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Abstract

The reliable construction of VLSI integrated circuits (ICs) requires that the ICs be
tested after fabrication. An alternative to performing external testing is to create ICs that
can test themsclves with a built-in self-test (BIST) mode. Unfortunately the problem of
embedding a self-test operating mode to the functional design is difficult for two reasons.
1) The creation of test sets that effectively test digital circuits requires the solution of
several intractable problems. 2) The hardware resources dedicated to self-vest are usually

constrained.

Modifications to the Logic 1Il hardware description language and a new computer-aided
design (CAD) tool, 1g3, are presented in this dissertation as an environment that allovs
BIST embedding to be created and evaluated. The major premise behind this work is thai
BIST design can be treated in a similar fashion as functional design, and that the designer

can address the constraints of & BIST mode at the same time as the functional constraints.

The modified language, called Logic III(UVic), allows BIST embeddings to be specified
by an embedding module which describes how the circuit’s memory elements are realized.
This dissertation presents a library of embedding modules that realize several of the most

common BIST architectures.

Case studies using this environment are presented for an ALU, CORDIC, GCD, and
string matching circuits. A BIST mode with almost 100% single stuck-at fault coverage
is roalized for each circuit. This shows that the CAD environment can be used to creute

self-testing circuits.

In addition to aiding users in embedding BIST functionality, the 1g3 tool can be used
to evaluate specific BIST architectures, Properties of BIST test pattern generators are pre-
sented that are used in analyzing the effectiveness of the generators for delay-fault testing.
A novel approach based on creating a deterministic finite automaton that recognizes the

‘ault-free responses is presented.
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Chapter 1

Introduction

Built-In Self-Test Design

1.1 The Problem and the Approach

Testing is required to ensure that a digital system has been fabricated such that it performs
its intended function. Testing is performed by applying inputs to the system and observing
the system’s response. Designing digital systems that can test themselves is the topic
addressed in this dissertation. Systems th..t can test themselves are said to contain a built-
in self-test (BIST) operating mode. The problem of including a BIST mode in a digital
system is called the BIST embedding problem. A hardware design language (HD1i.) based on
Logic IIT HDL, and a CAD tool that supports the design and evaluation BIST embeddings

are described.

One approach to testing consists of completely 2xercising the circuit’s functional be-
haviour. Unfortunately, this method requires time that is exponential in the number of
inputs and state variables. A more practical testing method checks for the presence of
physical defects that are modeled as faults. Faults model the physical defects of a system

as effects on the behaviour of primitive coniponents in a digital system. Thus this testing

1




CHAPTER 1. INTRODUCTION BUILT-IN SELF-TEST DESIGN 2

approach is based on looking for ways in which the manufacturing process can fail. The as-
sumption made in this approach is that if no faults are found, then the circuit is functionally

correct. In thic dissertation, the testing approach is based on finding faults.

The approach taken to embed BIST functionality into a circuit is to augment the Logic
11 hardware description language with features that allow the easy specification of BIST
architectures and to provide & computer aided design (CAD) tool, 1g3, thai evaluates the

BIST embedding's test effectiveness. This approach is based on the following premises:

1. The diverse and stringent design requirements for soine designs can only be produc-
tively satisfied by allowing the designers to implement the BIST embedding directly.
In other words, the same design constraints that require the implementation of func-

tional designs by a designer also apply to BIST designs.

2. Test effectiveness is measured by the number of faults the BIST mode detects. For
many BIST embeddings, fault simulation provides a practical way of determining the
number of faults detected. Indeed, for some BIST architectures, fault simiulation is

the only general way cf determining the specific faults covered.

When designing & circuit, a designer is faced with many constrairits, such as: time-
to-market, speed, power, area, testability, interfacing constraints, etc. These constraints
and combinations of these constraints make it difficult to use only one architecture to
realize some function. For example, architectures for the ubiquitous adder come in many
flavors: ripple-carry, carry-look-ahead, carry-save, etc. Each architecture fills a particular
niche in saticfying the requirements of the design. In a similar fashion, many of the BIST
architectures fit in different niches, where each architecture satisfies some combinations of

constraints.

The purpase of functional design is to create a circuit that complies with some specified
input/output relation. Functional simulatior. of the circuit is used to verify that the actual
input/output relation matches the expected input/output relation. On the other hand, the
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purpose of BIST design is to create a circuit that performs an operation to determine if
the circuit contains any faults from a given fault set. Since fault simulation computes the
effect of these faults, and a BIST mode is designed to detect these faults, the BISI' mode's
detection ability can be validated during the fault simulation,

This dissertation uses the single stuck-at fault model!. A stuck-at fault occuss when
an interconnecting signal in a circuit is stuck at a logical 1 or 0 value, The single stuck-at
model [SK90, page 4] assumes that only one intercopnection is stuck. The percentage of
faults detected over total faults (i.e., the fault coverage) meusures the success of a BIST

embedding.

In summary, the major premise of this work is that the design of BIST functionality
is similar to the design of any functionality, and the augmentation of a HDL to include
BIST specifying features elevates the BIST embedding problem to ihe same level as other
design prcblems. Fault sitnulation is used to determine the BIST mode’s ability to detert
the modeled faults.

1.2 Outline

BIST architectures [ABF'90, page 458] can be classified depending on when the test occurs.
Testing that occurs as part of the normal operation of the circuit {s called on-line testing.
On-line { - ting can be furiiei divided into concurrent or nonconcurrent testing, where
concurrent testing occnrs simultaneously with normal operation, and nonconcurrent testing
occurs during idle periods. if the testing occurs as a separate operational mode, then it is
called off-line testing. Vhis dissertation is primarily concerned with the design of off-line
BIST architectures.

A review and classification of off-line BIST architectures is presented in Chapte: 2. Off-
line BIST architectures are designed to detect the modeled faults by generating test stimuli

1Extending the fault simulator of 1g3 to handle other fault models is discussed in Section 4.3.1,
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and observing the circuit’s response. Test stimulus generation and response analysis are

the major components of off-line BIST architectures.

A stimulus generator’s purpose in a BIST embedding is to apply test patterns to the
circuit that aliow the effect of the faults to be seen by the response analysis structure. In thz
case whare the stimulus generator is incorporated into the functional circuit, the purpose
is still to make the fault effects visible to the response analysis structure. A fault that is
made visible is ezposed. The design goal of stimulus generation in BIST is to ezpose all th:

madeled faults.

The stimulus generators can be categorized according to the approach ured to cxpose
the fault effects to the response analysis structure. The four categories are: exhaustive,
pseudoexhaustive, random, and deterministic. The exhaustive approach applies all possible
input patterns to the circuit. The pseudoexhaustive approach partitions the circuit into
subcircuits that can be exhaustively stimulated. These two approaches guarantee that all
the faults that can be detected by single test patterns are detected. Test sequences purposely
developed to expose a given fault set are used to design the deterministic stimulus sources.
In contrast, the random stiimulus source is based on circuits that are easy to build and
that generate pseudorandom patterns. Thus these patterns are not designed to detect a

particular fault set,

The purpose of the response analysis component of the off-line BIST architectures is to
capture errors, specifically the errors caused by the modeled faults in the circuit. Since this
component is built into the design, the response analysis structure is usually restricted to
a design that characterizes the circuit’s response. A circuit’s behaviour is characterized by
attaching the circuit’s observation points to the inputs of the response analysis structure.
In general, the characterization process cannot uniquely identify all test responses. Aliasing
occurs when the characterization process yields the same result for a good circuit and for a

circuit with errors. If the response analysis stzucture is modeled as a finite state machine?

201 course, since it is implemented ~s part of the circuit it can be modeled as a FSM.
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(FSM), then after the test stimuli are applied the characterization is based on the last state
of the FSM. Aliasing occurs when the final stato for an error rasponse and a good response
is identical. If the errors in the output response are modeled, then the effectiveness of a
BIST response analysis component can be measured by how it partitions the space of errox
responses. The partitions can be used to determine the probability of aliasing (i.e., the
number of error responses that have the same charactorization as the fault-free response

divided by the total number of error responses).

The method used to compute the characterization can be nsed to categorize the different
respoinse analysis components. These methods are: ones couniing, transition counting,
parity, syndrome (a type of ones counting), polynomial division, the state of a Multi-Input
Shift Register (MISR), and the state of an arbitrary Finite State Machine (FSM).

An impcrtant point to note is that the response analysis compouent can only decrease the
test effectiveness of the BIST mode, This can be expressed as: the number of faults detected

equals th~ nuinber of fauits exposed multiplied by one minus the aliasing probability.

The approaches reported in the literature for adding BIST functionality are reviewed
in Chapter 2. The digital circuit design process can be considered us consisting of four
separate phases. These phases are: requirement, hehaviour, register-transfer level, and gate
ievel. Note that the design process is iterative. The addition of a BISl' mode is considered

at all stages.

BIST embedding is considered at the requirement leval as a set of constraints that the
design must satisfy. For example, restricting the design to synchronous logic is the major
constraint assumed by many BIST architectures. This restriction is also assumed in this
dissertation. Other restrictions made to improve a circuit’s testability are: no redundant
logic, no dynamic logic, no wired logic and the memory elements of the system must be
initializable.

The behavioural le vel also considers BIST embedding as a set of constraints. These

constraints affect how the requived behaviour is realized at the register-transfer level. BIST
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embedding at the register-transfer level is mainly concerned with configuring the registers
to act as pattern generators and response analvzers. Extra BIST structures may also be
added. The control of the BIST mode is also addressed at this levei.

BIST embedding at the gate level is very similar to the register-transfer level, except
that instead of configuring registers as BIST structures, individual memory elements are

grouped and configured to act as BIST structures.

In the top two levels, no structural description of the design exists, thus the fault models
(based on the physical defects) used to measure the test effectiveness cannot be applied.
Both the register-transfer level anc the gate level represent the design with a structural
description. The register-transfer level partitions the design into registers and operational
blocks. The gate level represents the design as a collection of gates wired together. The

stuck-at fault mode! can be applied to these interconnections.

In determining the test efiectiveness of a BIST embedding, the closer the design‘: de-
scription is to the dascription used for manufacturing, the closer the modeled faults are to
the physical defects. Thus embedding BIST at the gate level means tlie gate level fault

simulation results used to measure test effectiveness are the most realistic.

Chapter 3 describes the modifications and additions to the HDL, Logic IIl, that support
BIST embecding. The augmented language is called Logic III(UVic). The Logic III lan-
guage is chosen for three reasons. First, since the language describes hardware at the gate
and register-transfer level, fault simulation could be used to evaluate the test effectiveness
of a BIST embedding. Specifically, each variable in Logic III(UVic) represents an intercon-
nection of structural components. Thus the stuck-at fauit model is vepresented as variables
rtuck-at 0 or 1. Another advantage of using a language at the gate and regist.r-transfer
level is that most BIST architectures are described at this leves. The third reason is more
pragmatic; it is easier to experiment with language featnres if the initial language is simple.

For example, since Logic I1I is a simpler language than the VHSIC® Hardware Description

SVHSIC stands for Viey High Speed Integrated Circuits.
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Language (VHDL), there are fewer details for the implementor to be concerned about.

The modifications to Logic III are based on two premises:

1. Since off-line BIST architectures are based on stimulus and response analysis struc-
tures, these architectures can be realized by modifying the memory elements used by

the functional design.

2. Since functional design focuses on realizing the design by decomposing the required
function into simpler functions that can be implemented in hardware, and BIST em-
bedding design focuses on constructing an operating mode that tests all the compo-
nents, the language constructe used to realize the functional and BIST desiga should
be separate. Another way to express this difference is that functional design is con-
cerned with individual components that realize a subfunction, and BIST design is
concerned with an operatirg mode of all the components. Also, separating the test
circuitry specification from the functional circuitry specification allows these vwo tra-

ditionally separate activities to remain separate.

Using these two premises Logic III is modified by introducing a new data type, called
rog, that represents a 1-bit mewnory element, and by providing a method of specifying what
circuitry is used to realize the memory element. Thus in Logic III(UVic) the only allowable
way to introduce memory elements into the design is with variables of this new data type.
An additional advantage of this restriction is the elimination of most of the design-for-test
rules, since most of these rules deal with how inemory elements cannot be configured (e.g.,
the clock inputs for a memory element canrot be connected to any logic). A circuit module,
called an embedding module, with an interface consisting of an array of inputs and an array
of outputs, specifies how the variables of type reg are implemented. It is important to note
that there are no other restrictions on the embedding module. Thus the user has the full

power of the language to describe how the snemory elements are configured.

This dissertation shows how these two features are sufficient to specify many of the
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most useful BIST architectures. Discussion on how to implement the embedding modules
for scan, STUMPS, BEST, BILBO, and CSTP BIST architectures is presented at the end
of Chapter 3. These embedding modules form a library of BiST architectures th2t enables

a 1g3 user to easily embed one or a combination of the above BIST architectures.

The other additions to Logic III discussed in Chapter 3 increase the expressive power
of the language. These additions are useful for both BIST and functional design. The

additions are:

o functions,

o recursive functions and modules,

o flexible arrays,

e array properties of £irst, lust, and size,
e array slices, and

o collections of scalars and arrays.

Since CAD tools are ultimately implemented as software systems, the design and im-
pleinentation of the CAD systems are valid concerns. Object-oriented design and program-
7.ng is the latest popular paradigm in the constr-ction of software systems, and several
researchers [Wol91, GCG*89, Che87) suggest that CAD systems can be effectively designed
and implemented using this approach. Chapter 4 discusses the implementation of the 1g3
CAD tool using object-oriented design and the object-oriented programming language C++.
The chapter identifies the major clasres and objects used in the design. The experience of

using this approach is also discussed.

To demonstrate the ability of Logic III(UVic) and the 1g3 CAD tool in embedding BIST,
four case studies are discussed in Chapter 5. In the first case, BIST circuitry is added to
a portion of the TMS32010 Data Path consisting of an arithmetic logic unit (ALU) and 2
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multiplier. "vhe secor.d case stndy uses a circuit that implements the CORDIC algorithm.
The third case study is based on a circuit that realizes Euclid's Greatest Common Divisor
(GCD) algorithm. The fourth and final case study evaluates the testability of a string

matchiiz zircuit,

Chapter 6 discusses an analysis of a stimulus source for delay faults and introduces a
novel BIST response analysis structure. The delay faults considered require two test pat-
terns, and the analysis introluces a measure 1o indicate the effectiveness of BIS'T generators
based on Linear Finite State Machines (LFSM). Since delay ‘aults require two tent patterns,
the number of unique pairs of test patterns (transitions) produced by the generator is an

important metric in determining the gencrator’s effectiveness.

The metric introduced in Chapter 6 counts the number of unique transitions for a subset
of the generator’s outputs. These subsets are called windows. The number of transitions for
the windows of internal linear feedback shift registers (LFSRs), externai LFSRs, and linear
hybrid cellular automata (LHCAs) are derived. A permutation of the generator ¢ utputs,

called the cross-over permutation, is shown to produce the maximum number of transitions.

A strategy is discussed for capturing errors in the response of a test stimulation based
on creating a deterministic finite automaton (DFA) that accepts a language that includes
the correct response. An analysis is presented of the theoretical aliasing probabilities as well
as experiments using the 1g3 CAD tool to evaluate the actual aliasing using the ISCAS85
[BF85] benchmark circuits.

The following languages are used as the basis of the DFAs:

1. The difference between the number of ones and the number of zeros in a string in the
language should not exceed a fixed lower or upper bound.

9. The number of adjacent cnes/zeros is bounded by a maximum value,

3. The number of adjacent ones wnd adjacent zeros is bounded by a maximum value.
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Each of the above languages can be recognized by a counter and simple controller.

The conclusions of the work presented in this dissertation are found in the last chap-
ter. This dissertation is based on the premises that designers should deal with the BIST
embedding problem directly and that fault simulation can be used to create and optimize
BIST embeddings. Hopefully, the goal of this dissertation to show that Logi. III(UVic),
the BIST embedding library and the 1g3 CAD toc! provide an environment that enables

designers to create BIST embeddings will be successful.




Chapter 2

Built-In Self-Test Review

2.1 Off-line BIST Architectures

Incorporating off-line BIST into a circuit, C, provides an operational mode that, when
enabled, results in a self-test. The purpose of the self-test is to determine if C' contains any
faults from a particular fault set. If no faults are found, then the circuit is deemed to be

functioning correctly.

A fault f is ezposed, if for at least one s, obs(C,s) # obs(C'y, s), where obs(C', s) is the
response from the observation points for the fault-free C' with stimulus s and obs(Cy,s) is
the response from the observation points for C' containing f with stimulus s, The stimuli
are the input patterns to C. The two main objectives in the design of an off-line BIST

mode are:

e exposing every fault from the given fault set, and

e capturing any fault effect, so that the presence of the fault is detected.

The success of exposing faults is measured by the achieved fault coverage, ¥C. FC is the

ratio of exposed faults to total faults.

11
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In off-line BIST architectures, the first objective is the accomplished by the stiraulus
structure. Given a circuit C, and fault set F, the stimulus source must provide at least one

stimulus s, such that .
obs(C, s) # obs(Cy, s)

for each f € F. TlLe major design difficulty is to create a stimulus structure that is as
simple as possible and yet can expose all the faults. Since the test length depends on the

number of stimuli applied, another design goal is to minimize the number of stimuli applied.

The second objective is the responsibility of the response analysis structure. Since the
size of the stimulus set and thus the output response can be quite large, the response analysis
structure usually compacts the response. Given an output response sequence, R, for a k

output circuit, the output response analyzer (ORA) computes a characterization,
ORA(R)

of this sequence. The sequence, R, consists of k-tuplws, r;, where k iz the number of
observation points. Since information is lost by the compaction process, it is possible for tlie
fau't effects to also be lost. Aliasing occurs when the faulty and fault-free characterizations

are equivalent. That is
ORA(R) = ORA(Ry),

wherc; Ry is the response sequence for the faulty circuit. A fault is detected when ORA (&) #
ORA(Ry). The success of capturing the exposed faults is measured by the degree of aliasing,
FD. FD is the ratio of detected faults to exposed faults. The major design problem for
response analysis is to create a response analysis structure that is as simple as possible and
yet can capture all of the fault effects. An example ORA function for a single output circuit

is:
N
2 Tis
§=1

where N is the number of elements in the sequence and r; is either 1 or 0.
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Figure 2.1 shows the BIST architecture where th non-BIST mode circuitry, the kernel,
and the BIST mode circuitry are realized by separate components. Although this is the
simplest architecture in. terms of the interaction of the kernel and the testing circuitry,
other architectures are possible. Figu:2 2.2 shows other architectures where the stimujus
and response analysis functions are merged with the kernel (i.e., the same components are
uded to implement self-test functions and normal functions). If the circuitry that is already
fulfilling some functional role can be used for a testing purpose as well, then a savings in

the amount of BIST specific circuitry can be realized.

Ei_gure 2.1 Separated BIST Architecture

- Circult
P \ / Kemel ™ /
(‘ <Stlmu|ator> ( > (Analyzer) )

'f'gure 2.2 Alternative BIST Architecture

o quti—

©7 7 Clrcult

C ok ) o)

""" Circuit - - Clrouit
= phenaii, . , |
: \/ Kemel . ( { /" Kemel/". \
< (snmulator)( CAn lyzer) ) ksumulatpr) _7\aryzer) )

[ P s

Circuits containing BIST functionality are usually restricted to circuits based on syn-
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chronous logic. Some of the reasons [ABF90, Tur90, RS89, FNH89] for avoiding asyn-

chronous logic are:
o the design difficulty of asynchronous logic because of hazards and races;

o the computational intractability of breaking feedback paths [GJ78] by converting an
asynchronous design into a combinational one as required by some BIST architectures
(e.g., scan paths [ELWWO1]);

o the common stimulus sources do not follow the fundamental mode assumption (i.e.,

only one input is changed at a time) required by certain asynchronous logics;
e asynchronous logic often requires redundant (untestabie) logic; and

e zero-delay simulation algorithms cannot be used, and therefore more computationally

expensive algorithms are required to simulate the behaviour of asynchronous logic.

The circuit’s memory elements must be settable to a known state to guarantee a re-
peatable test sequence. Initialization of memory elements can be accomplished by either
an initialization sequence applied to the logic containing the memory elements (i.e., by an

internal controller), or by adding a set/reset feature to the individual memory elements.

The requirement to clock memory elements from a common signal is also a restriction
of several BIST architectures. This means that no logic can be placed between the commen
clocking signal(s) and the clock input(s) of a memory element. Several BIST architectures
need to modify the clocking signals and the restriction of a common clock simplifies these

modifications.

2.2 Stimulus Structures

In off-line BIST architectures, the goal of the stimulus structure is to generate stimuli that
expose the faults in the selected fault set. Four approaches to stimulus generation design

are the following:
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exhaustive, all possible input stimuli are applied to the kernel. Since the amount of time
spent on testing is limited, the number of circuit inputs that can be exhaustively stim-
ulated is usually limited to |log;(maximum testing cycles)|. The maximum number

of inputs is Nex.

pseudoexhaustive, where the circuit can be partitioned into subcircuits, each dependent
on a subset of the inputs, and thus can be stimulated exhaustively. The circuit is

tested by testing the partitions.

random, a stimulus source with a fixed sequence is used to excite the kernel. The major
advantage of this approach is the low cost of the stimulus structures. Its major
disadvantage is the difficulty of designing a stimulus structure to produce all the
stimuli required to expose the faults in the given fault set. The stimulus structure
can be modeled by a finite siate machine. Thus the designer is usually restricted to
choosing a starting state and the number of test cycles. Fault simulation is required

to determine which faults are exposed.

deterministic, the stimulus source is required to generate a specific set of stimuli. Analysis
of the kernel determines the stimulus set. The structures used for the deterministic
approach are usually based on random structures that have been extended to generate

specific stimuli, in addition to their pseudorandom patterns.

These approaches can be distinguished by the way each one analyzes the circuit to be tested.
The exhaustive approach depends on the number of primary inputs, », of the circuit to be
tested. If » < Nex, then the exhaustive approach can Le used. The pseudoexhaustive
approach requires structural and logical analysis of the circuit to group the inputs. The
number of inputs in each group must be less than or equal to Nex. In the random approach,
a stimulus source that only applies a subset of all stimuli is used. Fault simulation is
necessary to determine the test effectiveness, therefore the circuit must be analyzed at the

structural/logical level. Structural analysis is also used to determine the type of stimulus




CHAPTER 2. BUILT-IN SELF-TEST REVIEW 16

Table 2.1 Stimulus Design Approaches

[Approach | Exhaustive [ Pseudoexhaustive | Random [ Deterministic |

T“"':‘ n-input CL cL whete | CL, SL CL, SL
yp the inputs can be
- grouped
Ae::;e:is none structural analysis | structure) analysis | structural and
naly to assign | for some: methods | ATPG
groupings
g::’:;":'; separate separate separate, merged | separate, merged
g:;’" " 100% for combina- | 100% for combina- | requires fault | may require fault
CCLIVENESS | yional faults tional faults simulation simulation
[l‘::': th an 2ST<T, ¢ depends on fault | depends on
g simulation results | method

9gee Section 2.2.2,

structure, Deterministic testing requires an analysis of the circuit to determine what test

stimuli are required.

Design approach considerations are shown in Table 2.1. The type of circuitry that each
approach works with is giver in the Kernel Type row. The circuitry types are combinational
logie, CL, and sequential logic, SL. Any other restrictions are also indicated. The type
of circuit analysis required, if any, is found in Kernel Analysis. Whether the stimulus
structure is merged or separate from the kernel is indicated in the Stimulus Structure row.
The Test Effectiveness row gives the expected fault coverage for each approach. Although

the amount of design effort is not easily quantified, the amount of circuit analysis, the

complexity of the stimulus structures and response analysis structures can be used as an
indication of the design effort. Finally, the test stimuli set size for each approach is found
under Test Length. The following subsections discuss each approach in more detail.
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2.2.1 Exhaustive Stimulation

If the kernel is a combinational logic block with » inputs, then an exhaustive stimulus source
must provide all 2" input patterns. For a sequential circuit with & feedback lines and n
inputs, at least 2" - 2* stimulus cycles must be applied. More cycles are required if the

feedback lines cannot be directly controlled.

All the faults that do not convert a combinational circuit into a sequential circuit are
covered when a combinational logic block is exhaustively stimulated. Thus a major advan-
tage of exhaustive stimulation is the guaranteed best possible purely combinational fault
coverage. Unfortunately, the number of stimulus patterns grows exponentially with the
number of inputs, n, and becomes uneconomical when » > Nex. Nex inputs require alex
input stimuli, and therefore an exhaustive test needs 2Nex testing cycles. The value of
Nex depends on the particular manufacturer, a usual value is Nex = 22 [ABI'90, page 460].
The analysis cost for exhaustive testing of CL is minimal, since only the number of primary

inputs for the kernel need be considered.

The difficulty of designing a circuit to exhaustively stimulate sequential circuits, usually
limits exhaustive stimulation to testing of CL. Sequential circuits that possess memory
elements but no feedback paths can be modeled as CL. Thus exhaustive stimulation can be
used [WH92). Most exhaustive stimulus structures are not merged with a kernel. Typically
exhaustive stimulus sources are linear feedback shift registers (LFSIs), complete LI'SRs,
linear hybrid cellular automata (LHCA!), and binary counters. These specific structures

are discussed in Section 2.2.5.

2.2.2 Pseudoexhaustive

When the number of inputs is greater than Nex, then an exhaustive stimulation approach

is not feasible. Exhaustive stimulation can still be used if the circuit can be partitioned into

!Depending on the context the A in LHCA stands for either automata or automaton
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subcircuits that depend only on a subs-t of the inputs. These input subsets, or groupings,
can then be exhaustively stimulated. Grouping of the inputs requires analysis of the cir-
cuit structure, thus pseudoexhaustive stimulation needs more design effort than exhaustive

stimulation.

Grouping the input set is based on two approaches to partitioning the kernel:

cone segmenting The group of inputs that control each output of a multiple output CL
are identified. All the logic driven by the group of inputs that affects an output is
called a cone. If the size of each input group is less than Ney, then a generator cau be
designed to exhaustively stimulate each grouping. Figure 2.3(a) shows a combinational
logic block with three outputs and six inputs. The cone for each output is drawn.
Output w depends only on inputs a, b, and c. Therefore, w’s logic cone can be

exhaustively tested by applying all 23 input patterns to the inputs a, b, and c.

sensitized path segmenting The circuit is partitioned into cones of internal node.
path from each node to an output is created and the cone is tested by exhaustively
stimulating its inputs. The circuit is partitioned into a cover set of these cones, and by
testing the cones the entire circuit is tested. Figure 2.3(b) shows two internal cones,
Pp and P,. These cones drive a gate, G, connected to the output x. Py can be tested
exhaustively, if the output of the P, cone is set to a value that allows the output of P
to provagate through G. Py can be tested in turn, by setting Po’s output to a value
that allows P;’s output to propagate to x. This approach is not usually applicable to

BIST since the stimulus source can be quite complicated.

For cone segmenting, the kernel is assumed to be a CL block with n inputs and m
outputs, Let X; correspond to an input group. M is the number of groups. The maximum

time to test the kernel is: Iy
T, = Zglxd

=1
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@ure 2.3 Segmenting Approaches

a -»f

(a) Cone Segmenting (b) Path Segmenting

cycles, where | X;| is the size of the X; group and if each partition is tested in sequence. For

some circuits, a stimulus source can be designed to test in:
2% where w = max{|X1], | Xal, ... | X m]}

cycles. Note that w must be less than or equal to n. The biggest grouping requires 2 and
the remaining subdivisions are tested concurrently. The number of testing cycles, 7", for

pseudoexhaustive testing is bounded by

2 <T<T,.

I- cone segmenting, one possible strategy is to find the cone with the largest number
of inputs, w, and to generate an exhaustive test set for each of the subsets of these inputs.
In [TW83}, Tang and Woo show that constant weight codes can be used as a stimuli set.
Wang ar:? McCluskey [WMB86) present a stimulus source based on a LFSR that generates
such a pseudoexhaustive test set. A generator based on a LFSR and shift register defined
in [BCR83] can also be used.
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2.2.3 Random

The design of the stimulus structure in the random approach is based on creating the
cheapest structure and not on generating the s~ecific stimulus required by the kernel.
This is based on the observation that many faults are expesed by any set of random stimuli
[BMS87, ELWW91, LBDG87, MZ91]. Unlike the exhaustive approach where by applying
all possible stimuli, the fault coverage of combinational faults is guaranteed, the random
approach requires analysis to determine its test effectiveness. The major advantage of this
approach is that a stimulus structure can be chosen that is cheap to build. In practice, simple
stimulus structures have been empirically shown to generate stimuli that are effective and
the required test length is less than the exhaustive approach. Unfortunately, there exist
circuits [BMS87, Chapter 7] where this approach to stimulus generation is not adequate

(i.e., circuits with faulte that are only exposed with a few stimuli).

The sequence produced by the stimulus stricture can be considered as a set of random
pattern. This allows statistical analysis to be used in determining test effectiveness and
the test lenguli [BMS87, ABF90]. The sequences should be more properly referred to as
pseudorandom, since the same sequence can be reproduced. Although statistical anziysis
can be used to give estimates of test effectiveness and i=st length required, fault simulation

is necessary to determine the exact fault coverage and test length for a particular circuit.

The memory elements used to contain the state for the test generator can be shared
with the functional design, or be solely used for testing purposes. This stimulus structure
design approach can be further subdivided by the roles the logic that implements the nezt
state function performs. Thc next state logic can be used solely for testing, T, testing and
normal, TN, and solely functional, N roles. The greater the use of functional logic, the

cheaper the cost of the overall design.

Stimulus sources based on separate or functional memory elements and testing next
state logic allow the designer the most control over the testing stimuli. LFSMs (Linear

Finite State Machines) are the most commonly used stimulus structure because of the low
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hardware cost. Section 2.2.5 describes the LF'SMs in greater detail. LI'SRs and LHCA
are the two types of LFSMs used. Many B!ST architectures have been proposed using
LFSMs as stimulus sources. In [KMZ80], an architecture called BILBO (Build-In Logic
Yock Observation) is des.ribed v'here the memory elements are grouped into registers that

have a stimulus generation mode. In this mode the register is turned into a LF'SR.

When LFSRs, or any othuer LFSMs, are used as stimulus sources, the designer must
choose the next state function F, the initial state I, and the number of states N to cycle
through. Let the stimuii set required for a particular circuit to expose all cf its faults be
denoted by S. Let the stimuli generated by the LFSM be denoted by G. The problem of
choosing a particular F, I, and N such that § C G and |G] is minimnal is intractable for

several reasons:

o The generation of the a single s € S is equivalent to the satisfiability problem [Fuj85,
page 113}, and is therefore known to be NP-complete.

e There is an exponcntial nu.nber of initial states and feedback networks.

Except by a random selection of F, I and C and using fault simulation to determine the fault
coverage, no method has been reported to allow a designer to find a selection that results in
a minimal |G|. As mentioned previously, in practice, LI'SMs have been empirically shown
to be effective. Obv:ously, minimizing the next state function logic, and the number of test

cycles are BIST embedding design goals.

For some circuits, the number of patterns required to achieve a reasonable fault coverage
can be excessive. The probability of an individual output of a maximum cycle LF'SMs
generating a 1 is 0.5. In [SLC75], the number of patterns required to achieve a reasonable
fault coverage is reduced if the probability of an individual output generating a 1 is biased
towards 1.0 or 0.0. These biased patterns are called weighted random patterns. The weight
is the probability that an output produces a 1. Procedures for determining what weights to
use for a circuit are given in [ELWW91, chapter 14] and [LBDGB87]. Circuits with fanouts
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can require more than one weight distributions. [Wun88] shows how to compute multiple
weight distributions. Descriptions of hardware implementations of weighted random pattern

generators are found in |[BCK89], [Wun87) and [ELWW91, chapter 14).

The HILDO BIST architecture presented in [BM84] suggests using functional circuitry
and EXOR gates to compute the next state function for the stimulus source. This archi-
tecture is shown to be effective for several designs. Merging the test and functional logic
(TN) reduces the required hardware, at the cost of decreasing the designer’s control. The
main problem with this approach is the possibility of creating a next state function with a

small cycle length and thus poor test effectiveness.

Figure 2.4(a) and Figure 2.4(b) show the two configurations of the TN stimulus struc-
ture. The register blocks can contain memory elements, or they can cont;ajn testing logic
that is part of the next state function. In 2.4(a), the logic that is used to compute the
next state function, is also the kernel under test. Proposed BIST architectures that follow
the 2.4(a) configuration are found in [KP89, BAV90, Rud90, Win89). In 2.4(b), a separate
kernel is being tested. Examples of 2.4(b) can be found in (BM84, KHT8S).

The last type of stimulus sources are those in which some part of the functional circuitry

can be used as a stimulus source directly. Binary counters are an example.

2.2.4 [Deterministic

Complete fault coverage can be guaranteed if the stimulus source generates the stimuli
required to exposed the faults in the kernel. The design problem is then, given a stimuli
set, create a stimulus structure to generate that set. An automatic test pattern generation
program [ABI'90, Chapter 6] can be used to find the stimuli set. Two design goals for this

stimulus structure are:

o the structure should be as small and as simple as possible, and
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F’gure 2.4 Configurations of the TN stimulus structure
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o the size of the stimuli generated should be as close as possible to the size of the

minimum stimuli set.

Uufnrtunately, these two goals conflict. To avoid storing all the necessary stimuli requires
a state machine that generates a stimulus sequence. Creating a simple next state function

that only produces the necessary stimulus is difficult.

The above two design goals lead ti: two types of stimulus structures:

1. A structure that stores all of the stimuli (e.g., a ROM).

2. A structure that stores some state machine configuration information and generates

stimuli that includes the necessary stimuli.

Storing all of the test stimuli on a single chip is usually impractical because of the
quantity. If the BIST architecture is for board level test, then a ROM external to the kernel

under test can be used.

The store and generate architecture is introduced in [AC81). In [AJ89], a test set is
embedded into the structure shown in Figure 2.5(a). An EXOR matrix maps a binary
counter's outputs into the tes* ‘timuli. Configuring the type and initial state for an LFSR
is suggested in [HTRC92]. Figure 2.5(b) shows a diagram of their structure. Another

architecture based on configuring CAs is discussed in [vCD92].

2.2.5 Ccunters

The counters discussed in this section are used as stimulus sources in many BIST architec-
ture. Descriptions, characterizations, construction details and cost for the LFSM counters
are presented. Although other types of counters can be used, they require more logic and
thus cost more. If the functional design contaius a non-LFSM counter, then that counter

can be used as the stimulus source.
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Ei_gure 2.5 Specific Architectures for Deterministic Stimulus Structures
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External LFSRs, internal LFSRs, and LHCA are the most common types of LFSMs
used in BIST architectures. LFSMs are constructed with memory elements and EXOR

gates,

An external LFSR structure is shown in Figure 2.6. The circles labeled with ¢; are
scalar multipliers. Assignment of 0 or 1 to the entries in the vector (ey,¢3,°++,€p-3,€n-1)

describes a particular LFSR.

Figure 2.7 shows the structure of an internal LFSR. The internal LFSR is also customized

by assigning 9 or 1 to the entries of the vector (¢y, ¢z, *,en_2,€n-1).

The structure of a LHCA is depicted in Figure 2.8. For a LHCA, each memory element
is updated by a 90-rule or a 150-rule. The assignment of r; = 1, creates a 150-rule, otherwise

the memory element is updated by a 90-rule.

LFSMs can also be described by a transition matrix T. The next state, s* can be

computed from the current state, s by:
st=s5.T

with matrix multiplication over GF(2). For the LFSRs, note that the ¢; entries in the

transition matrix correspond to the customization vector entries.

g‘i_gure 2.8 External LFSR
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i‘_:i_gure 2.7 Internal LFSR
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An external LFSR transition matrix has the following form:

et 10 +ov 0]
-2 0 1 0

T=
aq 00 i
1 00 . 0‘
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An internal LFSR transition matrix form is:

(001 0 - 0
0 0 1 0
r=1: : .
0 0 0 1
i 1 ¢4 e ¢ Cpy ]
The LHCA matrix is:
n 1+ 0 ]
1 r 0
T = .
0 1 7y 1
| 0 - 0 1

When LI'SMs are used as stimulus sonrces, the generation of all output patterns is an
important property. An n-cell LFSM that generates all patterns, excepting the all zeros
pattern, generates 2" — 1 patterns. If a linear machine is placed in the all zeros state, it
remains in the all zeros state since 0T = 0. LFSRs can be modified to generate the all

zeros state [BMS87, page 147). The modified machine is a de Bruijn counter.

The characteristic polynomial of the matrix, T, is the polynomial P()) = det(A - T).
The characteristic polynomial for the internal and external LFSR is

P(z)=2" + tpoqz2™ ' 4o b rz? 42t 4+ 1,
where r; is an entry in the customization vector and A = z. The characteristic polynomial
for the n-cell LHCA [SSMM90] in Figure 2.8 is given by:
Po(z) (2 + ea)Po-1(2) + Po-2(2)
P(z) = z4¢
Po(z)

1‘
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If the characteristic polynomial is primitive [BMS87, page 75], then an n-cell LFSM
has maximum cycle (2" — 1) length. The number of EXOR gates required to implement
the LFSM can be used as a cost measure. A table of minimum cost primitive polynomials
for polynomials of degrees 1 to 300 is found in [BMS87, page 336). A table of the first
150 minimum cost LHCA is found in [ZMM91]. The cost is measured by the number of
coefficients.

