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IN VLSI CIRCUITS
ACROSS THE DESIGN HIERARCHY

Abstract

by

JOAN ELIZABETH CARLETTA

Methodologies for built-in self-test (BIST) insertion in VLSI circuits are presented for
three different levels of design abstraction. The methodologies are designed to be used
during the design flow of application specific integrated circuits (ASICs), which starts
at the algorithmic level in the behavioral domain and moves té the register transfer
level in the structural domain, and finally to the gate level in the structural domain. At
each level, the methodology is based on the use of testability metrics to identify and
remove points of low testability in a circuit. By quantifying the properties that make a
BIST scheme successful, the testability metrics provide a way to measure fest quality
implicitly, without resorting to fault simulation, which is both expensive and not avail-
able at the higher levels of design abstraction. The testability metrics are computed

using a Markov chain model.
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Fault coverage curves show that when the BIST insertion methodologies are a;;plied.
the resulting circuits are significantly easier to test than circuits designed without
regard to testability. Wherever fault coverage results are given, layout areés. transistor
counts, and critical delays are also given so that the trade-off between a circuit’s test-

ability and its area and performance can be fully appreciated.

Examples of our insertion methodologies employ three different BIST schemes: con-
ventional BIST, circular BIST, and the circular self-test path technique. For circular
BIST and the circular self-test path technique, special care must be taken when adding
the test circﬁir.ry to a design. This work explores the problems that can occur, and out-

lines structural constraints that should be followed to avoid the problems.

The three BIST insertion methodologies introduced complement one another, rather
than compete with one another. Although it is desirable to consider testability as early
as possible in the design flow, the algorithmic level methodology does not supercede
the register transfer and gate level methodologies. We show that each methodology

has its own area of application.
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the resulting circuits are significantly easier to test than circuits designed without
regard to testability. Wherever fault coverage results are given, layout areas, transistor
counts, and critical delays are also given so that the trade-off between a circuit’s test-

ability and its area and performance can be fully appreciated.

Examples of our insertion methodologies employ three different BIST schemes: con-
ventional BIST, circular BIST, and the circular self-test path technique. For circular
BIST and the circular self-test path technique, special care must be taken when adding
the test circuitry to a design. This work explores the problems that can occur, and out-

lines structural constraints that should be followed to avoid the problems.

The three BIST insertion methodologies introduced complement one another, rather
than compete with one another. Although it is desirable to consider testability as early
as possible in the design flow, the algorithmic level methodology does not supercede
the register transfer and gate level methodologies. We show that each methodology
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Chapter 1 Introduction

As very large scale integration (VLSI) technology has progressed, and it has become
possible to put more and more transistors on a single integrated circuit, testing a circuit
to see whether it is functioning properly has become an increasingly difficult task. A
variety of techniques for alleviating the testing problem have been developed. This
dissertation focuses on one increasingly popular technique, built-in self-test (BIST).
The main idea behind BIST is to put everything that is needed to test the circuit
directly on the chip, so that the circuit is capable of testing itself. The main thrust of
the dissertation is the development of methodologies for automatic insertion of BIST
into VLSI application specific integrated circuits (ASICs); gi;/en a circuit, we would
like to automatically modify the circuit, adding the circuitry that is necessary to per-
form a built-in self-test. As we do this, we must keep in mind that the addition of cir-
cuitry to the chip, while making the chip easier to test, can also have the ill effects of

making the chip larger in area (and therefore higher in cost) and slower in speed.

Before we can devise methodologies for BIST insertion, we must have a clear under-

standing of how ASICs are designed. Contemporary ASIC design is a process consist-




ing of many steps, during which a design flows from one level of design abstraction to
another. Typically, a design begins as an “algorithmic” description, almost like a com-
puter program, that specifies the function that the circuit should perform. At this level,
the design is a single “black box”; we know what the circuit should do, but not how it
should do it. As the design moves from level to level, synthesis tools are used to fill in
more and more of the details of how the circuit should be implemented. Early on, we
may view the circuit as an interconnection of complex hardware units like adders and
multipliers (each still a “black box™); later, the circuit will become a netlist of gates,

and ultimately it will be expressed in terms of layout.

Built-in self-test insertion can be done at any point during the ASIC design flow. Gen-
erally speaking, it is best to begin thinking about testing early on in the design flow,
since how a circuit is designed has a profound impact on how easy itis to test. Once
low level decisions about a circuit implementation have been made, it may be too late
to easily incorporate testability; making modifications for the sake of testability may
require major changes in the design. However, as we shall see later, there are times
when we can not begin testability consideration at the highest levels of design abstrac-
tion. Therefore, there is need for BIST insertion methodologies that operate over the

whole range of design abstraction levels.




