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Preface

This book is made primarily for design engineers and managers, and for test and design-
for-test engineers and managers. It can also be used for students of digital design and test, as
well. The purpose of this book is to introduce the basic concepts of test and design-for-test
(DFT), and to then address the application of these concepts with an eye toward the trade-offs of
the engineering budgets (silicon area, operating frequency target, power consumption, etc.), the
business drivers, and the cost factors.

Currently, some very good test and DFT texts are available. However, many of them are
from an academic focus. In my years of being part of the integrated circuit design community, 1
have had to train many IC designers and junior DFT engineers in test and design-for-test. I have
discovered that corporate education is remarkably different from academic education. A design
engineer on a project, who must learn and apply DFT techniques, is learning them while being
responsible for 60+ hours of other design tasks per week and while meeting regular design dead-
lines and milestones. In this environment, learning the DFT tasks and techniques is difficult with
a book that focuses on the “mathematical” or “theoretical” point of view. History has taught me
that a direct “how to do it” text is more effective.

Another interesting aspect of the competitive corporate environment is that the design pro-
cess may be “factory-ized.” The overall design process for a chip or a portion of a chip is no
longer the responsibility of the design engineer, but of teams of chip design functions. For exam-
ple, the logic gate cells may be designed and characterized by one group (standard cell and
library development), and the design may be modeled and synthesized by a different group
(HDL design and synthesis), verified by yet another group (formal and simulation verification),
and ultimately, mapped to a physical process by yet another group (floorplanning, place&route,
and physical design). In this case, the teaching of DFT techniques must be spread out to the var-
ious organizations contributing to the overall design. A teaching description of a DFT technique,
such as scan design, is not effective if it is not related to the tasks, scheduling, trade-offs, and the
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separations into the various organizational elements. Again, history and experience have taught
me that an effective text here is one that relates the topic being addressed to the design method-
ology and design flow.

So direct experience in corporate technical training and teaching has led to the style and
content of this “practical guide” on the test and Design-for-Test (DFT) topics of scan test,
embedded memory test, and embedded core test. This text has been developed more along the
lines of a “just what you need to know—and how to do it” guide that explains the topic, explains
the trade-offs, and relates the topic to the design flow. My hope is that using this text will reduce
the “learning curve” involved in the application of test and design-tor-test techniques, and will
result in designs that have a higher quality-reliability level and a lower cost-of-test.

A practical text on DFT and DFT techniques, based on the industry point of view, is
needed right now for several reasons. First, the “cost of test” is beginning to dominate the recur-
ring (per-part) cost involved in the manufacturing of the final silicon product for many of the
consumer markets—parts with high volume and a low selling price. Second, shorter product
lifetimes and increased time-to-market (TTM) and time-to-volume (TTYV) pressures are forcing
the need to have some form of structured, repeatable and automatable test features included in
the device as part of the overall design methodology. Third, the move to reuse cores, and core-
based design, as a reaction to shrinking process geometries and TTM pressures, is also forcing
designed-in test features to become portable since design units may be distributed and reused in
several different chip designs with completely different configurations. And finally, the shrink-
ing process geometries also enable “‘system-on-a-chip” and ULSI (Ultra-Large Scale Integrated)
designs with massive integration—more integration means more faults and more vectors—
which leads to a test data management and cost-of-test problems.

Taken all together, these changes in parts of the semiconductor design industry are chang-
ing the way test and DFT are viewed, addressed, and implemented. Organizations that once
ignored DFT are now being dragged kicking and screaming into modern age because of test
cost, TTM, TTYV, test data volume, and having to deal with the test features delivered with com-
mercially available cores. Test is one of the three major components of recurring per-part cost
involved with the manufacture and selling of digital semiconductor integrated circuits (with the
cost of silicon die and the cost of packaging being the other two). As with every product, trade-
offs are made to achieve a quality level and to fit within a target cost profile. I hope that this text
will eliminate the view that understanding the cost-of-test and applying DFT during the design
phase of a product is a “black art” for organizations and individuals that must address managing
the cost factors of a chip design.