Table 2.2 Minimum Cost LI'SRs and LHCA to n = 16

n LFSR LACA |
Polynomial | 150-rule
Coeflicients | Position

1 1

2 1 |

3 1 i

4 | 1 13

b | 2 1

6 1 1

7 1 3

8 651 23

9 4 1

10 3 27

11 2 1

12 43 a7

13 431 )

14 12111 1

16 1 3

16 532 1156

Table 2.2 lists some of the minimum cost LFSRs and LHCA with primitive polynomials
for » up to 16. The LFSR column lists the coefficients, ¢;, where ¢; = 1. Since ¢, = 1 and
co = 1, these nonzero coefficients are not listed. For n =: 4, there is only one coefficient,
¢; = 1, thus the polynomial is

a4+l
The structural realization of this polynomial for an internal LFSR is shown in Figure 2.9,
Note that (c1,¢3,¢3) = (1,0,0). Figure 2.%a) shows the coefficient assignment and Fig-

ure 2.9(b) shows a simplified version.
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Figure 2.9 Realization of z4 + z + 1 Internal LFSR
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The external LFSR realization of 2% 4+ z + 1 is shown in Figure 2.10. If £ is the number
of nonzero coefficients, then & — 2 two-input EXOR gates can be used to implement the
feedback EXOR function.

Figure 2.10 Realization of z% 4+ z + 1 External LFSR
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From Table 2.2 the minimum cost 4-cell LHCA has 150-rules in positions 1 and 3. A
diagram of this LHCA is shown in Figure 2.11.
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f_i_g_ure 2.11 Realization of 4-cell LHCA

The number of 2-input EXOR gates as a function of the customization vector for the

each type of LFSM is given in Table 2.3.

Table 2.3 LFSM Cost

LIF'SM Type Cost
n-cell Internal LFSR wt (customization vector)
n-cell External LFSR wt (customization vector)
n-cell LHCA n + wt (customization vector) - 2

Syt weight, number of 1’s

2.3 Response Analysis Structures

The response analysis structure implements the ORA function. This function characterizes
the circuit response to the test stimuli. Chapter 10 of [ABI'90] and chapter 4 of [BMS87}

discuss the most common approaches to response analysis. The design goals of the response

analysis structure are:
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e the structure is as simple as possible, and

o aliasing is minimized.

Table 2.4 summarizes the common approaches reported in [ABF90, Chapter 10} and
[BMS87, Chapter 4] to designing a response analysis structure. The parameter N is the test
length. R is the response sequence. P(M|r) is the probability of masking (aliasing) given
the parameter r. 7 is the count of either the number of ones or the number of transitions.
P(M) is the probability of masking. The ORA function, the aliasing probability and the
typical hardware components for each approach are given in the table. The ORA function

describes how the characterization is computed.

2.3.1 Ones Counting

Ones counting compacts the response of a single output circuit by counting the number of
ones present in the output sequence, R. The response analysis structure can be implemented
by an m-bit binary counter. If the number of ones expected for the fault-free circuit is »,
then m = [log, ], thus an m-bit counter is big enough to record the maximum count.
The counter can be designed to remain at 2™ — 1 to prevent aliasing by wrap around.
No restric.ion is placed on the circuit’s stimulus in this approach. Circuit simulation or
a known good circuit can be used to determine the correct ones counting. Merging the
outputs of a multiple output circuits with a shift register can be used to apply this technique
to multioutput circuits. Also each output can be assigned a weight, and the sum of the

weighted cutputs computed. This approach is discussed in [Los78, Par76, Hay76).

2.3.2 Transition Counting

The transition counting approach [Par76, Hay76] compacts the circuit response by counting
the number of 1 — 0 and 0 — 1 transitions in the output sequence of a single output kernel.

Figure 2.12 shows the structure of a transition counter using a memory element, an EXOR
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Table 2.4 Output Response Analysis Approaches
Approach Function® Aliasing Probability | Structure
Ones N N
Counting r=1C(R) = 21 i P(M|r) = %5\)_—‘1 counter
E
Transition N=-1 2(N =)=y
Counting r=TC(R)= 2_:1 i ® i P(Mir) = -%-k_—_)‘— counter
| =1
ok 0 for syndrome
Syndrome ® S(Ry= X i / 2k testable circuits counter
i=1
N an EXOR
Parity P(R) = (z:l r.') mod2 | P(M)= {3t ~ 1/2 | and a ME
=
Signature N-1 . N
Analyzer ¢ | SA(R)=§& riy12' mod G(z) | P(M) = 3-57;:}-1 ~ 2% | LFSR
i=0

MISR ¢ ¢ 5=81TOF, fo=0 2-k k-bit MISR
AFSM / 8; = Ngy(8ie1,7) Kernel

94 is the sequence’s index, k& is the number of inputs

bOnly applicable to k-input CL and all 2* patterns are applied.
¢G(z) is the characteristic polynomial of the LFSR.

9The final state, 3, is the characterization. T is the transition matrix for the feedback logic.

®Handles a k output circuit.

/ Handles multiple output circuits.




CHAPTER 2. BUILT-IN SELF-TEST REVIEW 34

gate, and a binary counter. Transitions are detected by the memory element and the EXOR
gate which compute 7; @ r;—; and recorded by the counter. The counter can be designed to
remain at its maximum value to prevent aliasing by wrap around. Unlike the ones counting
approach, the order of the stimuli affects the transition count. Circuit simulation or using
a known good circuit is necessary to determine the correct transition count. Transition
counting for multiple output circuite can be done by merging the outputs into one sequence

with a shift register.

f_i_&ure 2.12 Transition Counter Structure
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Kernel Counter
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2.3.3 Parity

Using the parity of the response sequence is one of the simplest approaches to compacting
the response. An EXOR gate and a memory element can be used to compute the parity of
a response. This technique can be extended to multiple output kernels by either EXORing
all the outputs together and computing the parity of the combined outputs or computing
a separate parity for each output. If the outputs are EXORed together, then the errors

affecting an even number of outputs are lost.

Although this technique is very cheap, it also has the poorest aliasing probability of any
of the other approaches. The probability approaches 1/2 as the sequence size increases.
No restriction is placed on the stimulus source for this method. The order of the stimuli
has no affect on the parity. Circuit simulation or using a known good circuit is required to

compute the correct parity.
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2.3.4 Syndrome

The syndrome approach [BMS87, page 102] uses ones counting to compact the circuits
output response with the added constraint that all 2¢ input patterns for a k input CL

circuit are required. Syndrome compaction has two major advantages over ones counting:

e A circuit’s syndrome can be calculated by simple analysis of the circuit structure.
Thus circuit simulation is not required to determine the syndrome. This advantage is

restricted to circuits that can be exhaustively stimulated.

o Some circuits are syndrome testable, in that the presence of any single stuck-as fault
causes the circuit to have a different syndrome. This means that aliasing is not a
problem for syndrome testable circuits. If a circuit is not syndrome testable, then it

can be modified to be syndrome testable.

The same hardware structure for ones counting can be used for the syndrome approach.
Multioutput circuits can be handled by computing the syndrome for each output. In
[BSMS81], multioutput circuits are handled by computing a weighted sum of the syndromes,

Unfortunately, unless the weights are chosen carefully, aliasing can occur.

2.3.5 Signature Analysis

Signature analysis [ABIF90, BMS87, ELWW91], based on LI'SRs, is the most popular re-
sponse analysis technique. It also has one of the simplest hardware structures. Assuming
an error model where all erroneous responses are equally likely, the aliasing probability for
a k-bit signature analysis register is 2%, This result follows from the fact that remainder of
the polynomial division partitions the response sequences into 2* classes. This means that
in theory the aliasing probability can be made arbitrarily small, irrespective of the response

sequence,
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Figure 2.13 shows the typical structure for a LFSR used as a signature analysis register.
The selection of which feedback taps to use is still an open problem, but tap positions that

correspond to primitive polynomials appear to give good results{ABF90, page 445).

f‘igure 2.13 Signature Analysis Register
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Circuit simulation or a known good circuit can be used to determine the correct signa-
ture. This approach is extended to multioutput circuits (Seec the MISR section). If BIST
desiy, - is based on the scan approach, then an LFSR can be used 1o compact the response

of the scan chain.

2.3.6 Multiple-Input Shift Register (MISR)

MISRs are the most common structure used to capture and compact the response of a
multioutput circuit in parallel. Using different analysis techniques and assumptions the
aliasing probability of a k-bit MISR has been shown to be 2-* [DOF+89, DOR91, Hla92].

Figure 2.14 shows a MISR based on an internal LFSR. Circuit simulation or a known

good circuit can be used to determine the correct signature,

2.3.7 Autonomous Finite State Machine (AFSM)

In all of the response analysis structures, a FSM driven by the observed circuit response is

used to compact the response. If the kernel that is being tested is a FSM, then a possible
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r"'gure 2.14 Muliiple-Input Shift Register used for response compaction.
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response observation strategy uses the final state of the FSM as the test characterization,
The aliasing probabilities cannot in general be analyzed, thus fault simulation must be used
to determine if the final state does capture all the exposed faults. This approach has the
advantage of being very cheap (i.e., no extra hardware) but only applicable to a certain

class of circuits. Accumulators seem to give good results{RT92].

2.4 Built-in Self-Test Embedding

2.4.1 Embedding Goals
The BIST embedding goals are:

o All of the faults in the fault set should be exposed and detected. The success of this
goal can be measured by the test effectiveness (TE). TE is the the ratio(expressed as

a percentage) of the number of detected faults to the total number of faults.

¢ The circuitry required to implement the BIST function should b. - .nimal. The
amount of BIST specific circuitry (BC) can be measured by the area it occupies, or

the number of primitive gates it requires.
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e The time required to perform the BIST mode should be minimal. The testing time,

test length (TL), can be measured by the number of clock cycles required by the test.

e There should be no impact on the functional timing performance. The numbur of
gate delays (GD) required by the BIST specific circuit in critical timing paths can be

ut>d to measure the effect on timing performance.

o The design effort (DE) required to add the BIST functionality should be minimal.

The DE includes designer and computer time.

As usual, the design goals are not compatible and a BIST embedding approach performs
tradeoffs between these goals. Although ne lirect relationships exist between the design
goais, ihe [ollowing observations can be used to indicate how changing one goal can affect

the other goals.

e As the TL increases, the number of exposed faults does not decrease. Assuming no
aliasing in the response analysis structure, the TE does not decrease with increased

TL. Thus increasing tk: TL might increzse the TE.

e For a given circuit, if the circuit’s observability and controllalility is improved, then
the TL can decrease. Thus if exira BIST specific circuitry (BC) is added to improve

the observability and controlability, then the TL can decrease.

o Increasing the BC usually decrease: the circuit’s performance measured in GD, since

the increased BC usually increases the delay through the circuit.

e The zinount of DE depends on the methodology used to embed the BIST mode. In
general, as the design effort increases, the remaining goals of test effectiveness, test

length, required BIST diicaitry, and timing performance should be minimized.

2.4.2 Embedding Levels

Digita! systems are described at four levels:




CHAPTER 2. BUILT-IN SELF-TEST REVIEW 39

requirement, the description of the capabilities of the system,

behavioural, the algorithmic description defining the input, output, and timing relation-

ships,
register-transfer structural, the interconnecticn of registers and functional blocks.

gate structural, the gates and their interconnections.

The process of adding BIST functionality to a design is called BIST embedding. BIST
functionality enables a design io stimulate itself and characterize the response. BIST em-
beddings can be considered at each digital design level. Since the type of description varies

for each level, thz type and method of embedding BIST also varies.

BIST performs structural testing. The purpose of the test is to detect faults from
a particular fault model. The most common fault models are based on structure (e.g.,
single stuck-at). Since the requirement and behaviour levels do not deal with structural
details, BIST embedding can only be considered as constraints on the design process. The
architecture and technology decisions made at the requirement and behavioural levels, must
enable the design to be structurally testable. The types of stimulus and output analysis
structures and their control can be considered at the structural leve! Obvinusly, all the
structural information is availzble at the gate level, ‘lus detail analysis of the fault coverage

achieved by a particular BIST embedding can be performed.

A review of the BIST embedding approaches for each level is discussed in the following

subsections.

2.4.2.1 Requirement

Natural languages or formal languages are used in the requirement description level to
specify the capabilities of the system. For BIST, the description includes a statement that
requires the system to be self-testing. At this level the structure of the system has not been

decided, but BIST embedding can be considered by constraining how the system is built.
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"To enable self-test, the follow restrictions are usually adopted. These restrictions (rules)
are general guidelines on what structures should be used or avoided to create testable
designs. Although some of the guidelines can be ignored, they generally make the task of
BIST embedding much easier. The following list of design-for-test (DFT) rules and their
rationale is derived from [ABF90, BMS87, FNH89, Lai85, Tur90].

o Using synchronous logic avoids the design and testing difficulties of asynchronous
logic. Some problems with asynchronous logic are the design difficulty of handling
hazards and races, and the difficulty of simulating the effect of faults in asynchronous
logic.

e All memory elements should be initializable to enable a repeatable test mode.

¢ The complicated fault models and difficulty of board level testing of wired logic,
‘mplies that this technology should be avoided.

¢ 'ince dynamic Jogic imposes timing restriction on test application, it should be avoided.
¢ No one-shots, since these circuits are only externally testable.
e Since redundant logic is not testable, avoid it.

e Separate analog and digital circuitry to allow separate testing.

2.4.2.2 Behavioural

Hardware description languages (HDLs) like VHDL and Verilog can specify the behaviour
of a design. Synthesis systems [Gaj88, WC91, GDWL92] are used to create a description

that can be manufactured from the behavioural description.

The hardware synthesis problem is usually broken up into the following steps [MPC88]:

o Parse the HDL and generate an internal representation. An internal representation

usually consists of a combination of control and data flow graphs.
¢ Schedule the operations to “control steps.”

o Allocate the functional units, registers, and interconnections.
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The scheduling and allocating steps are closely related and dependent on each other.

These steps transform a behavioural description into a steuctural description, usually
at the register-transfer level (RTL). In general, BIST embedding is considered at this level
by restricting the architecture of the generated RTL designs.

In a paper by Papachristou [Pap89], the generated RTL architecture by the synthesis
system is restricted to testable functional blocks (TFBs). A TFB consists of three layers:
a layer composed of multiplexors, the next layer contains the combinational logic, and
the last layer contains a BILBO register. Interconnected TI'Bs comprise the synthesized
circuit. After an initial scheduling phase by one of the well known scheduling algorithms,
rescheduling transformations are used if Papachristou’s allocation algorithm fails to generate
TFBs.

The SYNTEST synthesis system [HPCN92] also uses TFBs in its incorporation of BIST
embeddings. The system performs BIST embedding after sched -ling and allocation phases.
Each register in the RTL description is initially assigned pattern generation and response
analysis roles. An iterative procedure is used to merge these roles. The SYNTEST system

allows the user to relax the requirement that each component block is a TFB.

In the paper by Avra [Avr9l], the register and interconunection allocation phases of
their synthesis system are restricted to producing d=signs in which pseudorandom BIST
architectures can be easily embedded. Specifically, the paper assumes that all the registers in
the data path can be configured to operate as normal registers, shift registers, psendorandom
pattern generator regisiers, and multiple input signature registers (MISRs). Their system
minimizes sel/-adjacent registers. A register is self-adjacent when its inputs and outputs are

connected to the outputs and inputs of the same combinational block.

In [LWJA92), the register allocation and interconnection allocations phases of the PHITS
synthesis system considers testability by using heuristics based on improving the controlla-
bility and observability of the registers and reducing the sequential depth between registers.

They propose the following rules to improve controllability and observability:
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o Allocate registers to primary input and output variables whenever possible.

e Minimize the sequential depth between controliable and observable registers.

This system does not embed BIST, but it enhances the testability of the system.

Gebotys and Elmasry incorporate BIST embedding in their (GE92, GE89] CATREE
and CATREE2 synthesis systems. In their CATREE system, BIST is embedded after
a complete functional design has been synthesized. Their approach in selecting a BIST
architecture is similar to the expert system used in [ZB88]. They record the test length
and test coverage for each functional unit used in their synthesis library. The cost of the
extra hardware, testing length and coverage costs are used to select the embedding that
satisfies the user’s input constraints. The CATREE?2 synthesis system incorporates BIST
after functional unit allocation, but before register allocation and interconnect allocation.
The test embedding steps are: functional unit partitioning, test operation assignment and
test scheduling. The CATREE and CATREE2 system are restricted to BIST architectures

that test combinational logic.

BIST embedding of scan and BILBO BIST architecture has been incorporated in the Silc
silicon compiler[FH86]. The system enforces a set of testability rules in the user’s designs.
The TESTPERT expert system analyzes the user’s design and the test requirements and
generates th: testing structures and test control logic. The BIST structures are customized

for the logic generated by the silicon compiler.

Another approach for embedding BIST at the behavioural level has been proposed by
Beenker, Dekker, and Stans in [BDS89, BDSS90)]. They call their approach “macro testing.”
This approach has been implemented in the PIRAMID hardware synthesis (silicon cempiler)
system. The compiler generates circuits using only testable macro blocks. That is, each
macro block has heen designed to contain a self-test mode. The silicon compiler has to
connect the macro blocks together such that they remain testable and it has to generate

test control circuitry.
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2.4.2.3 Register-Transfer ~ Structural

At the register-transfer structural description level a design is described by a collection
of interconnected components. These components can be classified as functional units or

registers. The functional units usually consist of combinational logic blocks.

BIST embedding is considered at the register-transfer level (RTL) by binding stimu-
lus sources, response analyzers to the registers and then determining how the tests are

controlled. The main design concerns for BIST embedding at this level ave:

e identifying the subblocks to be tested (partitioning might be required);
o determining to which registers to add stimuius functionality;
e determining to which registers to add response analysis functionality; and

o determining how to control the BIST mode.

Expert systems have been used to accomplish all of the above embedding tasks.

The testable design expert system (TDES){ZB88, AB85] is one of the first systems to use
an expert systems approach tc solving the BIST embedding problem at the register-transfer
level. These papers introduce the ideas of an I-path. An I-path can transfer data between
the circuit’s components. For example, multiplexor can be used as part of an I-Path, I-
Paths are used to transfer test stimuli and test responses from the testing resources. This
system captures design knowledge as testable design methodology (TDM) templates. The
template describes the method’s structural architecture, the type of subcircuit that can be

tested (ROM, PLA), the testing resources, and testing time.

The “DFT Expert System” [BP89] embeds various BIST architectures in a circuit de-
scribed at the register-transfer level. Some of the BIST structures used in this system are:
scan paths, LFSRs, and counters. The system first classifies the circuit’s components into

data transport (DT) components and data processor (DP) components. The typical DT
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components are registers and multiplexors. After DT and DP identification, the system
then selects the test methods, configures the global DFT, and generates the test schedules.
The user specifies the design constraints by giving weights between 0 and 1 to the follow-
ing motivation factors: maximize fault coverage, minimize testing time, minimizé logic area
overhead, minimize test generation overhead, minimize performance degradation overheard,
and minimize overhead from extra 1/0 lines. A simple graph model used to minimize BIST
area overhead is presented in [CBAP89], by the group that developed the “DFT Expert

System.”

The BIDES expert system [KTH91, KTH88] incorporates a BILBO based BIST archi-
tecture into a design described in VHDL. The system creates a structural description from
the VHDL design, and then examines a search space of different BIST embeddings looking
for one that satisfies the user’s constraints. Test length and fault coverage are determined
by fault simulation. The system does not use this knowledge to modify the embedding. A
BIST embedding consists of choosing testing roles for a set of registers, and determining
the logic to be tested by these registers. The BIDES system is restricted to analyzing de-
signs that are composed of “Structured/Synchronous Building Blocks (SBB).” A SBB is a

combinational logic block followed by a register.

The SHADE[PBDB87] and CAST{KA88] design systems are examples of systems that
perform BIST embedding for a fixed architecture. The SHADF. system nsc: an approach
similar to one used in the PIRAMID hardware synthesis system of bui!ding the circuit with
testable components. The CAST system provides a graphical user inierface to aid the user

in embedding two specific BIST architectures into a register-transfer level description.

Su and Kime also present a CAD tool [SK90] that embeds a pseudoexhaustive BIST
architecture at the register-transfer level. Their tool is restricted to circuits that have a

“sensitizable hierarchy.”
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2.4.2.4 Gate Structural

Since gates are the primitive components of many IC technologies, test effective analysis at
this level allows the most accepted standard for test effectiveness measures to be performed,
Standard cells and gate arrays are examples of two of the more common technologies, The
stuck-at fault model, assumes that physical defects in the components can be modeled by
fixing the inputs or outputs of gates to one logical value. The stuck-at fault model [SK90,

page 4] based on having the gate’s inputs and outputs stuck is used in this dissertation.

The test effectiveness of a BIST embedding is measured by the fault coverage achieved.
Since the fault models are based on wires and gates, the effectiveness of any BIST embedding

can only be mezsured at the gate level,

In the design of a BIST embedding, fault simulation can be used not only to measure

the embedding test effectiveness but also to:

e aid in the selection of stimulus sources and configurations;
¢ aid in the selection of observation points; and

¢ find redundant logic.

BIST embedding using fault simulation at the gate level is discussed in [Dun89, TS88,
McL92, 1B89].

Duncan [Dun8y) uses the following methodology to embed BIST at the gate level:

1. Add BIST logic.

2. Use fault simulation to determine controllability problems.

3. Add logic to improve controllability.

4. Repeat 2 and 3 until there are no more controllability problems.

5. Use fault simulation to determine observability problems.
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6. Add logic to improve observability.
7. Repeat 5 and 6 until there are no more observability problems.

8. Ensure timing constraints are still met.

The placement of the stimulus and response analysis structures is not discussed. Ap-
plying this methodology on three chips: a write data path chip, an instruction decode chip,
and a cache master arbitration chip results in single stuck-at fault coverage of 100%, 100%

and 98% respectively.

In [TS88], intelligent knowledge-based system (IKBS) techniques for a macrocell based
design are used to embed the stimulus and response analysis structures. Fault simulation
using the parallel pattern single fault propagation (PPSFP) algorithm [ELWW91)] is used
to measure fault coverage, to aid in the modification of the logic to improve controllability
and observability, and to remove redundant logic. One hundred percent fault coverage is

achieved for most of their sample circuits.

Logic and fault simulation are also used by McLeod [McL92] to aid in BIST embedding
at the gate level. Specific circuit structures that are difficult to test with a pseudorandom
approach are given. Methods for improving the oberservability and controllability of these

structures are also presented.

Fault simulation is used by Iyengar and Brand {IB89)] in selecting stimulus and observa-

tion points. They uses a scan based BIST architecture.

The BIST embedding approaches used at the RTL level in Subsection 2.4.2.3 can also
be applied to the gate level. Gate level descriptions are grouped into clouds and registers by
the Crete system[GRB91]. A cloud is a possible empty group of combinational logic gates.
A register is a group of flip-flops. The gate level description is clustered into clouds and

registers so that a register-transfer level BIST embedding analysis can be used.

T'wo gates are placed in the same cloud if at least one of the following conditions is met:
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1. The output of one gate is connected to the input of the other gate.
2. The same input signal feeds the two gates.

3. A flip-flop's output is connected to one gate, and the flip-flop’s complemented output
is connected to the other gate.

Two flip-flops are placed in the same register if both of the following conditions are true,

1. The data inputs of the flip-flops are connected to the same cloud, and the data outputs
of the flip-flops are connected to the same cloud.

2. The clocking and conirol logic of the flip-flops are identical.

Methods for embedding the pseudoexhaustive BIST architecture in a gate level descrip-
tion by grouping and partitioning the groups so that the groups can be pseudoexhaustively
tested is discussed in [CYL92]. Results of grouping and partitioning the ISCAS benchmarks
are also presented [CYL92, DB91, GRB91).

If the circuit contains no redundant logic, then the test embedding process does not
have to check for redundant/nontestable logic. Minimization of redundant logic by logic
partitioning and resynthesis is discussed in {DB91]. Their method does not guarantee the

complete elimination of redundant logic.

2.5 Discussion of Embedding Approaches

The BIST embedding approaches reviewed in Section 2.4.2 can be divided into two general

approaches:

1. Approaches that consider the interconnection of the register-transfer design, the data

transfers, and the operating modes of the registers.

2. Approaches that use fault simulation at the gate level to direct the BIST embedding

process.
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BIST embedding approaches at the behavioural level restrict their scheduling and al-
location nhases to produce RTL architectures that can be tested with a fixed set of BIST
architecv.res. The most common BIST architectures are scan based ones and BILBO ones.

Thus the behavioural level approaches can be classified as using the first approach.

The register-transfer level approaches usually examine the design at the register and
their interconnection to determine where to place the BIST structures. Thus this method

can also be classified as using the first general approach.

Several common traits of the first general approach are:

o the circuit is partitioned into combinational logic and then the combinational logic is

tested,
¢ only a few fixed architectures are chosen (e.g., BILBO),

o fault simulation is used to determine fault coverage and tcst length of library ¢:-mpo-

nents,
o fault simulation is not used to modify the embedding, and

¢ redundant logic is not considered.

The gate level embedding approaches follow the second general approach. Fault sim-
ulation is used to determine stimulus points and observation points. Hard to test logic is

identified and modified to improve its testability.

The gote level approaches are less structured than the behavioural or register-transfer

level approaches and thus less amenable to automation.

The approach taken in this dissertation and in the design of Logic III(UVic) and the 1g3
CAD tool is to try and sirike a balance betwee: these two approaches. The architecture
is specified at tke register-transfer level and fault simulation of the gate level description is
used to evaluate the embedding. The evaluation can then be used as feedback to modify

the embedding.
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This dissertation’s approach fits in reasonably well with the “macro test” [BDS89,
BDSS90] approach in that the macros are designed to be testable. The 1g3 envirornment

provides a set of facilities to created circuits that are seli-testable,




Chapter 3

Logic ITI(UVic)

3.1 The Approach

Two of the major concerns of incorporating BIST functionality into a design are the follow-

ing:

¢ The measurement of the resulting test effectiveness to ensure that it is sufficient.

o Specifying BIST embeddings easily and concisely so that the original design descrip-

tion is not disturbed.

The digital design process can be considered to pass through four stages: requirement,
behavioural, register-transfer structural, and gate structural (see Section 2.4.2). Each of
these stages uses a different design description. Some d¢.signs skip the behavioural stage.
Since test effectiveness is measured by structural fault models, the test effectiveness concerns
can only be considered at the structural and physical level. Concise design descriptions are
more easily expressed at abstract design levels. For example, it is easier to state a+b, then to
describe how to build an adder with transistors. This implies that BIST embedding should

be described at the requirement and behavioural levels. The testing of a design is concerned

50
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with the global design, while functional design attempts to isolate the different functional
units. Thus test embe:ld:ug descriptions differ from functional descriptions, because of the
global/local differences. One of the goals for the Logic III(UVic) language is to allow both
BIST embedding and functional designs to be easily specified.

BIST embedding is addressed by augmenting a hardware description language (HDL) to
contain features that ~an be used to specify BIST embeddings. To simplify implementation
issues, the Logic III language [MCN90] is used. This augmented language is called Logic
HI(UVic). Logic III(UVic) allows designs to be captured at the structural level. The
structural level provided by Logic III(UVic) allows concise BIST specifications, but still
preserves a close mapping between the language constructs and the physical description
level. Logic ITI(UVic) uses variables of type node, input, and output to represent circuit
nets. Since n.ost fault models use the circuit nets to specify the fault's location and Logic
HI(UVic) represents nets as variables, the fault effects are identified by Fogic HH(UVic)
variables. In the single stuck-at fault model, a net’s value is stuck-at 1 or 0. Thus if the
BIST embedding does not detect this fault, it is reported to the user by the Logic 1II(UVic)

variable name.

The rationale for BIST incorporation by addition of BIST embedding constructs in a
HDL are the following:

¢ The BIST embedding constructs added to the HDL allow the BIST functionality to

be captured explicitly as part of the design process.

o If the constructs are ezpressive enough, then different BIST embeddings can be ex-

plored.

The compiler and functional/fault simulation tool developed to determine the test effec-
tiveness is also discussed in this chapter. Test effectiveness is addressed by fault simulating
the netlist of primitive gates generated by the Logic I1I(U/Vic) compiler. This netlist is

created by expanding the hierarchical description in to a flat description composed of onl,
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primitive gates. This expansion process is called flattening. Fault simulation at the gate
level proviucs a reasonable measure of test effectiveness (most widely accepted). The fault
coverage results must be expressed at the BIST specification level to allow designers to
modifv their designs if the achieved fault coverage is not sufficient. Thus the compiler and

simulator are closely coupled.

3.2 The Built-In Self-Test Embedding Problem

The BIST embedding problem can be partitioned into the followi g subproblems:
o choice of the stimulus structures,
e choice of the response analysis structures,
o placement of the stimulus structure,
o placement of the response analysis structure, and
o control of the BIST mode.
From Section 2.4.1, the goals of a BIST embedding are:
¢ maximize the test effectiveness (i.e., maximize fault coverage (FC)),
¢ minimize the BIST specific circuitry (BC),
¢ minimize the test length (TL),
¢ minimize the timing performance impact, measured in gate delzys (GD), and
e minimize the design effort (DE).

In other words, the primary task of the BIST embedding is to ensure that the design
detects all faults from a specified fault set. The BIST functionality should be implemented
with the fewest resources, no impact on the timing performance, and the fevrest nuwaber of

testing cycles. The effort required to do BIST design should be minimal.
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3.2.1 Stimulus Structure Design

The stimulus structure determines the maximum achievable fault coverage. A fault is

exposed only if the necessary stimulus is generated by the stimulus structure.

The functional design process consists of two phases: synthesis, where an entity is created
to satisfy a requirement, and analysis, where the created erity’s hehaviour is verified against
the expected behaviour. The design process is repeated if the created entity’s behaviour

does not match its expected behaviour.

In digital circuit design, the entity created is the circuit. The circuit’s input/output
mapping, and the input/output timing relationship are analyz~d to see if it complies with
the desired behaviour. If the expected behaviour differs from the realized behaviour, then
the circuit must be mod.iied. Normally, it is easy to determine which part oi the design

needs modification (i.e., the designer can trace the logic from the error output).

A requirement of embedding BIST into a digital design is to detect the presence of faults
frtom a specific fault set. The design goal is to detect all the faults. Once a BIST mode is

added to a circuit, the BIST mode is analyzed to determine the fault coverage.

For random BIST architectures, one of the major design problems is determining how
to modify the embedding in order to improve the achieved fault coverage. The difficulty
can be attributed to the fact that the patterns produced by these stimulus structures are
not explicitly designed to expose the faults from the specified fault set. Unlike functional

digita! design, the modifications required to improve the fault coverage are not obvious,

I the patterns are not effective (i.e. the stimulus source does not generate the necessary

patterns), then the designer’s options are:

e use another ~timulus source, and

¢ modify the kernel by adding stimulus and observation points (See 3.2.2).
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3.2.2 Stimulus and Observation Points Design

The placement of the stimulus and observation points define the subcirzuit which is to be
tested (i.e., the kernel). The addition of stimulus and observation points directly affects
the timing performance and amount of BIST specific circuitry. The choice of the stimulus
points, where the stimulus is injected, contributes to how effective a stimulus structure is in
exposing faults. The observation points placemert determines which faults are detectable.
Any fault located between the stimulus source and the observation points can be detected.
In general, the greater the number of stimulus and observation points, the smaller the
number of patterns necessary to expose the faults in the given subcircuit. Thus the TL can

be reduced by increasing the number of stimulus and observation points.

In designing a BIST embedding, the kernel that is to be tested is determined by the
placement of sti;mlus and observation points. The difficulty of exposing a particular fault
depends on controllability and observability of the net associated with the fault, The
controllability of a net is measured by the number of input patterns that are required to set
the net to a particular value. If the stimulus points are attached directly to the net, then
the controllability is perfect. As more logic is placed between the stimulus inputs and the
net, the controllability is usually reduced. Multipiexors (MUXes) are examples of logic that
does not reduce controllability. Observability measures how difficult it is to set up a path
that propagates the fault’s effect from the net to the observation points. The sensitized
path propagates the fault effect Lo an observation point. Placing the observation point on

the net gives perfect observability.

At the expense of adding stimulus and observation points to every net, perfect testing
access could be emhedded. To reduce the embedding cost the number of stimulus and
observation points should be reduced. As the number of stimulus and observation points
decreases, the number of patterns generated by the stimulus structure must increase to
expose the same fault set. Thus the complexity of the stimulus structure can be traded off

against the number of stimnlus and observation points.
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Faults that are difficult to test by pseudorandom sources, are called random pattern
resistaut. Changing the stimulus and observation points, allowing better controllability and
observability, can reduce the number of random pattern resistant faults. Fault simulation

can be used to zid in the placement of stimulus and observation points.

3.2.3 Response Analysis Design

Since the response analysis structure function is to capture any error effects, the choice
of a response analysis structure is based on this ability, and its circuitry cost. Aliasing
probabilitivs can be used as a measure of the response analysis structure’s ability to capture
error effects. From Section 2.3, MISRs provide the smallest aliasing probabilities at the
lowest cost. If the state of the functional circuit is used, then a lower cost response - .alysis
structure is possible (i.e., no cost), but more design effort is required. This extra effort is

caused by extra fault simulations required to determine the fault coverage.

3.2.4 BIST Controller Design

A BIST controller is responsible for accepting external commands, controlling the individual

tests, and reporting the test results.

In controlling the test, the following actions are usually performed:

1. Initializing the memory elements of the stimulus structures, the kernels, and the

response analysis structures.
2. The fnllowing is repeated for each individual test:

{(a) Set any test mode lines to their test values.
(b) Cycle the test for the required test length.

(c) Collect the response and compare it with the expected response,
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3. Report the test results.

The testing interface is concerned with reporting the test results and accepting com-
mands. If the BIST embedding is on a single chip, then the interface could be as simple as
two lines. The test is started with a TEST pin, and the result is reported by a PASS/FAIL
pin. The BIST mode of JTAG[IEE90] can be used as a testing interface.

BIST controller design is similar to any other controller design.

3.3 Logic III(UVic)

The modifications to Logic III which add BIST embedding features, facilitate the interface
between the language and the simulator, and increase the language expressiveness. Some of
the expressive features are motivated by testing concerns. The language reference manual
(see Appendix A) contains a complete description of the languaga. This section introduces

the language a2nd discusses in detail the modified features and their rationale.

The traditional way of describing circuit structure is with schematic diagrams. A carry
circuit is shown in Figure 3.1(a). Figure 3.1(b) shows a sum circuit. Schematic diagrams are
composed of symbols, lines, and labels. The symbols represent information transforming
entities, referred to as modules. The lines, referred to as nets, represent interconnections
between entities allowing ‘nformation to be transferred between them. Lines with the same

label are connected. For example, in Figure 3.1(a) the lines labeled b are connected.

Hierarchical circuit description is accomplished by grouping a set of inodules and nets,
and then labeling the nets that connect to the outside. The dashed lines in Figure 3.1
indicate the grouping. The labeled nets are referr d to as ports. Using the carry and sum
modules, an adder module is created (See Figure 3.2). Modules that are not composed of

other modules are called p' imitive.

The Logic II}(UVie) language is designed to represent the structure of a circuit by
providing constructs for modules, ports, and nets. Figure 3.3 shows the Logic III(UVic)
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i_igure 3.1 Adder and Carry Circuits
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text for the carry and sum circuits. The syntax of a module is similar to that of a Pascal
procedure. A module’s parameters represent the ports. Variables are used to represent nets.
The variable types, input and output, specify which variables are the module’s inputs and

outputs. A variable of type node specifies a net that is used locally to the module.

Figure 3.3 Logic III(UVic) code for sum and carry modules

net_module exor ( x,y : input; xor_xy : output ); external;
net_module a2 ( x,y : input; and_xy : output ); external;
net_module o3 ( x,y,2 : input; or_xyz : output ); external;

net_module carry( a,b,c : input; carry : output );
var
ab, ac, be : node;
begin
a2( a, b, ab);
a2( a, ¢, ac);
a2( b, ¢, be);
03( ab, ac, be, carry );
end,

net_module sum( a,b,c : input; sum : output);
var
ab : node;
begin
exor( a, b, ab);
exor( ab, ¢, sum);
end.

The ports and name of the primitive modules a2, 03, and exor are introduced with
a module definition where the body is defined as external. Module a2 is defined by its
net.module definition, and it is instentiated in the carry module. The a2 module is a
component of the carry module. A module instantiation means that a physical realization
of the module is included in the construction of the module in which it is instantiated. Nets
are similarly defined in a variable definition and are instantiated when they are used in a

component module,

Although instantiating a component module uses the same syntax as Pascal’s procedure

calls, the semantics are completely different. The arguments to a component module and
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the associated parameters in the component module are variables which represent the same
net. Instantiating a module is equivalent to copying the component’s body in place, with

the necessary variable name changes to ensure that the different nets remain distinct.