1.1  Problem Definition

The goal of this work is the development of methodologies for automatic BIST inser-
tion, in coordination with design synthesis tools. In this work, we describe three sepa-
rate methodologies for BIST insertion, operating at three different levels of design
abstraction, and therefore at three different points in the ASIC design flow. The first
works with logic level design descriptions. The second, at a higher level, works with
register transfer level descriptions. The third works at the highest level of the ASIC
design flow; it operates on algorithmic level design descriptions. Despite differences
in design level, the methodologies have many similarities. All take as input a design
description, and add BIST features to that design description so that when the descrip-
tion is synthesized to create a physical implementation, that physical circuit can be

easily tested. Furthermore, all three methodologies keep in mind four goals:

* to minimize the effect of the BIST insertion on the overall area.
* to minimize the effect of the BIST insertion on the system performance.
* to maximize the fault coverage that can be obtained during test.

* to minimize the test time required to obtain that level of fault coverage.

All use a unified set of testability metrics to quantify the testability of the original cir-
cuit and identify trouble spots in the design. These metrics provide a mechanism for
trading off area overhead and system performance against obtainable fault coverage

and required test time.

We now briefly describe the approach for each of the three methodologies.




1.1.1  Logic level BIST insertion

The first methodology operates on logic level sequential circuits. It starts by assuming
a minimal BIST paradigm, in which the primary inputs of a circuit are driven by a test
pattern generation register (TPGR) that provides stimuli for the circuit, and the pri-
mary outputs are fed into a multiple input shift register (MISR) that analyzes the
responses of the circuit to the stimuli. Thus, the primary inputs are assumed controlla-
ble, and the pﬁmary outputs are assumed observable. It then computes the testability
metrics for the internal signals of the circuit; signals with low festability metrics desig-
nate possible trouble spots when testing the physical circuit. A two step approach first
improves the testability metrics for the flip-flops, so that each combinational logic
block receives high quality test patterns, and then improves the testability metrics of
internal signals. Two different kinds of insertion, multiplexer-based test point insertion
and circular BIST insertion, are used. The output of the methodology is a logic level

circuit with added circuitry that is much more easily tested than the original.

1.1.2  Register transfer level BIST insertion

Our second methodology operates on design descriptions at the register transfer level.
At this level, circuits are described as interconnections of arithmetic logic units
(ALUs) and registers. Like our logic level BIST insertion methodology, our register
transfer level BIST insertion methodology begins with a circuit with a minimal
amount of BIST: the only BIST added to the circuit is that necessary to drive the pri-

mary input registers of the circuit with test patterns, and to compact the responses from




the primary output registers. The methodology then computes testability metrics for
the signals of the circuit. Here, the signals are the width of the words in the datapath.
The metrics values are used to guide the BIST insertion by finding potential testability
problems in the datapath; thus, internal registers of the datapath are replaced with
BIST registers only when necessary. The output of the methodology is a modified ver-
sion of the register transfer level circuit, with added circuitry to make the design easier

to test.

1.1.3  Algorithmic level BIST insertion

The goal of our work at the algorithmic levell is to develop a methodology for BIST
insertion that achieves high fault coverage for both the datapath and the controller cre-
ated during the ASIC design flow. The methodology is essentially a pre-synthesis pro-
cess that is meant to be independent of the high level synthesis tool used. Thus, our
algorithmic level BIST insertion methodology takes an algorithmic level design
descrip(ion as input, and modifies it to create another algorithmic level description
such that when the modified version is synthesized using the normal ASIC design

flow, the result is a physical circuit that is easily tested using a simple BIST scheme.

1. Some researchers prefer the term “behavioral level” to the term “algorithmic level” used here.




1.2 Organization of Dissertation

The motivation for this work lies in BIST insertion, which is the process of adding
BIST features to a circuit. We consider a number of different BIST methodologies,
including conventional BIST, circular BIST, and the circular self-test path technique.
Chapter Two provides background by defining some fundamental aspects of design-
for-testability. Chapter Three is a survey of recent related research in design-for-test-
ability, especially testability insertion; we cover insertion for both partial scan and
BIST because although the two are different applications, much of the underlying
motivation is the same. Chapter Four presents mathematical definitions for the test-
ability metrics that form the cornerstone of all our BIST insertion procedures; these
metrics are used to pinpoint areas of a design that have testability problems. Chapter

Five describes a Markov model that is used to compute the testability metrics.

Regardless of the level of design abstraction at which a BIST insertion procedure
operates, the first step in insertion is that of test point selection, or deciding where to
place test elements (whether registers or flip-flops) within a circuit. For the circular
self-test path technique, insertion requires a second step, that of circular self-test path
formation, in which the selected registers are chained together in a particular order,
each with a particular orientation or shift direction. This second step results in some
difficulties unique to the circular self-test path technique. Chapter Six describes these
difficulties, and shows how they can be avoided by placing constraints on the structure

of the circular self-test path.