If you have questions or comments, [ can be contacted at Al_Crouch@prodigy.net.
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Introduction

There is a lot of diverse information in this book, and although 1 would love to have every-
one voraciously devour the book from the front cover to the back cover, many readers will be
interested in reading only the pieces and parts that pertain to their needs. Since the practical
application of design-for-test is a very interleaved and interrelated subject, none of the test and
design-for-test techniques can exist in a total vacuum without some consideration for the other
related test topics. For example, the application of a scan test architecture to a simple device
with logic and memory, requires that some consideration be given to the interaction of the scan
architecture with the memory array and the memory test architecture. So the study of scan will
also require the study of some memory techniques. I have resisted the temptation to repeat infor-
mation in several places, I have created a guide of sorts to the use of the book. This means that
an individual who is interested only in applying scan test techniques to a chip-level design does
need to read information in several sections to complete a course of study on the topic of scan. I
will attempt to provide that type of outline here.

Also, I wish to apologize right here for writing in much the same manner as I speak. I have
a habit of making my point by using slang and jargon. Since this book is based on the “corpo-
rate” or “business” point of view, the language I use is the language I learned at work, which
may not line up exactly with the prescribed academic terms. To be completely honest, I learned
most of what is in this book by the seat of my pants, applying DFT techniques to designs while
my hair was on fire from schedule pressure—I did not spend a lot of time reading academic texts
to learn my art (or science, as the case may be).

To begin with, the book contains five chapters, which can be thought of from a content

point of view as lining up with the following main headings: Test, ATPG, Scan, Memory Test,
and Cores. A quick synopsis of each chapter follows:



Chapter 1: Test and Design-for-Test Fundamentals: this chapter contains the terms, defi-
nitions, and the information involved with test to provide a basic understanding of just what test
and design-for-test (DFT) are, how they are done, why they are done, what is being tested, what
test is measuring and accomplishing, what equipment is used for test, and what the engineering
and cost trade-off drivers are. It is a very basic chapter that can be used by a novice or a junior
test or DFT professional to come up to speed on the requirements, actions, and language of test.

Chapter 2: Automatic Test Pattern Generation Fundamentals: this chapter describes the
process of automating the onerous task of vector generation and reducing the time-to-volume by
supporting an automatic test pattern generation (ATPG) methodology. Some of the analyses and
techniques used in vector generation for both AC (dynamic) and DC (static) fault models are
described to give an understanding of why certain rules must be applied to the hardware design
and of how to reduce the size of the vector set or the time involved in generating the vector set.
Also discussed are the measurables and trade-offs involved with the ATPG process so that an
evaluation, or benchmark comparison, can be done between various ATPG tools to assist in the
selection of the methodology and tool that is right for the application.

Chapter 3: Scan Architectures and Techniques: this chapter is about the scan test method-
ology and begins with the fundamentals of scan design and operation, and the design concerns
and trade-offs involved with adopting a scan design. Also included are some techniques on the
installation of scan into a design, how to deal with common problems such as safe-shifting, con-
tention-free vectors, shift timing, and clock skew. Finally, some information is included on
reducing test time by shifting the scan architecture at the rated functional frequency (at-speed
scan), and on using scan to test for AC goals by operating the scan sample at the rated frequency
(AC scan) based on using critical paths extracted from a design’s timing analysis.

Chapter 4: Memory Test Architectures and Techniques: this chapter is about memory
testing, memory interaction with the scan test architecture, and the adoption of memory built-in
self-test (MBIST). This chapter begins with the fundamentals of memory test. and expands into
the architectures involved with the coexistence with scan, and eventually describes the architec-
tures and integration of using built-in self-test. The delivery of memories as cores with BIST
(BIST ed memories) includes information on how to deal with the integration of large numbers
of memory cores, and how to minimize the routing problem, the power problem, the extraction
of characterization or debug data problem, and the coordinated data retention problem.