The Logic III(UVic) program for an adder circuit depicted in Figure 3.2 is:

net_module adder( x,y,2 : input; sum, cayry : output );
begin

sun( x,y,2, sum);

carry( x,y,2, carry);
end.

The previous examples show modules where the structure is fixed, but Logic 11l and
Logic III(UVic) have the ability to describe modules where the structure can vary. For
example:

net_module add_sub( as_flag : integer;
a,b,c : input; sum, carry : output );
var
b.inv : node;
begin
it as_flag = { then hegin
adder(a,b,c, sum, carry);
end
else begin
i1(b, b_inv);
adder(a,b_inv,c, sum, carry)

end;
end.

Depending on the value of the integer parameter as.£1ag this modnle produces either a
subtractor or an adder module. Customized modules are specified with non-net parameters
and/or array parameters, A Logic III(UVic) module definition is therefore a template for a
set of possible modules. A customizable module can also be viewed as a function returning
the structural description of the circuit. In summary, Logic I1}(UVic) describes circuits with
nets, modules, and ports. Nets are represented by variables of ty).e node, input, or output.
Modules are represented by the net.module construct. The parameters of a net.moduie '

represent ports.
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38.3.1 Types, Constants, Arrays, and Globals

The variable types in Logic III(UVic) can be separated into those that are part of the
structural description and those that are used to customize the structural description. The
string and integer types are used to parameterize the structural description. Variables of
these types are directly interpreted by a Logic III(UVic) compiler, by themselves they do
not represent any structure. The node type represents the interconnection element in the
structural description (i.e., the wire). The input and output types are special forms of the
node type. They only can occur in the parameter list of a module or in the var section
of the circuit modnle, The types input and output in the circuit module specify the
variables that are the primary inputs and outputs for the circuit. The term, net is used
when a variable can be either a node, input, or output type. A reg type variable represents
a 1-bit memory element. The rog data type is an addition to Logic IIl. Variables of type

reg can act as BIST observation and stimulus points.

The following design fragment declares an integer, i, two nets, a and b, and a memory
element, r.

var
i : integer; // an integer
a,b : node ; // two local nets
T : reg; // a 1 bit memory element

Variables are also declared in parameter lists.

net_module min_termO( a,b,c : input; abc : output);
net_module mux( x,y : input; sel : input; mux_out : output);
The two operations defined for net variables are instantiating and aliasing. A net variable
is instantiated when it occurs as an argument in a module instantiation. A net variable is
aliased to the associated parameter variable of the component module in which it appears

as an argument,

In a module’s parameter list an input type specifies that the signal on the net is gen-

erated outside of the module. It is illegal for an input variable to become an argument of a
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module where the matching parameter’s type is output. For an output variable the signal
on the net is either generated by a module instantiated inside the module, or by one of
the input nets. Thus it must appear as an argument to a component module where the

matching parameter’s type is output, or it must be aliased with an input variable,

Variables of type reg are instantiated by placing the variable as an argument to a module
and as the target of an update statement. The update statement specifies which net drives
the input to the memory element. The output of the reg variable memory elements is
accessed by using the variable as an ordinary net variable. In a module instantiation the
associated parameter’s type must be input. Instantiation of a reg variable produces the

components that implement the memory element. The syntax of an update statement is:

z<=y

where x is rog and y is a net or a reg variable. The reg variable is also used in BIST

embeddings.

Integer variables have the usual set of arithmetic and comparison operations defined.
These arithmetic operations are: addition, multiplication, subtraction, division, and re-
mainder (modulus). The comparison operations are: equal to, less than, less than or equal
to, greater than, and greater than or equal to. The value of an integer variable can be mod-
ified with an assignment statement. Built-in integer functions that calculate the miniinum,

maximum, and ceiling of the logerithm base 2 of their arguments are provided.

Strings can be assigned, compared for equality and substrings can be extracted. The
syntax for substring extraction is identical to that .sr array slicing. The syntax for array

slices is defined later in this section.

Another addition to Logic III(UVic) is the ability to define symbolic integer constants.
The constant section allows the user to give constants more meaningful names and localizes
the constant definition, enabling easy modification. A constant can be used immediately

after its definition. Some examples are:
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const
word._size = 16;
mid_bit_index = word_size/2;

Array types are also supported in Logic III(UVic). One dimensional arrays of the base
types can be created. In addition to fixed-size arrays, Logic IlI(UVic) adds variable-size
arrays. Variable-size arrays can only occur in parameter lists and local to modules. The

array declaration syntax is similar to Pascal’s syntax.

var
word : array [3..18] of node;
register : array [1..8] of reg;
sort.list : array [-5..4] of integer;

The variable word is a 16 element array of type node. Its lower bound is 3 and its upper

bound is 18. As shown in the declaration of sort_tist, array bounds can be negative.
For example, given the following array definition and module header:

var counter : array [3..10]) of node;
net_module bin_counter( cnt : array [] of output );

and the instantiation statement:

bin_counter( counter );

the parameter cnt size is (10-3)+1= 8, its first index is 0, and its last index is 7.

The array elements can be referenced as individual elements or as slices. The operation
of array slicing allows a subarray, a continuous segment of the array, to be referenced. Array

elements are accessed with the syntax:
arvay-var [ ecpression ]
The array access syntay for a slice is:
array.ver [e; .. e3)

The e, expression must be less than or equal to the ez expression. An array slice of size

one is still an array. Example array definitions for the variables arr and fred are:
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var
arr : array [1..8] of node;
fred : array [1..16] of integer;
A slice containing the elements 3, 4 and 5 of arr is arr(3..8]. The slice fred[5..6] is

a si7> one integer array, while fred[6] is an integer. The range of all array accesses must

be between the lower and upper bounds of the array.

The following properties are associated with arrays:

Property Meaning
first the ar.ay’s lower bound
last the array’s upper bound
size the array’s size

Yor the first, last, and size property, the property expression evaluates to an integer

constant. Using the definition of fred, the following expression values are:

fred‘first = 1
fred‘last = 16
fred‘size = 16

In addition to array variables, one dimensional arrays can be created by concatenating

scalar variables, array variables, and array slices. For the following variable definitions:

var
a,b,c : node;
e : array [6..15] of node;

A collection of these variables forming an array can be specified with:

[ a,b,c, e[1B], el6..7] ]

The type of this collection is array [0..8] of node. The low<r hound of the colletion
is 0. Its upper bomnd is the sum of the sizes of all the items in the collection minus one.

An example of using a collection is:
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var a,b,c,d,e : node;
net_module And( x : array [] of input; y : output); external;

And( [a,b,c,d), e );
The collection of scalar elements a, b, ¢, and d form a four element array, that is aliased to

the x array of And.

Unlike Logic 111, the global variable definition section can occur multiple times in a Logic
I1I(UVic) design. Allowing more than one occurrence of the global section is convenient in

the construction of libraries. Global variables are declared with the syntax:

global

variable declarations

end.

Ideally, the multiple global variables declaration should be replaced by a means to define
packages (4 la ADA).

3.3.2 Recursion and Functions

The ability for modules to include a recursive instantiation is a major change to Logic III.
Recursive descriptions can be used to construct tree like circuits. For example, the text for

an arbitrarily large AND gate is:

net_module And( x : array [1..] of input; y : output );
const
n = x'size; mid = n/2 + x'first - 1;
var
ti, t2 : node;
begin
if n > 2 then begin
And( x[1..mid), ¢1); // handle hal? of the inputs
And( x[mid+1..n], ¢2); // handle the other halt
a2( t1, t2, y);
end
else if n = 2 then a2( x[1], x[2], y)
else connect( x{1], y); // n=1
end.




CHAPTER 3. LOGIC II(UVIC) 65

This module is customized by the size of the argument x. Slices are very useful for parti-

tioning arrays. Note that constants can be initialized with parameter values.

Instartiating And with the variable acc of type array [1..4] of node yields the fol-

lowing structure:

a2( azcl1], acecl[2], t1);
a2( acel3], accl4], t2);
a2( ¢1, €2, and_out);

A more comprehensive example of recursion is a multiplier implemented as an adder

array [WE85). The recursive part of the multiplier is:

net_module multiplier( x,y : array [1..] of input;
z : array [1..x'size+y‘size] of output;);
const
z.s2 = z'size; y.s2 = y'size; x.82 = x'size;
pp-sz = 2.82 - 1; pp.ind = (pp.sz - x.s2) + 1;
var
part_prod : array [1..pp.sz] ot node;
part_sum, mpy_by.1, mpy_i_a : array [1..x_sz] of node;
begin
i? y‘size > 2 then begin
mpy_by_one { x, yly_sz], mpy_by.1 );
multiplier ( x, y[1..y_.sz-1], part_prod);
mpy.add(mpy_by_1,part_prod(pp.ind..pp.sz],z/pp.ind. .2_s2]);
connect( part_prod[1..pp_ind-1], z(1..pp_ind-1] );
end
else begin
mpy.by.one ( x, y[1], mpy_by.1 );
connect( mpy_by_1[1], z[1]) );
mpy.by_one ( x, y(2], mpy_by_.1_a );
mpy_add(mpy_by_1[2..x_s2] ,mpy_by_1_al1..x_sz~1] ,part_sum);
connect (part.sum(i..x_sz2-1], 2(2..x.82]);

ha(part_sum[x_sz] ,mpy_by_1_alx_s2]) ,2[2_sz-1) ,2[z_82]);
end
end.

Array slicing is used to partition the multiplier, y, into the most significant bit and the
remaining bits. The remaining bits and the multiplicand, x, are arguments to the recursive
instantiation of the multiplier. y is multiplied by the most significant bit and the pai*al

product is added in the shifted position to the result of the recursive multiplier instantiation.
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Using a schematic capture system to create the multiplier struciure can be tedious and error

prone.

The function module is another major change. All of the basic types and arrays of the

types can be returned by functions. The standard example function is:

function fac( n : integer ) : integer ;
begin

if n > 0 then fac := n * fac( n - 1 ); else fac := 1;
end.

The function’s name appears as a local variable in the scope of the function.
A structural function that computss the birwise AND of two arrays is:

function bit_and( x : array [] of input;
y : array [1..x‘size] of input ) : array [1..x‘size] of output;
var
i : integer;
begin
for i := x‘first to x'last do a2(x[il, y[i], bit_and[il);
end.

Note that bit_and[i] is an access to the element in the array returned by the function
and not a recursive call. Permuting the order of observation or generation points into the
observation or generation structure is a usefu! capability when performing BIST embedding.
User functions can be written to perform common permutations. For example, the cross-
over permutation is useful for generating the stimulus for delay faults [ZBM92]. A cross
over function is:

function cross( x : array [1..] of input )
: array [x'first..x‘last] of output;

const
mid = x‘size / 2;
var
permute : array [x‘first..x‘last] of integer;
i : integer;
begin
for i := 1 to mid do permute[2*i-1] := i;
for i := mid+1 to x‘last do permute[2*(i-mid)] := i;
for i := 1 to x‘size do

connect(x[i), cross{permutelill);
end.
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3.3.3 Build-In Self Test Embedding Features

The BIST embedding featurcs are based on the following observations:

o Testing of combinational logic is easier than testing of sequential logic

¢ Registers can be easily modified to include stimulus and response observation abilities

(see Section 2.4.2.3).

e Most scan based design for testability approaches (full-scanj convert all the memory

elements into scannable memory elemeuts.

¢ BIST embedding is often considered at the RTL level (also see Section 2.4,2.3).

Whai .hese observaticns have in common is that the input and output of memory ele-
ments are used as the stimulus and response observation test points. Thus the structures
for stimulus generation and respunse observation are part of the iemory element’s func-

tionality.

In Logic III(UVic), memory elements are described with reg variables. The use state-
ment specifies the structure to be instantiated for the set of reg variables instantiated in

the body of the use statement. The syntax for the use statement is:
use embedding-mod in body

The embedding-mod must be the name of a net_module with the following parameter

list:
net_module embedding( d:array[lof input; q:array(lof output);

An embedding module which instantiates each reg variable as a D flip-flop is:

net_module register (d:array [] of input; q:array [] of outpu%);
var
i : integer;
begin
for i := 1 to d‘size do dff(d,q);
end.
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For all the variables of type reg, the nets driving the inputs to the reg defined in the
update statement, and the reg outputs are collected in d and q arrays respectively. The
embedding module is passed these two arrays when it is instantiated. Since the user defines

the embedding module, any structure can be instantiated for the memory elements.

Thus the following two program fragments are structurally equivalent.

With reg variables reg variables instantiated
-var
a : array [1..2] of reg; var
x : array [1..4] of node; a : array [1..2] of reg;
y : array [1..2] of node; x : array [1..4] of node;
begin y : array [1..2] of node;
use register in begin begin
a2( x[1], x[2], y[1]); a2( x[11, x[2], y[11);
al') <- yl1); darf(y(1], af1]);
a2( x(2], x[3], y(2]); a2( x[2], x[3], y([21);
af2] <- y[23; aze(yl2], al2l);
end end.
Lend.

An example of embedding a LFSR and a MISR into an adder circuit is:

circuit reg_adder(
x, y : array [1..8] of input;
add : array [1..9) of output );
var
2 : array [1..9] of node;
x_reg, y.reg : array [1..8] of reg;
z_.reg : array [1..9] of reg;
i : integer;
begin
use gen_embed in // insert the stimulus at the inputs
for i := x’'first to x’last do begin
x_reglil <~ x[il;
y_reglil] <~ y(il;
end;
adder( x_reg, y_reg, add );
use misr_embed in // analyzes the response at the outputs
for i := add’'first to add’last do begin
connect( z_reglil, z[i] );
z_regli] <~ add[i];
end;
end.

One of the main advantages of this specification approach is the decoupling of the

Junctional design from the BIST design. Different embeddings can be realized by simply
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changing the embedding module name. Replacing the input and output registers with BIST
mode registers realizes a BIST embedding without the explicit specification. Specifying the
BIST mode in the same way as the functional mode increases the difficulties of trying
different BIST embeddings.

The above example shows a close association between the register definitions and their
BIST embedding. In general, the use statement can be applied to any Logic 11I(UVic)
statement. For example, the fellowing program smbeds a scan based BIST approach into
an entire chip.

net_module top_chip( z,y,z : input; a,b,c : output ); external;

net_module scan_bist( d:array[] of input; q :arrayl[] of output);
external;

circuit top;

var

%, ¥, 2 : input; a, b, ¢ . outvut;
begin

wse scan_bist in top_chip(x,y,2, a,b,c);
end.

Assuming there are no other use statements, all of the inputs and outputs of reg variables

are grouped into arrays and passed to scan_bist.

3.3.4 Proposed new BIST features in Logic III(UVic)

The testability problems of circuits with redundant logic are partially addressed by two
features proposed but not implemented in Logic III(UVic). The purpose of these constructs

is to allow the user to identify the logic that is unnecessary.

The first feature allows a user to mark outputs of a module that are not used. This

feature is called capping and an example of its syntax is:

module (a, b, ¢, -, d, , €);
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The fourth and sixth arguments of module is a “.". The “." specifies that the matching
output of the module is unused. Note that the matching parameter’s type must be of type
output. The purpose of this construct is to enable a user to utilize a more general module,
but still to inform the CAD system that the marked outputs are unused. The CAD system
can at worst remove the faults associated with the output logic, and at best remove the
unused output logic. This feature can be simply impleniented by a procedure that starts at

the output net and removes the logic that only drives this net.

The second feature allows the specification of inputs to riodules that are either constant
1 or constant 0. This feature complements the capping feature. An example of its syntax

is:
module ( TRUE, FALSE, ¢, _, d, _, ¢);

This construct informs the CAD system that the logic attached to the constant inputs can
be simplified. Assuming the CAD system knows the boolean function implemented by the
primitive gates, adding thiz feature to the language consists of applying boolean algebra

rules to all the primitive gates driven by the constant inputs.

These two features can be used to specialize a library module so that it can still be used,
instead of having the designer develop a new module with almost identical behaviour. An
example of using these features is to customize an adder module with a carry-in input and

carry-out output to an adder module with no carry in or carry out. For example:

adder(TRUE, x, y, 2, _);

3.4 Language and CAD Environment Issues

The premise for the design of the interface features is that in order for the fault simulation
results to be useful to the designer, any testing prob’ems must be reported at the Logic

HI(UVic) language level.
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The purpose of the 1g3 CAD tool is to enable its users to:

o verify that the circuit is behaving as expected,
o evaluate the test effectiveness of a BIST embedding,

o experime.:¢c with different BIST stimulus structures and response analysis configura-

tions as a means of optimizing the BIST embedding goals.

To accomplish the first goal, the users of the 1g3 must be able to specify the input
stimulus souices and to display the responses. Specifying the input stimulus sources raises

the following issues:

e how the signals are identified,
o how the simulator is controlled, and

o how the stimnulus sources are specified.

The most natural way of identifying the signals/nets is by using the same rnames as
the ones that appear in the Logic 11I(UVic) design description. Since global and primary
input nets are only instantiated once, their names uniquely identify them. Unfortunately
the names of nets defined in component modules are not sufficient since those nets can be
instantiated more than once. Every occurrence of a component module insiantiates all of

the nets in its definition.

The way to solve the duplicate name problem is to use a hierarchical name that uniquely
identifies a net. The construction of hierarchical names is not casy in Logic III(UVic),
since the component modules are not named. The problem »f uniquely naming the nets
is addressed later in this section. In the current implementation of 1g3, the user can only

specify how to stimulate the primary inputs and any global inputs.

The input stimulus is specified by the following set of pattern generatc
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file, a file containing test input prepared by the user,
seq, a fixed sequence,

counter, a binary counter, and

LFSM, the foliowing set of LFSMs: LHCA, LI'SR, TWODCA (a two-dimensional cellular

automaton), and versions that also contain the all zeros pattern.

The full details of these generators are found in Appendix B. These pattern generators
are attached to a Logic 1II(UVic) net with the following syntax. Assuming the primary

inputs to a circuit are:

x,y : array [1..8] of input;

then the input stimulus is specified by:

% :- counter(l);
y := tile("y_input.data");

Note thut the size of the counter is not explicitly given, but instead the size is inferred
from the size of the x array. Thus the binary counter’s size is set to eight. The argument
of 1 to counter(1) specifies that the counter’s initial value is 1. The least significant bit
of the counter is attached to x[1], the net in the array with the lowest index. The file

generator reads the stimulus from the file "y_input.data".

A compleic testing script examyple is:

testing
// variables to control the testing script are located here
begin
x i~ counter(l);
y := tile("y.input.data");
simulate(256);
end.
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All of the variables declared in the circuit section and in the global sections of a Logic
III(UVic) design are visible in the testing script. The simulate command directs 1g3 to
perform 256 simulation cycles. This testing script does not specify which nets are to be
displayed. The following subsection discusses how this is done by adding simulation specific
features to Logic III(UVic).

Evaluation of a BIST embedding is performed by setting up the BIST mode of operation
and performing a fault simulation. The normal stimulus input features of 1g3 can be
used to setup the BIST mode. The important questions to address in determining BIST
test effectiveness are “what faults” and “how do they correspond to the Logic II(UVic)

description.”

The ascructural single stuck-at fault model is used in 1g3. This fault model is based on
inserting stuck-at faults at the in‘erconnections of the funciional modules. The intercon-
nections are represented in Logic III(UVic) as net variables. Thus the faults are associated
with Logic III(UVic) net variables.

Therefore a method of uniquely naming each net in the design is required. This reintro-
duces the problem of how to uniquely identify a net in a module where the module can be
instantiated more than once. Tke net can be identified by describing the module instance
that contains the net. A module instance is described by listing the hierarchy of module

instances in which it is created.

For example, the hierarchical name for the net fred in the following example is

top.one.two.fred where top.one.two identifies the module instance containing £red.
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net_module two( ... );
var

fred : node;
begin
end.
net_module one( ... );
begin

“.'t'.vo( <« ); // line 36
end.
 circuit top;

begin

.“one( «eo )i // 1line 47

end.

Unfortunately, this scheme is insufficient for Logic III(UVic) since the name of the

component module can appear more tnan once in the enclosing module. This c>n be solved
by appending the line number in which the module appears. Thus the unique name for

fred becomes top.oned47.two036.fred.

The remaining problem of uniquely identifying a module instantiation is illustrated by:

for 1 := 1 to 10 do
tvo( . . );

In this case the line number is not sufficient to uniquely identify the module. The solution
is to include the value of the loop’s counter in the hierarchical name. The hierarchical name

for £red is now top.one@47.twod36< i >.fred.

In summary, faults are associated with the instantiated nets and Logic III(UVic) uses the
net’s hierarchical name to reference the faults. These hierarchical names are the primary
way that the 133 reports testing difficulties to the user. Specifically, the faults that cannot
be tested by a BIST embedding are reported with the hierarchical name.
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The designer of an off-line BIST embedding is concerned with the effectiveness of the
stimulus generation structure and the response analysis structure. These separate concerns
are addressed in 1g3 by recording which faults are ezposed and which faults are detect J.
An ezposed fault is a fault that causes the output values at the observation point. to differ
from the fault-free case at least once during the test mode. A detected fault is o * ult that
causes the final state of the BIST responsc analysis structure to differ from the faunlt-free

state.

In the preceding discussion, the method of defining the “observation points” is not
given. Section 3.4.1 describes the addition to Logic III(UVic) that specifies the location of

the observation points.

In evaluating a BIST embedding, the designer usually requires the following:

o the fault coverage of exposed faults,
o the fault coverage of detected faults,
o names of the unexposed and undetected faults, and

o the fault coverage for each test cycle.

The fault coverage of exposed faults informs thz user about the efectiveness of the stim-
ulus generation structure. The detected and exposed fault coverage inform the user about
the effectiveness of the response analysis structure. When the respective fault coverage is
not sufficient then, by examining the unexposed/undetected faults, the user can modify the
embedding to improve the coverage. Chapter 5 illustrates how Logic Il(UVic) and the 1g3

CAD tool are used to embed a BIST mode of operation into a set of example circuits.

The 1g3 user’s manual (see Appendix B) lists the commands and syntax of 1g3's simula-
tion command language. The following information is provided to aid the BIST embedding

designers:

o the fault coverage for the exposed and detected faults,
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o the names of the unexposed and undetected faults,
o the fault coverage for every test cycle, and

¢ the number of gates (used to determine BIST gate overhead).
In addition, the 1g3 tool provides the following:

o direct simulation support for standard BIST stimulus generators, and

o direct simulation suppert for standard response characterization.

The last two features are useful in helping the designer to experiment with different BIST
stimulus and response analysis approaches, so that the BIST embedding goals can be opti-

mized.

LFSMs and binary counters are the most common pattern generators used in BIST
embeddings. The 1g3 CAD tool provides direct support for these pattern generators. The
user can select the starting state for the generator. The next state function of the LFSMs
is also selectable. The next state function with minimum cost maximum cycle is provided
by default for the LFSRs and LECA. By providing the set of pattern generators, the 1g3
user can select the pattern generator and an initial state and then uses the fault simulator

to determine its test effectiveness.

The final state of the response analysis circuits using MISRs and (multiple input cellular
automaton) MICAs can be calculated by 1g3. The tool can also perform fault simulation to
determine if for a particular MISR or MICA any aliasing occurs. Simulation studies{ZM90)
have shown that the aliasing is usually negligible.

3.4.1 Logic III(UVic) Simulation Interface Features

Although the use and update statements are sufficient to specify a BIST embedding, the

user still has to inform the simulation system about the following:
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e The location of the BIST observation points.
o The external stimulus used to activate the BIST mode.
e The faults the system should consider.

o The nets to display during functional simulation.

Section 3.4 and Appendix B describe how the external stimulus is specified. Specification
of the other information raises the issue of where to put the specification: in Logic [II{UVic)
or in the simulation control language. For the observation and display nets, adding the
specification to Logic III(UVic) allows the nets to be referred to directly. If the specification
of the nets being observed or displayed is done in the simulation control language, then the

only way to distinguish a net is by its hierarchical name.

Logic III(UVic) is augmented to include the specification of the observation nets and
the display nets. This simplifies the specification of the nets, at the cost of sometimes
referencing more than one net. An example Logic III(UVic) description specifying observer

nets and display nets is:

net_module carry( a,b,c : input; carry : output );
var
ab, ac, bc : node;
observer // the observers go after the declarations
ab,a;
display
a,b,c ;
begin
52( a, b, ab);
a2( a, ¢, ac);
a2( b, ¢, be);
03( ab, ac, bc, carzsy );
end.

This syntax has the advantage of being able to easily specify the ohservation or display
nets. Unfortunately, every time a carry module is instantiated, the ab and a nets arv also

added to the simulator’s observation list. This is also true for the display list.




CHAPTER 3. LOGIC HII(UVIC) 78

In practice, this has not been a problem for the display nets, since most of the interesting
nets have had only one instance. Also the nets chosen for observer nets are usually the
outputs of the flip-flops used in the BIST embedding and thus every instance of the nets

should be an observer.

If the net name chosen to be displayed is an array, then there is a choice of display

formats. The formats are shown in Table 3.1.

Table 3.1 Display Formats

bin binary (largest index first)

binstr | binary (smallest index first)

oct r,ctal (index 0 is 2°)

hex hexadecimal (index 0 is 2°)

sgndec | two’s complement decimal

fix:d decimal fix point with radix in ¢th position

sgnfix:i | two’s complement decimal fix point with radix in ith position

An example of displaying an array as a two’s complement fixed point number is:

var
mult : array [1..8] of input;
display
mult:sgnfix:7
Control of which nets that have faults inserted is important for two reasons: 1) The net
where the faults are known to be untestable should be marked, so that they can be removed
from the fault simulation list. 2) The fault simulation can be made more efficient if only

relevant faults are simulated.

Untestable faults are caused by redundant logic. Redundant logic is sometimes required
in a design to eliminate glitches. Since the user is normally aware of this untestable logic,
providing a method of capturing this information is useful in eliminating the relevant faults
irom the fault list. Also if during the BIST embedding process a user determines that some

logic is redundaut, this should be captured. If the testing of a circuit is broken into several




CHAPTER 3. LOGIC LII(UVIC) 9

separate test sessions, then only the faults that are considered by the individual test sessions
should be included.

'The addition of the fault disabling specification to the Logic IHI(UVic) caun be justified
by: 1) documenting of redundant logic should be done in the design description, and 2) the

specification is easier in the design description than in the simulation control deseription.

Faults are removed from the fault list with the faults off statement. An example of
removing all the faults associated with the x array is:
function bit_and( x : array [] of input;
y : array [1..x‘size] of input): array [1..x'size] of output ;
var
i : integer;
faults_off
X
begin

for i := x'first to x'last do a2( x[i], y[(il, vit_and[i] );
end.

There are two forms of the faults_off statement, the first form, which contains a list of
net variables, and the second form which contains no list. The first form removes the fanits
from the nets listed. The second form removes all the faults from the nets defined inside
the module, including any nets defined inside component modules. A typical place that the
second form is used is in an embedding module. This faults_off statement removes all the
faults from the BIST specific cirruitry, thus only the faults from the circuitry to be testod

are considered. This is important when different BIST approaches are being evaluated.

3.5 BIST Architectures and Logic III(UVic)

The goal of this “ection is to illustrate the ability of Logic III(UVic) to specify many of the
common BIST architectures. The use statement and the associated embedding module e
the mechanism in Logic III(UVic) to add a particular BIST architeciure to a design. T

embedding module receives an array of register inputs and an array of matched regisser
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outputs for the register variables contained in statements in the body of the use statement.

Different BIST architectures are realized wiih different embedding rmodules.

The circuitry that implements a BIST mode must provide a means of controlling the
BIST mode, stimulating the circuit (i.e., applying test patterns), observing the response,
and determining the test result. With the exception of the control iogic, the Logic HI{UVic)
code that provides this functionality for several common BIST architectures is presented in

the following subsections.

In addition to the embedding module, other modules are required to implement the
complete BIST mode. These modules usually implement the controller, provide stimulus

and response analysis circuitry and connect the BIST components together.

3.5.1 Scan Based BIST Architectures

One of the most commorn DFT techniques is to modify the meinory elements to incorporate a
scan path. The scan path transforms the circuit into a combinational circuit for the purposes
of testing. Several BIST architectures are based on svan patl.;. Examples are LOCST
(LSSD On-Chip Self-Test ) [ABF90, section 11.4.4], CEBS (Centralized and Embedded BIST
Architecture) [ABF90, section 11.4.7] and STUMPS {Self-Testing Using MISR and Parallel
SRSG) [ABF90, section 11.4.5)(see Section 3.5.2 for STUMPE).

If there is only one scan path in the circuit, then only one global signal is required
to switch between normal mode and BIST mode. The Logic III(UVic) definitions for the

signals required to implenient a scan path are:

global

var
scan_on, scan_in, scan_out : input;
scan_chain : array [1..16] of node;
scan_chain_index : integer;

end

The signal scan_on converts the memory eleme:ts into a scan path when set to 1. The

signals scan.in and scan_out provide external access to the scan path. The elements of
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the array scan_chain are used to link the scan path register togethei. The integer variable
scan_chain_index is an artifact of the implementation used to link up the scan path. Since
Logic IHI(UVic) cannot specify the initial value for a variable, an initialization function is
required to set up the globzl variables necessary for this embedding. This function is called

init_scan.
The embedding module, vhat converts all the reg variables into elements of the scan
chain is:

net_module scan_embed (

obs : array [1..] of input;

gen : array [obs‘tirst..obs'last] of output );
const

size = obs'size;
var

i ¢ integer;

d_in : array [obs'tirst..obs‘last] of node;
observer

gen;
faults_of?;
begin

mux2(scan_on, obs[obs‘tirst], scan._chainlscan_chain_index],

d_in[obs‘tirstl);

cdf2(d_inlobs‘first], genlobs‘firstl);
scan_chain_index := scan_chain_index + 1;
for i := obs'first+l to obs'last do begirn
mux2(scan_on, obs[ii, genli-1], d_infi]);
cdee( d_in(i), genlil);
ond;
connezt( genlobs‘last], scan.chain[scan_chain_index] );
end.

Note that the foults.off Jirective is used to disable all the faults for this module. In
order to allow different BIST embeddings for a circuit to be evaluated, the fault set for the
circuit should remain the same. Kemoving all the faults assceinted with the BIST specific
circuitry resmnits in using only the ciicuit’s faults, This makes the comparicon of different

embeddings easier.

To complete the scan embedding, the signals scan_in and scan_out inust be attached

to the scan chain. This is accompliched with the following code:
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net_module scan_connect_chein( dummy : integer);
begin
connact( scan_chair{scan_chain_index], scan_out);
connect( scan_cheinlscan_chain'2irse]. scan_in};
end.
Once the scan chain is embeddad, the LOCST architecture can be ecasily realized by con-

necting the scan_in signal to a LFSR, and the scan_out signal to a LIFSP.

3.5.2 Selt-testing Using MISR and Parallel SRSG {STUMPS) Architec-

ture

Ei_gure 3.4 STUMPS Architecture

[ Controller
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Another popular BIST architecture, based on scan chains, is the STUMPS (Self-iesting
Using MISR and Parallel SRSG) [ABF90, section 11.4.5] architecture. Figure 3.4 shows
the block diagram for this architecture. Unlike the following architectures the circuit is
not tested cvery clock cycle, but instead a test consists of a scan phase followed by an
application of one test vector. This process is repeated for every test vector. The stimulus
is generated by a LFSR and the response is compacted by a MISR with only the necessary

number of data taps.

The control signals required by the STUMPS embedding are:
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global
var
stumps_gen : array [1..16] of node;
stumps_obs : array [1..16] of node;
stumps_gen_index, stumps_obs_index, stumps_max.size : integer;
stumps_shift : input;
end.

The pattern generator is attached to the stumps_gen signals. The response analyzer is

attached to the stumps_obs signals.

The STUMPS embedding module is:

net_module stumps_embed(

obs : array [] of input;

gen : array [obs‘first..obs‘last] of output );
faults_of?;
bezin

stumps.max_size := max(suumps_max.size, obs'size);

n_sh_register( stumps_shift, stumps_gen[stumps_gen_index],
obs, stumps_obs[stumps_obs_index], gen );
stumps_gen_index := stumps.gen.index + 1;
stumps_obs_index := stumps_obs_index + 1;
end.

The component module, n_sh.register, realizes a n-bit shift register.

Two auxiliary modules provide the pattern generator and the response analyzer. They

are.

net_module stumps_generateox_ctyl(gsize : integer );
var
pat : array[i..gsize] of node;
i,J ¢ integer;
faults_ off;
begin
1tar(pat);
j := pat'first;
for i := stumps_gen’ixrst to stumps_gen_index-1 do Legin
connoect( pat[j], stumps.gen[i] );
Ji=j+
end;
end.




CHAPTER 3. LOGIC LI UVIC) 84

net_module stumps_observer( osize : integer );
var
sig : array[1..osize] of node;
display
sig, stumps_obs{1..stumps_obs_index~1];
observar
sig;
begin
part _misr(stumps_obs[1..stumps_obs, index-1], sig);
end.

The stumps._generator_ctrl module instantiates a lfsr ni.odule and attaches the
stumps.gen signals to the LFSR outputs. The part_misr module is & MISR where only

some of the mernory elements receive external inputs.

3.5.3 Built-In Evaluation and Self-Test (BEST) Architecture

Figure 3.8 BEST Architecture
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The built-in evalnation and self-test (BEST) [ABF90, section 11.4.2] BIST architecture
shown in Figure 3.5 applies the test stimulus to the inputs of the kernel in porallel and
observes the response in parallel. For this architecture to be directly embedded the kernel
must be surrounded by input and output registers. An example of a functional circuit that

can use this architecture is:

net_moduie fred( x : array [] of input ; y : array ot output );

var

rx, ry : array [x’first..x’last] of node;
bezin

n_reg(x,rx); kernel(rx,ry); n_reg(ry,y);
end.

In this architecture, the stimvlus and response analysis structures are distinct, therefore
two different embedding modules are required. To allow the modules to be switched from

BIST mode to normal mode the following global signals are required:
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giobal

var
gen_on : array [1..16] of input;
gen_on_index : integer;
miszr_on : array [1..16] of input;
misr_on_index : integer;

end.

The clements of the array of primary input signals, gen_on control the BIST/normal
mode of the stimulus embedding modules. Elements in misr_on control the response mod-
ules. The stimulus and response observation modules are:

// stimulus stracture

net_module gen_embed(
obs : array [1..) oz input,

gen : array [obs‘first..obs‘'last] of output );
const
sige = gen‘size;
var
d_s,merge: array [gen'first..gen‘last] of node;
i : integer;
faults_o1f;
begin

mux2(gen.on[gen_on_index],obs[gen‘tirst],
genlgen‘last) ,d_s[gen'Tircel);
det(d_slgen‘tirst], genlgen‘tirst]);
for i := gen‘tirst+i to gen'last do begin
it 1fsr_tap(size,i) = 0 then
connect(genti-1], mergelil);
else
exor(gen[i-1], genlgen‘last], mexrgelil);
muxZ(gen_on(gen_on_inder], obsl[il, mergelil, d_s[i]);
dtg(mergelil, genl[il);
end;
gen_on_index := gen_on_index + !;
end.
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// response analysis structure
net_module misr.embed(

data : array [0..] of input;

sig : array [data‘firnt..data‘last] of output );
censt

size = data‘size;
var

i : integer;
obaerver

sig;
1aclts_off,
begin

on_mior_me(misr_on[misr_on_index],
siglsig‘last] ,datal0],8igl0]);

for 1 := 1 to data‘last do

i? Ygsxr_tap(size,i) = 0 then
on_misr_me(misr_on{misr_on_index],
sigli-1] ,datali),siglil)
elye
on_misr_tap.me(misr_on(misr_on_index],
sigli-11, datalil, siglsig‘'last], siglil);

misr_on_index := misr_on_index + 1,

end.

The function 1£sr.tap(eize,i) returns 1 if a tap that implements a minimum cost
I.FSR is required in that position of the LF'SR. To embed this architecture in the module
fred, the following modifications are performed:

net_module fred( xz : array (] of input ; y : array of output );
var
rx, ry : array [x’first..x’last] of node;
begin
use gen_embed in n_reg(x,rx);
comb, part(rx,ry);
use_minr_embed in n_reg(ry,y);
end.

To complete the BIST embedding the BIST controller and the circuit to check the
MISR's final state are required.

Since a circuit is usually composed of several kernels, individual embedding modules are
required to allow each kernel to be tested in parallel. Figure 3.6 shows an example of o

circuit with two kernels. In this architectu:e both kernels are tested simultaneously.

The embedding modnle for both generation and observation is:
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Figure 3.6 Multlplo l’amllc-l P tern Generation and Response Analysis Architecture
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net_module gen_misr_embed(

y

obs : array [0..] of input;

gen : array [obs'first..obs'last] of output );
var

sig : array [obs‘firsv..obs’'last] of node;
observer

8ig;
begin

gen_embed(obs, gen);
misr(gen, sig);
ond.