The next three chapters provide specifics of our BIST insertion procedhres at three dif-
ferent levels of design abstraction. Chapter Seven demonstrates our logic level inser-
tion methodology, using a submodule of an industrial design as both motivation and
example. Chapter Eight discusses a similar BIST insertion methodology at the register
transfer level, using examples to demonstrate how the metrics facilitate test point
selection. Chapter Nine moves BIST insertion into the behavioral domain by consider-
ing testability at the algorithmic level. Finally, _Chapter Ten presents conclusions, and

points towards future research.




Chapter 2 Fundamentals

This chapter provides background material preliminary to the main Qork of this dis-
sertation, and may be safely skipped by readers already acquainted with the design of
application specific iﬁtegrated circuits (ASICs) and design-for-testability. The chapter
begins in Section 2.1 with a formal description of the levels of abstraction at which a
design can be described. A typical ASIC design flow, from concept to silicon, is prc;,-
sented in Section 2.2. Section 2.3 describes the importance of design-for-testability
(DFT), which is the consideration of testability in the course of the design flow. Thére
are the two basic approaches to test, and deterministic and pseudorandom; Section 2.4
compares them, outlining the advantages and disadvantages of each. Design-for-test-
ability methodologies specific to each approach are introduced; these include both
scan methodologies for deterministic test in Section 2.5 and built-in self-test method-
ologies for pseudorandom test in Section 2.6. Section 2.7 describes how design-for-
testability can be integrated with the design flow. Section 2.8 introduces two key com-

ponents of testability, controllability and observability. Section 2.9 is a summary.




2.1 Levels of Design

The levels of abstraction at which a design can be specified are illustrated in Figure

2-1, a Y-chart introduced in [GaKu83]. The three axes represent the three domains in
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Figure 2-1. Levels of design abstraction.

which a design can be specified. The behavioral domain views a design in terms of its
function or input-output relationship, without any notion of physical implementation.
The structural domain views a design as a netlist of interconnected components,

where each component is a “black box” element described behaviorally. The physical

domain views a design in terms of its physical or geometric properties. In each
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domain, a range of levels of abstraction are possible, with the more abstract levels at
the periphery of the chart. The points on the axes are labelled with a typical view of the
design at the given level and in the given domain. For example, from the Y-chart we
can see that a register transfer level (RTL) description of a design in the structural
domain consists of an interconnection of arithmetic logic units (ALUs), registers, and
multiplexers. If we described this same design at the circuit level in the physical
domain, it would consist of a number of rectangles and polygons in polysilicon, metal,

and other materials used in integrated circuits.

2.2 ASIC Design Flow

An ASIC design flow starts with a design description at the algorithmic level in the
behavioral domain, and traverses the Y-chart to create a complete physical implemen-
tation for the design. A typical path taken is shown in Figure 2-2. The tools used to

perform the traversal are as follows:

A.  High Level Synthesis takes as input a design described at the algorithmic level in
the behavioral domain. This input is an algorithm describing the function that the
final circuit is intended to perform. The output of high level synthesis is a regis-
ter transfer level description in the structural domain. This description consists of
two parts. The first part is a register transfer level datapath capable of performing
the intended function. This datapath is described as an interconnection of arith-

metic logic units, registers, and multiplexers; each of these interconnected com-
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Figure 2-2. Typical ASIC design flow in terms of the Y-chart of Figure 2-1.

ponents is a “black box” described functionally. The second part is a control
flow, usually in the form of a state diagram, that describes the way in which the

datapath must be controlled in order for it to perform the intended function.

B.  Logic Level Synthesis takes the register transfer level datapath and transforms it
into a logic level implementation in the structural domain. It does this by filling
in the “black box” functional description of each component in the datapath with
a logic level implementation. At this point, the control flow may also be synthe-

sized to the logic level using a finite state machine implementation.

C. Technology Mapping takes as input a gate level design description in the struc-
tural domain. It moves the design into the physical domain by mapping the gates

to standard cells from a given library. Layout is available for each standard cell.
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D.  Placement and Routing take as input the standard cell implementation of the
design in the physical domain. The standard cells are physically situated, and the
interconnections between the cells are routed. The result is a layout of the overall

design that is ready for fabrication.

2.3 Importance of Design-for-Testability

Traditionally, design and test have been considered two separate processes; one group
of engineers completed the design of the circuit, and a separate group was responsible
for building and testing the circuit. However, as advances in VLSI technology have
made higher and higher package densities possible, this approach has become less and
less feasible. Testability problems are caused primarily by an inability either to control
a signal embedded within a circuit to some required value, or to observe the value of
an embedded signal. As package density increases, the number of gates per pin
increases. Since the internal parts of the chip can be controlled and observed only indi-
rectly through the pins, this makes testing the chip more difficult. As a result, testabil-
ity decreases dramatically, and the effort spent in testing a chip becomes a significant

portion of the overall cost of getting a new design to market.