Chapter 5: Embedded Core Test Fundamentals: this chapter is about creating testable
designs with testable and accessible embedded cores. This chapter begins with the terms, defini-
tions, issues, and trade-offs involved with the new style of device design known as “embedded
IP” (intellectual property), embedded core, or core-based design. The embedded core design
process is addressed in two main aspects, creating a testable reuse core, and implementing a chip
design with embedded reusable core products. This chapter relies greatly on understanding the
information from chapters I, 3, and 4.
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Guide to the Book

At first glance, this book may seem to be formatted a bit strangely. The beginning of each
main subject heading within a chapter is a graphic that is then followed by several sub-sections
of descriptive and teaching text. The graphics are the slides that I use when I teach this informa-
tion as a course (all the graphics are available in full color with the included CD-ROM). You will
notice that sometimes the graphic and the text are interrelated and the graphic supports the text;
however, sometimes the graphic does not seem to be directly linked to the text, and sometimes
the graphic will be an alternate description of the text. This is the nature of presentation mate-
rial—the graphic must not be so complicated and busy that it confuses the viewer during a pre-
sentation or class—however, in the context of a reference book, readers sometimes enjoy a
complicated graphic to trace through and analyze as they are learning the information. Since this
text was designed to be an introductory and practical guide to the subject of Test and DFT, I
decided to leave the presentation material as the graphics instead of replacing them with compli-
cated diagrams.

The flow of information in this text also derives from the way I teach my courses in DFT.
When I teach an entire comprehensive class, I naturally start with the basic information and lan-
guage of test and then I move on to test pattern generation. With these two subjects as a basic
foundation, I then move on to scan and then memory test, and I use scan and memory testing as
a foundation to begin teaching core test. However, sometimes 1 am asked to teach just ATPG,
just scan, just memory testing, or just core testing.

I could never hope to categorize every possible iteration of use for this book (and 1 don’t
mean its use as a doorstop or paperweight). However, I have taught several different courses of
study with the information contained within this book, and to this end, 1 will describe what I
think are the most common courses of study and outline the “paths™ that must be taken through
the book. These courses naturally fall into the “applied” and “management”’ categories, and then
by the subject matter of test basics, cores, scan, built-in self-test, ATPG tool selection, and mem-
ory testing.

For the design or DFT engineer, the most important information is the items that describe
how to establish a test methodology or implement particular DFT techniques, how the tech-
niques affect the design budgets, and why they are needed (in many cases, the DFT engineer will
need a course in “how to argue effectively”). These topics can be divided into the following
courses of study: test basics, scan, AC scan, ATPG, memory test, built-in self-test, and core test.

For the manager, the most important information is the items that deal with trade-offs,
tasks, schedules, and cost. These items also fall into similar categories of implementing scan or
AC scan, adopting an ATPG methodology, implementing a BIST-based test methodology, and
developing or using cores.

Test Fundamentals: If you wish to study just the basic fundamentals of testing, with the
goal of learning about the test process, understanding the creation of a test program, applying
the test program to a tester, and assessing the quality metric, then I would recommend reading
all of Chapter 1, Sections 2.15.2, 2.16.1, 3.15.1, 5.4.1, 5.18.1, and 5.25.1, in addition to what-
ever training material is at hand for the target tester.
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Scan Techniques: If you wish to develop a course of study in the understanding and
application of scan techniques, then I would recommend reading all of Chapters 1 and 2 for a
fundamental background into testing, faults, and ATPG, and then Sections 3.1 through 3.19 fora
background in basic DC scan, and Sections 4.14 through 4.18 to explore the interaction of scan
with memory architectures. If memory architecture needs to be learned to understand the “scan
interaction with memory”, then I also recommend reading Sections 4.1 through 4.5.

AC Scan Techniques: If you wish to extend the study of scan into the AC and at-speed
scan realms, then I recommend the additional reading of Sections 3.19 through 3.26 to explore
the differences between DC scan and adding the extra dimension of timing assessment.