Note that the MISR outputs are declared as observers, thus informing the simulation system
to use these outputs to detect faults. Also note that the faults, off declaration is used
to remove the faults from the BIST specific circuitry. Since part of the logic of the BIST
mode is untestable, turning off the faults in this logic allows 1g3 to remove these untestable

faults irom consideration,

If the embed.misr module is used instead of the gen_misr_embed, then the BIST specific
circuitry is reduced. This style of BIST architecture is called HILDO [BM84]. Since the
patterns produced by the MISR depend on its internal stute and the circuit driving its
input, its test effectiveness can be worse than a LFSR (i.e., output patterns can repeat with

the MISR, while each output pattern is unique for a LFSR).

3.5.4 BILBO BIST Architecture

This BIST architecture is introduced by Konemann [KMZ80] in 1980. A BILBO register

provides four modes of operations:

e parallel load mode,
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s shift mode,
¢ pattern generation/response analysis (a MISR) mode, and

e a clear mode.

Duriug BIST mode a BILBO register is placed in one of these modes, depending on its

placement and the type of tetis performed.

The control signals for the embedded BILBO registers are:

global

var
bilbo_sin : array [1..16] of input;
bilbo_sin_index : integer;
bilbo_sout: array [1..15) of output;
bilbo_sout_index : integer;

bilbo_b1, bilbo_b2 : arrayl[i..16] of input;
bilbo_index : integer;
end.

The pair of elements in the bilbo bt and bilbo_ b2 control the mode for one of the
embedded B1i.10 registers. The signals bilbo_sin and bilbo_sout are the shift-in and

shift-out ports for a BILBO register. The embedding module for a BILBO register is:
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net_module b»ilbeo_embed(

obs : array [1..] of input;

gen : array [obs'first..obs’last] of output );
const

size = obs'size;

var
taps,s : array (1..size] of node;
foodback: node;
i, no_taps : integer;
observer
gen;
faults_off;
begin
no_taps = i;
for i := 1 to obs‘last do begin
bilbo_me(obs[i], s(i-1], ger{il, s[il);
if 1fsxr_tap(size,size-i) = 1 then begin
connect(s{i], tapslno_taps] );
no._taps := no.taps + 1;
end;
end;
Roxr(taps(1..no_taps-1], feedback);
mux2(bilbo_bi[kilbo_index], hilbo_sin[bilbo_sin_index],
feedback, s[0]);
bilbo_sin_index := bilbo_sin_index + 1;
i1( slobs‘last], bilbo_sout[bilbo_sout_index]);
bilbo_sout_index := bilbo_sout_index + 1;
bilbo_index := bilbo_index + 1;
end.

This embedding module illustrzies that quite complex “testing structures” can be em-
bedded with the Logic III(UVic) use statement. The embedding modules used in the BEST
architectures can be considered optimized versions of » BILBO register. Thus in a particu-
lar test, if only one of the BILBO modes is necessary, then one of the embedding modules

for the BEST architecture can be used.

The shifting mode of the BIST registers can be used to scan out the final state of a
test, and check it with the known good final state. Since many different test schedules are

possible, different BIST test controller need to be designed for each circuit.
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3.5.5 Circular Self-Test Path Architecture

The CSTP (Circular Self Test Path) BIST architecture combines the civcuitry that performs
the stimulus and response analysis functions. In CSTP, the circait is converted into an
AFSM and a test is performed by initializing the machine’s state, and cycing the machine
for a fixed number of cycles. The final state is used to determine the cutcome of vhe test,
Figure 3.7 shows an example of this architecture, where the normal registers have been

converted into CSTP registers,

Figure 3.7 CSTP Architecture
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The only global signal required by this architecture is the signal that switches the
registers from normal mode to CSTP mode. When the signal cstp_on is set to | the test
mode is activated. The signals in array cstp_chain are used to link the CSTP registers
together.

global
var
cstp_on : input;
estp_chain : array [1..16] of node;

es*p.chain_index : integer;
end.

The CSTP embedding module is:
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net_moduie cstp._embed
obs : array [1..] of input;
gen : array [obs‘tirst..obs‘lust] of output );
const
size = obs'aize;
var
i ¢ integer;
observer
gen;
faults_off;
begin
// 1linz up the previous CSTP register
cs+p.me(obnlobs'tirst), cstp_ch nicstp_chain_index],
genlcbs'tizst]);
cstp_chain_index := cstp.chain_index + 1;
for i := obs'first+i to obs'last do
cotp_me(gen{i-1], ous[il. gen(il);
connect( genlobs‘laat], cstp_chainlcstp_chain_index] );
end.

The memory elerent foi this architecture is:

net_module cstp_za(ck, 1: input: q : output);
var
d_in, t1 : nede;
faults_off;
began
a2(cstp_on, ch, t1);
excr(t1, d, d_in);
cdf2(d_in, q);
end.

Notice that the cst:p_on signal connecs the D flip-flop to the EXOR of its normal input

and the previous cell in the circular test path.

To complete the CSTP embedding, the following module connects the last memory

element to the first, thus comapleting the circle.

net_module cstp_connect_chain;
begin :
connect(cstp_chainlestp_chain_index],
cstp.chainfcstp_chain‘first));
end.
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3.6 BIST Library Organization

The Logic INI(UVic) modules in the preceding sections implement a vatiety of BIS'T archi-
tectures. These modules and modules that describe specific BIST striciures and general
logic structures have been grouped togeiher into o library that supports BIST embedding,

Appendix C gives the complete Logic II(UVic) source for the library.

The utility modules provide the following components:

And(z:array [] of input; a:output), creates a x‘size input circuit that performs an
AND.

Or(x:array [] of input; n:output), creates a x‘size input circuit that performs an
OR.

Xor(x:array [] of input; o:output), creates a x‘size input circuit that performs an
XOR.

bivwise.and(x,y:array [] of input; xy: [J of output), ..eatesa civcuit that per-

forms a bitwise AND on the arrays x and y to produce »3 (i.c., (1] - y[4] = xy[i]).

bitwise.or(x,y:avray [] of input; xy: [ of output), croates a circuit that per-

forms a bitwise CIU on the arrays x and y to produce xy.

bitwisexor(x,y:array [] of input; xy: [J of output), creates a circuit that per-

forms a bitwise XOR on the arrays x and y to produce ry.

naux2(sel:input; x y:array [] of input; z:array [] of wutput) creatcs an n-bit

multiplexor.

tc.adder(a,b:array [] of input; cin:input; s:array [] of output; c:output)

creates an n-bit adder.

n.add_sub(as.ctrl:input;a,b:axray [] of input; s:array [] of output) ifas_ctrl

=lthens=a = belseg=2a + b,
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The following functions and modules are provided to directly support BIST response
analysis and stimulus generation structures. These modules are used extensively in the

realization of the BIST architecture modnles.

function 1fsr.tap( size, index : integer ) : integer; returns 1 if a tap must

be added at position index of a size-*' internal LFSR. This resulting maximum

cycle LFSR has a rainimum number of taps.

function embed.state( p, i : integer) : integer; rcturns 1 if position p of a reg-
ister’s initial state should be 1. Argumen. i specifies the type of assignment (see

Section 5.2.2).

1fsr( pat : array (] of output ) creates a minimum cost maximum cycle internal

LFSR.

z.1fsr( pat : array [] of output ) creates a minimum cost maximum cycle internal

LFSR that also generates the all zero state.

init_1fsr( init:integer; pat:a2rray [] of output ) creates a minimum cost maxi-

mum cycle internal LFSR where the initial state is specified by init.

misr( data:array [] of input; sig: array [] of output ) creates a MISR using
the 1fsr_tap functior to determine the feedback function. The input and output

sizes have to agree.

part_misr( data:array [] of input; sig: array [] of output ) createsa MISR us-
ing the 1f£sr_tap function to determine the feedback function. The MISR’s size is

given by the size of the sig array. Only data‘size inpu: taps are added.

nsh_register(sh.ctl,sin:input; din: array [] of input;

sout:output; dout: array [] of output) creates & scannable register.

The previous library modules are all used in the construction of the user visible em-

bedding modules. Ther: are four types of modules or functions required to specify the
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embedding of a particular ar hitecture. The types are: 1) initialization functions, 2) em-

bedding modules, 3) auxiliary modules, and 3) cleanup module:.

Initialize functions are nore an artifact of the hnplementation approach, These functions
are required to setup the global variables used in the creation of embeddings. The embedding
modules specify how the reg variables are instantiated via the use statement. \'h» cleanup
module is used to finish off the embedding (e.g., connect the first and last siements of a scan
chain to the external nets). Some BIST architectures require extra modules to compiete

the embedding, these are referred to as auxiliary modules.

Table 3.2 lists the types and names of the modules that support BIST embedding. An
example of embedding the STUMPS architecture is:

begin
agsert( init_stumps(i) ); // init function

use stumps_embed in
// user’s design centaining reg variables

stumps_generator_ctrl( 16 ); // aux

stumps_observer( 18 ); // aux

finish_stumps(1): // tinish
end.

The case studies chapter presents more examples of using this library. Note that any

combination of these embedding can be used together.
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Table 3.2 BIST Embedding Library

Architecture | init embed aux and finish
combinational | init_comb comb_embed finish_comb
scan init_scan scan.embed finish._scan
STUMPS init_stumps | stumps.embed finish.stumps
stumps_generator.ctrl
stumps.observers
CSTP cstp.scan csty.embed finish_cstp
cstj.scan_embed
BEST init best gen_embed finish.best
misr_embed
gen.misr.embed
BILBO init.bilbo | best.bilbo finish.bilbo
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Implementation of Lg3

4.1 Why Object-Oriented Design?

The success or failure of a CAD system depends directly on the services wrovided by the
system. CAD systems are realized by software systems running on computers, The ability
of a CAD system to change to satisfy its users and its designers depends directly on the
software design methodology and programming language used to realize the system. This

is especially true if the functionality of the CAD systems is still being developed.

Use of the object-oriented methodology for CAD systems has been suggested by Wolf in
[Wol91, Wol89, Woi87]. [Wol91] is a tutorial article on object-oriented programming and it
illustrates several possible applications. A more concrete example of using object-oriented
programming for building hardware description and measurement systems is described in
[Wol89] and [Wol87]. In [GCG*8Y], Gupta, Cheng, Gupta, Hardonag, and Breuer discuss
the effectiveness of using an object-oriented database management system to support rapid
prototyping. In [Che87], Cherry reports the experience of usiug the object-oriented language
flavors in developing a CAD tool that supports: schematic capture, electric level simulation,
switch level simulation, virtual grid symbolic layout with compaction and pitch-matching,

automatic standard cell l.vout generation, floorpianning, and comparison of layout and

96
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schomatic designs. Cherry states that: “Object-oriented programming, which allows a
divarse coilection of objects to exhibit a generic behaviour made the integration of a large,

diverse collection of tools easier.”

The requ‘tement to support rapid prototyping and to create a large CAD program sug-
gested the use of vbjact-oriented design [Boo81, Cop92, Bud92] and programming in the
devalopment ¢* the g3 CAD tool. The C++ programming language support for object-
oriented design and «fficient imperative procedures made it the logical choice for the imple-
mentation language. This choice allowed rapid changes to be made to the 1g3 CAD tool as
new approaches for »u!viug the BIST embedding problem developed.

Object-oriexted programming is defined by Booch [Boo91, page 36] as:

“Object-oriented programming is a method of implementation in which pro-
grams are organized as croperative collections of objects, each of which repre-
sents an instance of some class, and whose classes are all members of a hierarchy

of classes united via inheritancn relationships.”

Objects can be considered as entities that have a well defined behaviour. A class is a
set of objects that share the same behaviour and structure. An object is an instance of a

class.

Identifying which parts of the problem area correspond to objects and classes is a cru-
cial step in object-oriented design. Booch’s overview of the vbject-oriented design process

[Boo91, page 190] is:

o Identify the classes and objects at a given level of abstraction.
o Identify the semantics of these classes and objects.
o ldentify the relationships among these classes and objacts.

o Implement these classes and objects.
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Coplien[Cop92, page 204] also states that:

“For good object-oriented design, we want applicutic.. domain entities to map
onto objects, and types to map onto classes of the solution domain, .... Ap-
nlication domain entities are notions that we care about in our applications:
transactions, money, accounis, and tellers in a banking syste.m; phones, calls,

lines, and switches in a telecommunication system.”

The purpose of this chapter is to briefly outline the design and implementation of 1g3
by identifying the object and ciass organization of the prosram that implements the CAD
tool and by describing the most important behaviour realized by cach class. The term,

methad, refers to the program code vhat iealizes the specific behaviour for an object,

The eecondary motivation for this chapter is to discuss the implementation issues vi the

language features introduced into Logic III to produce Logic HI(UVic).

The design is composed of two major components: tne Logic III(UVic) parser and
netlist translator and the functional and fault simulator. The first component is responeible
for parsing and interpreting Logic III(UVic). It produces a flattened netlist, simulation
setup and control commands for the simulation system. The simulation system produces

functional and fault simulation results to enable 1g3 users to evaluate their designs.

4.2 Logic III(UVic) Parser and Netlist Translator

4.2.1 Parser

In order to identify the classes and objects in the parser design, the application domain
entities must be examined. Some of the application domain entities of the Logic II(UVic)

language are:

¢ naet.module, function, and circuit modules,
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o the customizing statements: if-then-else, while, for, assignment,

¢ the binding and instantiating statements,

o the data types of string, integer, input, vutput, node, and reg,
¢ one dimensional arrays of the base data types, and

e expressions that act on the data types.

In the implementation of 1g3 the following entities of the Logic III(UVic) language (i.e.,

the application domain) are represented by C++ classes:

o the syntax of statements and expressions,
o the data types,
o the “values” of the variables, and

o the interface and implementation of modules and functioas.

In parsing and interpreting a Logic I1I(UVic) description, 1g3 follows 2 common prac-
tice in compiler design of creating an abstract syntax description of the design text. The
parser and lexical analyzer functions are generated by the compiler tools bison{DS91] and
£1lox[Pax90). bison accepts a context free grammar with actions assnciated with each gram-
mar rule and produces a C-language function that parses the input and executes the actions
when the associated grammar ruie is recogrized. £lex accepts a set of regular expressions
and associated C-program statements as input and produces a function that executes the
actions whenover the associated regular expression matches with the character input. The
function produced by bison uses the function produced by £1ex to recognize tokens in the

language.

Most of t'1e actions specified in the bison grammar file create the abstract syntax objects

from the parsed text. The class AbstractSyntax is the base class for the abstract syntax
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objects. Objects of this class only know how to print a representation of themselves, The
print method is used primarily to ensure that the grammar used to generate the parser is

correct. Figure 4.1 shows the class hierarchy used to represent Lugic 11I(UVic) constructs.

F‘igure 4.1 Abstract Syntax Class Hierarchy

AbstraciSyntay.

\\

AbsSynSimt AbaSynExpr

TestingStmt  (IStmt  ForStmt  ConnectStmt  «.  UseStmt

GenAssignimt SimCrmdSimt BinaryOpExpr CondExpr  FunctionExpr leonatant

AbsSynLExpr

ArrayExpr  Identifler  PrimaryCollection

The bodies of modules and functiona in Logic HI(UVic) consist of statements and expres-
sicns. Statements and expressions are represented by classes hbaSynStmt and AbsSynExpr,
respectively. A specialization of AbsSynExpr t. form Abs3ynLExpr is used to distinguish
between expressions that refer to values and expressions that can be modified or bound

(i.e., nets are bound to gates).

Everv statement in Logic 11I(UVic) is represented by a class derived from the class
AbsSynStmt. The mappings from the classes to the particular abstract syntax statements
are presented in Table 4.1. Tn the grammar rule column, all the upper case words beginning

with a T represeat a token, and all the lower case words are nonterminals.

In addition to the print member function, each class has an evaluate member function.
The evaluate function implements the semantic action associated with that statc.nent. For
example, the evaluate member function of an object of class WhileStmt evaluates its

condition and then evaluates its body as long as the condition remains true,
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Tahle 4.1 Class for Abstract Syntax Statements

Class Grammar rule ]
StrmtList T_BEGIN stmt_list T.END

ConnectStmt T_CONNECT *(* primary ’,’ primary ')’

BindStmt T-IDENT '(’ exprlist ')’

UseStmt TUSE T.IDENT T.IN stmt

'riteStit TMHRITE *(* oxprlist ')’

AgsertStmt T_ASSERT ’(’ cond.expr ’)’

1iSume T.IF cond.expr T.THEN stmt

IfElsettut T.IF cond.expr T.THEN stmt T.ELSE stmt

Assignotmt primary T.ASIGNOP expr

RegUpdateStmt | primary T.REG.UPDATE expr ,
WhileStmt TWHILE cond.expr T.DO stmt i
ForStmt T.FOR primary T.ASIGNOP expr T.TO expr T.DO stmt |

}

The advaatages of creating the above class hierarchy are demonstrated by describing
how a new statement can be added to Logic III{(UVic). A new statement, NS, can be
incorporated into the language by adding the grammar rule to the bison description that
parses the concrete syntax and creates a NS object. The final step is the definition of the
the print and evaluate methods. The method print should print a representation of
the statement, and the method evaluate should interpret the semantic action associated
with the statement. For example, adding a Pascal like repeat-until statement requires the

following grammar rule:

stmt: T_REPEAT stmt T_UNTIL cond_expr
{

}

$8 = new RepeatStmt( $2, $4 );

where T_.REPEAT and T_.UNTIL are tokens returned by the lexical analyzer, stmt is a nonter-
minal representing a language statement, and cond.expr is a nonterminal representing a
boolean condition. The action creates a RopeatStmt object. The objects representing the

loop'’s body and condition are passed to the RepeatStms constructor 1.

'A constenctor in C+4+ creates and initinlizes an object ot the given type.
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Every expression in Logic III(UVic) is represented by a class derived from AbsSynExpr.

The expressions derived from AbsSynExpr are given in Table 4.2,

Table 4.2 Classes for Abstract Syntax Lxpressions

[ Class Grammar rule

Negateixpr ') oxpr

BlnaryOpExpr expr bin.op expr

Log2Function TL0G2 °(* expr *)

MinFunction TMIN *(* expr ')

MaxFunction TMAX ' (* expr ')

FunctionExpr T.IDENT ’'(’ expr.list ')

PropertyExpr expr '‘' T.IDENT

Iconstant T.ICONSTANT

Sconstant T-SCONSTANT

Identifier T.IDENT

ArrayExpr T.IDENT ’[’ expr ']’

PrimaryCollection | ' [’ primary.list ')’

CondExpr T-NOT cond.expr
cond.expr cond.op cond.expr

RelBinaryOpExpr oxXpr rel.op expr

The class AbsSynExpr provides the following methods, in addition to the print method

inherited from the base class AbstractSyntax.

avaluate(Variable &val) evaluates the expression and returns its result in val. The
Variable class is ultimately responsible for implementing the appropriate action. A

discussion of the class Variable follows later in this section.

type() returns a pointer to an object of class SymbolInfo. 'This method is used to check

the zompatibility of the expression’s type with the operation.

Classes Identifier, PrimaryCollection, and ArrayExpr are all derived from
AbsSynLExpr. The L in the name AbsSynLExpr refers to the C programming term lvalue.

An lvalue is an expression that can appear on the left hand side of «n assignment operator
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(i.e., it refers to something that can be modified). A class derived from AbsSynLExpr has
to implement the method modify(const Variable &v). The value of the object v is used

to modify the recipient of the method.

Logic 11(UVie) supports the basic type of integer, string and net. It also support
one-dimensional arrays of these types. The class SymbolInfo is used to represent this type

information. All of the operations on the base types are implemented by the class Variable.

The choice of isolating all the “data” manipulation operations to the Variable class
allows easy addition of some data types. Logic III(UVic) uscs the integer and string data
types to control the customization of the net.modules and function modules. The advan-
tage of this organization is demonstirated by describing how a bit vector data type can be
addad to the Variable class. A bit vector type improves the language’s ability to specify

customizations.

To add this data type, the classes Variable and SymInfo need to be modified. Since
the Logic HI(UVic) syntax is not changed, the bit vector operations are expressed in terms
of the current syntax (e.g., a * b means bitwise AND). If the new data type’s operations
cannot use the current syntax, then additions to the bison grammar file and deriving a new

class from the AbsSynExpr class are necessary.

The following example illustrates the evaluation of a Logic III(UVic) program that
counts the rumber of occurrence of 1 in the integer array a.

for i := 0 to 10 do
it af1) = 1 then
cnt :=ent + 1,

Figure 4. shows the abstract syntax diagram for this example. Figure 4.3 shows the
classer, of the ubjects created by the parser. Invoking the evaluate() method cn the for-
stmt objec* causes the initialization expression to be evaluated and assigned to the variable
i, the terminatiop expression is then evaluated and the current value of i is compared

to the termination expression. If i is less than the termination expression then the stmt
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is evaluated. Next, 1 is added to i and the loop is repeated. The actions of the other

statements and expressions are invoked with their evaluate method.

Figure 4.2 Abstract Syntax for Logic III(UVic) Example

for_stmt
primary  expr expr stmt
T_ﬁg{ T__ICONLTANT T_éﬁsmw \
it_stmt
i 0 10 //\
cond_expr stmt
rel_expr assign_stmt

‘/priméry/\;‘; pﬂ?ary 7\
T_ICONSTANT T_iDENT T_IDENT T_ICONSYANT

array_expr
1 ont ent 1
primary expr

T_IDENT T_IDENT
a i

4.2.2 Netlist Translator

Logic ITI(UVic) describes the structure of digital circuits in terms of a hierarchy of modules
and customizable modules. Ultimately this hierarchical description must be flattened into a

netlist of primitive modules. In Logic [II(UVic), a primitive module is a module for which
its body is defined as external.

The requirement to flatten the hierarchical description comes from twe sources:
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Figure 4.3 Classes for Logic I1I(UVic) Example

ForStmt

{dentifler lconstant  lconstant }K

RelBinExpr AssignStmt

ArrayExpr lconstant dentiler BinOpExpr

ldentitier  ldentifier Identifier Iconstant

¢ The requirement to build the design. Standard cell ICs and field programmable gate
arrays (FPGAs) implementation technologies are constructured using primitive gates.
For example, the primitive modules a2, ai2, ..., exor used in Chapter 5 are cells
from a CMOS cell Lbrary.

o The requirement to model the functional and fault behaviour at an appropriate level.
The single stuck-at fault model is based on modeling faults at the interconnections of
primitive gates. The ISCAS85 and ISCAS89 benchmarks used in tes.ing research are

netlists of primitive gates.

4,2.2.1 Netlist Objects

The three easily recognizable objects in a netlist are:

gates representing entities that map input signals to output signals,

ports representing the interface between a gate’s inputs and outputs and the external

world, and
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nets representing the entities that allow information to be transferred between gates (i.e.,

wirer .

The ports and gates can be considered as o1.e object, That is, the input and output porte

of a gate are simply attributes of a gate.

A hierarchical netlist allows gates to be defined in to ms of o netlist in which its external
nets are attached to the ports of the gate. A flattened netlist contains gaves where only the

ports of the gates are defined.

In order for a Logic I1I(UVic) design to be realized as an application specific integrated
circuit (ASIC) or an FPGA, or it i functional a..d test effectiveness to be analyzed it must

be translated into a netlist?.

The flattened netlist is created by iuvoking the evaluate method on the topmost node
of the abstract syntax tree. The netlist is represented by a Lg3Gate class and a Lg3Signal
class. Each Lg3Gate object references the Lg3Signal signal objects that are attached. Fach

Lg3signal object also references the attached Lg3Gate objects.

In addition to the connectivity information, an object of the Lg3Gate class contains the

following information:

gate_type, the name of the primitive gate (e.g., exox),
instance_name, the name that uniquely identifies this particular gate, and

attributes, a table of attribute names and assc.iated parameters. The attribute table is
the method used to communicate information to the simulation corvponent of the 1g3
CAD tool. The only defined attribute is "gt", which specifies the hehaviour of this
gate.

2 Actually, the function and test effectiveress of circuits can be analyzed from o hierarchical netlist, but

at the price of distancing the fault or functional analyz s further from the circuit’s physical reaiization.
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Lg3Signal object contains the connectivity information, the instance name and a flag
indicating if there are any faults associated with this net. The instance name provides the
link between the functional and fault simulation results and the text of the Logic ITII(UVic)

design.

4.2.2.2 Evaluation and Flattening

The process of evaluating the Logic I1I(UVic) statements to produce the flattened netlist can
be divided into statement evaluation that results in customizing the design and statement

evaluation that create the 1.g3Signal and Lg3Gate objects.

Evaluation of the following objects performs customization: I£Stmt, IfElseStmt,
WhileStmt, ForStmt, and AssignStmt. Expressions that evaluate to integers or strings are

also part of the customization process.

Evaluation of nbjects of the following classes create the flattened netlist: BindStmt,
ConnectStmt, UseStmt, and RegUpdateStmt. An important point to note is that each object
of these ciasses correzponds directly : o a Logic III(UVic) construct in the design description.
Thus there is a one-to-one mapping tetween each construct and a set of Lg3Signal and

Lg3Gave objects.

Evaluation of a ConnectStat associates two net variables or an array of net variables
with the same wire or array of wires. When a RegUpdateStmt obhject is evaluated, an

association between a net and a port of an embedding module is created.

The actual creation of Lg3Gate objects occurs during evaluation of BindStmt objects.
if the binding statement’s module {see Scction A) is primitive, then a Lg3Gate object cor-
responding to that module is created. The assigned instance name of the Lg3Gate depends
on the binding context. The binding cuntext identifies where in the module hierarchy this

gate occurs.

The creation of new Lg3Signal objects is not reasonable at this point because of the

semantics of the connect statement. Instead, Lg3Signal objects can only be created when
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the Logic III(UVic) variables that reference them have disappeared out of scope. If a
Lg3signal object is created whenever the associated net variable first appeared in the
binding statement, then the problem of merg’  twoLg3Signal objects needs to be handled.

The problem can be illustrated with the following Logic HI(UVic) fragment:

a2(x,y,2); // [1]
o2(a,b,c); // (2]
connect(x,a); // [3]

If Lg3Signal objects are created for x at statement [1] and a at statement [2], then when
the connect statement is evaluated one of the objects has to be destroyed. Matters are

made even more complicated when the two binding statements occur . .iifferent modules.

The semantic: of the connect statement that allow Logic HI(UVic) variables to be
aliased at any point of the evaluation process considerably complicates th - Lg3Signal object
generation. A modification of the connect statement’s semantics to one similar to the

aliasing declaration of VHDL [IEESS, page 4-13] would simplify the implementation,

If the module in the binding statement is not primitive, then evalua'ion of this module

consists of the following steps:

1. Evaluate all the integer and string expression in the argument list.

2. Create the activation record for the local variables.

3. Bind the local nets in the parameter list with their local names.

4. Update the binding context (e.g., add this module to the hierarchical name).
5. Evaluate the statements in the body.

6. Create any Lg3Signal objects that are referenced by local net variables.

Note that it is the last step of evaluating a nonprimitive module that creates the
Lg3signal objects. Thus only variables of type node are created when evaluation of the

binding statement is finished.
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4.3 Simulator
The requirements of the simulator component of the Logic III(UVic) tool are as follows:

¢ functional and fault simulation of designs specified by the Logic III(UVic) description;

o using the Logic III(UVic) net names in reporting the response of fractional and fault

simtlations; and

e supporting the common BIST pattern generators and response analyzers.

In addition, the simulator should be as fast as possible to allow the user to experiment with

different emmbeddings.

A possibie set of classes for objects of the simulator domain include the following:

gates, boolean functions or memory elements,

signals, the interconnection of gates,

faults, models of the types of incorrect behaviour,

fault .info, statistics gaiher during fault simulation,
signal_values, the physical signal values (i.e., 0V=0, 5V=1),
generators, sources of stimulus for the circuit,

observers, techniques to analyzing the output of circuit,

simulator, an entity that given a neilist, a set of generators and observers simulates the

behaviour of system, and

fault simulator, an entity that given a netlist, a set generator and observers, and a fault

list simulates the effects of the faults on the circuit.
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The gates in the 1g3 simulator are required to model the behaviour of the primitive set
of gates used to realize digital designs. These gates usually consist of the following: AND,
OR, NOT, EXOR, AO! and OAIL The modeled gates produce output signals as a function
of their input signals. The class SimGate is used as a base class to capture the common
behaviour of mapping inputs into vutputs. The method evaluate directs the object to

recalculate its output as a function of its input.

Sirce all gates are derived from the SimGate base class, the class responsible for per-
forming the actual simulation need only be aware of this method. It is the responsibility
of the developer to create a derived gate for each primitive gate. The inheritance tree of
simulation gates is shown in Figure 4.4. The main advantage of this approach is that dif-
ferent gate types can be easily added by simply deriving the new gate from the SimGate

base class an'! implementing the evaluate method.

Figure 4.4 Simulator Gates

SimGates

AndGate DFFGate
NandGate AoiGate

NorGate

OrGate  FanGate XorGate Xnorgate

The interconnection of SimGate objects is represented by the Signal class objects. Thus
Signal class ohjects represent the physical wire interconnecting the gates. A Signal class
object contains the simulated value of the wire. In addition to storing the wire’s value,
the Signal class objects are used by the simulator to determine the evaluation order of
the SimGate objects and to determine where the faults are inserted. The flattened netlist
consisting of Lg3Gate and Lg3Signal objects are used to create matching SimGate and
Signal objects.
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‘The SignalValue class is responsible for representing and performing operations on the
signal values, The current implementation uses the binary values of 0 or 1 to represent the

signal. A multivalued representation could be used by simply redefining this class.

The SimGate class illustrates the effectiveness of using inheritance of a base class with
a given set of methods to provide flexibility in adding functionality to the simulator. In
terms of C++ , this base class is called an Abstract Base Class [Str91, page 192]. The added

functionality in this case is the creation of new primitive gates.

The classes for the pattern generators and observers are also implemented as base classes
with a set of methods that define their interface. Since stimulus generation and response
observation are the two main components of any BIST embedding and BIST research deals
with creating these components, providing an abstract base class for these two classes allows

the necessary flexibility. Table 4.3 lists the currently supported generator and observer

types.

Table 4.3 Derived Classes for Pattern Generators and Response Analyzers

Class Pattern Generator Class Output Observer |
CaGen LHCA Comp (MISR, MICA) Signature analyzer
CountGen Binary counter Run DFA

LfsrGen LFSR UpDn (up/down counter) | DFA

TwoDCaGen | Two-Dimension LHCA

‘The PatGen class for pattern generators defines the methods: pattern, next_pattern,
first_pattern, and more.pattern. The method pattern returns the current pattern.
The pattern generator is reset to the first pattern by the method first_pattern. The
next pattern in the sequence is obtained with the next_pattern method. The method
more.pattern returns true if there are more patterns in the generator’s sequence. The

derived classes realize: binary counters, LFSRs, LHCA, and two-dimensional CAs.

The class for observers is called Observer. It defines the methods: input, reset_state,

and check. These methods respectively, accept input, reset the observer’s state, and com-




CHAPTER 4. IMPLEMENTATION OF LG3 112

pare the observer’s staic against another observer's state. The supported observers compute
the state of a MISR, a MICA, an up/uown counter, and a run counter. The MISRK and
MICA perform thei: typical output analysis role. The response analysis architectures of

Section 6.4 require the up/down and run counter.

The previous classes provide the objects needed to build the functional and fault free
simulators. The class Simulator implements an event driven functional simulator. ‘The
class FaultSimulator implements the parallel pattern single fault propagation (PPSFP)
[ELWW91] and parallel fault [ABF90, page 135] fault simulators as two separate methods.

The rationale for supporting two simulators® is:

o While the PPSFP fault simulation algorithm is much faster than the parallel fault
algorithm, the PPSFP algorithm only works for combinational logic. Since many
BIST architectures do not j.artition the circuit into combinational logic blocks for
testing, a fault simulator for sequential logic is necessary. The CSTP architecture is

an example of a BIST architecture in which the circuit is tested as sequential logic.

Thus the PPSFP algorithm can be used to measure the test effectiveness of BIS'T' archi
tecture that partition the circuit into combinational blocks, while the parallel fault algorithm
can be used for the sequential circuits. Using the parallel fault algorithm has the advantages
of also determining if any aliasing is present in the BIST embedding. The parallel fault

algorithm also records the fault coverage for every simulation cycle.

Table 4.4 presents the simulation times required to achieve 100% single stuck-at fault
coverage for some ¢f the non-redundant ISCAS85 benchmarks for the two algorithms. The

speed ratio varies from 1 to 1214 times for the two algorithms,

3 An additional advantage of using two algorithms is that their results can be compared to gain confidence

in the simulator’s correctness.
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Table 4.4 Timings in CPU seconds for PPSFP and Parallel Fault.

Circuit | Gates | Cycles [ PPSFP | Parallel Fault |
cl? 6 13 0.03 0.04
432 157 1631 0.78 24.98
499 202 976 1.59 15.51
c880 409 | 29035 547 801.77
c1355 578 1995 .85 242.00
c1908 1045 ] 14161 9.43 5041.73
2670 1351 | 750716 | 331.55 -
3540 1848 | 23744 19.56 216¢5.70
c6288 2399 304 | 628.76 11215.50

4.3.1 Adding the Delay Fault Model

The extension of the fault simulato~+ from the single stuck-at fanlt model to the slow-to-
rise/slow-to-fall gate delay mcdel is reasonably simple. For the PPSFP algorithm, only
the fault insertion step of the algorithm needs to be modified. In the single stuck-at fault
simulation, either an all zeros or all ones pattern replaces the correct signal pattern. In the
delay fault simulation, the functional pattcrn is examined and modified to refiect the fault

effect of slow-to-rise or slow-to-fall,

The addition of a simulation gate that realizes an 1 cycle inertia delay can be used to
model the slow-to-rise and slow-to-fall faults in the parallel fault algorithm. This gate is

inserted at the fault location.

4.4 Experience with the 1g3 Design
In [Wol91), Wolf makes the claim that:

“CAD programs are particularly well suited to object-oriented programming

because they lead us to think about objects we can naturally express as ab-
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stract data types and because the applications use common features that are

appropriate for inheritance and run-time function determination.”

The experience of developing the 1g3 did match the claim by Wolf. For example, the
representation of simulation gate entitics by the Simgate class created an abstract data
type that encapsulated all the behaviour of a simulation gate. Inheritance is used to create
a specific simulation gate type (e.g., an EXOR gate). The ability of C++ to perform
run-time function determination is a convenient way of determining which gate to evaluate

during simulation,

One of the promises of the object-oriented approach is fast prototyping. This promise
is realized, especially by the ability to add new BIST response observer types. Chapter 6
introduces a novel BIST response analysis structure based on deterministic finite antomata
(DFAs). It only required a day to add the simulation behaviour of these PFAs to the
1g3 CAD. Another example is the and-or-invert and or-and-invert simulation gates, These
gates are added simply by deriving the classes AoiGate and OaiGate from SimGate and
then implementing the required methods. The easy addition of the use and update Logic

III(UVic) statements is the third example of the fast prototyping ability.

The advantages of fast prototyping is also observed in the flexibility of the classes used
to implement the functional and fault simulator. Three different simulators are built from
these classes. These simulators are: a functional simulator, a PPSFP (Parallel Pattern

Single Fault Propagation) fault simulator, and a parallel fault simulator.

Although the fault simulator is not designed for extreme speed?, the fault simulators are
fast enough to allow a reascnable number of BIST embedding experiments. For example,
using the PPSFP fault simulation, simulation of 10240000 vectors for the ISCAS85 ¢7552
requires 7364.91 CPU seconds on a HP 9000 Model 735 workstation. There are 3868 gates

in the c7552 circuit. This is certainly quite fast enough to allow experimenting with the

*Replacing the use of virtual functions in simulation gate evaluation and replacing the event driven

schedule with a static schedule would increase the simulation speed.
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type and seed of the generator. Also tue times for the PPSFP algorithm for the remaining
ISCAS85 benchmark circuits are prcsented in Table 4.4, The times varied from 0.03 to

628,76 seconds.




Chapter 5

Case Studies

5.1 TMS32010 Data Path Case Study

This section uses the case study described by Kim, Ha, and Tront [KHT88] as the first case
study to illustrate the capabilities of the BIST embedding features of Logic 1II(UVic) and
evaluation features of the 1g3 CAD tool.

5.1.1 ALU and Multiplier

In [KHTS8], four different BIST embeddings for a 16-bit multiplier and ALU, with the
input registers %, y, the maltiplier output register xy, and ALU output registers £, eq and
cout circuit, depicted in Figure 5.1, are presented to show the effectiveness of using MISRs
as pattern generators in BIST. The goal of this section is to show the ease of specifying

uifferent BIST embeddings for this circuit with Logic 11I(UVic).