Design-for-testability (DFT), or the consideration of testability during the design flow,
was introduced in the 1970s as a remedy to decreasing testability. At the beginning,
design-for-testability involved designing a circuit so that it had certain general proper-

ties that made it easier to test; two such properties are that the design contain no asyn-
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chronous logic and that it be easy to initialize to a known state [BaMS87]. Later, more
structured DFT techniques were developed. Because the best choice of DFT technique
depends on the test approach used, we now digress to introduce the two main

approaches to test before coming back to the specifics of design-for-testability. When
we return to design-for-testability, we will describe specific DFT techniques appropri-

ate to each of the approaches.

2.4 Approaches to Test

The basic principle of testis to apply stimuli, or test patterns, to the circuit under test,
and to analyze the responses of the circuit to the test patterns to determine whether the
circuit is responding as expected. Test methods can be divided into two basic
approaches, depending on the type of test pattern used. Deterministic test applies a set
of test patterns that are tailor-made for the circuit in question, while pseudorandom
test applies pseudorandomly generated test patterns. Each approach has advantages
and disadvantages. Determining which test patterns to include in a deterministic test is
generally computationally intensive, and requires an in-depth analysis of the circuit.
This computation of test patterns is usually a one-time cost; however, if even small
changes are made to the circuit design, the deterministic test may no longer be valid,
and so re-computation of the test patterns may be necessary. In contrast, computing the
test patterns for a pseudorandom test is simple, and the test patterns need not be

changed when the design is changed. Since the test patterns in a deterministic test are
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tailor-made for the circuit under test, they are of high quality; a small number of deter-
ministic patterns can usually catch a large percentage of the faults of the circuit. With
pseudorandom test, the patterns may not be of as high quality, so a greater number of

patterns may be required.

Deterministic and pseudorandom test also differ in the ways that the test patterns are
typically generated during the course of the test. In general, it takes a large amount of
hardware to generate a deterministic tes‘t; for this reason, the test pattern generation is
usually done off-chip, and is the responsibility of automatic test equipment (ATE). In
contrast, pseudorandom test patterns can be generated very simply with a minimal
amount of hardware. This makes pseudorandom test amenable to built-in self-test
(BIST) techniques [AgKS93a] [AgKS93b], for which all circuitry needed to test the
circuit is placed directly on the chip. A number of different BIST methodologies exist,
and will be described later in this chapter. All have in common the addition of test cir-
cuitry to the chip to provide test patterns to the circuitry of the chip and to analyze the
response of the circuitry of the chip to the test patterns. BIST t-echniques eliminate the
need for expensive ATE; using BIST, the only input that a chip requires from its envi-
ronment in the course of the test is an indication of when the test should begin. Simi-

larly, the chip gives only limited output reporting the results of the test.

Because all BIST circuitry is on-chip, test can be done at normal circuit speed; in con-
trast, with deterministic tests using ATE, test must usually be done at a slower-than-

normal rate. This means that BIST techniques have the capability to detect timing-
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related problems that an off-chip deterministic test may miss. Another advantage of
having all test circuitry directly on-chip is that the chip need not be placed in a special
environment (i.e., into the socket of an ATE) during test; this means that BIST tech-
niques are useful not only for chip level test, but also for board level test. Since the
interaction of a chip with its environment during test is minimal, it is relatively simple

to place a test controller on a board that asks each chip on the board to test itself.

One disadvantage of BIST techniques is the area required on chip for the test circuitry.
The addition of test circuitry can also cause some degradation in system performance,
even when the chip is operating in normal (non-test) mode. Thus, a key problem that

must be solved in order to make BIST practical is how to add BIST features to a circuit

while having a minimal impact on overall area and performance.

2.5 Scan Methodologies for Deterministic Test

The problem of test pattern generation has been fully solved only for combinational
logic. Because generating deterministic test patterns for sequential circuits can be pro-
hibitively expensive, especially if those circuits have a high degree of feedback, scan
methodologies are commonly used to simplify the problem [AbBF90] [BaMS87]
[John8&9]. Essentially, scan serves to make the internal flip-flops of the circuit more
directly controllable and observable; this is accomplished by adding an operating

mode to the circuit in which the flip-flops form a simple shift register or scan chain.
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For the full scan methodology, all iﬁtemal flip-flops are made accessible by placing
them in the scan chain. Since all flip-flops are now accessible, the problem of generat-
ing test patterns for the circuit degenerates to that of generating test patterns for the
combinational logic of the circuit. A specific test pattern is applied to the combina-
tional logic by placing the scan chain in shift mode and shifting in the test pattern.
Then, the scan chain is placed in normal mode, so that the circuit operates according to
its designed function; when the circuit is clocked in normal mode, the test pattern is
applied to the logic. At this point, the response of the combinational logic to the test
pattern is clocked into the scan chain; by putting the scan chain back into shift mode,

the response can be shifted out and observed directly.

The partial scan methodology improves on the high hardware overhead of full scan by
placing only a subset of the flip-flops of the circuit in the scan chain. A variety of tech-
niques exist for deciding which of the flip-flops should be placed in the scan chain;

some will be described in Chapter Three, which contains a survey of related research.

