBI,

and construct test schedules accordingly, to flatten the temperature profile of the SoC.

Modifying existing academic tools such as HOTSPOT [131], or using commercial

tools such as FLOTHERM [129] to incorporate die cooling capabilities under burn-in

conditions, and constantly varying device power, will lead to more accurate thermal

predictions for WLTBI. This can potentially lead to the minimization of yield loss

and test escapes during WLTBI.
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