The 16-bit ALU is constructed with circuits that are functionally equivalent to the
SN74181 and the SN74182 circuits. SN74181 is a 4-bit ALU and SN74182 is a look-ahead-
carry circuit. The module for the ALU16 is:

116
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Figure 6.1 Part of a TMS32010 Data Path

SEWEm register

net_module aluié(
m : input; s : array [1..4] ot input;
a,b : array [1..16] of input; cin : input;
t : array [1..16] of output; cout, eq : output;);

var
e : array [0..3) of node; co : array [3..3] of node;
g, p : array [0..2] of node; ¢ : array [1..3] of node;
t.cin : node;

begin
sn74182(cin, glo..2], plo0..2], ¢);
sn74181(m,s,a(1..4],b(1..4],cin,2(1..4),_,p[0],g[0],e(0]);
sn74181(m,s,a[5..8],b(5..8],¢c{1],2(6..8],.,p[1],gl1i,e[1]);
sn74181(m,s,a[9..12],b[9..12],c(2],209..12],_,p[2],g(2],e[2]);
sn74181(m,»,af13..16],b[13..16),c[3],2[13..16],¢c0(3],_,.,e[3]);
connect(co[3], cout);
ad4(e[0], o[1], el2], el3], eq);

end.

Note that the unused outputs of the sn74181 module are capped with “_"! Capping the
outputs can allow the CAD tool to eliminate any unnecessary logic. If the logic is not elim-
inated, then the internal lines which are not necessary can be removed from consideration

as possible fault locations.

'Although the current CAD tool does not support this construct, for these expiremenis the unused

outputs are disabled manually.
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The recursive multiplier in Section 3.3.2 realizes the multiplier in the TMS32010 data
path. An exhaustive application of all input patterns to this multiplier shows that some
of the logic is redundant. The faults_off statement can be used to document these
redundancies and to remove them from the fault list. The redundancies are located in the

apy.add routine. The rotine with the relevant faults_off statement is;

net_module mpy._add( x : array [1..] of input;
y:array [1..x'size] of input;
s:array [1..x'size+1] of output);
const
x_82 = x‘size;
var
x1, coutb : node; carry : array [1..x_sz] of node;
i : integer;
faults_off
x[2), y(2], carrylil, y[x.sz], carrylx_sz-1];
begin
half_adder2( x[1], y[1], s[1], caxryl1l);
for i := 2 to x_s2 do begin
adder2( x[il, y[il, carry(i-1], s(il, ca=ryl[il);
end;
connect(carrylx_sz], slx_sz+1]);
end.

Similarly, an exhaustive application of all input patterns to the 16-bit ALU shows that the

ALU contains no redundancies.

The elimination ¢r documenting of the redundant logic at the individual module level,
simplifies the BIST embedding processes since the user now knows that all the remaining
faults should be deiectable, assuming that the BIST embedding tests the individual mod-
ules. Thus the only possibility of redundant logic occurring is if the possible output values
of a module connected to another module are not sufficient to require the full function in

the second module.

The Logic III(UVic) code for the data path is:
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net_module main_alu1é(

var

m : input; s : array [1..4] of input;
%, y : array [1..8] of input; cin : input;
F : array [1..16] of output; Cout, Eq : output; );

r.m : reg; r.s : array [1..4] of reg;

r_x,r_y : array [1..8] of reg; r_cin : reg;

xy : array [1..16] of node; r_xy : array [1..16] of reg;
£ : array [1..16] of node; r_f : array [1..16] of reg;
cout,eq : node; r_cout,r_eq : reg;

begin

end.

multiplier(r_x,r.y, 2y);
aluieé(r_m,r_s,r_xy,r.f,r_cin, 1,cout, eq);
connoect(r_f, F); connect([r_cout, r_eql, [Cout, Eql);

r.x <- x; r.y <-y; r.m <-m; r_s <~ s; r_cin <~ cin;
r.xy <- =y;
r.f <~ f; r_cout <~ cout; r_eq <~ eq;

119

The different BIST embeddings are realized by configuring the registers r_x, r.y, v_a,

r.s, r_cin, r_xy, r_f, r_cout, and r_eq with the use statement.

5.1.2 BIST Embeddings for the TMS32010

One of the first steps in a BIST embedding is to see if the complete collection of modules

is randoin-pattern testable. Alternatively if the number of stimulus points is less than Nex

(see Sertion 2.2.2), then an exhaustive stimulus approach could be used. The combinational

embedding transforms every register input into an observation point and every register

output into a stimulus point. Registers that are not in loops are transformed into direct

connections with the Fan module. The resulting circuit is strictly combinational and thus

the fast fault simulator of 1g3 can be used. The embedding is realized by bracketing the

update statements with the BIST embedding init and finish modules. The embedding is:
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assert( init_comb(i) = 1 );

use Fan in begin
r.X<- 2 ry<y;rm<-m r.s <~ 8; r.cin <~ cin;
r_Xy <~ 2y;
r.cout <~ cout; r_eq <- eq;

end;

use comb_embed n r_f «- f;

finish_comb(1);

The associated vesting script is:

testing

begin
[m,s,cin,x,y,comb_generatorli..comb_index-1]] :-1fsx(1}.// [:]
fault,.simulate(1024#100); /7 2]
write(“gates = ", number_of_gates, " "); // (3]
vrite("cycles = ", nunber_of_cycles, " "); // (4]
write("faults = ", number_of_faults, " "); // (5]
write("exposed= *, number_of_oxposed, "\n"); // (6]
print_non_ezposed; /7 (7]

end.

Line ! of the testing script attaches a minimum cost maximum cycle LFSR pattern generator
to the collection of nets (see Section 3.3.1) on the lefi hand side of the binding operator
“;«”, The LFSR is minimum cost in the sense that the charact~ristic polynomial contains
the minimum number of nonzero coefficients. The table in appendix A of [SK90] is used
to determine the coefficients. The second line directs the simulator to perform a fanlt
simulation with 102400 patterns. The simulator continues for 102400 patterns or until all
the faults are exposed. Lines 3 through 6 print out statistics of the simulation and the
circuit. The variables: number_of_gates, number.o’.:ycles, number_of _faults, and
number_of_exposed are predefined by the simulation system. The last line, line 7, prints

the faults, if any, that are not exposed during the simulation,

The output of 1g3 for this embedding and test script is:

gates = 610 cycles = 7469 faults = 2164 exposed= 2164
Execution Resources: v.82 user 0.13 sys

This result shows that the circuit is 100% random-pattern testable after 7469 cycles.

Also important to note is the run time of 10 seconds?. Since the runtime is quite small, the

3All CPU times report are for a HP 9000 Model 735,
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user could experiment with different stimulus sources to try and reduce the number of test

cycles.

Figure 5.2 shows the architectures of the six different BIST embeddings for the TMS32010
data path. All of the embedding stimulus sources are random (see Section 2,2), since this
circuit is pseundorandom testable. The next state functions of the stimulus sources depend

or. both testing and normal (TN) circuitry and solely testing (T) circuitry.

Figure 5.2 TMS32010 Data Path BIST Embeddings

The E2 embedding realizes the STUMPS (Section 3.5.2) architecture. The code for its

embedding is:
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assert( init_stumps(1) =1 );
use stumps_embed in begin // scan chain 1
rx<-x; ry<y; rm<-m r.s <~ 8; r.cin <~ cin;
end;
use stumps_embed in r_xy <- xy; // scan chain 2
use stumps_embed in begin // scan chain 3
r.f <- £; r_cout <~ cout; r_eq <- &q;
end;
stumps_generator.ctrl( 16 );
stumps_observer( 16 );
finich_stumps(1);

This example follows a style that is common in all the embeddings that use the library
of embedding modules. The init_stumps function sets up the global variables used by
the embedding. If the initialization is successful a 1 is returned. The finish_stumps
module performs any required global connections. Modules stumps_generator_ctrl and
stumps_observau realize the STUMFS stimulus structure and response analysis structure,
The parameter of 16 gives the length of the LFSR and MISR for these structures. The
embedding modules for the other architectures in the library all have an init function and

a finish module.

This embedding has three separate scan chains, where each use statement contain
scan chain. The ordering of the scan elements depends on the update statement ordering. If
only one scan chain is specified, then the LOCST [ABF90, section 11.4.4) BIST a:chitecture
is realized. Each scan chain should partition the kernel into two separate subcircuits.
Increasing the number of scan chains can reduce the maximum scan chain lengih and
therefore decreases the testing time since more test patterns can be applied for a fixed
number of clock cycles. Each additional scan chain only requires an extra EXOR gate in

the response analysis structure.

Instances of the BEST architecture (Section 3.5.3) are realized by the embeddings E3,
E4 and E5. The embedding code for E3 is:
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assert( init_best(1) = 1);
use gen_embed in begin // stimulus source
r.x <~ x; r.y <= y;
r_m<-m; r_s <~ s8; r.cin <~ cin;
end;
use dff_array in r_xy <- xy; // pass through
use misr_embed in begin
r.? <- £; r_cout <~ cout; r.eq <~ eq; // response analysis
end;
finish_best(1);

The gen_embed embedding module transforms the registers r_x, r_y, r_m, r_s, and
r.cin into a minimum cost LFSR and a set of normal mode registers. The registers operate
as a LFSR when the global signal gen_on[i] is asserted, where i is the i-th use statement
with gen_embed as the embedding module. A separate gen_on signal is produced for every
use statement. The r_xy register is not modified. The response analysis structure is
embedded in the registers r_£, r_cout, and r_eq. Since the response analysis structure is a
MISR, care should be taken to ensure that it is large enough to reduce aliasing. In this case
the MISR's length is 18, yielding an aliasing probability of 2-18, Similar to the stimulus
source, a global signal misr.on is created for every use statement with *he misr_embed

embedding module.

The following testing script is used to measure this embedding’s effectiveness.

testing

var
i, cycles : integer;

begin
cycles := 1024#20;
[x,y,m,s,cin] :- seq("0 1");
for i := 1 to gen_on_index-1 do gen_on[i] :- seq("t 1");
for i := 1 to misr_on_index-1 do misr_on(i] :- seq("1 1");
fault_simulate(cycles);
write("gates = ", number_of_gates, " ");
write("cycles = ", number_of_cycles, " ");
write("faults = ", number_of_faults, " ");
write("exposed= ", number_of_exposed, " ");
write("detected= ", number_of_detected, "\n");
print_non_detected;

end.
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Note that the primary inputs are driven to all zeros, they could be driven to any other
value since the BIST mode ignores the primary inputs. The BIST mode control signals

gen_on and misr_on are asserted for the simulation.

Simulating this embedding with 1g3 results in:

gates = 770 cycles = 20480 faults = 2164 exposed= 2164 detected= 2164
Exocution Resources: 7208.06 user 0.1 sys

The last effective vector is at 16309. Thus this embedding achieves 100% fault coverage

after the application of 16309 vectors.

The E4 embedding is the same as the E3 embedding expect the register r_xy is converted
into a MISR during BIST mode. Its embedding code is:

agsert( init_best(1l) = 1);
use gen_embed in begin // stimulus source
r_x <~ x; Ty <= ¥; X
r.m<-m; r_s <~ 8; r_cin <~ ¢in;
end;
use misr_embed in r_xy <- xy; // xy is now a misr
use misr_embed in begin
r_f <- £; r_cout <~ cout; r_eq <~ eq; // response analysis
end;
finish_best(1),
end.

Note that the only difference is in the change of the embedding module from dff_array tc

misr.embed in the second use statement.

The simulation result for the E4 embedding is:

gates = 805 cycles = 10240 faults = 2164 exposed= 2164 detected= 2161
SQ0:T.alul6044.5n74182024.0140361 .£an[2]
S01:T.alu16044.5n74181_nc026.a40322.2an[0]
$01:T.alu16044.sn74181_nc027.ai40322.fan[3]

Execution Resources: 3741.61 user 0.92 sys

In this simulation, the list of faults that are not detected at the 10240 cycle are print~d.
This means that state of the MISRs, at the 10240th cycle, for these faults is identical to




CHAPTER 5. CASE STUDIES 1256

the fault free case and aliasing is present. Aliasing did not occur at the 7809th cycle where
all the faults are detected. In the current version of the 1g3 CAD tool, the parallel faul:
simulator does not stop after all the faults are detected. The simulation times would be

smaller if the simulator stopped after all the faults are detected.

It is interesting to see that embedding of the MISR in register xy results in 100% fault
coverage in 7809 cycles as compared to 16309 cycles when the register is not modified. Two

possible explanations for this effect are:

1. The MISR at register xy increase. the number of nets observed during BIST mode.

2. The input to the ALU contains fewer repeated patterns, therefore allowing more faults
in the ALU to be exposed. Specifically, after 10240 c,.'=s, there are 86% distinct
patterns from the xy register for E4, while E3 only has 48% distinct patterns.

E5 is the final example of a BEST BIST ¢mbedding. It replaces the register xy with
the gen.misr_smbed embedding module. This embedding separates the data path into two
distinct testing units, one consisting of the ALU and another containing the multiplier.

This embedding is the most expensive. Its test effectiveness reported by 1g3 is:

gates = 866 cycles = 10240 faults = 2164 exposed= 2164 detected= 2161
S00:T.alu16044.5n74181_npg028.L(65)
$01:7.alu16044.8n74181_npg028.0[79)
S01:T.alu16044.8n74181_nc025.a40323.fan (3]
Execution Resources: 33790.07 user 3.21 sys

As with the other BEST architectures, 100% fault coverage is achieved. All the faults are

detected at the 6517th test cycle.

The last two embeddings, E6 and E7, implement the CSTP BIST (Section 3.5.5) archi-
tecture. The only difference between the two embeddings is the inclusion or exclusion of
the register xy in the circular test path. The embedding code for E6, which includes the

register xy is:
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assert( init_cstp(1) = 1);
use cstp.scan_embed in begin // only a shifter register
r.x <~ x; r.y <~ ¥;
r.m <~ m; r_s <~ 8; r.cin <~ cin;
end;
use cstp.embed in begin
T.Xy <~ xy; r.f <= £; r_cout <- cout; r_eq <- eq;
end;
tinish_cstp(1);

The E7 code is:

assert( init_cstp(1) = 1);
use cstp._scan. embed in begin // only a shifter register
T.X <~ %; Iy <~ ¥;
r.m<-m; r.s <~ 8; r_cin <~ c¢in;
end;
use dff_array in r_xy <- xy; // pass through
use cotp.embed in begin
r.f <- £; r_cout <~ cout; r._eq <- eq; // proper catp register
end;
finish_cstp(1);

Again note that a different embedding is realized simply by changing the location of the use
statement3. For both of these embeddings two types of CSTP embedding modules are used,
one for registers that are attached to primary inputs and one for the remaining registers.

The primary input registcrs are simple scan registers.

The testing script for both E6 and E7 is:

3A feature not present in the current 1g3 tool, but useful to the designer, is o mechanism to list the

embedding order of the memory elements. This feature allows the designers to verify their embedding.
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testing

var
i, cycles : integer;

begin
cycles := 1024+20;
[x,y,m,8,cin] :~ seq("0 1");
cstp_on :- seq("1 1");
fault_simulate(cycles);
write("gates = ", number_of_gates, " ");
write("cycles = ", number_of_cycles, " ");
write("faults = ", number_of_faults, " ");
write("exposed= ", number_of_exposed, " ");
write("detected= ", number_of_detected, "\n");
print_non_dotected;

end.

The simulation result for E6 is:

gates=800 cycles=20480 faults=2164 exposed=2164 detected=2164
BExecution Resources: 22519.1 user 0.17 sys

One hundred percent fault coverage occurs at the 5606th test cycle.

The E7 result is:

gates=768 cycles=20480 faults=2164 exposed=2164 detected-=2164

Execution Resources: 32774.1 user 4.46 sys
This embedding only requires 3847 test cycles to ackieve 100% fault detection. This is the
best test length.

5.1.3 Embedding Results

Table 5.1 summarizes the embedding simulation test results and each embedding overhead
in gate count and area. The table reports only the faults associated with the kernel (i.e.,
the faults associated with the BIST circuitry are not considered). Reporting only the faults

from the kernel enables the different BIST embeddings to be directly compared.

The OASIS CAD system [MCN90] is used to generate the standard cell layout for

each embedding. The overheads do not include the BIST mode controller, or the circuitry
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to compare the characterized output response with the fault free characterization. The
controller for a STUMPS embedding is more complicated than either CSTP or BEST. A
STUMPS controller must provide a scan phase and a test application phase, in addition to
any initialization and comparison phases. The CSTP and BEST architectures only require:

initialization, test application, and comparison phases.

Table 5.1 TMS320.0 Embedding Results

TMS32010 Data Path faults=2164 gates=666 area=3185800
Architecture | Embedding | Unexposed/ | E/D Cycles Gate Area
Undetected overhead % | overhead %
Combinational El 0/0 7469/- - -

STUMPS E2 in 460000/460000 314 J8.9
BEST E3 0/0 16309/ 16309 15.6 22,0
BEST E4 0/0 7809/7977 20.8 27.3
BEST E5 0/0 6517/6517 28.5 26.8
CSTP E6 0/0 5606/5606 20.1 22.7
CSTP E7 0/0 3847/3847 15.3 19.0

The E1 embedding shows that the circuit is random-pattern testable. Since the com-
binational embedding is used soleiy to check if the circuit is random-pattern testable, no
BIST circuitry is generated and thus no overheads are given. Embedding E5 partitions the
circuit into combinational logic blocks and attaches both pattern generators and output
response analyzers to the inputs and outputs of the kernel. Thus E5 directly implements
E1, with the only difference being that E1 uses one LI'SR as the pattern generator, while
E5 uses two LFSRs.

The lowest overhead and s rtest test sequence is achieved with the CSTP based E7
embedding. E7 having the lowest gate and area overhead is not surprising, since CSTP’s
modifications to the registers are the least, but it having the shortest ‘est length is surprising.
Even more surprising is the fact the E7’s test length is smaller than E6’s test length, since
E6 contains one more CSTP register than E7. Since the CSTP BIST architecture converts
a circuit into an AFSM, the number of states in its test cycle is difficult to predict. Thus




CHAPTER 5. CASE STUDIES 129

a particular CSTP embedding could yield an AFSM with only a small number of -listinct
states and therefore generate an insufficient number of test patterns t. effectively test the
circuit. A multiplier is a circuit whose cycle length can be small. For example, if the initial
state of the circular path contains only one nonzero value, then the initial state repeats
after n cycles, where n equals the circular path length. The counter-intuitive result where
E7’s test length is smallest indicates the need to use simulation to determine effective BIST

embeddings.

The E2 embedding, based on the STUMPS architecture, has the worst overhead and
test time. One fault remained undetected after 460000 cycles. The last effective test cycles
occurred at cycle 154578. In principle, this fault should also be detectable, if the: number
of simulation cycles is increased. The time can be directly attributed to the scan phase of
the BIST mode. The area overhead comes from the fact that in scan each memory element
contains a MUX to switch between normal, and scan mode, while memory elements in
CSTP and BEST only require an EXOR gate and an AND gate (see Section 3.5). Also

separate pattern generators and response analyzers are required.

Ranking the embedding according to increasing test length gives: E7, E6, E5, E4, E3
and E2. The ranking based on decreasing gate overhead is: E7, E3, E6, E4, E5 and E2.
Using decreasing area overhead yields: E7, E3, E6, E5, E4 and E2. Another interesting
result fre .n Table 5.1 is the variation of gate overhead with area overhead between E4 and
ES. While there is a good correlation between gate overhead and area overhead, some CAD

systems place and route subsystems can produce results that invalidate this correlation.

The number of test cycles required for a particular embedding can depend on the map-
ping of registers to BIST structures. For example, the embedding order of the x, y, m, s,
and cin registers in the E5 embedding results in difierent test lengths. The embedding
order depends on the textual occurrence of the binding or use statements. The following

embedding statement from E5:




CHAPTER 5. CASE STUDIES 130

use gen_embed in begin
rx<d-x;r.y< vy
r.m<-m; r_s <~ 8; r.cin <- cin;
end;

is equivalent to:

gen_embed((x,y,m,s,cinl, [r_x,xr_y,r_m,r_s,r_cinl);

The register variables are grouped according to their associated use statement occur-
rence. Thus a different ordering can be achieved by reordering the use statements, For
example, the following reordering:

use gen_embed in begin
r.m<-m; r.8 <~ 8; r_cin <- cin;

rx <% ry <~y
end;

results in:

gen_embed([m,s,cin,x,y], [r_m,r_s,r_cin,r_x,xr_yl);

Since the memory elements for the LI'SR created by the module gen_embed are gener-
ated in order of their occurrence in the input array, reordering the input array can result in

different test patterns being applied to the circuit and ther»fore different faunlts are exposed.

Table 5.2 shows the effect of varying the use statement order for the x, y, m, 8, and cin
registers in E5 on the number of cycles necessary to detect all of the faults. Note that the

number of test cycles varies significantly.

In trial 2 of Table 5.2, the simulation limit of 20480 cycles is reached without detecting
all the faults. Trails 3 and 4 require exactly the same number of test cycles. This behaviour
is expected, since the circuitry attached to x and y is identical, and the LFSR produced by
gen_embed contains no internal taps for the x and y partitions, therefore the identical test

patterns are applied to the x and y circuitry.
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Table 6.2 E5 Ordering Trials

Trial Ordering Cycles
1 X, y, m, 8, cin 6517
2 |y, m, s, cin, x | 20480 1 undetected
3 |m, s, cin, 2, ¥ 12239
4 |m, s, cin, y, 2 12239

5.1.4 Summary of the TMS32010 Daia Path Case Study

The following points summarize the results for the TMS32010 data path case study:

e Only simple changes in the Logic III(UVic) design sources are required to generate
many different BIST architectures. In Logic III(UVic), a BIST embedding is specified
by the embedding modules and the arrangement of use statements. Thus with part
of the library of embedding modules, six different embaddings are generated for the
TMS32010 data path by choosing embedding modules and s-lecting the statements

enclosed by the use statements.

o As indicated by the execution times, particular BIST embeddings are evaluated with
the 1g3 tool in 1 to 5 hours of CPU time on a RISC based workstation. The speed of
the evaluation easily allows many different BIST architectures and variations of those

architectures to be examined.

o All of the BIST architecture examined for the TMS32010 data path achieve a fault
coverage of 100%. It is difficult to predict the number of test cycles required by any one
embedding. This difficulty is illustrated by the CSTP BIST architecture embedding
E7 which requires the fewest test cycles. A general analysis of CSTP indicates that
it should require more test cycles than a BEST BIST architecture. This difficulty

indicates the need to perform fault simulations.

o The architecture with the smallest overhead and fewest number of test cycles is em-

bedding E7.
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o For the TMS32010 data path, Logic III("jVic) and the 1g3 tool allow the design space

of BIST embeddings to be easily and effectively explored.

5.2 The CORDIC Case Study

In this section, a circuit that implements the CORDIC [Hwa70] technique is examined as the

second case study. This case study also considers how a more intrusive embedding approach

can realize greater savings. Unlike the TMS32010 data path, this circuit is a complete and

independent vnit. The CORDIC design contains both a data path and a controller. The

Logic III(UVic) code for the processor is parameterized to generate a processor where the

word length can be set to any value between 4 and 29 bits. See Appendix D for the complete

listing of the CORDIC design.

Figure 5.3 CORDIC Modules
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The CORDIC technique calculates the following mathematical functions : sin, cos, tan,
square root, multiplication, and division using an iterative algorithm. It is implemented us-
ing oniy shifters, adder/subtractors, and registers. Figure 5.3 shows the high level structure

of the CORDIC implementation.

Psendo code with C-Language syntax for the CORDIC algorithm is shown in Figure 5.4.
In the pseudo code, the X, Y, and Z registers (see line 2) are loaded via the primary inputs
z.in, y-in, and z_in (see line 5). Strobing the S (Start) primary input initiates a computation
(see line 4 - while loop). The LC (Linear/Circular) and RV (Rotate/Vector) inputs control

the type of computations performed.

Figure 5.4 Pseudo-code for CORDIC Algorithm.

(1) inputs x_in, y.in, 2_in, LC, RV, S;
(2) register x[0:7],y(0:7],2(0:7];
(3) outputs %,y,2;

(4) while( S !1= 1)

(6) x = x_in; y = y.in; 2 = 2_in; // load the registers

(6) 2for(i=0; i <= 6; i++){
(7) op = Rvay(7] | ("RV)&("2[7]); // data_controller
(8) t20 = y>>i;

(9) ty0 = x>>i;

(10) t20 = table(i, LC);
(11) negate(op,tx0,tx1);
(12) negate(“op,ty0,tyl);
(13) negate(op,tz0,t21);
(14) if (VLC ) x += tx1;
(16) y += tyi;

(16) 2 4= t2i;

The Logic III(UVic) description of the CORDIC processor is given in Figure 5.5. The
word size of the processor depends on the size of the x_load parameter. The comments
in the module’s body are used as tags to refer to the binding statement for the BIST

embeddings.
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Figure 5.8 Logic III(UVic) Code for CORDIC Algorithm

net_module cordic(
start,rv_mode,lc_mode: input;

z_1d
y.load, 2_load
x_acc,y_acc,2_acc

const

var

left_sh = 1

: arrny ] of input;
: array [x_1ld‘first..x_ld’'last] of input;
: array [x_ld‘first..x_ld‘last] of ontput);

right_sh = z_1d'size-1;

shift_sel :
%z.sh,y_sh,2_table :
x.md,x_hd,x_1d
y.md,y_hd,y.1ld :
2_md,z_hd,z_1d :
X_Y,y.r,2.Tr :
st_r,rv_r,le.x :

begin
accumulator( x_md, x_hd, x_1ld, x_r, x_sh, x_acc); // mod.x
arithmetic_shifter( left_sh, right_sh, y_acc, shift_sel, x_sh);

end.

array [ -left_sh..right_sh ] of node;
array [x_1d'first..x_ld'last]) of :rode;

: node

node ;
node ;
array [x_ld‘first..x_)d'last] of reg;
reg;

accumulator( y_md, y_hd, y.ld, y_r, y_sh, y.acc); // mod. y
arithmetic_shifter( left_sh, right_sh, x_acc, shift_sel, y.sh);

accumulator( z_md, z_hd, 2_1d, z.r, 2_table, z_acc); // mod.2
cordic_table (left_sh, lc.r, shift_sel, z_table );

cordic_controller( st_», rv_r, lc.-,
y-accly_acc‘last], z_acclz_acc'last], shift_sel,
x_md, x_hd, x_1d, y_md, y_hd, y_.1d, 2_md, 2_hd, 2_1d ); // mod_c

st.r <~ start; rv.r <~ rv_mode; lc_r <~ lc_mode;
X.r <~ £.1d; y.»x <~ y.load; z_r <- z_load;
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The sequential contrcller, ¢, waits for the start strobe, controls the iterations and
maintains the index value i. Sh; anrd Sh, perform the arithmetic right shift operations.
The sequential controller is described by the Finite State Machine (FSM) depicted in Fig-
ure 5.6. The negations and additions are done by an adder/subtractor (+/-) unit. The

data centiroller determines whether the operation performed is an add or a subtract.

Figure 5.6 CORDIC Sequential Controller FSM.

The arithmetic right shifter, called arith shifter, uses a gate-level barrel shifter in
this construction. The n_add_sub module (for the additions and subtractions) is created
with a linear array of full bi. adders. Subtraction is implemented by an array of XOR gates
attached to one of the adder’s inputs. This realizes a one’s complement. The two’s comple-
ment is obtained by setting the carry in of the least significant bit to 1 (i.e., complement

and increment).

5.2.7 BIST Embeddings for the CORDIC processor
5.2.1.1 Standard Architectures

The strategy to embed BIST into the CORDIC processor is similar to the TMS32010 data
path. First, the individual modules are stimulated with pseudorandom sequences to check

the testability of each module.

A simulation of the cordic.table module where the word size equals 8 yields the

following redundancies:
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S01:T.cordic_tableQ131.20i220113<0>.fan[3]
S01:T.cordic_table@131.20i220113<1>.fan[3]
S01:T.cordic_tabled131.a0i220113<2>.fan(3]
S01:T.cordic_tableQ131.a0i220113<3>,fan[3]
$01:T.cordic_tabled131.20.220113<4>.fan[3]
S01:T.cordic_table@131.a0i220113<6>.fan(3]
S01:T.cordic_table@131.a20i220113<6>.fan[3]

These nets appear in the following fragment:

i1 ( lc_md, lc_md_bar );
for i := cir‘first to cir‘last do begin
a0i22( cirlil, lc_md_bar, lin[i), lc_md, z_table_bar[i] );
// ~ 801
i1( z_table_bar[ij, z_tablel[il)
end;

The logic driving the cir[i] and 1in[i] produces the same values, therefore a stuck-

at-one fault at lc_md is not detected.

Once any redundancies are removed or marked with the faults_off statement from
the component modules the entire CORDIC processor is transformed into a comnbinational

circuit with the comb_embed and tested with a pseudorandom sequence.

The combinational embedding is accomplished with the addition of the following code to
the code in Figure 5.5. The word size is set to three for this simulati~:: .1 ciable exhaustive

simulation of the control circuitry.

// cordic net_module header
begin
assert( init_comb(1) = 1 );
use comb_embed in begin
// body of the cordic net_module
end;
finish_comb(1);
end.

The *esting script is:
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testing

var
cycles : integer;

begin
cycles := 67108864; //2°26
(st, rv, 1lc, %, ¥, 2] :- seq("0 i");
comb_generator(i..comb_index-1] :~ zlfsr(1);
fault_simulate(cycles);
write("gates= ", number_of_gates, " ");
write("cycles= ", number_of_cycles, " ");
write("faults= ", number_of_faults, " ");
write("exposed= ", number_of_exposed, " ");
write("detected= ", number_of_detected, "\n");
print_non_exposed;

end.

This testing script is almost identical to the one used in the TMS32010 data path combina-
tional embedding. This similarity suggests that a macro facility for common testing scripts
sl ‘id be added to the testing language. The primary inputs are again bypassed by the
en. .edding, and therefore can be driven to any value. The simulation result is:
gates=137 cycles=67108864 faults=436 exposed=434 dciected=0
S01:T.cordic0273.cordic_controller0245.cor_seq._controller@87.a2068.2an[1]
Execution Resources: 4895.57 user 1.42 sys
Note that the PPSFP algorithm only report the exposed faults, thus the number of
detected faults is 0. The code for the unexposed fault is:
a2( s0_, statel1], load);
// * 801
The inability to expose this fault can be attributed to the poor observability of the load
line. The above simulation showed an exhaustive simulation, careful analysis of the circuit
could also be used to prove the fault’s undetectablity. Another technique is to use an ATPG
program to see if a test could be generated for the fault. The user can get the system to

ignore the problem by removing that fault from the fault list by adding:

faults_off statel1];
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to the module’s header. Alternatively, the user could improve the observability of 1oad line.

The strategy chosen for this case study is to remove the fault.

Since the CORDIC processor is pseudorandom testable, the BEST and CSTP BIST
architectures are examined in the following embeddings. A CSTP based BIST embedding,

C2, is specified with:

begin
use cstp.embed in begin

accumulator( x_.md, x_hd, x_1d, x_r, x_sh, x_acec); // mod-x
arithmetic_shifter( left_sh, right_sh, y.acc, shift_sel, x_sh);
accumulator( y_md, y_hd, y.ld, y_.r, y_sh, y.acc); // mod-y
arithmetic_shifter( left_sh, right_sh, x_acc, shift_sel, y_sh);
accumulator( 2.md, z_hd, z_1d, z_r, z_table, z_acc); // mod-2
cordic_table (left_sh, lc_r, shift_sel, z_table );

cordic, convrollexr( st_r, rv.r, lec_r,
y_ac.{y_acc‘last], z_acc[z_acc‘last]), shift_sel,
x_md,x_hd,x_1d,y_md,y_hd, y_1d4, z_md, 2_hd, 2_1d ); // mod-c
end;

use c¢stp.scan_embed in begin
st_r <- start; rv_r <- rv_mode; lc.r <~ lc.mode; // upd-m
x_r <~ x_load; y_r <- y_load; z_r <~ z_load; // upd-d
end;
end.

An equivalent way of describing this embedding is to specify which modules are contained
in the body of the use statement with the embedding module, MODULE. This description

is given in Table 5.3.

Table 6.3 C2 CSTP BIST Embedding

C2 CORDIC Processor Embedding
Fmbedding | Architecture | Embed. Modules | Modules
C2 CSTP cstp_embed mod-x, mod-y, mod-z, mod-¢
cstp_scan_embed | mod-¢, upd-m, upd-d

The simulation results for this embedding is:
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gates=636 cycles=4086 faults=1394 exposed=1364 detected=1303
S01:T.cordic017.cordic_controller®4i.cor_seq_controller@89.a2064.fan(1])
Execution Resources: 1969.78 user 1 sys
The other embedding trials are described in Table 5.4. Embedding C3 modifies C2
by removing the y accumulator register from the test path (i.e., the y accumulator register
operates in normal mode during the test). Embeddings C4, C5, and C6 all realize versions of
the BEST BIST architecture. In C4, all the combinational logic is partitioned and tested by
geparate pattern generators and response analyzers. Embedding C5 also uses the response
analyzer MISRs as pattern generators for the accumulators. C5 is modified to produce C6

by using the y accumulator register as a normal mode register.

Table 5.4 CSTP and BEST BIST Embeddiggs

More CORDIC Processor Embeddings
Embedding | Architecture | Embed Modulez | Modules
C3 CSTP cstp.embed mod-x, mod-z, mod-c
ct "p_scan_embed | upd-m, upd-d
C4 BEST gen_misr_embed | mod-x, mod-y, mod-z, mod-c
gen_embed upd-m, upd-d
C5 BEST misr_embed mod-x, mod-y, mod-z, mod-c
gen_embed upd-m, upd-d
Cé BEST misr_embed mod-x, mod-z. mod-c
gen_embed upd-m, upd-d

Table 5.6 CORDIC Embedding Results

CORDIC Processor faults=1336 gates=489

Architecture | Embedding | UnE/UnD | E/D Cycles | Gate Overhead %
Combinational C1 0/0 4881/- -
CSTP C2 0/0 974/974 28.9
CSTP C3 0/0 3442/3442 25.6
BEST C4 0/0 760/769 49.0
BEST C5 0/0 630/630 30.0
BEST C6 0/0 18136/18136 26.4
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Table 5.5 gives the simulation results of the CORDIC embeddings. Embeddings C2
through Cé for the CORDIC processor achieved 100% single stuck-at fault coverage. The
number of test cycles required for the embeddings varies from 630 to 18136 cycles. Unlike the
TMS32010 data path embeddings the number of test cycles required for each architecture
more closely matched their expected ranking. That is, the BES'T architecture should require
fewer test cycles, since the pattern generator is independent of the functional circuitry, and
always produces distinct test patterns. This effect of longer test cycles is also present in
embedding C5 and C6 where a MISR acts as a pattern generator. It is interesting to note
that the overhead of the CSTP embedding C3 is very close to the overhead of C6. This
shows that while CSTP is a cheap embedding, the BEST architecture can be competitive
in overhead. Since BEST embedding partition the design into combination sections, the

PPSFP fault simulation algorithm can be used to determine the fault coverage.

5.2.2 Effect of the BIST Generator’s Seed

The default initial state for the memory elements used in the CSTP and BEST embedding
modules is the all ones state. The test length required to achieve a certain fault coverage
depends on the state sequence of the BIST stimulus source and the state sequence depends
on the initial state of the BIST stimulus source. The initial state for the BEST and CSTP
embedding modules is controlled by the argument to the respective initialization functions,

init_best and init.cstp.

The argument affects the initial state in the following way:

4
all zeros n=0
all ones n=1
state = ¢ .
i in first memory element n=2
| 1in every nth memory element n > 2

Thus an argument of 4 causes every 4th memory element to be initialized to 1, the

rest are initialized to 0. The results for an argument of » = 0 to » = 16 for the CSTP




CHAPTER 5. CASE STUDIES

embedding, C2 and the BEST embedding, C4 are given in Table 5.6.

141

Table 5.0 Lffect of the Seed on Test Length

n|C2-CSTP | C4~- BEST
1 974 769
2 619 596
3 935 563
4 1292 551
5 657 519
6 520 450
7 1873 924
8 1062 423
9 573 391
10 1679 748
11 634 636
12 448 800
13 646 685
14 495 923
15 689 591
16 698 582
avg=862.12 | avg=410.45
std=410.45 | std=157.63
min=448 min=391
max=1873 max=924

The average and standard deviation for the two embeddings show that the effect of

the seed on the test length is more pronounced for the CSTP einbedding, than the BEST

embedding. The ratios of the maximum to minimum test leugth of 4.2 and 2.4 for CSTP

and BEST embeddings shows that the initial seed is important in determining test length.

Therefore having the ability to easily experiment with different initial seeds can result in a

reasonable savings in test time,
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5.2.3 Intrusive Embeddings

The preceding embeddings incorporate BIST by augmenting the registers present in the
design. A more intrusive embedding can be used to reduce the area and performance
overheads of a BIST embedding. In this context, intrusive means that the design is analyzed
in greater detail to see if parts of the functional design can be co-opted. Also extra logic

can be added to facilitate the embedding,.

During the CORDIC computation onlv the state of x and y accumulators affect the
next state, thus with the exception of the initial loading phase the processor is an AFSM
(Autonomous Finite State Machine). By disabling the load phase, the following three
embeddings transform the CORDIC processor into an AFSM for testing purposes. The
code for embzdding C7 is given in Figure 5.7.

The three additional AND gates disable the loading logic during test mode. Thesr
additions reduce the embedding cost since pattern generators do not have to be placed on
the x_load, y_load and z_load data load lines. The price paid for a cheaper embedding
is the inability to test the data load lines during BIST mode. Note that these lines can be
casily tested by a system level test which loads data into the CORDIC processors.