2.6  BIST Methodologies for Pseudorandom Test

All BIST methodologies are based on the use of on-chip test circuitry to provide test
patterns to the circuitry of the chip and to analyze the response of the circuitry of the

chip to the test patterns; the methodologies vary only in how the test pattern generators
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and response analyzers are implemented. We now describe several pseudorandom
BIST methodologies of special interest: more complete treatments can be found in

[AbBF90] and [BaMS87].

2.6.1 Conventional BIST

The conventional BIST methodology uses linear feedback shift registers, also called
test pattern generation registers (TPGRs), to provide the test patterns. Figure 2-3

shows a typical test pattern generation register. The register itself is a deterministic

Jr\/ flip- flip- flip- flip-

(\-{-j—) flop flop flop flop —o

Figure 2-3. A test pattern generation register (TPGR).

system; however, as it is clocked, its states over time satisfy some of the same proper-
ties as uniformly distributed random numbers, and so the TPGR is said to provide
pseudorandom patterns. C;)nventional BIST also makes use of multiple input shift reg-
isters (MISRs) as shown in Figure 2-4. Rather than checking the response of the cir-
cuit to each test pattern individually, conventional BIST uses an MISR to compress the
responses over time into a single signature that can be checked at the end of the test

session, after all test patterns have been applied. Since the compression of circuit
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Figure 2-4. A multiple input shift register (MISR).

responses into a signature involves some loss of information, getting the expected
fault-free signature is not a guarantee that no fault exists in the circuit; it is possible for
a fault effect to be masked. The probability that a fault effect is masked is referred to as

the aliasing probability.

When BIST is added to a circuit, the circuit is usually partitioned into manageable’
pieces called kernels, and BIST registers are placed at the inputs and outputs of each
kernel. For example, in a register transfer level (RTL) datapath, the main focus may be
on testing the arithmetic logic units (ALUs), and so each ALU may be in a kernel by
itself, with TPGRs at the inputs to the ALU, and an MISR at the output of the ALU. If
some signal is at the input of one kernel K; and the output of another kernel K, a third
type of test register, the built-in logic block observation (BILBO) register, may be used
[KoMZ79]. This is a “double duty” register that can act as either a test pattern genera-
tion register or a multiple input shift register, depending on its mode of operation at a
given time. Since the BILBO can not generate test patterns and compress circuit
responses simultaneously, kernels K; and K, must be tested in separate test sessions.

This is shown in Figure 2-5; during the test session for K, the BILBO acts as an
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MISR, compacting the responses of kernel K, and during the test session for K, the

BILBO acts as an TPGR, providing test patterns for kernel K.

in test session [

TPGR | TPGR | e

/
/7
7/
/7

MISR ,

K
-

in test session 2

(a) structure of circuit. (b) operation of BILBO during the test.
Figure 2-5. The use of a BILBO to test two adjacent kernels.

Once a circuit has been partitioned appropriately into kernels, and test registers have
been added, test scheduling must be done; this step looks at the requirements on the
BILBOs of the circuit, and determines which kernels may be tested in parallel without
conflict. Based on this, the kernels are divided up into test sessions. A single test ses-
sion sets the BILBOs of the circuit to specific operational modes, and then uses those
modes to test the kernels assigned to it. Note that, in general, conventional BIST
requires a complex test controller; the test controller must be able to move from test
session to test session at the appropriate times by sending the proper operational mode

controls to the BILBOs.
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To avoid the complicated problem of test scheduling, another kind of test register, the
concurrent built-in logic block observation register (cBILBO), can be used [WaMc86].
The cBILBO register is like a BILBO, except that it can generate test patterns and

compact test responses simultaneously; thus, it eliminates the need to test kernels sep-
arately. Despite this advantage, the cBILBO is seldom used because of its large area: it

is essentially as large as a TPGR and an MISR combined.

2.6.2 MISR-based BIST

MISR-based BIST attempts both to reduce the area overhead required for conven-
tional BIST and to eliminate the need to test kernels separately. The basic scheme is
shown in Figure 2-6 for two kernels. A single test session is used to test both K; and
K; during that test session, the MISR between thé kernels compacts the responses of
K, and the partial signatures created in the MISR are used as test ’pattems for K,. The
main disadvantage of MISR-based BIST is that the partial signatures of K; may not be

good quality test patterns for K.