ATPG: If you wish to understand automatic test pattern generation (ATPG) and perhaps
wish to understand the development of an ATPG methodology, then I recommend reading all of
Chapters 1 and 2 for a basic background of the test process and ATPG, and in addition, Sections
3.1 through 3.12 and Section 3.16, since understanding scan, partial scan, and scan design rules
is fundamentally interrelated to the development and application of an ATPG methodology.

Memory Test: If you wish to develop a course of study in the understanding and applica-
tion of memory testing, then I recommend reading Sections 4.1 through 4.13, and if the study
should include a built-in self-test methodology, then 4.19 through 4.28 as well.

BIST: If you wish to develop a course of study in the theory, application, and use of built-
in self-test (BIST), both logic and memory, then 1 would recommend reading Sections 3.3
through 3.11 for a scan background, Section 3.16 on scan rules, Section 3.22 through 3.25 on at-
speed scan concerns, and 3.27 on logic BIST. In addition, | would recommend reading Sections
4.1 through 4.13 for a background on memory architecture and testing, and then read Sections
4.19 through 4.28 on memory BIST.

Embedded Core Test: If you wish to understand embedded core testing, either from the
development of a testable reusable core, or from the integration standpoint, then I recommend
reading all of Chapter | for a fundamental background in testing and test application; Sections
2.1 through 2.17 for a basic background in vector generation, vector optimization, and controlla-
bility and observability; Sections 3.1 through 3.26 to understand AC, DC, and at-speed scan and
scan issues; Sections 4.19 through 4.28 to understand memory BIST and memory BIST issues;
and the entirety of Chapter 5 on cores and core-based design.

Management: If you are concerned with the cost, schedules, tasks, and trade-offs of the
various topics contained within this book, then a “management” course can be outlined that cov-
ers just the sections needed for quick understanding of the issues, costs, and so on. For example,
a course of study in the trade-offs involved with DFT would include Sections 1.1 and 1.2 for an
understanding of what is tested and why it is accomplished, 1.4 and 1.6 for an understanding of
what is measured and with what type of testing, 1.8 to explore the cost trade-offs of test equip-
ment, and 1.10.2 to understand the cost trade-offs involved with test programs.

To understand the selection and development of an ATPG methodology would require
Sections 2.1 through 2.3 to understand what an ATPG methodology is and why it should be
adopted, Section 2.14 to understand the difference between combinational and sequential ATPG,
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Section 2.16 to understand ATPG vectors, Section 2.17 to understand the design rules that will
be imposed on the design if ATPG is adopted, Section 2.18 on the selection of a tool, and Sec-
tion 2.19 for a summary overview of all the issues.

To understand the adoption of a scan methodology would require reading the identified
ATPG Sections (2.1-2.3, 2.14, 2.16-2.19) and scan Sections 3.1 through 3.3 to understand scan
testing versus functional testing, Section 3.12 to understand full-scan versus partial scan, Sec-
tion 3.16 to understand the design rules that will be imposed on the design for scan, Sections
3.19 and 3.20 to understand AC scan versus DC scan, Section 3.25 to understand the tasks
involved with scan insertion, Section 3.26 to understand the selection of critical paths for AC
scan, and Section 3.28 for a summary overview of all the issues.

To understand the adoption of a memory BIST methodology would require reading Sec-
tion 4.1, which introduces memory testing; Sections 4.4 and 4.5, which address memory design
and integration concerns; Section 4.6, which outlines the trade-offs between different memory
test methods; Sections 4.19 and 4.20, which introduces memory BIST testing and requirements;
Sections 4.22 through 4,24, which outline chip issues and concerns in applying BIST; and Sec-
tion 4.28, which provides a summary overview of all of the issues.

To understand the issues, concerns, trade-offs, cost factors, goals, and tasks involved with
developing a reuse core, or adopting an embedded core-based design style, I would recommend
understanding the scan and memory BIST information, and then reading Chapter § in its
entirety.
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