The control lines start, rv_mode, and lc_mode still require a pattern generator to be
attached. The use statement with the gen_embed embedding module creates this pattern
generator. The n_buf embedding module simply creates buffers (i.e., no memory clements)
for the x_load, y_load, and 2_1oad lines. A CSTP architecture is still inserted into the x,

y, and z accumrlator registers.

The simulation results for embedding C7 are:
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Figure 5.7 Intrusive BIST Embedding for CORDIC

begin

assert( init_cstp(1) = 1 );
assert( init_best(1) = 1 );
use cstp.embed in begin

end;

cordic_controller( st .x, zv.r, lec_r,

y.acc[y_acc‘last], z_acc[z_acc'last], shitt_sel,

x_md, x_hd, x.140, y.md, y.hd, y.1d0, z_md, z_hd, 2_.1d40);
a2(test, x_.1d0, x_1d); // NOTE: the test specific logic
a2(test, y. 140, y_1d);
a2(test, 2.140, 2_14);

accumulator( x_md, x_hd, x_ld4, x_r, x_sh, x_ace);
arithmetic_shifter( left_sh, right_sh, y_acc, shift_sel, x_sh);

accumulator( y_md, y_hd, y_1d, y.r, y.sh, y_ace);
arithmetic_shifter( left.sh, xight_sh, x_acc, shift_sel, y_sh):

accumulator( z_md, 2_hd, z_1d, 2.r, 2_table, 2_acc);
cordic_table (left_sh, lc_r, shift_sel, z_toble );

use gen_embed in begin

end;

at_r <~ start; rv_r <~ rv_mode; lc.r <~ lc_mode;

use n_buf in begin

end;

x.r <~ x_load; y.r <~ y.load; z2.r <~ 2. load;

tinish_cstp(1);
finish_best(1);

end.
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gates=686 cycles=512 faults=1297 exposed=1270 detected=1270
S01:T.cordic@78.accumulator@4l . n_mux20397.sel_bar
S01:T.cordic@78.accumulator®ss.n_mux203907.sel_bar
S01:T.cordic@78.accumilator@4? . n_mux20367.sel_bar
S01:T.cordic078.accumulatordsdl . n_muz20397.a01220233<0>. fan1]
S01:T.cordic078.accumulator0sdi .n_mux20397.a01220233<1>.fan[1]
$01:T.cordicQ78.accumulator@4i.n_mux20897.204220233<2>.2an[1]
S01:T.cordicQ78.accumulatord4?7 . n_mux20307.a01220233<5>,fan[1]

S01:T.cordicd78.accumulator0a?.n_mux20397.201220233¢<6>.fan[1]
S01:T.cordic@78.accumulator047 . n_mux20397.201220233<7>.fan[1)
Execution Resources: 140.71 user 0.17 sys

With the exception of the load logic, 100% single stuck-at fault coverage is achieved.

The CSTP BIST embedding is removed from the x and y accumulator registers of C7 to
realize the C8 embedding. This is a good example of the idea that, “No BIST, Is the best
BIST!” In order words, some circuits can be configured as AI'SM without the addition of
any testing circuitry, and still achieve a good self test. This embedding illustrates the ability
of the 1g3 CAD tool to determine the test effectiveness of alternative BIST architectures.
The C8 embedding also achieved 100% single stuck-at fault coverage. An alternate to C8
consisting of removing the CSTP mode from the z accumulator, but this results in reduced

fault coverage.

Embedding C9 is similar to C8, where the only difference is that a BEST BIST archi-
tecture is embedded in the z accumulator and the control logic. Again, 100% fault coverage

is achieved.

A summary of the test effectiveness results for C7, C8, and C9 is given in Table 5.7. The
gate overhead is reduced to 19.1% for the intrusive approach, as compared to 25.6% for the
previous embeddings. Curiously, the number of test cycles is also better for the intrusive
approach in this case. This again stresses the impertance of simulation in attempting to
realize good BIST embeddings.
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Table 5.7 Intrusive CORDIC Embedding Results

CORDIC Processor faults=1297 gates=465

Architecture | Embedding | UnE/UnD | E/D Cycles | Gate Overhead %
CSTP,BEST C7 37]27 4317431 22.6
CSTP,BEST C8 27/27 480/480 19.1

DBEST CY 27/27 238/238 19.8

5.2.4 BIST Embedding Robustness

The ability of this CORDIC description to generate CORDIC processors with different word
sizes can be used to test how effective a particular BIST embedding is when the circuit’s
logic is changed. The effect of modifying the logic on a BIST embedding’s test effectiveness
can be used as an indication of how robust a particular embedding is to change. Ideally,
a small change in the logic should not affect the embeddings achieved fault coverage. Of

course, some changes to digital circuits can result in huge losses in fault coverage.

BIST embeddings based on exhaustive and pseudoexhaust.ve architectures are ..ot af-
fected by changes in the circuit’s logic. It is difficult to predict the test effectiveness of the
random pattern generation architectures, since the test stimulus is based on pseudorandom
sequences. The greatest effect should be observable on the deterministic architectures, since
a test pattern set is created for a particular version of the circuit and any changes to the

circtiit can require a new test set,

Table 5.8 shows that all the CORDIC processors where the word size varies form 4 to
29 achieved 100% single stuck-at fault coverage with the comlinational embedding (i.e.,
embedding C1). Since 100% fault coverage is achieved on all designs, vi:ic indicates, at least
for the CORDIC processor, that any non-deterministic BIST architecture should be robuat.
The results can also be used as a data point to justify the claim that the functional design can
be modified after a BIST embedding, without » !versely affecting the BIST embedding test
effectiveness. The number of test cycles required to achieve 100% fault coverage increases

slightly with word size, but still follows no pattern.




CHAPTER 5. CASE STUDIES 146

Table 5.8 comb.embed for CORDIC where n = 4---29

188 595 1839 ji 17 1 1295 | 3607 | 3547
237 758 410 || 18 | 1414 | 3906 | 33629
300 941 689 (| 19 | 1543 | 4220 | 40488
363 | 1128 689 || 20 | 1682 | 4548 | 04802
432 | 1336 | 4881 (| 21 | 1831 | 4890 1599
499 | 1539 | 9271 | 22| 1982 | 5240 | 47503
580 | 1760 | 1208 [ 23 | 2139 | 5602 | 44592
11 671 | 1995 1672 || 24 | 2294 | 5965 | 2560
12 760 | 2233 | 9825 {25 | 2453 | 6336 | 8453
13 855 | 2482 | 9885 [ 26 | 2616 | 6717 | 4596
14 952 | 2738 | 17348 || 27 | 2781 7104 | 82515
15 1051 | 2999 | 1613 | 28 | 2948 1 7497 | 59466
16 | 1190 3326 | 24030 (| 29 | 3117 | 7898 | 56u4

Gates | Faults Cycles” n | Gates | Faults | Cycles

—
[ =RV~ BEN Y S N

The test effectiveness results for the CORDIC processor *ith the word size set to 16 for
embeddings C2 through C6 are given in Table 5.9. The success of detecting all the faults by
the combinational embedding, again indicates that the random BIST architectures should
also be successful. The results from Table 5.9 show that all the embeddings achieve 100%

fault coverage. These results provide evidence for the robustness assertion,

The BIST embedding gate overhead for the 16-bit CORDIC processor of Table 5.9 is
less than the overhead for the 8-bit CORDIC processor of Table 5.5. This decrease is due
to the increase of the ratio of combinational logic to memory element logic. Since these
embeddings only augment the memory elements, a proportional smaller amount of BIST

specific logic is added to the circuit.

The conjecture that bigger circuits should require more test cycles to achieve the same
level of fault coverage does not hold for the C6 embedding of the 8- and 16-bit CORDIC
processors. The 16-bit C6 embedding requires fewer test cycles than the 8-bit C6 embedding.

Another discrepancy between the 8-bit and 16-bit embeddings is the relationship be-

tween the test cycles of C5 and C4. In the 8-bit case, C4 requires fewer cycles than C5,
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while the converse is true for the 16-bit case,
Table 5.0 CORDIC Embedding Results

16-bit CORDIC Processor faults=3326 gates=1296_
Architecture | Embedding | UnE/UnD | E/D Cycles | Gate Overhead %
CSTP C2-16 0/0 2109/2109 20.3
CSTP C3-16 4/4 | 18612/18612 17.8
BEST C4-16 0/0 6061/6061 334
BEST C5-16 0/0 2511/2511 20.6
BEST C6-16 0/0 8071/8071 18.1

The results of this section demonstrate that BIST embeddings can still be effective even

after modifying the functional circuit.

8.2.6 Summary of the CORDIC Case Study

A summary of the resuits of the CORDIC case study are:

o The gate overhead of 25.6% for the C3 embedding and gate overhead of 26.4% for
the C4 embeddings are very close. Since embedding C3 uses the CSTP architecture
and embedding C4 uses the BEST architecture, the closeness of their gate overheads
suggest that BEST architecture can sometimes be competitive with the CSTP archi-
tecture. The BEST architecture allows a faster fault simulation algorithm to be used,

thus reducing the design costs.

e The CSTP embedding, C3, requires 5.27 times fewer test cycles to achieve 100% fault
coverage than the BEST embedding, C5. This result again shows the advantage of

using fault simulation to measure an embeddins’s test effectiveness.

e For the CORDIC circuit, Table 5.6 shows that changing the seed values affects the
test length of the CSTP architecture more than the BEST architecture. A possible
reason for this result is that fact the next state function of the CSTP architecture is

nonlinear, while the BEST next state function is linear.
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¢ The intrusive embeddings (7, C8, and C9 all achieve lower gate overheads than the
embeddings C1 through C6 which only modify the registers. These embedding show
that for som= civcuits a BIST mode can be realized by configuring the functional
circuitry as an autonomous finite state machine. This approach has a nice maxim:

“No BIST, Is the best BEST!"

e The simulation study of varying the word size for the CORDIC and using the same
BIST architecture shows that random pattern generation BIST embeddings can be

robust with respect to circuit changes.

5.3 Greatest Common Divisor Case Study

5.3.1 GCD Design

This case study is based on the common high level synthesis benchmark of computing the
GCD (Greatest Common Divisor) of two positive integers. Buclid’s algorithm is used. The
remainder operation is implemented by repeated subtraction. The block diagram shown in
Figure 5.8 gives the data path part of the GCD circuit. The circuit is composed of two n-bit
3-to-1 MUXes, two n-bit registers, two n-bit zero checkers (i.e., multi-input NOR. circuit)

and one n-bit subtractor.

The GCD circuit’s operation is described by the following C code. swap exchanges the
contents of the two registers.

while( !start )

finish = 0;
XT %X yrey;

vhile( (x_r-y_r) != 0 8& y_r !=0 ){
if(xr>yr)zrs=zxrxr-y.r;
else swap(x_r,y.r);

}

it (yr==20)
y.reg = x.reg;

finish = 1;
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Figure 5.8 GCD Circuit Bivck Diagram
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The state diagram that implements this algorithm is given in Figure 5.9. The most
significant borrow of the subtractor is used to test if x_.r > y_.r. The values on the x and
y lines are loaded into the respective registers when the start line goes high. The y_r

contains the GCD of the values initially loaded into the ¥_r and y_r registers.

Eigure 5.9 GCD Controller

sub=0/- x >y /subtract
y=0/x—2y

s
b start/load

X < y/swap

The top level Logic 1II(UVic) code is:

net_module gcd( start : input;
x : array [] of input; y : array [x‘first..x‘last] of input;
xy.ged : array [x'first..x'last] of output; notbusy : output; );
var
x.r, y_r : array [x‘first..x‘last] of reg;
x_r_in, y_r_in : array [x'first..x‘last) of node;
xy.sub : array [x‘first..x‘last] of node;
xs, x1, %w : node; // s - Subtractor, 1 - Load, w - sWap
yh, yl, yw : node; // h - Hold, 1 - Load, w - sWap
zero0, zerol, zero, x_1lt_y : ncde;
i . integer;
begin
mux3_array(xy_sub, x, y_r, xs, x1, xw, =x_r_in);
mux3_array(y.r, y, x_r, yh, y1, yv, y.r._in);
for i := x‘first to x'last do x_r(i) <- x_r_in[i];
for i := x‘first to x‘last do y_r[il] <- y_r_in[i];
subtractor( x_r, y.r, xy_sub, x_1t_y);
Nor( xy_sub, zero0);
Nor( y_r, zerol);
02(zero0, zeroi, zero);
ged_controllss(start, zero, zerol, x.1t.y,
48, X1, xv, yh, yl, yu. notbusy);
connect( y_r, xy_ged);
end.
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5.3.2 BIST Embedding for GCD

The combinational embedding, comb_embed, is again used to determine how effective pseu-
dorandom sequences are as test patterns for the GCD circuit. The embedding results for
the GCD circuit where the word size varies from 4 to 32 bits is given in Table 5.10. The

maximum number of simulation cycles is set to 1048576,

Table 5.10 GCD Combinational Embedding (G1) Results

Word Size | Gates | Faults | Exposed(un) [ Cycles

4 52 283 283(0) 202
6| 74| 415 415(0) 376
8| 92| 543 543(0) | 1495
10 118| 679 679(0) | 14354
12| 136| 807 807(0) | 14202
14| 154] 935 935(0) [ 113695
16| 172| 1063 1063(0) | 445376
18| 198 | 1199 1193(6) | 1048575

20| 224 1335 1311(24) | 1048576
22| 242 | 1463 1426(37) | 1048576
24| 260 1591 1566(25) | 1048576
26| 278| 1719 1682(37) | 1048576
28 | 296 | 1847 1782(65) | 1048576
30| 314| 1975 1925(50) | 1048576
32| 332| 2103 2066(37) | 1048576

For GCD circuits with word size greater than 18, the pseudorandom sequence with
220 patterns is unable to expose all faults in the circuits. The unexposed faults all occur
inside the zero detector (i.e, the NOR circuit). Note that all other faults are testable by a
pseudorandom source. The faults in the NOR logic are not caused by redundant logic, but

by the testing difficilties of wide NOR circuits.

Specifically, the stuck-at-0 faults on the NOR gate inputs can only be exposed with
one pattern. Exposing the stuck-at-0 fault at input i of an n-input NOR gate requires the

pattern (0y,02,+++,1;,+++,0,-,0y). Thus the stuck-at-0 fault for a n-input has a probability
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of 1/2" of being exposed (assuming a probability of .5 for any input being 1). Also, the
stuck-at-1 fault on any input or output of the NOR circuit, can only be exposed with the
all zeros pattern. For large n, the prob:bility of the BIST stimulus source penerated these

pattern is negligible.

The designer of an embedding has several options to improve the testability of the large
NOR circuits:

o Assuming the NOR circuit is implemented as a tree, add a BIST mode that converts

some of the internal OR gates into EXOR gates.
o Use a weighted pseudorandom sonrce as the stimulus source.

o Use a deterministic stimulus source,

A three-input circuit with an AND-OR-INVERT gate and two NAND gates can be used
to realize both a NOR gate and an ’XNOR gate. NOR and NAND gates can be used in
construction of a wide NOR circuit. The Logic 1II(UVic) code is:

net_module ex_nor(x,y,c : input; o : output);
var

X.,y. : rode;
begin

ai2(c,x, x.);

ai2(e,y, y.);

a0i22(x,y_, %X_,¥, 0);
end.

The NOR circuit in this design is composed of a tree of two-input internal gates, and
two-input to four-input NOR gates connected to the NOR circuit inputs. One BIST ap-
proach is o convert the internal nodes into ex.nor and ex._nand gates. The result of
changing the NOR circuit to a Bisted_-NOR circuit and repeating the combinational em-
bedding simulations is given in Table 5.11. The faults undetected during BIST mode are

disabled (e.g., the c input of the ex_nor gate).
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Table 5.11 GCD NOR with a BIST mnde Embedding (G2) Results

Word Size | Gates | Faults | Exposed | Cycles

4 52 283 283 202
6 78 435 435 697
8 96 563 563 | 2027
10 130 739 739 406
12 148 867 867 515
14 166 995 995 | 2600

16 184 | 1123 1123 | 6696
18 218 | 1299 1299 923
20 262 { 1475 1475 810
22 270 | 1603 1603 | 1209
24 288 | 1731 1731 | 11540
26 306 | 1859 1859 | 10667
28 324 | 1987 1987 | 1701
30 342 2115 2115 | 1517
32 360 | 2243 2243 | 22035

Note that all of the faults are exposed in the GCD circuit with the modified NOR
circuits. The test length is also considerably smaller for the GCD circuits with a word size

greater than 10, The gate overhead varies from 5% to 8.5%.

The embedding of a weighted BIST stimulus source is identical to that of the combina-
tional embedding with the exception that the stimulus source has a different output weight
distribution. Table 5.12 presents the test effectiveness results for the CGD circuit with a
weighted LFSR stimulus source. The outputs of the x_r and y_r registers are driven by a
LFSR stimulus source where the probability of producing a 1 is 0.25 for all of the outputs

except the output in position 2. Position 2’s probability of producing a 1 is 0.5.

'The stuck-at-0 fault associated with the third input to the NOR circuit connected to
the y_r register is unexposed in this BIST embedding with 1048576 patterns. The results
reported in Table 5.12 do not consider this fault. This embedding achieved 100% fault
coverage for the remaining faults for all of the GCD circuits, excluding the GCD ('rcuits

where the word size is 28 and 30.
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Table 5.12 GCD Weighted Pseudo Random Embedding (G3) Results

Word Size | Gates | Faults | Exposed(un) | Cycles
4 58 284 284 761
6 84 416 416 842
8 106 544 544 999

10 136 680 680 1848
12 158 808 808 1514
14 180 936 936 26263
16 202 1064 1064 17031
18 232 1200 1200 30921
20 262 | 1336 1336 41289
22 284 1464 1464 | 141623
24 306 1592 1592 | 105607
26 328 1720 1720 78087
28 350 1848 1840(8) | 1048576
30 372 1976 1968(8) | 1048576
32 394 2104 2104 | 368591

An embedding in which all of the BIST stimulus sources outputs are set to a probability
of 0.25 results in a set of faults in the subtractor becoming not exposable. In general,
more than one set of weights (see Section 2.2.4) is required to achieve 100% feult coverage.
The weights are adjusted by observing the location of the faults in the subtractor and

changing the associated stimulus output weights.

Using the weighted generator or modifying the OR circuitry can increase the testing
effectiveness of the NOR circuitry. The weighted generator is less costly in terms of overhead,
but it does require a longer test session. In this case, it seems that modifications to the NOR.
circuitry is simpler from the designers point of view and result in an embedding with better
testability properties (i.e., shorter test length, testable by an unweighted psendorandom

generator).

Constructing a deterministic generator is the final option considered in this section for
testing the NOR circuitry. Since the NOR circuitry can be tested with an all zeros pattern,

and a set of patterns with only one input set to one and all others set to zero, a complete

SRR | ¢
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LFSR with its initial state set to zero generates the required patterns. Setting the initial

state for a normal LFSR to one in its first shift position and all zeros in the remaining

positions generates all test pattern except the all zeros pattern. The normal LFSR is

cheaper than the complete LFSR, and if the all zeros pattern appears in the pseudorandon:

sequence, then the normal LF'SR can be used.

The Logic
ding G4) is:

net_

var

HI(UVic) code that implements this deterministic BIST embedding (embed-

module ged(

stert @ input; x : array [] of input;

y : array [x'first..x‘last] of input;

xy._ged : array [x‘first..x'last] of output; notbusy : output; );

%.r,y.r : array [x‘first..x‘last] of reg;

x_r_in,y_r_in, xy_sub : array [x‘first..x‘last] of node;

xa, x1, xw : node; // s - Subtractor, L - Load, w - sWap

yh, y1, yw : node; // h - Hold, 1 - Load, w - sWap

2ero0, zerol, zero, X_1lt_y : node;

notbusy_in, zero_m : node; zero_r, notbusy_r:reg; // BIST obs
notbucy_in : node;

i : integer;

begin

end.
Note that

connect (notbusy, notbusy.r);
mux3_array(xy_sub, X, y.r, %s, x1, xw, x._r.in);
mux3_array(y.r, y, x.r, yh, y1, yw, y.r.in);
subtractor( x_r, y.r, xy_sub, x_1t_y);
Nox( xy_sub, zero0);
Nox( FFan(y.r), zerol);
02(zero0, 2ero1, zero);
use gen.misr_embed in begin
ged_controller(start, zero_m, zeroi, x_.1t_y,
xs, x1, xv, yh, yl, yw, notbusy.in);
notbusy_r <- nottusy.in; zero.r <- zero; // BIST
mux2(gen_on[gen_on_index], zero, zer._r, zero.m); //BIST

for i := x‘first to x‘last do y.r(i] <- y.r_in[il;
for i := x'first to x‘last do x_r{i] <- x_r_in(i]);
end;
connect( y_r, xy.ged);

a gen.misr_embed embedding module is used. The generation and response

observation roles are separated to allow the LFSR to generate the required sequence. The
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initial evaluation of the determiniztic embedding by 1g3 shows that some faults still escape
detection. This is attributed to the poor observability of the zero and notbusy lines. Once
observation points are added, the above embedding, G4, detects all the detectable faults in
2141 cycles. The simulation results of the 1g3 CAD tool are:

word_size= 16

gates=620 cycles=2200 faults=1006 exposed=1003 detected=1003
SC0:T.gcd0148.mux20127 . 201220269 . fan[0]
S01:T.gcd0148.mux20127 . 201220269 . 2an [0]

The two undetected faults are inputs of the MUX inserted to add the observation points,
and thus cannot be tested in BIST mode.

The result of embedding the CSTP BIST architecture and using the NOR circuit that
can be converted into a NOR-EXNOR in embedding G5 is:

gates=418 cycles=4096 faults=1059 exposed=1069 detected=1089
Execution Resources: 1052.63 user 0.31 sys

All of the considered faults are detected in 1655 cycles. The code for Embedding G5 is:

circuit gb;
var
start : input; s_.r : node;
x, y : array [1..word_size] of input;
%x.r, y.r : array [1..word_size] of node;
xy_ged : array [1..word_size] of output;
finished_in : node; finished.r : reg; finished : output;
faults_off
%,y,start, finished;
begin
connect(finished_r([1], finished);
assert( init_cstp(1) = 1);
use cstp.scan_embed in begin
n_reg([start), [s_rl); n.reg(x, x_r); n_reg(y, y.r);
end;
use c¢stp.embed in begin
ged(s_r, x_xr,y.r, xy.ged, tinished_in[1]);
tinished_r([1] <- finished_in[1];
end;
finish_catp(1);
end.
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Table 5.13 GCD Embedding Results

16-bit GCD Processor ggtes=249

Architecture Embedding | Unexpose E./T) Cycles Gate
Undetected | E/D Cycles | Overhead %
Combinational Gl 0/0 445376/- -
NORS-EXNORS Combit.ational G2 0/0 6696/- -
Weighted Combinational G3 0/0 17031/- -
Deterministic G4 0/0 2141/2141 108.8
NORS-EXNORS CSTP G5 0/0 1655/1655 67.8

Note that ged module does not require any modifications.

Table 5.13 presents the test effectiveness results of the embeddings for the GCD circuit.
Embedding G1 through G3 can be implemented with either a STUMPS or a BEST archi-
tecture, The unweighted pattern generator used in G1 requires the longest test time, but
also uses the simplest pattern generator. The test time can be reduced by either using a
weighted pattern generator (G2) or modifying the difficult to tes. NOR circuit (G3). G3 is

slightly more expensive than G2 but requires fewer test cycles,

The results of embeddings G4 and G5 indicate that using the CSTP architecture and
modifying the NOR circuit realize a cheaper embedding in terms of test time and gate

overhead than the deterministic approach.

5.3.3 Summary of the GCD Case Study

The difficulty encountered in adding a2 BIST mode to the GCD is caused by the wide NOR

circuit used to detect zeros. The three methods that solve the testing of NOR circuit are:

e Modify the NOR circuit by adding EXOR gates.
o Use a weighted random-patter: stimulus source.

e Construct a deterministic pattern stimulus source.
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The modified NOR circuit can be added to the designers library, to be used the next

time a wide NOR circuit is required.

5.4 Bertossi’s String Matching Algorithm

The final case study consists of an implementation of a string matching system proposed by
Bertossi[Ber90] as a directed studies project by Bill Gardner[Gar93]. Appendix D contains
the Logic ITI(UVic) source code for the implementations. The ability of Logic HI(UVic) to

specify designs recursively is used extensively in this ‘mplementation.

f‘igure 5.10 2 x 4 String Comparison Circuit

N k)
5 N T T I R I
I/ / vt * ,"' ;
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& )

Figure 5.10 shows the interconnection of a 2 x 4 string comparison circuit. The pattern’s
size is 2 and the text’s size is 4. The squares in Figure 5.10 represent comparison circuits,
Binary trees are used 0 connect this circuit together. The inputs labeled, r, are the text
input, and the inputs labeled, c, are the pattern inputs. The results of the comparison
appears on the output labeled, d. Each input wnd output is the root of a binary tree,
The data from the r and ¢ input flows down towards the comparison, and the results flow

towards the d outputs.

Examination of the interconnection structure of this design, yields the fact that the

structure is an acyclic graph with the inputs as source nodes, and the outputs as sink
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nodes, This structure suggests adding a BIST pattern generation structure at the primary

inputs, and a BIST response analysis structure at the primary outputs,

The test script that evaluates this embedding is:

tosting

Legin
[ P_init_, P_data_, T_init_, T_data_ ] :~ ca(1);
fault_simulate( cycles );
vrite("gates= ", number_of_gates, " ");
write("cycles= ", number_of_cycles, " ");
write("faultss ", number_ of_faults, " *);
urite("exposed= ", number_of_exposed, " *);
urite("detected= ", number_of.detected, "\n");
print_ron_exposed;

end.

The design is customized such that any m x n string matching circuit can be constructed.
The fault simulation results of three different 7 x n circuits are presented in Table 5.14.
For the 8 x 16 circuit, the following three pattern generator are used: a LFSR, a LFSR with
its inputs permuted by the cross-over permutation, and a LHCA. Only the LHCA is used

as the generator for the other circuits.

Table 5.14 Bertossi's String Matching Embedding Results

Generator | m X n | Gates | Flip-flops | Faults | Exposed | Cycles
ca(l) 8x16 1 980 596 3196 3196 627
Ifsr(1) 8x16 | 980 596 3196 3126 262144

x-lfsr(1) [ 8x16 | 980 596 3196 3196 836
ca(l) 8x32 | 2196 1316 7260 7260 1072
ca(1) 8 x 64 | 4628 2756 15388 | 15388 1329

In this case study no BIST circuit is embedded in the design, instead the 1g3 CAD tool
is used to determine the external testability of the design. Since the design is easily testable
by external stimulus, the simplest BIST embedding is to add a generator and response

analyzer to the boundary of the circuit.

One interesting result is that the LHCA is a better pattern generator than the LFSR.

This can be attributed to the correlation in adjacent lines in the sequence produced by the
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LFSR. Note that the LFSR outputs are permuted so that the output lines are no ionger
adjacent (i.e., the cross-over permutation) the LFSR's test effectiveners is similar io the

LHCA'’s test effectiveness.

Also listed in Table 5.14 is the number of flip-flops required for each circuit. The large

number of flip-flops makes a full scan based design very expensive.

5.4.1 Summary of the String Matching Case Study

o For some circuits, simply adding generators and response analyzes to the primary

inputs and primary outputs is sufficient to achieve very good fault coverage.

e For some very special circuits, the correlation between adjacent bits of a LI'SR can

result in test patterns that are not effective.




Chapter 6

Specific BIST Architectures

6.1 Two-Pattern BIST Generator Properties

The sequence of state encodings of an autonomous finite state machine (AFSM) is used as
the source of test patterns in BIST applications. Test pattern generation for delay faults
requires two successive patterns, one to setup the fault, the second to test the fault. Thus
the fault coverage for delay faults depends on the AFSM state sequence. The class of CMOS

stuck-open faults is an example of fault types that require two test patterns for detection.

Given a BIST generator, G, with n state variables, its effectiveness as a pattern generator
for delay faults depends on the pair of successive states in its state sequence. Let S be a
set, containing n state variables {sy,82,83,::+,8,} and let X denote the state encoding
sequence. The j-th element of the sequence is given by z;, where z; = (s1;,82;,+,3n,)
81, is the value of the state variable sy at the j-th position in the sequence. The state pair

(#;,2;41) is also referred to as transition t;.

Example 6.1 Let S contain the ihree state variables {s, 2,33} and let its state sequence

be X = (010,001,100,110,111,011,101,010). An ezample of a transition is t; = (001, 100).

161
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Note that v\ = 010 and zs = 010 are the same, thus X repeats after 7 transitions (assuming

that the FSM is autonomous).

The following theorems are useful in counting the number of transitions for an n state
variable AFSM.

Theorem 6.1 The mazimum number of transitions for an AFSM with n state variables is

",
Proof:

Since only 2" possible encodings exist for n state variables, and in the AFSM only one
succussor state is possible, there is a mazimum of 2" transitions. This follows divectly from

the fact the next state depends only on the current state of the AFSM.

Theorem 8.2 If the AFSM’s state sequence X contuins k elements before repeating, then

only k transitions are possible.
Proof:

Obvious.

An n state variable AFSM can be used as the stimulus source for a n input { output
digital circuit C. For the outputs of C', that depend on all the n inputs, a maximum » 2"
transitions (Theorem 6.1) can be applied. However, if one of C’s outputs depends on only
m where m < n inputs, then an important question is: “how many distinct transitions can

be applied to the m inputs?”

A general method to determine the number of transitions for a subset of the state
variables of a LFSM is presented in [FM91]. A particularly interesting subset of the state

variables for a LFSM are windows into an ordering of the state variables. Given the follcving
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ordering for state variables of LFSRs and LHCA (34,83, --5,), a window w(i, k) contains
the state variables from position ¢ to ¢ + k ~ 1 (i.e., (8i,8i41,° " *Si4k-1). In [ZBM92],
Zhang, Byrne, and Miller derive expressions for the number of transitions for the windows
of internal LFSRs, external LFSRs, and LHCA. The [ollowing sections reprove the results
in [ZBM92] using the re: ‘Its in [FM91].

The next state function for LFSMs can be expressed by matrix multiplication over GF(2)

(see Section 2.2.5). That is:

The next state function of a window w (i, k) is:
w(i, k)t =s. T, (6.1)

where T' is T with the j-th columns deleted where 1 < j<iand (i+k)—-1<j < n.

Figure 5.1 Internal LFSR for 2% + » + 1

R A —

.' SI >(+)’[ S2 S3 S4

For example, the next state function for the internal LFSR depicted in Figure 6.1 is:

[0 10 0]
. " 0010

(81,82,83,84)" = (81, 82,83,84) * .
0 001

1100

The function for the window w(2, 2) is:
o]
. N 01
10(27 2) = (82,83) = (819 82, 83, 84) * . (6.2)

00

-1 0 -l
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Note that the columns corresponding to the nonwindow stale variables, sy and s,4 (i.e., |

and 4), have been removed.

To use the result in [FM91}], Equation 6.1 needs to be rewritten to separate the window
variables from the nonwindow variables. These variables are called visible nnd nonvisible
in [FM91]. If @ represents the nonwindow variables, then equation (4) of [FM91] can be
written as:

w(i, k)“ = 'w('i,k) T + '—li’-('i, k) - Ts.

Theorem 1 of [FM91] states that the nvmber of transitions of w(i, k) from every state

encoding of w(i, k) equals 27, where r = rank(Tw).
Rewriting Equation 6.2 to separate the variables yields:

0

01
w(2,2)t = w(2,2)- 0 o +w(2,2)- o

Since the rank of 7% is 1, the number of transitions equals 2" = 2!, The total number

of transitions equals 23, since all 22 encodings occur for w(2,2).

Table 6.1 shows the state sequence for the LFSR in Figure 6.1. Note that theru: are only

8 distinct transitions for the variables (s;,s3).

6.2 Counting the Transitions in a Window

This section analyzes the number of transitions for windows into the state variables of
LFSRs and LHCA. Given an ordering for the state variables {8,392, -, 3,}, represented by
the tuple (81,82, +,8,), a window of length k starting at the left position 7 is denoted by
w(i, k). For example, w(2,2) of the tuple (sy, 52, 33, 34) s (82, 83). The number of transitions
for each window can be used as an indication of the effectiveness of a LFSR or a LHCA as

a two-pattern generator.
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Table 6.1 State Sequence for z* + z + 1.

Position | State Sequence | (sq,s3) transitions Firat
(51,92, %3, 84) (w,w?) Occurrence
1 1000 (00,10) 1
2 0100 (10,01) 1
3 0010 (01,00) 1
4 0001 (00,10) 0
5 1100 (10,11) 1
6 0110 (11,01) 1
7 0011 (01,10) 1
8 1101 (10,01) 0
9 1010 (01,10) ¢
10 0101 (10,11) 0
11 1110 (11,11) 1
12 0111 (11,11) 0
13 1111 (11,01) 0
14 1011 (01,00) 0
15 1001 (00,00) 1
16 1000 (00,00) 0
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For an n state external LFSR depicted in Figure 2.6 and an ordering of the state variables
according to their shift order, the number of transitions of a window w(i, k) is:
. 2k+1 k<n~-1
w(i, k) = (6.3)
2" -1 k2n-1
The first condition of Equation 6.3 can be proved by showing that the rank of T is
equal to 1. Since k < n — 1, for w(i, k), the state variable s; depends on s, or s,. The

only state variable in T is s;..1 or s,, thus p;; next state equation is:

w(i, k)t w(i, k) Ty + iy - T, or

W(i, "7) Ty + 8y T,

Since, T, is a nonzero row vector, the entry corresponding to s;_; (s; is the left most

state variable in w(%, k)) must be nonzero, the rank of Iz is 1.

The proof for k = n, follows directly from Theorem 6.2. For k& = n — 1, if the all zero
state encoding is included in the LFSKs state sequence, then the proof for k < » — 1 conld
be applied directly, yielding 2" transitions. Since only the all zero encoding is missing, there

are only 2" - 1 transitions.

Using the same state variable ordering as the external LFSR, the number of transitions
for the window of an internal LFSR is:

9642 is 1 and k< n—2 and  least one EXOR gate is
in the window
w(i,k) = 25*' k< n~1 and no EXOR gates are in the window, (6.4)

-1 k>n~1,

b}

The last two conditions for Equation 6.4 correspond to an external LFSR, so the pre-

ceding proofs can be used. For the first condition:

w(i, k)Y = w(i,k) T+ (8i-1,) T
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Since s;_y and s, determine the next state of different state variables, the two row
vectors in Ty are not idemical, thus the rank of T is 2. From Theorem 1 in [FM91] the
number of transitions for w(i, k) is 22 . 2 = 2¥+2 aggsuming that all state encodings for
w(i, k) occur.

If the state variables of a LHCA are labeled in their linear order, (i.e., s;~; and si4
determine the state of s;), then the number of transitions ir. the window w(i, k) for a LHCA

is:
22 p<p—1and i>1 and i<(n-k)+1

w(i,k)=4q 2H!' k<en-1land (i=1ori=(n-k)+1) (6.5)
el k2n-1

The first condition of Equation 6.5 can be proved by noting that the next state of w(i, k)
depends on the two state variables, s;_; and 8;4x, the variables to the immediate left and
right of the window. Since the outside state variables determine the next state of different
window state variables, the rank of T}, is 2. For the second condition, the window is in
either the leftmost or rightmost position and only oi:e state variable outside the window
affects the window’s next state. Thus the rank of T, is 1. The last condition is similar to

the last conditions of the internal and external LFSR, so an equivalent proof can be used.

6.3 Windows with Maximum Transitions

The maximum number of transitions for a window w(i, k) is 22k If all possible transitions
are applied to a circuit, then all two-pottern detectable faults should be detected. To
produce 22* transition with an n state variable BIST generator requires that k < |n/2].
The generator must have a distinct state for each transition in a window.

If the rank of Tz in the next state equation of a LFSM BIST generator is k for a window
of size k, then that window has 22¥ transitions. Thus if the state variables of a LFSM can be
ordered so that the rank of Ty = k, then a window with the maximum number of transitions

is possible.
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For example, an interna! LFSR using the polynomial 27 4+ z + | with 7 state variables
(81,82, +,87), and ordering of (sy, 53, 85, 37, 92, 84, 86), produces all 2*3 transitions for the

window! (sy, s3,5). The next state equation is:

(51s 33, 35)+ = (slv S, -95) ‘ -Tm + (329 84, 3¢, 37) * T'ﬂ?-

and

o b

019
001
000
100

Since the rank of Ti is 3 and the LFSR state sequence contains 27 — 1 state encodings,
the window (s, 33,85) produces all possible transitions. Therefore the internal LFSR with

the 27 4+ z + 1 polynomial has at least one window with all possible transitions,

This ordering is called the cross-over ordering. Given the (8,8, -+, 8,) state ordering,

the cross-over ordering is:

(8118357 *y8ny 82,84y * *y9p~1) 7 i8 0dd

(81,83, *1Sn—1,92,84,°**,8,) 0 i8 even

To prove that the cross-over permutation produces windows with maximum tran:ition
for all n state variable internal LFSRs, external LFSRs and LHCA where the characteristic
polynomial is primitive, one must show that there exists at least one window where the
associated Tiz's rank is k = [n/2]. n can be assumed to be odd without loss of generality.