2.6.3 Circular BIST and circular self-test path

Circular built-in self-test and the circular self-test path technique have récently been
proposed as lower cost alternatives to conventional BIST [KrPi87] [PiKK92] [Stro88]
[POLB88]. Both methodologies make use of a special test register, shown in Figure
2-7, that can simultaneously both generate test patterns and compact responses. There

is no feedback within the circular BIST test registers themselves; instead, the feedback




Figure 2-6. An MISR-based BIST scheme for two kernels.
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Figure 2-7. A circular BIST test register.

necessary to pseudorandom BIST is created in the way that the test registers are linked
together. In the circularvself-test path technique, the feedback is formed by linking the
test registers together to form one long circular self-test path. Figure 2-8 shows an
example RTL structure with a circular self-test path added. The circular self-test path
is shown with a broken line; for this example, only the primary input and primary out-
put registers are included in the path, although in general any of the registers may be
included. For this methodology, the signature is obtained either by watching the
stream of bits flowing through a specified point on the path for a speciﬁed_ number of

clocks before the end of the test session [Stro88] [PiKK92], or by looking at what
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Figure 2-8. An example RTL structure with a circular self-test path.

remains in the test registers at the end of the test session. Note that there is no need to
scan out signatures of internal blocks, since all signatures will pass through a primary

output register.

For the circular BIST methodology, the test registers are linked together into a long
chain; however, the two ends of the chain are not linked to make a circle as in the cir-
cular self-test path technique. Instead, the input end of the chain is driven by a TPGR,
and the output end of the chain drives an MISR. Figure 2-9 shows the same circuit as
Figure 2-8, using the circular BIST methodology instead of a circular self-test path.
For this methodology, the signature is obtained from the MISR at the end of the test

session.

Both the circular self-test path and circular BIST methodologies offer several advan-
tages over conventional BIST, particularly in regards to hardware overhead. Test con-

trol is much simpler for these methodologies than for conventional BIST. First, a
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Figure 2-9. An example RTL structure using the circular BIST methodology.

circular BIST register has fewer modes of operation than a BILBO register, so the test
controller generates fewer control bits. Secondly, the entire circuit can be tested in one
session, so the test controller is not responsible for managing flow of control from one

test session to the next, and there is no complicated test scheduling problem to solve.

The main disadvantages of the circular methodologies in comparison to conventional
BIST are questions about the quality of the test patterns, which may no longer be truly
pseudorandom, and questions about the probability of error masking or aliasing during
test response compaction; however, empirical study has shown the circular self-test
path technique to be effective at both generating test patterns and compacting

responses [PIKK92].




2.7 Fitting DFT into the Design Flow

Figure 2-10 shows a typical ASIC design flow from concept to silicon, with the vari-
ous levels of design abstraction at which the design is described along the way, and the

tools that move the design from one level of design abstraction to another. Consider-
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Figure 2-10. The ASIC design flow.
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ation of testability can begin at any time in the course of the design flow; however,
there are many advantages to considering testability early in the design flow. The most
important advantage is that the earlier we consider testability, the more flexibility we
have in thq design. Design decisions have a profound effect on the testability of a fin-
ished circuit; if we wait until a design’s physical implementation is nearly complete to
start thinking about how to test it, we may have already made design choices that are
catastrophic from the point of view of testability. Furthermore, the higher the level of
design abstraction, the fewer the number of components that must be considered when
analyzing the circuit structure. For example, a circuit with thousands of gates may
have only a small number of register transfer level components; this smaller number of
components make the analysis problem much more computationally tractable. Addi-
tionally, at higher levels of abstraction we may have more information about the cir-
cuit; for example, at the algorithmic level we know the function performed by the
circuit. This can guide us greatly in designing a test, making the job easier than if all
we have is a netlist of gates with no real notion of behavior or how the circuit is meant

to be used.

2.8  Testability Metrics

In testing a circuit, the bottom line is fault coverage; a circuit is easily testable if a test
can be devised that detects a high percentage of the potential faults in the circuitin a

reasonable amount of time. However, since fault simulation is expensive, and not
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available at levels of design abstraction above the gate level unless synthesis is per-
formed first, it is not feasible to use fault simulation to guide design-for-testability.
Instead, restability metrics are used to capture the essential aspects of a high quality
test indirectly. The two key components of a high quality test are the ability to control
an internal signal in the circuit to some value that is necessary to sensitize a fault, and
the ability to observe an internal signal to see whether some fault effect has caused an
error in that signal. Testability metrics can be divided into two categories: those that

measure controllability, and those that measure observability.

Each signal embedded within a circuit can be thought of as generating test patterns for
the part of the circuit driven by the signal. Controllability measures whether those test
patterns (for that part of the circuit) are of good quality. What metric should be used
for controllability depends largely on the test scheme used. For automatic test pattern
generation (ATPG)-based test, the issue is one of being able to control the signal in
question to a value necessary to sensitize a fault; therefore, a suitable metric should
measure how difficult it is to set the signal to the n@cessafy value. We will see several
ATPG-based testability metﬁcs in Chapter Three, when we survey related research in
design-for-testability. For built-in self-test (BIST)-based test, the issue of controllabil-
ity is slightly different. We will describe the BIST controllability metrics that we use

in this work in Chapter Four.

Observability of a signal measures the degree to which we can tell what is happening

at that signal, given that we cannot look at the signal directly, but instead can look only
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at the primary outputs of the circuit. [n ATPG-based work, metrics for observability
may measure the difficulty in sensitizing a path for the fault effect from the signal to a
primary output. We will present our own observability metric, suitable for BIST, in

Chapter Four.