''he matrix used to compute the next state for an arbitary external LF'SR is:

-c,._.l 1 0 - 0-
Cp—2 0 1 0
rT=1 : :
g 00 |
1 00 .- 0 ]

'The meaning of a window is a bit stretched in this case,
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The T% matrix for the window (sg, 34, ¢, 3x) is created by choosing the even columns

and then removing the even rows. This is illustrated by:

8 82 83 81_ s 8n
Cp-1 1 0 0 0
Loty - t 0 0

T o 5 g i

1 o] o o] 0 o

The even columns are outlined and the even rows are crossed out. The even columns in
the transition matrix for an exterral LFSR contain a single one at row position i -- 1 if the
column position is . The rows not crossed out from the T niatrix. Since the single 1 in
each column is in an odd row and each 1 is in a different row, the rank of Tz matrix is equal
to the number of columns. Since there are k columns, the rank is equal to k. Assuming
that all possible 2¥ encodings occur for w and using Theorem 1 from (FM91]), the number of
transitions for w is equal to 22%, Thus the cross-over permutation produce a window with

all possible transitions.

Similar arguments can be used for internal LFSRs and LHCA. The cross-over ordering
can therefore be used to produce a two-patterr. BIST generator where windows of size

k = |n/2] produces all possible transitions.

6.4 DFA based Response Analysis

A new meihod for detecting errors in the test response of a circuit during BIST application is
presented in this section. Existing methods of detecting errors in the test response are found
in Section 2.3. Figure 6.2 shows a typical off-line BIST architecture, with the addition of a
deterministic finite automaton (DFA) that monitors an output of the compactor. The DFA

[LP81] is designed to accept a language that includes the string (i.e., the test sequence)
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produced by a fault-free circuit under test. An error is detected if in the presence of a
fault, the string produced is not in the language accepted by the DFA, Ideally, the number
of strings accepted by the DFA should be as small as possible in order to improve error

detection.

Ei_gure 6.2 BIST Architecture
CIrcuit DFA
Stimulus
Under Compactor Language Pass/Fail
Source Test P Rec%gn zor '0

The output response of the fault-free circuit is used to customize one of the following

four types of DFAs:

updn The DFA’s input drives an up/down counter. 0 counts up and 1 counts down, The

string is accepted as long as the counter’s value remains within a given range.

run0 A DFA that counts the number of consecutive zeros. The string is accepted if the

count is less than a maximum value.

runl A DFA that counts the number of consecutive ones. The string is accepted if the

count is less than a maximum value.

run2 A DFA that combines run0 and runl,

These four DFA types are chosen for their low cost hardware implementations. The two
customizing parameters for the updn DFA’s are its maximum, C'y,, and minimum, Cy, count
values. The maximum number of consecutive zeros/ones customize the run0/run! DFAs.
The run0 and run! DFAs parameters are Ry, and iy, respectively. The two parameters, fly,
and R,, are used to customize the run2 DFA, Section 6.4.1 discusses the implementation

details for these DFA«.
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6.4.1 DFA BIST Architecture

Customizing one of the DFA types consists of performing a fault-free simulation and mea-
suring the associated parameter (e.g., Cip, Cyp, Ro, and R;). Given fixed values for the
parameters, a particular DFA can easily be constructed. Figure 6.3 shows the block dia-

grams for the updn, run0 and run! DFAs.

Ej_gure 6.3 DFAs Block Diagrams

P { Max Comparator ]l N
in { Up/Dn Counter J -’ -::L"’.J"“” Pass/Fall
e e *{ Min Comparator }“l

in + 52{35‘;‘," N { w,(Z;‘c)t.mter --*wf—-*l Max Comparator )~—- Pass/Fall

-4 Counter |-~~~ Max Comparator |-—= Pass/Fall

in -4 OneRun
Detector

The updn DFA is composed of an up/down counter, and two comparators used to de-
termine if the allowed range is exceeded. An up/down LFSR [Nic92] can be used rather

than a binary up/down counter with significant area saving,.

The run0, run’ and run2 DFAs can be implemented by a zero/one/zero-one sequence
detector, a clearable counter and a comparator. State diagrams for these detectors are
shown in Figure 6.4. The sequence detector is attached to one of the compactor’s outputs
and controls the counter by allowing the counter to advance during the run of ones and
zeros. Again a LFSR can be used as the counter. Notice that the run2 sequence detector
only clears the counter when a run of zeros or ones finishes. A run2 DFA’s implementation
requires a comparator for the maximum ones sequence, and one for the maximum zeros

sequence.
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Figure 6.4 Sequence Detector State Diagrams

in/clear
" 1/0 "
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run0 run2

The hardware cost of the DFAs depend on their parameters. For all the DFAs, the value

of their parameters determine the size of the counter. The following table gives the counter

sizes.
DFA | Parameters Counter Size
C'ub, counters upper bound, , .,
uptn Cs, counters lower bound [logy(Cub ~ Cu)]
run0 | Rp, maximum number of consecutive zeros [log, o)
runl | Ry, maximum number of consecutive ones [log, 4]
run2 | Ry, Ro max( {log, Ry, [log, £])

The DFAs become more expensive as the counter size grows, and thus the larger the

value of the DFAs parameters, the greater its cost.

Figure 6.6 Example of a DFA BIST Arrangement

DFA(params)
Full Adder Q
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Example 6.2 Figure 6.5 shows a full edder circuit attached to a BIST generator, a MISR,
and @ DFA error detector. Table 6.2 gives, the full adder’s response to the test inputs, the
MISR’s state after each input, and the different DFA’s parameters for the sy MISR output

at that puint in the feull-free response.

Table 6.2 Fault I'ree Simulation and DFA Parameters

(81,82,83) |CS ! (81,82) |Ro | R1 [ C
100 01 01 0 1 |-1
110 10 00 1 010
111 11 11 0 111
011 10 11 0 2 |-2
101 10 11 0 3 1-3
010 01 00 1 0 |-2
001 01 01 0 1 {-3
100 01 11 0 2 |-4

Thc DFA parameters are Ry = 1, Ry = 3, Cp = -4, and Cy = 0.

The run0 DFA detector finds any errors that cause sy MISR output to preduce a run of
more than one zeros. Similarly, the runl DFA detects any faults that cause the number of
consecutive ones to exceed thice, The updn DFA finds any faults that cause the up/down

counter lo reach a count of -5 or +1.

6.4.2 The DFA’s Languages

The languages accepted by the DFAs are described by the following regular grammars.

Language | Grammar

updn Ly — 0L3J0 L; = 0L;44|11;4]0]1 Ly, —» 1L,4]1

run() Ly — 0Lg|1L4|0]1 L; — 0L; 4|1 L4|0)1 L, — 1Lg|1

runl .L] - 1L2 OLo LU L,‘ b d 1L.‘+1 OLl 011 Lu - 0L1 0

run? Ry — 1R3|0L41]0]1 R; — IR,'.HIOLl R, — 0L1|0
Ly — LRy|0L,|0|1 L; — 0Liy1|1Ro[10 Ly — 1Ry|1
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Since each of these languages can be accepted by a DFA, the language can also be
described by the state transition diagram of the DFA. Figure 6.6 shows the state transition

diagrams for the four languages.

_l_“_i_gure 6.8 State diagrams for updn, run0, runl, and run2.
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6.5 DFA Aliasing

The ability of a DFA language recognizer to distinguish between the correct test response
and an error response depends on the DFA’s aliasing probability. The aliasing probability
is the probability that an incorrect test response is accepted as the correct response. Since
the error response is detected if the DFA does not accept the response, assuming that all

error responses are equally likely, the aliasing probability is given by:

number of strings accepted by the DFA — 1
number of all possible strings — 1

16.6)
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One is subtracted from the numerator and the denominator to eliminate the counting of
the correct response. Since the test response consists of only zeros and ones, assuming the
strinig’s length is k, Equation 6.6 can be rewritten as:

|C(DFA)| - 1

2k -1 ! (6'7)

where |C(DFA)| is cardinality of the language accepted by the DFA.

In order to determine the aliasing probability of a DFA, the number of strings accepted
for a given length, k, must be counted. A method of counting the number of accepted strings
is based on counting the number of paths in the DFA’s state transition graph. Given a DFA
with n states and its state transition graph G, the number of strings of length £ is equal to
the number of p:.ths of length k from the start state to all accepting states. A path ‘races
out the states the DFA goes through as it is recognizing a string. Given G, the number of
strings accepted by the DFA of length k is equal to [Gib85, page 19]:

Y AkG,d), (6.8)

JeFS(G)

where .!¥(4, j) is the entry at the i-th row and the j-th column of the adjacency matrix for

G raised to the k-th power, F'S(G) is the set of final states, and ¢ is the start state.

Using Equation 6.8, the aliasing probability for a particular DFA can be computed by:

Yiersa) A (,4) -
2k 1

(6.9)

Figure 6.7 An UpDn DFA with 3 nodes

Another method of determining the number of paths for a state graph is to write and

solve recurrence relations for the path length. For example, given the graph in Figure 6.7
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the recurrence relations for the path length from each node are;

a(k) = b(k - 1) k>l
a(l) = L

bk) = alk—-D+ek-1) k>1
1) = 9

(k) = b(k - 1) k>1
¢(l) = 1

By symmetry, a(k) = e(k), therefore b(k) = a(k — 1) + e(k — 1) can be rewritten as:
b(k) = a(k - 1)+ a(k — 1) = 2a(k - 1).
Since a(k) = b(k — 1), the number of paths from a of length k is given by:
a(k)=2a(k-2) k>2,
a(l)=1,a(0)= 0.

The solution for this recurrence is:
a(k) = 214/2)

Thus the aliasing probability of the DFA with the state transition graph shown in Figure 6.7
is:
2lk/2)
The aliasing probability decreases exponentially with linear increages in the string length.
In this case, if the response string’s length is 32, then the aliasing probability is apjroxi-
mately eqi.al to 216, This is the same aliasing probability as a 16-bit LFSR. Unfortumately,
the set of the recurrence relations becomes more complex as the size of the graph increases.

Their solution a'so becomes more difficult.
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6.6 Computing the Aliasing Probability

Equation 6.9 can be used to compute the aliasing probabilities for a given DFA, uowever
the exponential growth in the number of paths for many DFAs requires arbitrary precision
arithmetic. A direct implementation of Equation 6.9 requires arbitrary precision multiphi-

cation for the matrix multiplication.

Multinlication can be avoided, with a considerable savings in CPU time, %y using the
following algorithm. This algorithm is implemented in C++ and is used to count the number

of paths of length 1 through & from node v.

foreach © € G do
pathsy(u) =0
/] initialize the paths value for the start node
pathsy(v) = 1
fori =1tokdo
foreach v € G do
sum = 0
foreach u adjacent to » do
sun: = sum - paths;_,(v)
paths;(v) = sun
totalpaths; = 0
foreach v ¢ G do
totalpaths; = totalpaths; + paths;(v)

totalpaths; is the number of paths of length ¢ from v.

6.7 Aliasing Probabilities

The following subsections present the zliasing probabilities for the four DFA types used by
the DFA error detection technique. Each subsection presents plots of the aliasing proba-
bilities as a function of test response length. The algorithm given in Section 6.6 is used
to compute the aliasing probabilities for particular DVA instances. For some of the DFA

types, bounds on the aliasing probabilities are also given.
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6.7.1 UpDn DFAs

Figure 6.6 shows the state transition graph for the updn DFA. A plot of the aliasing prob-
ability for updn DFA’c with parameters set to Cp, = 1 and Clp to 20 through 180 in steps

of 20 and with the DFA’s counters initial value set to 1 is shown in Figure 6.8,

Figure 6.8 Aliasing Prob. bilities of the updn DFA. initial state = 1
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Figure 6.9 shows a plot of the aliasing probabilities for the same parameters as Figure 6.8,
but the initial state is set to the DFA’s middle state (e.g., for the DFA with parameters
Cw = 1 and Cy;; = 20 the middle state is 10). Note that the aliasing probabilities are
highest for DFAs witon the initial state is the middle one. Examining the leftmost curve in
Figure 6.3, the one corresponding to the DFA with parameters O = 1 aad C, = 20, one
can see that the aliasing probability remains at 100% until the string length exceeds 10.
This is due to the fact that this DFA accepts all possible strings of length less than 10. In

general, if the initial state is 1 (i-e., the counter’s initial value is 1), then all possible strings
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of iength min(|C|,Cys) are accepted by thc DFA. Thus for updn DFAs where the ravge
of their parameter (i.e., (s — Cip) are the same, lower aliasing probabilities are observed

when the iaitial state is closer to one of the bounds.

?‘_igure 6.9 Aliasing Probabilities of the updin DFA, middle initial state

2-!“

Teost Length

Counting the paths in an updn state transition graph is equivalent to counting the
number of paths in the grid depicted in Figure 6.10. A path in the grid must move between
grid points either parallel or perpendicular to the coordinate axes. Moves parallel to the
p axis correspond to receiving a zcro, and increment the up/down counter. Moves parallel
to the g axis correspond to receiving a one, and decrement the up/down counter. Only
moves that increase the value of p or ¢ are permitted. The difference between the p and ¢

coordinate values coiresponds tc the up/down counter’s value.

The number of paths from the origin to the grid points along the p + ¢ = k line without
crossing the ub = p — ¢ line or the Ib = p — ¢ line is equal to the number of paths of length

k in the updn DFA in which the Cy = Ib and C,, = ub. This can be expressed by the
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following equation:

Y. P9 (6.10)

b<(p+q=k)<ub
where P(p,q) is the number of paths from the origir to (p,q) without crossing the upper

or lower bounding lines, The number of pavhs from a point (p;,q1) to a poini (pa, g3) is:

((Pz -m)+ (92— m))or((P? -p)+(02 - tIx))
»2-n g -q '

The reflection principle [Moh79] can b¢ used to bound the number of paths ‘or the updn
DFAs. Referring to Figure 6.10 and using the reflection principle the number of paths form

w to x, y, or 2 without crossing the line ub = p - ¢ is given by:

p+q p+q ‘
- . 6.11
( P ) (P+ ub) (@1h
where p is the p coordinate value for the one of the end points, and ¢ is the ¢ coordinate

value, Note that ("‘;") is the number of paths from w to one of X, y, or 2, and (::gb) is the

number of paths from w” to x, y, or 2.

Similarly, the number of paths to (p,¢) without crossing the line ~Ib = p - ¢ is:

(P';;‘I) _ (,',’f{i)- (6.12)

Unfortunately, there does not appear to be any general way of counting the number of
paths from the origin to (p,q) that cross both bounding lines. Thus these expressions give
the number of paths for an updn DFA where the upper or lower bound is equal to k can be
derived. These expressions allow one to compute a bound on the number of paths but can

not give an exact numbeor,

6.7.2 RunO and Runl DFAs

The run and run! DFAs have identical state transition graphs, when the transition labels
are changed from 1s to 0s, and from Os to 1s. Since their graphs are identical, the number

of paths and thus the aliasing probabilily is also identical.
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Figure 6.10 Bounding the number of paths for a updn DFA
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A plot of aliasing probability for DFAs where the Ry, parameter is set to 5, 7, 8, 10,
12, 15, and 20 is given in Figure 6.11.

The number of paths of length k in a run@/runt DFA with the Ry, parameter is equal
to Fibg, , (k), where Fiby(k) = Fiby(k — 1) + Fiby(k - 2) + - -+ + Fibu(k — (n + 1)) (i,

Fib,(%) is the n-th order Fibonacci sequence).

An example of 2 run! DFA with By = 3 is shown in Figure 6.12(i). Figure 6.12(ii)
shows a tree of the paths originating at a and terminating at a. A recurrence relation for

the number of paths can be easily written from the path tree in Figure 6.12(ii) as follows
a(k) = a(k - 1)+ a(k - 2) + a(k - 3) + a(k - 4). (6.13)

Note that Equation 6.13 is equivalent to the definition of Fibs(k), and Iy = 3, thus con-
firming the general statement for n = 3. The truth of the general statement can he scen
by noting that incrementing the Ry, parameter adds one new node to the state transition

graph, and one extra term to the recurrence yelation.
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Ei_gure 6.11 Aliasing Probabilities of the run0 and run! DFAs
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6.7.3 Run2 DFAs

A counter based implemeutation of a runt/runt! DFA, can be ecasily modified to count both
the runs of zeros and runs of unes. Modification of the sequence detector and the addition
of anothar compactor of a run/runi DFA are the only changes required to realize a run2
DFA. Moreover, at the cost of the extra hardware, the aliasing probability is substantially
decreasred. Figure 6.13 gives the aliasing probability for run? DFAs where the Ro and Ry

parameters are both set to 5 through 12,

Figure 6.13 Aliasing Probabilities of the run2 DFA
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All possible strings of length less than | = min(Rg, Ry) are accepted by a run2 DFA,

Thus 100% uiiasing occurs for strings of length less than {. This effect is observerable in

the plot.
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6.7.4 Aliasing Probability Relationships

A summary of the common aliasing probability relationships of the four DFAs is presented
in this subsection. A comparison between the aliasing probability of the four DFA types by

machines with the same number of states is also presented.

The common relationships are:

e Smaller magnitude DFA parameters, Rg, Ry, and Cy — Cp, imply smaller aliasing
probabilities. That is:

Ro o aliasing probability
Ry o aliasing probability
Cus — Cnp o aliasing probability

These relationships are apparent from the respective aliasing probability plots.

o For fixed DFA parameters, increasing the test length implies decreasing ‘he aliasing
probability. That is:

test length o (aliasing probability)=?

This relationship is also apparent from the plots.

When selecting one of several generator sources, the first relationship can provide the
discriminating criteria. For example. if the test sequence produced by a LHCA BIST
generator results in a run2 DFA parameter of 10, and the parameter of the test sequence of
the same length produced by a LFSR is 15, then the LHCA test sequence results in 2 DFA
with a lower aliasing probability.
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The secund relationship implies that as long as the DFA parameters remain fixed, a lower
aliaging probability is realized with increased test length. Thiz means that the cest length
shnould be equal to the largest length of a test sequence just before the DFA parameters
increase. For example, if the DFA parameters increase after a test length of 1023 and
sufficient faults are detected, then a test length of 1023 gives the lowest aliasing probability.

Once the DFA parameters increase, the aliasing probability also increases,

Figure 6.14 shows the plots of the aliasing probhabilities for the four DFA types when
the iumber of states is equal to 10. Aliasing is the same for run0 and runt. The updn
Di'A’s aliasiug probability is the smallest, next is run2, and the run0/runt DFAs aliasing
probabilities is the worst. Thus given the choice of equal sized DFAs, the lowest aliasing
probability ie realized by the updn DFA. However, the updn DFA alro requires tmore hardware
than the other DFA approaches.

By examining the previous aliasing probability plots, one can see that the rate at which
the aliasing probability increases with the DFA’s parameters is different. When Rgy, is
greater than 20 for the runl/run! DFA, unrealistic test lengths are required to achieve a
reagonable aliasin: probability. The same is also true for the run2 DFA. The updn DFA’s

parameter’s range, C,p — Cu, gives .casonable aliasing probabilities for values vp (o 180.

6.7.5 Experiments and Results

The results of fault simulation experiments using the nonredundant versions of the ISCAS8H
benchmarks [Tv91] are presented in this section, Converting the ISCAS85 benchmarks to
Logic I111(UVic) code allowed the use of the 1g3 CAD tonl. Since, during fault simulation,
a fault is detecied whenever the output sequence is not accepted by the DFA, the detected
fault can be dropped. The PPSFP [WEF*85) fault simulator in the 1g3 CAD tool simulates
the given DFA and drops any fault whenever the input to the DFA results in an illegal state

transition.

The results of the experiments for the four types of DFAs ae found in Tables 6.3 to 6.6,
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Figure 6.14 Aliasing Probabilities of the different DFA types with » = 10
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The following iwo experiments are performed for each benchmark circuit with eack DFA

type.

Table 6.3 Updn DFA Results

— gen is lisr(1010..10), test length = 4096
Circuit | Faults | Expnsed U"Un/Detected | Aliasing Range Th. Aliasing
ca32_| 507 | 507 137494 026__|_(-35,34) 70 033
c499 750 750 2/748 0027 (-15,44) 80 0040
cR80 942 912 3/909 0033 (-28,20) 59 0046
c1256 | 1566 1566 9071467 063 (-3147) 79 051
c1008 | 1868 | 1850 | u/I841 | 0049 | (-36,17)54 | 0014
[ gen is Isr(1010..10), test length = 32768 |
Circuit | Vaults | Exposed | Un/Detected | Aliasing Range Th. Alasing
¢432 507 507 /502 010 | (-1565,23) 179 D034
c499 760 750 0/750 ¢ (-59,86) 145 00062
¢880 942 942 1/941 0010 | (-5,1563) 1569 00027
¢1355 1566 1566 17/1549 010 (-19,176) 196 (069
c1008 18568 18567 4/1853 0022 | (-58,100) 169 . 0.0021

Table 6.4 Rur.) DFA Resuits

| gen is lfsr(1010..10), test length = 4096 _

Circuit | Faults | Exposed | Un/Detected | Aliasing | Range | Th. Aliasing
c432_| 507 507 89/418 176 9 13
c499 7560 760 98/352 130 0 134
880 942 912 360,552 395 10 .68
c1366 | 1566 15666 208/1358 133 9 134

| 1908 | 1858 1850 303/1647 164 9 A3 ]
_ gen is Her(1010..10), test length = 32768 ]

Circuit | Faults | Exposed | Un/De.ected Aliasing [ Range Th. Aliasing |
c432 507 507 74/433 146 12 NE
c490 7560 760 446/304 594 14 607
¢830 942 942 1656/787 166 12 135
c1366 | 1566 1666 246/1320 157 12 136
c1908 | 1858 1857 227/1630 122 12 135

1. The primary inputs are connected to a minimum cost LFSR |BMS87, Appendix 1]

with an 'nitial state of 1010-.-10. The circuit is simulated for 4096 test cycles, and
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Table 6.5 Run) DFA Results

gen is Hsr(1010..10), test length := 4066

Circuit | Faults | Exposed | Un/Detected | Aliasing | Range | Th. Aliasing
432 | 07 507 127495 0236 8 0178
[~ c499 | 750 760 239/611 319 10 368
c880 | 042 Di2 128/784 140 9 .14
clabh | 1666 | 1666 932/634 506 11 610
[c1908 | 1868 | 850 | 294/1566 | 159 9 134
~_ gen s ifsr(1010..10), test length == 32768
Circait | Fauits | Exposed | Un/Dete rod ) Aliasing | Range | Th. Alinsing |
cd32 | 507 507 326/181 643 14 607
c99 | 750 | 760 268/482 367 13 368
c880 | 942 942 138/804 146 12 135
c136b | 1666 | 1560 436/1130 150 12 135
c1908 | 1868 | 1867 | 250/1602 137 12 130
Table 6.6 Run2 DFA Results
_gen is I5e(1010..10), test length = 4096 |
Circ't [ Faults | Bxposed | Un/Detected | Alirsing | Range Th. Aliasing |
432 | 607 507 1/506 00197 | 9-8 00231
cd99 | 750 | 760 25/726 0333 | 9-10 0490
c880 | 942 912 '82/831 0888 | 10-9 0490
13656 | 1666 | 1666 “19/1447 0760 | 9 - 11 0812
1908 | 1868 | 1850 42/1808 0227 | 9- 10 0490
[ gen is lfer(1010..10, test length = 32768
Circuit | Faults | Exposed | Un/Detected | Aliasing | Range | Th. Aliasing |
cdd. | 607 507 49/468 0066 | 12- 14 0819
cd99 | 760 760 161/5890 216 | 14-13 223
880 | 942 942 74/868 0786 | 12 - 12 0182
c13bb | 1666 | 1566 39/1627 0240 [ 12 - 12 /182
1908 | 1868 | 18617 70/1828 0166 | 12- 13 0407
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the relevaut par aueter is measured for all of the cowipactor’s outputs, A MISR with
2 minimuro cost feedback function is vsed as the compactor. Measuring the DFA’s
parameters for each cutput of the compactor allows the output with the smallest
varameters (0 be chosen as the site: to attach a DFA. Choosing the output with
the smallest p:rameter(s) is based on the theoretical results that indicate that the
DFA with the smallest parameters has the least aliasing. A fault simulation is then

performed for 4096 cyclec. All faults which cause the string to be illegal are detected.

2. The second experiment is identical to the first, except the number of simulation cycles

is 32768.

Eacl row of the tables give: the circuit name. the maximum number of single stuck-at
faults, the number of expused faults, the number of detceted fanlts, the actual alinsing, the
parameter used by the attached DFA, and the theoretical aliasing probability. The actual

aliasing is given by:
exposed faults — detected faults
rxposed faults

The theoretical aliasing probability is giver by expression '~ Seciion 6.4.2, The Renge

heading gives the particular DFA's parameters.

6.7.6 Discussion of the DFA Experiments and Design Issues

The error detection cffectiveners of a DFA error detector depends on the customization
parameters for that DFA (see Section 6.7.4). Smaller DFA parameters imply smaller aliasing
probability, and thus better error detection abiiity. ¥rom the simulation results, one can see
that larger test lengths yield larger DFA parameters and larger parameters result in worse

aliasing probabilities,

On the other hand, as the test length increases, the aliasing probability for » DFA
with fixed parameters decreases. Thus increasing the test lengih results in lower aliasing

probabilities if the DFA parameters remain fixed,
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The output sequence depends on the BIST generator, the circuit under test, and the
data compactor. The BIST designer can only choose which generator and which compactor
to use. Ideally the BIS'L' generator should produce an output sequence for the circuit that
exposes all faulis, and yet results in small DFA parameters. The dat» compactor should

also produce an output sequence that minir-’" s the DFA parameters.

If the BIST generator and compactor are based on LFSMs, then there does not exist
an easy way to satisfy the goal of minimizing the DFA’s parameters, The only control the
designer has is over the next state function. L'esigning a next state function to produce
a particular sequence or an approximation of that sequence is difficult, if not impossible.
However, simulation experiments can be performed to search for BIST generators and com-

pactors.

During the fault-free simulation used .o determine a DFA’s parameters, if the system
records the sequence length every time the DFA pare meters increase, then the designer can
choose a test length that is maximal with respect to a particular set of DFA parameters.
If fault simulation experiments are used, then the designer can optimize the test length

dir -ctly from the fault coverage results.

Of the four DFA types the updn DFA has the best fault detection ability. Only in one
case did the updn DFA n)t have the best performance. Also the error detection ability
improved with longer tesi lengths, whereas it is generally worse for the other DFA types.
This means that for the updn DFA, the rate at which the DFA parameters increase is

counteracted by the longer test lengths. The converse is true for the other DFA types.

Plots of the aliasing probabilities using the parameters computed from the fault free
simulation of experiment 1 for the c432, c499, and c880 benchmark circuits are shown
in Figure 6.15. These plots and the simulation result tables illustrate that the aliasing
probabilities calculated from the Di"A’s parameters can be used as an indication of detection
effectiveness of a particular DFA. Note that in all cases the ranking of the circuits by the

aliasing probabilities is the same as the ranking by the number of undetected faults. Also
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Figure 6.15 Aliasing Probabilities using the parameters comuuted for c432, c499, and ¢880

from experiment 1.
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note that the aliasing probabilities of the run2 DFAs are always less than the aliasing

probabilities of run0 and runl.

Since the run2 DFA combines run0 and runl, its error detection performance should be
better than either run0 or runl. The simulation results agree with this statement. There

is no ciear winner for the remaining two DFAs.

Onc possible explanation for the better performance of the updn DFA is that since the
state of the up/down counter depends on the entire sequence, even a single bit error can
result in one of the bounds being exceeded. Whereas the state of counter of the other DFAs
depends on only the current run of zeros or ones (i.e., the counter is reset at the end of

every run).

The major reason for still considering the run0/1/2 DFAs is that they are cheaper to
build than the updn DFA. Not only is the counter simple to build (i.e., it only needs to
count in one direction), the measured DFA parameters are smaller. If the DFA parameters
for the c432 circuit are compared, the updy. DFA requires [log,(70)] = 7 bits, whereas the
runf)/1/2 DFAs only require [log; max(8,9)] = 4 bits. The run0/1/2 DFAs need a 1 bit
sequence detector bringing the total number of memory elements up to 5. Thus a savings

of 2 memory elements, and a simpler counter is realized.

6.8 Ways for Improving the DFA Error Detection Ability

This section presents five potential areas of study, that may/can improve the fault detection

ability of the DFA error det actors. The areas are:

o Optimize the test length to achieve the best fault coverage.
o Try different BIST generators,

¢ Use another DFA type.
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o Use the final state of the counters as an addition response characterization,

o Fartition the test sequence into separate regions, and determine the DFA parameters

for each region..

Optimizing the test length conrists of finding the DFA Jpvrameters that result in ‘ie
lowest aliasing probabilities with a test length long enough to expose all the given faults for
a fixed BIST generator. Fault simulation can be used to determine the minimum test length
required to ~xpose the given faults. A fault-free simulation starting with the minimum test
length and going to some maximum test length can be used to find the DFA parameters
with the lowest aliasing probabilities. During the simulation, the test length is recorded
wherever the DFA parameters increase. Given the DFA paramcters and the test length the

aliasing probabilities can be calculated and the lowest one chosen.

Using this approach, a test length of 5504 for the run! DFA is discovered which results
in only 3 faults remaining undetected for the c432 circuit. This is an improvement in
comparison to 12 undetected faults for a test length of 4096 and 326 faults for a test length
of 32768.

A second method to improve the aliasing probabilities is to try different types of gen-

erators, There does not seem to be any systematic way of exploring the space of generator
types.

Only four DFA types have been studied in this section, perhaps other DFA types could
be found which have better aliasing characteristics. For example, another method of driving
an up/down counter is to count down if the last two outputs are 00 and to count up if the

last two outputs are 11.

In the proposed DFA types, an error is detected whenever a counter reaches a forbidden
value, if after the test sequence is applied, the counter’s final valve is also checked, then
further discrimination between the fault-free and faalty response is possible. ‘The final state

of the data compactor ~ould also be checked.
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At the cost of additional comparators, the test sequence could be divided into different

segments. and DFA parameters for those segments could be used.




Chapter 7

Conclusions and Future Work

7.1 Conclusions

The goal of the work presented in this dissertation is to create a design environment that
allows BIST embeddings to be easily specified and evaluated. Hopefully, the preceding
chapters have demonstrated that the hardware description language, Logic ITI(UVic), the

BIST embedding library and the 1g3 CAD tool provide a design environment that allows
e BIST embeddings to be performed easily and effectively, and
e new BIST architectures to be studied and developed.
A major premise of this dissertation is that if the BIST embedding problem is considered
as part of the functional design problem and an environment is provided that suppurts

BIST design, then higher quality BIST designs can result, The variety of the embeddings

in Chapter 5 amply demonstrate that this premise has validity.

The conclusions from the major areas reported in this dissertation are discussed in the

following subsections.
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7.1.1 Language and Environment

'The single idea of an embedding module provides the simplicity and the expressiveness
to specify many useful BIST architectures, In particular, implementations of the scan,
STUMPS, BEST, BILBO, and CSTP BIST architectures are easily specified. In general,
any BIST architecture which modifies the memory elements in a design can be sped:fied by

an embedding module.

The intreduction of the reg data type has the benefit of making the clocking of the
memory elements the responsibility of the embedding module designer, and not the user.
Since many DFT rules place restrictions on memory element clocking, the inclusion of
the clocking design in the embedding module reduces the DFT rule checking problem to

checking the embedding modules.

The use statement is the only method provided in Logic I1I(UVic) to specify a BIST
embedding. This construct is sufficient to specify many diverse embeddings, as illustrated
by the case study circuits. The embedding library enabl:s many different embeddings to

be realized by simply changing the name of the embedding module.

| When a system is constructed by combining individual modules, the logic inside a mod-
ule can become redundant. This logic can be tested by surrounding all the component
modules with testing structures (i.e., testing the modules separately). The proposed con-
structs of capping and binding TRUE or FALSE to module inputs of Logic III(UVic) can

eliminate some of this redundant logic.

In addition to specifying BIST embeddings, the language modifications to improve the
structural expressiveness of Logic III provide for clear and economical descriptions. These
additions include: the ability to define symbolic constants, the revamping of arrays and
operations on arrays, collections, more than one global section, assertions, external bodies,
functions, and recursion. Examples of using these constructs can be found in the BIST

embedding library modules in Appendix C.
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The introduction of constant definitions improved the readability and modifiability of
Logic III(UVic) designs. A prime example is the word_size constant used in the CORDIZ
case study to specify the word size of the CORDIC processor. Note that to create a CORDIC

processor with a different word size requires only a change to the word_size definition.

Variable size arrays allow the creation of library modules that are customizable on the
array’s size. The original Logic 111 supports variable sized arrays, but the user has to
explicitly pass the array bounds as separate parameters, The arrays in Logic 11(UVic)
provide the array bound information implicitly. 'This also enables the compiler to perform

stronger type checking,

Array slicing replaces the more tedious and error prone “luops of connect statements”,

For example, the expression
connect( af1..8], lewer );

replaces

for i :=2 1 to 8 do
connect( ali), lowes[i] );

Or, more commonly,

for 1 := 1 to 8 do
connect( ali], lower[i] );
adder{(lover, sum);

.+ replaced by:

adder( afi.."), sum);

The addition of recursion proved to be very effective in describing many circuit strue-

tures. Sce the multiplier example in Section 3.3.2.

The ability to perform fault simulation is key to producing BIST embeddings with high

fault coverage. Although fault simulation can be computationally expensive, the case studies
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show that this cost may not be prohibitive. Moreuver, fault simulation at the primitive gate

level provides one of the most accepted measures of test effectiveness.

The association of faults with Logic III(UVic) variables and the reporting of hard-to-test
faults by their Logic II(UVic) variable names allows a 1g3's user to localize the testiag

difficulty.

7.1.2 Object-oriented Design

The developnient of 1g3 demonstrates that the object-oriented design apprcach and the
C++ program.uing language can be effective in the production of CAD tools. The ability
of 1g3 to evolve rapidly demonstrates the effectiveness of the objects and classes prese: d

in Chapter 4.

The abstract syntax classes and objects are effective in the implementation of the Logic
HI(UVic) parser, in that the addition of new language constructs usually does not affect the
original constructs, The classes and ohjects designed for the simulation system also allow
additions and modifications to be made to the simulators in a straightforward fashion. The
classon developed for the 1g3 CAD tool shouia provide a reusonzble starting point for similar

CAD systems.

7.1.8 Case Studies

The combined approach of specifying BIST designs at the register-transfer level and using
fault simulation at the gate level to measure the effectiveness docs provide a successful
environment for the creation of BIST operation modes in the case study circuits. The
variety of the different BIST embedding shows the flexibility of allowing circuit designers

to deal with the BIST embedding problem directly.

The common methodology of embedding BIST for the case studies is:

1. Check modules for redundant logic and :2move or document any redundancies.
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2. Check the complete circuit for redundant logic and remove or document any redun-

dancies.
3. Embed and evaluate a BIST architecture,

4. Repeat step 3 until all the design goals are satisfied.

The following conciusions can be drawn from the BIST embedding case studies.

e The success of achieving almost 100% single stuck-at fault coverage lor the fonr case

study circuits indicates that the proposed BIST environment can be effective.

¢ Fault simulation results can be used to create and modify BIST embeddings at the
RTL level,

o Experiments to determine if the circuits are random-pattern testable is the first step in
the BIST embedding process. The results of these experiments show that the circuits
are indeed random-pattern testable, Thus a reasonable conjecture is that data path

and simple controller circuits are generally random-pattern testable.

¢ For the case studies, four causes can be identified for the faults that are not random-
pattern testable:
—~ The logic associated with the faults is redundant.

— Some circuit structures are teitable by only a few vectors (e.g., wide NOR cir-
cuits).

- The logic’s observability is poor (e.3., the load line of u register),

- The correlatior of the outputs stream of adjacent outputs for a LFSR, results in

a test pattern that is poor for some circuits (e.g , the string matching circuit),

¢ The variations in the test effectiveness of the different BIS'T architectures show that

there is no definitive BIST architecture. For example, embedding Cb requires fewer
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test cycles than C2 and botl; embeddings are of comnparable cost. C5 uses the BEST
architecture, C2 uses a CSTP architecture. Alternatively, C3 requires fewer test
cycles than C6 and C3 uses a CSTP architecture, while C6 uses a BEST architecture.

Again C3 and C6 are of comparable cost.

e Embeddings C8 and C9 give rise to a maxim: “The Best BIST is No BIST!” In these
embeddings the CORDIC circuit is converted into an AFSM for testing purposes.
These embedding achieved 100% single stuck-at fault coverage with little extra hard-
ware. These embedding demonstrate the ability of the proposed CAD environment

to enable the designer to develo;: novel embeddings.