2.9  Summary

This chapter has filled in background information necessary to this research. A typical
ASIC design flow was presented in order to clarify the levels of abstraction at which a
VLSI design can be described. This concept is central to our work, which develops
BIST insertion methodologies applicable at various design levels throughout the ASIC
design flow. The two main approaches to test, deterministic and pseudorandom, were
presented so that the related research of Chapter Three, which uses both approaches,
can be better appreciated. A number of BIST schemes were presented preliminary to
their use in later chapters. Finally, the concept of testability metrics, which is central to
much of the related research in Chapter Three and is used throughout our own work, is

described.




Chapter 3 Survey of Related Research

This chapter discusses previous work in design-for-testability, which encompasses
techniques to design digital circuits such that they are easy to test once synthesized.
We discuss approachés based on both automatic test pattern generation (ATPG) and
built-in self-test (BIST), because although the two schemes are different, they share
many of the same objectives. We categorize the approaches according to the level éf
design abstraction to which each approach is applied. We further divide the
approaches into testability insertion approaches and synthesis-for-testability

approaches.

Testability insertion approaches take a design at a given level of abstraction and mod-
ify it, resulting in a more testable design at the same level of abstraction. In contrast,
synthesis-for-testability approaches modify the synthesis process itself, so that the cre-
ated circuits are more testable. For example, it has been shown that it is difficult to
genefate deterministic tests for sequential circuits with feedback loops and large
sgquential depth. Thus, many ATPG-based design-for-testability approaches focus on

the elimination of feedback and the minimization of sequential depth. For testability

28
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insertion approaches, elimination of feedback may entail the addition of test circuitry
that breaks any existing feedback during the test; for synthesis-for-testability
approaches, the synthesis tool may be modified so that it will not create large feedback

loops.

Design-for-testability approaches have another natural division based on the method
used. Structure-based techniques place explicit restrictions on the structure of the cir-
cuit in an attempt to improve testability; for example, they may specify that a circuit
contain no large feedback loops. Metfics-based techniques use testability metrics that
implicitly capture information about testability problems like feedback loops and large
sequential depths. Metrics-based testability insertion techniques are typically iterative
in nature. First, testability metrics are computed for points throughout a circuit. Next,
one point is selected for testability improvement, based on the metrics values, and
some modification is made to the circuit to improve the testability at that point. The
metrics for the circuit are recomputed, and the process is iterated until all points of the

circuit have acceptable testability properties.
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Table 3-1. Related research in design-for-testability.
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3.1 Logic Level Testability Insertion

We now summarize several projects for testability insertion in logic level circuits.

3.1.1 Princeton University

Bhatia and Jha [BhJh93] decide where to place scan elements for ATPG-based circuits
by using controllability and observability metrics that implicitly capture the presence
of feedback loops and the sequential depth. This work defines controllability and
observability metrics for each latch, primary input, and primary output in the circuit.
Primary inputs and scan chain elements have high controllability; for a non-scan latch
L, controliability is defined to be the average of the controllabilities of all latches and
primary inputs driving the latch L through combinational logic, minus a factor to take
into account the increased difficulty in controlling L due to its being a larger sequential
depth from the primary inputs. Primary outputs and scan chain elements have high
observability; for a non-scan latch L, observability is defined as the average of the
observabilities of all latches and primary outputs that latch L drives though combina-
tional logic, minus a sequenfial depth factor. An iterative approach chooses latches one
at a time for inclusion in the scan chain, using the sum of controllability and observ-

ability as an overall testability metric.
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3.1.2  University of Iowa

Work in [PoRe93] takes a significantly different view of logic level design-for-test-
ability. This work views a logic level circuit as a state machine, and concentrates on
modifying that state machine to make the state table strongly connected. A state table
is strongly connected if it is possible to traverse from any state to any other state. The
state table is modified by adding state transitions to it; this is done by placing some of
the state elements in a partial scan chain. The authors describe how strong connectivity

is essential in detection of a certain class of faults.

3.1.3 AT&T Engineering Research Center

The work of [POLB88] focuses on circular BIST insertion? using a number of testabil-
ity metrics to make decisions about which flip-flops should be included in the circular
BIST chain. For each flip-flop, four different testability metrics are computed. The
first two are based closely on the structure of the cone of combinational logic driving
the flip-flop; the first counts how many flip-flops drive that cone of logic, and the sec-
ond measures the degree of reconvergent fanout within the cone. The third and fourth
metrics measure the degree of difficulty in controlling and observing the flip-flop, and
are patterned after the SCOAP metrics of [Gold79]. An iterative approach chooses
flip-flops one at a time for inclusion in the circular BIST chain, using a weighted aver-

age of the four metrics as an overall testability metric.
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Work by another group at the AT&T Engineering Research Center looks at a combina-
tion of partial scan and BIST [LiZB93]. Some of the flip-flops are selected for inclu-
sion in a scan chain; the selection is structure-based, and concentrates on breaking all
cycles and some self-loops. Rather than deriving deterministic test patterns to shift
into the scan chain, as is usual for partial scan, the method drives the scan chain with
pseudorandom patterns from a TPGR. The output of the scan chain is observed
through an MISR. Additional points may be selected for BIST-type test point insertion
based on probabilistic controllability and observability metrics. If some signal has low
controllability, circuitry is added to bring a new pseudorandom bit to that point during
test. If some signal has low observability, an additional primary output is added at that

point.

3.14 Universities of Karlsruhe and Siegen

Work described in [StWu94] describes a method for BIST insertion that spans the
logic and register transfer levels. The method begins by deciding which flip-flops in a
logic level circuit needv to be test flip-flops; for each test flip-flop, a mode vector is
formed showing whether the test flip-flop is used to generate test patterns or collect
test responses during each of the test sessions. The method then groups the test flip-
flops together to form test registers, using the mode vectors to group test flip-flops that

perform the same function at the same time together into a single test register. In this
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way, BIST insertion can be done with less overhead than is necessary for a register
transfer level approach that makes decisions in terms of whole registers. This method

is most applicable to control-dominated structures that contain many self-loops.

3.2 Register Transfer Level Testability Insertion

At the register transfer level, testability insertion decisions are made in terms of whole
registers rather than individual flip-flops or latches. The major advantage in doing

insertion at the register transfer level is a reduction in computatibnal complexity; since
the elements in an RTL circuit analysis are arithmetic logic units, registers, and multi-
plexers rather than flip-flops or latches and gates, there is an order of magnitude fewer

elements to consider at the RTL than at the gate level.

3.2.1 IMEC (Belgium)

The technique of [SCDM93] uses partial scan to break all the feedback loops in a reg-
ister transfer level circuit. Based on structural analysis of the circuit, the technique
uses a depth-first search to enumerate all feedback loops and their possible cuts, and
then uses a branch-and-bound algorithm with some pruning to find an optimal solution
in terms of the minimal number of latches that must be included in the scan chain in
order to break all the loops. The approach does not rely solely on turning existing
latches into scan latches to break feedback; it also allows the addition of new scan

latches that are transparent in normal mode.
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3.2.2 Linkoping University

Like the work in [SCDM93], the work described in [KuPe89] and [GuKP94] uses par-
tial scan to break the feedback loops in register transfer level circuits; however, it uses
testability metrics to decide which of the registers involved in the feedback should be
made scan registers, and where to place T-cells, which are essentially scan elements
that are transparent in normal mode. The work defines testability as a function of four
metrics: combinational controllability, combinational observability, sequential control-
lability, and sequential observability. Primary inputs have high combinational control-
lability, and the output of an arithmetic logic unit (ALU) has a combinational
controllability that is the average of the controllabilities of the inputs to the ALU,
times a factor that represents the decrease in controllability due to the functionality of
the ALU. Primary outputs have high combinational observability. The input of an
ALU has combinational observability that is the product of three factors: the average
of the observabilities of the outputs of the ALU; a factor that represents the decrease in
observability due to the functionality of the ALU; and the average of the controllabili-
ties of the other inputs to the ALU. The sequential metrics represent the number of
clock cycles necessary to control or observe an element. Overall testability is defined
as a function of the four metrics, and an iterative approach is used for the actual inser-
tion. First, the feedback loops are broken by selecting one register with poor testability
in each loop for insertion. Then, metrics are recomputed, and any other registers with

poor testability are fixed, one by one, re-computing the metrics after each insertion.
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Finally, T-cell insertion is used to improve the metrics of any lines with poor testabil-

ity.

3.2.3  University of Illinois

Work presented in [ChWS91a], [ChWS91b], and [ChSa93] selects registers in register
transfer level circuits for partial scan, with the goal of easing automatic test pattern
generation. It guides the selection based on a testability analysis of a data flow graph
representing the circuit’s behavior; based on this behavioral analysis, which looks for
justification and propagation paths, registers are classified in terms of whether or not
they are completely controllable and observable. When a node is not completely con-
trollable, meaning that there is some value that can not be justified at that node, partial

scan insertion is done to fix the deficiency.

Another project at the University of Illinois also does partial scan insertion in register
transfer level circuits [ChLP92] based on behavioral analysis; however, this work uses
a different set of testability metrics. Here, controllability of a node is measured by esti-
mating the minimum and maxunum number of instruction cycles required to set that

node to a given value. Observability is measured similarly, with estimates of the mini-
mum and maximum number of instruction cycles needed to oBsewe a given value at

the node. The first step of insertion is to choose scan registers to break ail reconvergent
fanout; this is done because the computation method for the metrics does not properly

handle reconvergent fanout. Next, an iterativ