» The wide NOR circuit in the GCD circuit is difficult to test. Replacing some of the
NOR gates with EXNOR-NOR gates can dramatically improve the testability of the
structure, This NOR circuit with the BIST mode can be added to the deaigner's
library. Common circuit structures that are difficult to test could also have BIST

veisions designed.

7.1.4 Two-Pattern BIST Generators

The method introduced to measure the two-pattern generation test effectiveness for LFSMs
enables different types of LFSMs to be compared. The number of distinct transitions from
a windw is generally larger for a LHCA than an internal LFSR. The number of transitions
for a window in an internal LFSR is larger than an external LFSR if a tap is contained
in the window. The cross-over permutation can be used to create windows that have the

maximum number of transitions for both LHCAs and LFSRs.

7.1.6 DFA Response Analysis Architecture

The fault simulation experiments demonstrate the viability of using DFAs to detect the

presence of single stuck-at faults. The updn DFAs have the best detection performance,




CHAPTER 7. CONCLUSIONS AND FUTURE WORK M1

with either no or very few undetected fanlts. The run? DFAs aliasing ranges from .197%
to 21.5%. In general, the run0 and runt DFAs have poor detection performance, but in
the run! experiment where the test length is 4096 all but 12 of the faults are detected for
the c432 circuit. This indicates that for certain circuits, the run® and run! are reasonable

candidates to consider,

in addition, the experiments also show i good correlation between the theoretical aliasing
probabilities and the observed aliasing. From the experiments, it he can seen that smaller

theoreticai aliasing probability indicates smaller actual aliasing.

Since the theoretical aliasing probabilities >f the DFAs approach zero as the test length
approaches infinity, for a fixed parameter DFA negligible aliasing can be achieved by in-
creasing the test length. The test length required to achieve negligible aliasing increases
as the parameter(s) of the particular DFA increase. From the experimental vesults, larger
test lengths also require larger DFAs and thus increasing the test length does not guarantee

decreased aliasing.

An important point to note is that the results are re ported for a fixed set of experiments
and better detection performances are observed for different generators and test lengths. For
example, with the run! DFA and a test length of 5504, only 3 faults remained undetected

for the c432 circuit.
Several advantages of using this approach are:

o The DFA detection performance can be determined from the DFA’s size, since the

size can be used to determine the DFA’s aliasing probability.

o Faults can be detected throughout the test, and thus this approach can be used in an

online nonconcurrent BIST architecture,

o During fault simulation the faults that the DFA detects can he dropped. Fault drop-
ping substantially decreases the fault ~imulation time, thus allowing more BIST em-

beddings to be tried.
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7.2 Future Work

7.2.1 Language and Environment

Several of the additions and modifications to Logic [1I(UVic) that should be considered in

future work are:

e There is no convenient way of adding observation points to a design. One possible
approach would be to create an observer data type, so that a user could change the
type of a net to observer if the observability needed to be increased. A third param-
eter could be added to the embedding module that would contain all the observers. It
would be the responsibility of the embedding module designer to create the necessary

observation structure,

e A similar method to add stimulus points, would be to also add a stimulate data
type. Two additional parameters would be required for the embedding module. The
first parameter would handle the connection to the net's source, the second parameter

would handle the net’s destination.

¢ The language shonld support a method of encapsulating any changes made to perform

an introsive BIST embedding.

e The customization constructs used to remove redundant logic can only deal with
simple forms of unused logic. Is there any way that a user can specify more complex

forms of redundancy?

e Logic II1(UVic) does not implement the logic modules of Logic III. A possible tech-
nique to reintroduce logic modules is illustrated by the following example that com-
putes the Boolean AND of its inpuis. It uses functions to generate the Boolean

equations. Notice that the idea of a LOGIC assignment is not necessary.
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function And ( x : arrav [1..] of input ) : output;
const
X8 = x'size;
nid = xs/2;
beuin
if %3 = 1 then
And :- x[1];
else if xs = 2 then
And :- x{1] AND x(2];
else
And :- And(x[1..mid]) AND And(x[mid+:..xs8));
end.

The operator “:=" binds the variable on the left with the Boolean expression on the

right.

Possible addition:s to the (g3 CAD tool to improve the environment ave:

o If Boolean expressions are reintroduced into Logic II(UVie), then the simulation

systeu1 should support both functional and fault simulation of those expressions.

e The 1g3 tool can only ensure a fault is redundant by exhaustive simulation. Better

methods to detect redundant logic should be added.

o In the current version of 1g3, a STUMPS BIST embedding has to be evaluated with
the parallel fault simulation algorithm. Since the STUMPS architecture actually
partitions a design into combinational blocks, the PPSI'P algorithin could be used

with a subsequent improvement in simulation speed.

o An essential feature in any production version of 1g3 would be the ability to checkpoint
the simulation. This is especially app-.rent for long fault simulations when the user
wishes to increase the number of simulation cycles for a simulation in which the fault

coverage is not adequate.

o Since fault simulation is un inherently parallel activity, a distributed version of the

fault simulation system wcald be ar asset,
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¢ On a more speculative note, since designs in Logic III(UVic) can be described with
recursive and iterative language constructs, perhaps these constructs can also be used

in the creation of BIST structures.

An obvious extension to the BIST library is the addition of more 1IST embedding

architectures.

7.2.2 Object-oriented Design

Chapter 4 identifies the set of classes and objects used tu builu the 1g3 CAD tool. Creating
and extending a stand alone library of the simulation classes would enhance the utility of

this work.

7.2.3 Two-Pattern BIST Generators

Tue analysis of two-patterr. .enerators is from the point of view of the generator. An
important question to consider is how the structure of the circuit can be used to permute

the generator’s outputs to produce the best two-pattern generator for the circuit under test.

7.2.4 DFA Response Analysis Architecture

There are several open problems in the construc’ion of DFA based response analysis struc-

tures:

o Although the aliasing probubilities for the DFAs can be calculated exactly and some
buunds are presented, these bounds should be explored to see if they can be made

tighter.

e The effect of different BIST generators on the parameters of the DFAs should be

examined.
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o Techniques to improve the error detection ability need to be examined. Some ap-

proaches are suggested in Section 6.8,

o In the DFA architecture presented, a MISR is used to compact the outputs of the
circuit. Applying the D:"A approach to the CSTP BIST architecture should be inves-
tigated.

In comparison to the design of a MISR based compactor, the designer of the DFA
response analysis architecture has more freedom to create an analyzer that is customized

to a particular test.

7.3 Concluding Remarks

This dissertation is based on the premises that designers should deal with the BIST embed-
ding problem directly and that fault simulation can be used to create and optimize BIST
embeddings. Hopefully, the goal of this dissertation, to show that Logic I111(UVic), the BIST
embedding library and the 1g3 CAD tool provide an environment that enables designers to

create BIST embeddings, is successful.

The surprising results from the different case studies indicate that no one BIST archi-
tecture can fulfill the BIST embedding requirements. The varied results also indicate that
in order for a BIST embedding system to be successful, it must allow flexibility in the types

of BIST architectures that can be embedded.

In addition to the 1g3 CAD tool’s role to aid BIST embedding designers, the tool can
also be used to evaluate new BIST architectures. The development of the DFA based

response analysis architecture provides support for this claim.




Bibliography

A185]
[ABF90]
[ACSI]

[AJ89)]

[Avi91]

[BAV90]

[BCKS89)]

[BCRS3]

[BDS89]

[BDSS90]

Magdy S. Abadir and Me.vin A. Breuer. A knowledge-based system for design-
ing test. IEEE Design and Test of Compu:ers, pages 56-68, August 1925,

Miron Abramovici, Melvin A. Breuer, and Arthur D. Friedman. Digital Systems
Testing and Teslable Designs. Computer Science Press. 1990.

V. E. Agarwal and E. Cerny. Store and generate built-in-testing approach. In
International Symposium on Fault- fole;ant Computing, pages 35-40, 1981.

Sheldon B. Akers and Winston Jansz. Test set embedding in a built-in self-test
environment. In Proceedings of the IEEE International Test Conference, pages
257-263, 1989,

LaNae Avra. Allocation and assignment in high-level synthesis for self-testable
data paths. In Proceedings of the IEEE International Test Conference, pages
463«472, 1991.

Ove Brynestad, Einar J. Aas, and Anne E. Vallestad. State transition graph
analysis as a key to BIST fault coverage. In Proceedings of the IEEE Interna-
tional Test Conference, pages 537-543, 1990.

Franc Brglez, Clay Closter, and Gershon Kedem. Hardware-based weighted
random pattern generation for boundary scan. In Proceedings of the IEEE
International Test Conference, pages 264-274, 1989.

Zeev Barzilai, Don Coppersmith, and Arnold L. Rosenberg. Exhasutive gener-
ation of bit patterns with applications to VLSI self testing. IFEE Transactions
on Computers, C-32(2):190-194, 1983.

Frans Beenker, Rob Dekker, and Rudi Stans. A testability strategy for silicon
compilers. In Proceedings of the IEEE International Test Conference, pages
660-669, 1939,

Frans Beenker, Rob Dekker, Rudi Stans, and Max Van Der Star. Implementing
macro test in silicon compiler design. IEEE Design and Test of Computers,
pages 41-51, April 1990.

206




BIBLIOGRAPHY 207

[Ber90)

(EF85]

[BM84]
[BMS87]
[Boo91]
[BP89]

[BSMSSi]

[Bud92)

[CBAPS9]

[Che87)

[Cop92)

[CYL92]

[DBY1]

Alan A. Bertossi. A VLSI system for string matching,. I‘NTEGRA TION, the
VLSI journal, 9:129-139, 1990.

F. Brelez and H. Fujiwara. A neutral netlist of 10 combinational benchmark
circuits and target traslator in FORTRAN. In Proceedings of the IEEE Inter-
national Test Confe: =nce, pages 663-698, 1985,

Frederick P. Beucler and Michael J Manner. HILDO: The highly integrated
logic device observer. VLSI Desgin, 5:89-96, July 1984,

Paul H. Bardell, William H. McAnnay, and Jacob Savir. Build-In Test for VLSI
~ Pseudorandom Techniques. Wiley Inter-Science, 1987,

Grady Booch. Object-Oriented Design with Applications. Benjamir./ Cummings
Publishing Company, Inc., 1991.

Sudipta Bhawmik and P. Palchaudhuri. DFT expert: Designing testable VLSI
circuits. IEEE Design and Test of Computers, pages 8-19, October 1989,

Zeev Barzilai, Jacob Savir, George M srkosky, and Merlen G. Smith. The

weighted syndrome sums approach to VLSI testing. [LEE Transactions on
Computers, C-30(12):996-1000, December 1981.

Tim Budd. An Intreduction to Object-Oriented Programming. Addison Wesley,
1992.

Prasaad R. Chalasani, Sudipta Bhawmik, Anurag Acharya, and P. Palchaud-
huri. Design of testable VLSI circuits with minimum area overhead. IEEL
Transactions on Computers, 38(10):1460-1462, 1989.

James Cherry. 9 - CAD programming in an object-oriented programming en-
vironment. In VLSI CAD Tools and Applications, pages 265-294, Kluwer Aca-
demic Publishers, 1987.

James O. Coplien. Advanced C++ Programming Styles and Idioms. Addison
Wesley, 1992.

Chien-In Henry Chen, Joel Yuen, and Ji-Der Lee. Autonomous - tool for
hardware partitioning in a build-in self-test environment. In Proceedings of
1EEE International Conference on Compuler Design, pages 264-267, 1992,

Kaushik De and Prithviraj Banerjee. Logic partitioning and resynthesis for
testability. In Proceedings of the IEEE International Test Conference, pages
906-915, 1991.




BIBLIOGRAPHY 208

[DOF+89)

[DOR91]

[DSO1]

[Dun89]

M. Damiani, P. Olivo, M. Favalli, S. Favalli, S. Ercolani, and B. Ricco. Aliasing
in signature analysis testing with multiple-input shift-registers, In Furopean
T:st Conference, pages 346-353, 1989,

Maurizio Damiani, Piero Olivo, and Bruno Ricco. Analysis and design of lin-
ear finite state machines for signature analysis testing. IEEE Transactions on
Computers, C-40(9):1034-1045, 1991.

Charles Donnelly and Richard Stallman. BISON, The YACC-compatible Parser
Generator. Free Software Foundation, 1.16 edition, December 1991.

Samuel H. Duncan. A BIST design methodology experiment. In Proceedings
of the IEEE International Test Conference, pages 755-762, 1989,

[ELWWY1] Edward B. Eichelberger, Erice Lindbloom, John A. Waicukauski, and

[FH86]

[FM91]

[FNH89]

[Fuj85)
[Gaj88)
[Gar93]

[GCG89)

[GDWL92]

[GES9)

Thomas W. Williams. Structured Logic Testing. Prentice Hall, 1991.

H. S. Fung and S. Hirschhorn. An automatic DFT system for the Silc silicon
compiler. IEEE Design and Test of Computers, pages 4557, February 1986.

Kiyoshi Furuya and Edward J. McCluskey. Two-pattern capabilities of au-
tonomous TPG circuits. In Proceedings of the IEEL International Test Con-
ference, pages 704-711, 1991.

Ronald R. Fritzmeier, H. Troy Nagle, and Charles F. Hawkins. Fundamentals of
testability — a tutorial. IEEE Transactions on Industrial Electronics, 36,2):117-
128, May 1989.

Hideo Fujiwara. Logic Testing and Design for Testability. The MIT Press,
1985,

Daniel D. Gajski, editor. Silicon Compilation. Addison-Wesley Publishing
Company, 1988,

Bill Gardner. Design synthesis for string matching with FPGAs. Project Re-
port, July 1993.

Rajiv Gupta, Wesley H. Cheng, Rajesh Gupta, Ido Hardonag, and Melvin A.
Breuer. An object-oriented VLSI CAD framework. IEEE Computer, 22(5):28-
37, May 1989.

Daniel Gajski, Nilil Dutt, Allen Wu, and Steve Lin. High-Level Synthesis In-
troduction to Chip and System Design. Kluwer Academic Publishers, 1992.

Catherine H. Gebotys and Mohamed 1. Elmasry. Integration of algorithmic
VLSI synthesis with testability incorporation. IEEE Journal Solid State Cir-
cuits, SC-24(2):409-416, April 1989.




BIBLIOGRAPHY 209

[GE92]
[Gib85)
[GI78]
(GRB91]
[Hay76]
[H1292)

[HPCN92]

[HTRC92)

(Hwa70}

(1B89]

[IEESS]
[IEE90]

[KASS]

[KHTSS)

Catherine H. Gebotys and Mohamed 1. Elmasry. Optimal VLSl Architectural
Synthesis: Area, Pe~formance and Testability. Kluwer Academic Publishers,
1992.

Alan Gibbons. Algorithmic Graph Theory. Cambridge University Press, 1985,

Michael R. Garey and David S. Johnson, Computers and Intractabiiity, A
Guide to the Theory of NP-Completencss. W. H. Freeman and Company, 1978.

Rajiv Gupta, Rajagopalan, and Melvin A. Breuer. Reorganizing circuits to aid
testability. JEEE Design and Test of Computers, pages 49-57, September 1991,

John P. Hayes. Check sum test methods. In International Symposium on
Fault-Tolerant Computing, pages 114-119, 1976.

Andrzej Hlawiczka. Parallel signature analyzers using hybrid design of their
linear feedback. IEEE Transactions on Computers, C-41(12):1562-1571, 1992,

H. Harmanani, C. Papachriston, S. Chiu, and M. Nourani. SYNTEST: An
environment for system-level design for test. In EURO-DAC, pages 402-407,
1992,

S. Hellerbrand, S. Tarnicj, J. Rajski, and B. Courtois. Generation of vector
patterns through reseeding of multiple-polynominal LFSRs. In Proceedings of
6th Workshop on New Direclions for Testing, pages 218-228, 1992,

Kai Hwang. Computer Arithmetic Principles, Architectures, and Design, pages
368-373. Wiley, 1970.

Vijay S. Iyengar and Daniel Brand. Synthesis of pseudo-random pattern
testable designs. In Proceedings of the IEELE International Test Conference,
pages 501-508, 1989,

IEEE. IEEFE Standard VHDL, Language Reference Manual, March 1988,

IEEE. IEEE Standard Test Access Port and Boundary-Scan Architecture, May
1990.

Jerzy Kalinowski and Alexander Albicki. Computer-aided design of self-testable
VLSI circuits., In CompEuro 88 - System Design: Concepts, Methads and Tools,
pages 324328, 1988,

Kwanghyun Kim, Dcng Sam Ha, and Joseph G. Tront. On using signature
registers as pseudorandom pattern generators in built-in self-testing, [EEE
Transactions on Computer-Aided Design, CAD-7(8):919-928, August 1988,




BIBLIOGRAPHY 210

[KMZ80]

[KP89)
[KTHSS]
[KTH91)

[Lal8s)]

[LBDGS7)

(Los78]
[LP81]

[LWJA92]

(McL92)
[MCN$0]
[Moh79]

[MPCs8)

B. Konemann, J. Mucha, and G. Zweihoff. Built-in logic block observation
technique. IEEE Journal Solid State Circuits, SC-15(3):315-318, 1980.

Andrzej Krasniewski and Slawomir Pilarski. Circular self-test path: A low-
cost BIST technique for VLSI circuits. IEEE Transactions on Computer-Aided
Design, CAD-8(1):46-55, January 1989.

Kwanghyun Kim, Joseph G. Tront, and Dong S. Ha. Automatic insertion of
BIST hardware using VHDL. In "roceedings of ACM/IEEE Design Automation
Conference, pages 9-15, 1988,

Kwanghyun Kim, Joseph G. Tront, and Dong S. Ha. Bides: A BIST design
expert system. Journal of Electronic Testing: Theory and Applications, 2:165—
179, 1991.

Parag K. Lala. Fault Tolerant and Fault Testable Hardware Design. Pren-
tice/Hall International, 1985.

Robert Lisannke, Franc Berglez, Art J. Degeus, and David Gregory. Testability-
driven random test-pattern generation. IEEE Transactions on Computer-Aided
Design, CAD-6(6):1082-1083, November 1987.

Jacques Losq. Efficiency of random compact testing. IEEE Transactions on
Computers, C-27(6):516-525, June 1978.

Harry R. Lewis and Christos H. Papadimitriou. Elements of the Theory of
Computation. Prentice-Hall, 1981.

Tien-Chien Lee, Wayne Wolf, Niraj K. Jha, and John M. Acken. Behavioral
synthesis for easy testability in data path allocation. In Proceedings of IEEE
International Conference on Computer Design, pages 29-32, 1992,

Gordon R. McLeod. BIST techniques for ASIC design. In Proceedings of the
IEEE International Test Conference, pages 496-496, 1992,

MCNC. OASIS SYSTEM - Open Architecture Silicon Implementation Soft-
ware, 1.0 edition, 1990.

Sri Gopal Mohanty. Lattice Path Counting and Applications. Academic Press,
1979.

Michael C. MacFarland, Alice C. Parker, and Raul Camposano. Tutorial on
high-level synthesis. In Praceedings of ACM/IEEE Design Automation Confer-
ence, pages 330-336, 1988.




BIBLIOGRAPHY 211

[MZ91]

[Nic92]
[Pap8o)
[Par76)
[Pax90]

[PBDBS7]

[RS89]

[RT92)

[Rud90]

[SK90]

[SLCT75)

[SSMM90]

[Str91]
(TS88]

D. M. Miller and S. Zhang. A study of the fault coverage of LI'SR and CA
pseudo-random test pattern generators. In Proceedings 5th Technical Workshop
- New Directions in Testing, 1991.

M. Nicolaidis. Transparent BIST for RAM. In Proceedings of 6th Workshop on
New Directions for Testing, pages 164-177, Moy 1992,

Christos A. Papachristou. Rescheduling transformations for high level synthe-
sis, In International Conferencc on Circuits and Systems, pages 766-769, 1989,

Kenneth P, Parker. Compact testing: Testing with compressed data. In Inter-
national Symposium on Fault-Tolerant Computing, pages 93-78, 1976,

Vern Paxson. FLEX - fast lexical analyzer generator. Free Software Founda-
tion, 2.3 edition, May 1990.

M. Paraskeva, D. F. Burrows, P. Diamond, and J. Brandford. Accelerated de-
sign and automatic test overiay within a stuctured hardware design environment
(SHADE). In G. Saucier and E. Read amd J. Trilhe, editors, Fast-Prototyping
of VLSI. Elsevier Science Publishers B. V. (North-Holland), 1987,

Gordon Russell and Ian L. Sayers. Advanced Simulation and I'est Methodologies
for VLSI Design. Van Nostrand Reinhold (International), 1989,

Janusz Rajski and Jerzy Tyszer. Accumulator-based compaction of test re-
sponses. Technical report, VLSI Design Laboratory, Department of Electrical
Engineering, McGill University, 1992.

Martin Rudolph. Feedback-testing by using multiple input signature registers.
Journal of Electronic Testing: Theory and Applications, 1:214-219, 1990.

Chau-chin Su and Charles R. Kime. Computer-aided design of pseudo-
exhaustive BIST for semiregular circuits. In Proceedings of the IEEL Inter-
national Test Conference, pages 680--689, 1990.

H. Daniel Schnurmann, Eric Lindblonm, and Robert G. Carpenter. The
weighted random test-pattern generator. IEEE Transactions on Compulers,
C-24(7):695-700, 1975.

Micaela Serra, Terry Slater, Jon C. Muzio, +.nd Michael Miller. ‘The analysis of
one-dimensional linear cellular automata and their aliasing properties. IEEE
Transactions on Compuler-Aided Design, CAD-9(7):767-778, July 1990,

Bjarne Stroustrup. The C++ Programming Language. Addison Wesley, 1991.

K. Totton and S. Shaw. Self-test: the solution to the VLSI test problem? IEE
Proveedings E (Computers and Digital Techniques), 135(4):190-195, 1988,




BIBLIOGRAPHY 212

[Tur90}
[Tv91)

[TWS83]

[vCD92)

[WC91]
[WES5]

[WEF+85)

[WH92]

[Win89]

[WMS6]

[We'=7]

[Wol89]

[Wol91]

[Wun87]

Jon Turino. Design ‘o Test, second edition. Van Nostrand Reinhold, 1990.

G. Troup and A. J. van de Goor. Logic synthesis of 100-percent testable logic
networks. In Proceedings of IEEL International Conference on Computer De-
sign, pages 428-431, 1991.

Donal T.Tang and Lin S. Woo. Exhasutive test pattern generation with con-
stant weight vectors. IEEE Trensactions on Computers, C-32(12):1145-1150,
December 1983.

Jos van Sas, Francky Catthoor, and Hugo De Man. Optimized BIST strategies
for programmable data paths based on cellular automata. In Proceedings of the
IEEE International Test Conference, pages 110-119, 1992,

Wolf and Camposano, editors. High Level Synthesis Systems. Kluwer Academic
Publishers, 1991.

Neil Weste and Kamran Eshraghian. Principle of CMOS VLSI Design, A
Systems Prespective. Addison Wesley, 1985.

J. A. Waicukauski, E. B. Eichelberger, D. O. Forlenza, E. Lindbloom, and
T. McCarthy. Fault simulation for structured VLSI. VLSI Systems Design,
6(12):20-32, December 1985.

Hans-Joachim Wunderlich and Sybille Hollebrand. The pseudoexh: - ~tive test
of sequential circuits. IEEE Transactions on Computer-Aided Desig. , CAD-
11(1):26-33, January 1992.

Th. Winter. High-level test generation for sequential circuits. In European Test
Conference, pages 314-321, 1989.

Laung-Terng Wang and Edward J. McCluskey. Condensed linear feedback shift
register (LFSR) testing - a pseudoexhaustive technique. IEEE Transactions on
Computers, C-35(4):367-370, April 1986.

Wayne Wolf. Mix-and-match prototyping using objects. In Fast Prototyping of
VLSI, pages 117-126. Elsevier Science Publishers B.V. (North-Holland), 1987.

Wayne H. Wolf. How to build a hardware description and measurement sys-
tem on an object-oriented programming language. IEEE Transactions on
Computer-Aided Design, CAD-8(3):288-301, March 1989.

Wayne Wolf. Object-oriented programming for CAD. [EEE Computer,
24(3):35-41, March 1991,

Hans-Joachim Wunderlich. Self test using unequiprobable random patterns. In
International Symposium on Fault- Tolerant Computing, pages 258-263, 1987.




BIBLIOGRAPHY 213

[Wun88]

[ZB8S8]

[ZBM92]

(ZM90]

[ZMM91]

Hans-Joachim Wunderlich. Multiple distributions for biased random test pat-
terns. In Proceedings of the IEEE International Test Conference, pages 236-
244, 1988.

Xi-An Zhu and Melvin A. Breuer. A knowldege-based system for selecting test
methodologies. [EEFE Design and Test of Computers, pages 4159, October
1988.

S. Zhang, R. Byrne, and D. M. Miller. BIST generators for sequential faults.
In Proceedings of IEEE International Conference on Computer Design, pages
260-264, 1992,

S. Zhang and D. M. Miller. A comparison of LFSR and cellular automata BIST.
In Canadian Conference on VLSI, pages 8.4.1-8.4.9, October 1990.

S. Zhang, D. M. Miller, and J. C. Muzio. Determination of minimal cost one-
dimensional linear hybrid cellular automata. Electronics Letters, 27:1125-1126,
1991.




Appendix A

Logic ITI(UVic) Reference Manual

A.1 Introduction

The Logic III(UVic) HDL (Hardware Description Language) is developed to provide a plat-
form for the specification and evaluation of BIST (Build-In Self-Test) embedding. A BIST
embedding adds the functionality of self test to a circuit. Logic HI{UVic) is based on an
extension of the structural description features of Logic III[MCN90). The test effectiveness
of the BIST embeddings are measured with a program that parses a Logic III(UVic) cir-
cuit description and performs fault simulation. Fault-free simulations are also provided to
enzble functional verification.

The goals of the Logic I1I(UVic) language and its environment ave:

1. to easily specify various BIST architectures,
2. to extend the descriptive power of Logic III, and

3. to provide a simulation environment that allows the test quality to be measured.

A.2 Basic Concepts

A.2.1 Circuit Structure
The traditional way to describe circuit structure is with schematic diagrams. A carry

circuit is shown in Figure A.la. Figure A.1b shows a sum circuit. Schematic diagrams are
composed of symbols, lines, and labels. The symbols represent information transforming

214
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entities, referred to as modules. The lines, referved to as nets, represent the interconnection
of these entities allowing information to be transferred between the entities. Lines with
the same labels are connected. For example, in Figure A.la the lines with the b label are
connected.

-f‘igure A.1 Adder and Carry Circuits

Carry Module Sum Module

Hierarchical circuit description is accomplished by grouping a set of modules and nets
together, and then labeling the nets that connect to the outside. Modules contained in a
modale definition are called component modules. The dashed lines in Figure A.l indicate
the grouping. The labeled nets are referred to as ports. Using the carry and sum modules,
an adder module is created (See Figure A.2). Modules that are not composed of other
modules are called primitive.

_Figjﬂ*e A.2 Hierarchical Modules

Adder Module
r—-—=-=-n"

c—+ |

b+ Carry [+—carry

a1 i

The Logic III(UVic) language is designed to represent the structure of a circuit by
providing constructs for modules, ports, and nets. Figure A.3 shows the Logic HI(UVic)
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programs for the carry and sum circuits. Tle syntax of a module is similar to that of
a Pascal procedure. A module’s parameter list represents the ports. Variables are used
to represent nets, The variable types, input and output, specify which variables are the
module’s inputs and outputs, The variable type node specifies a net local to the module
that must he attached to at least one component’s input and at least one component’s
output.

Figure A.3 Logic I1I(UVic) code for sum and carry modules

net_module xor ( x,y : input; xor_xy : output ); external;
net_module a2 ( x,y : input; and_xy : output ); external;
net_module o3 ( x,y,2 : input; or_xyz : output ); external;

net_module carry( a,b,c : input; carry : output );
var
ab, ac, bc : node;
begin
a2( a, b, ab);
a2( a, ¢, ac);
a2({ b, ¢, be);
03( ab, ac¢, be, carry );
end.

net_module sum( a,b,c : input; sum : output);

var
ab : node;

begin
xor( a, b, ab);
zor( ab, ¢, sum);

end.

The ports and name of the primitive modules a2, 03, and xor are introduced with
a module definition where the body is defined as external. The a2 module is defined in
its nat_module definition, and it is instantiated in the carry module. a2 is a component
module of the carry module. A module instantiation means that a physical realization
of the module is included in the construction of the module in which it is instantiated.
Nets are similarly defined in a variable definition and instantiated when they are used in a
component module.

Although instantiating a component module uses the same syntax as Pascal procedure
calls, the semantics are completely different. The net arguments to a component module
and the associated parameters in the component module are variables which represent the
same net. Instantiating a module is equivalent to copying the component’s body in-place,
with the necessary variable name changes to ensure ;aat the different nets remain distinct.
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The Logic III(UVic) text for an the adder circuit depicted in Figure A2 is:

net_module adder( x,y,z : input; sum, carry : ouvput );
begin

sum( x,y,2, sum);

carry( x,y,2, carry);
end.

An equivalent description with the sum and carry modules expanded in-place is:

net_module adder( x,y,2 : input; sum, caxry : output );
var

g_ab : node;

¢_ab, c_ac, a_bc : nou.,
begin

// expanded sum

xor( x, y, s_ab );

gor( s_ab, z, gum);

// expanded carry

a2( z, y, c_ab);

a2( x, 2, c_ac);

a2( y, 2, ¢_bec);

03( c_ab, c_ac, c_bc, carry )
end.

Note that arguments %, y, 2 and sum to the sum module replace the parameters a, b,
¢ and sum. The local variable ab of sum is renamed s_ab. This avoids a clash with the
local variable ab of the carry module. The parameters of carry are similarly replaced. It is
the responsibility of a Logic III(UVic) compiler to perform this transformaticon until only
primitive modules remain.

The preceding examples show modules in which the structure is fixed. Logic (U Vic)
has the ability to describe modules in which the structure can vary. For example:

net_module add_sub( as_flag : integer;
a,b,c : input; sum, carry : output );
var
b_inv : node;
begin
if as_flag = 1 then begin
adder(a,b,¢, sum, carry);

end
else begin
i1(b, b_inv);
adder(a,b_inv,c, sum, carry)
end;

end.
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Depending on the value of the integer parameter as_flag this module will produce
either a subtractor or an adder module. Customized modules are specified with non-net
parameoters and/or array parameters. A Logic III(UVic) module definition is therefore a
template for the module’s structure,

In summary, Logic III(UVic) describes circuits with nets, modules, and ports. Nets are
represented by variables of type node, input, or output. Modules are represented by the
net._module construct and the parameters of a net_nodule represent ports.

A.2.2 Lexical Categories

The text of a Logic III{UVic) design can be grouped irto the following lexical categories:

e white spaces,

o camments,

e integer constants,

e string constants,

e operators and delimiters,
e keywords, and

o identifiers.

Any sequence of blanks, tabs, newlines, carriage returns are consider as white space.
Wlite space separates - ‘her lexical elements, otherwise it has no significance.

Commeonts are enclosed by (* and *). Comments are ignored by the language. Com-
ments do not nest. A comment including the rest of the line is introduaced with //. Since
all text between (* and the first occurrence of #) is ignored, // and (* have no effect until
*) is encountered. Examples of comments are:

(* this a comments #*)
// so is this
(* // and this »)

An integer constant consists of a sequence of digits. The digits are: 0, 1, 2, 3,4, 5,06, 7,
8, 9. Only base 10 integers are supported.

String constants consist of all the characters enclosed by a pair of *. A string con-
stam can not contain a newline character. The following C-language character eccapes are
recognized:
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\r | carriage . >turn
\n new line

\b back space
\t tab

\ \

String constant examples are:

"hello world\n"
"0100 1000 O011"

The following sequence of punctuation characters act as delimiters or operators:

= & > <= ¥ ,, =z i~ &= ,
Lt 1 ¢)Y + - » /4 ¢ v

The keywords in Logic III(UVic) are:

and array begin circuit connect const
display do downto else end external
faults_off for function global if in
includedet input integer mod net.module node
not observer of or output reg
string then to use var while
write assert

The keywords can also appear in upper case.

An identifier is any sequence of at least one letter followed by any number of letters, or
digits or ‘_’s that is not a keyword.

A feature that allows inclusion of files into the source text is provided with:
#include "filename"

The contents of £ilename appear to Logic III(UVic) as if they are in the test of the
design.

A.2.3 Program Structure and Scoping

A BNF notation describes the syntax of Logic HII(UVic).
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<lext> — [ <global> | <mod-defn-list> 1+ <circuit>

<global> — global <directives> <const-defn> <var-defn> end.

<directives> — <directive> | <directives> <directive>

<directive> — includedef ( <string-constent> ) ;

< mod-defn-list> <mod-defn> | <mod-defn-list> <mod-defn>

<mod-defn> — <fun-defn> | <netmod-defn>

<fun-defn>  — function <identifier> ( <params-defn> ) : <type> ;
< maod-body>

<netmod-defn> — net.module <identifier> ( <params-defn> ); <mod-body>

<mad-body> — <const-defn> <var-defn> begin <inst-stmt-list> end.
| external;
< circuit> — circuit <identifier> ; <const-defn> <var-defn>
begin <inat-stmt-list> end.

The text of a complete Logic III(UVic) design is:

net_module a2( a,b : input; x : output ); external;
net_module o3( a,b,c : input; x : output ); external;

net_module two_of_three( a,b,c : input; b_flag : output );
var
ab, ac, bc : node;
begin
a2( a,b, ab);
a2( a,c, ac);
a2( b,c, be);
0o3( ab, ac, be, b_flag);
end.

circuit main;
var
r,s,t : input;
flag : output;
begin
two_of_three( r,s,t, flag);
end.

220

This example describes a circuit composed of fo ir primitive modules and seven nets.
The seven nets are r, s, t, and flag from main, and ab, ac, and bc from two.of.three.
The parameters a, b, ¢, and b_flag are replaced by the associated arguments r, s, t, and

flag.

All constant, variable and module names are visible immediately after they appear in
the text. Logic III(UVic) has global and local scope. Variables and constants defined in
the <global> section are visible inside all modules unless a constant or variable with the
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same name is defined in the module's scope. Variables defined in the parameter list and
constants and variables defined in the modules <var-defn> and <const-defn> sections are
in the module’s scope (i.e., only visible inside the module).

A.3 Types, Variables and Constants

The variable types in Logic HI(UVic) can be separated into ones that are part of the
structural description and ones that are used to customize the structural description., The
string and integer types are used to parameterize the structural description. Variables of
these types are directly interpreted by a Logic III(UVic) compiler, by themselves they do
not represent any structure. The node type represents the interconnection element in the
structural description (e.g., the wire). The input and output types are specialized forms
of the node type that can occur only in a module’s parameter list or in the var section
of the circuit module. The input and output types in the circuit module specify which
variables are the primary inputs and outputs of the circuit. The term net will be used when
a variable can be either a node, input, or output type. A reg type variable represents a
1-bit memory element.

The syntax for variable definitions is:
¢

< vaer-defn> — var <v-defn-list>
<v-defn-list> — <wv-defn> ; | <v-defn-list> <v-defn> ;

<v-defn> —  <identifier-list> : <type>
<type> —  <b-type> | <array-type>
< b-type> — node | input | output | reg | integer | string

<identifier-L'st>— <identifier> | <identifier-list> , <identifier>

The parameter variable definition syntax is:

< params-defn> — < v-defn-list>

The node type is an illegal parameter type. The input and output types can not appear
inside a module’s <var-defn> section. The input and output types are really relics from
Logic III and should be replaced with *he node type and a type modify which specifies the
direction of information flow in to or out of a module.

The two operations defined on net variables are instantiating and aliasing. A net variable
is instantiated when it occurs as an argument in a module instantiation. A net variable is
aliased to the associated parameter variable of the component moedule in which it appears
as an argument.

In a module’s parameter list an input type specifies that the signal on the net is gener-
ated outside of the module. It is illegal for an input variable to become an argument of a
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module where the matching parameter’s type is output. For the output variable the signal
on the net is either generated by a module instantiated inside the module, or is generated
by one of the input nets. Thus it must appear as an argument to a component module
in which the matching parameter’s type is output, or it must be aliased with an input
variable,

Variables of type reg can be instantiated by placing the variable as an argument to a
module and as the target of an update’ statement. The <update-stmt> statement spec-
ifies which net drives the input to the memory element. The output of the reg variable
memory element is accessed by using the variable as an ordinary net variable. In a module
instantiation the associated parameter’s type must be input. Instantiation of a reg variable
produces the components that implement the memory element.

Integer variable have the usr sl set of arithmetic and comparison operations defined.
The arithmetic operations are: addition, multiplication, subtraction, division, and reminder
(modulus). The comparison operations are: equal to, less than, less than or equal to, greater
than, and greater than or equal to. The value of an integer variables can be modified with
an assignment statement. Built-in integer functions that ¢.'culate the minimum, maximum,
and logarithm base 2 of their arguments are provided.

Strings can be assigned, compared for equality and sub-strings can be extracted. The
syntax for sub-string extraction is identical to that of array slicing. The sy:.tax for array
slices is defined in the next section. Other string operations are currently not defined.

The constant section allows the user to give constants more meaningful names and local-
izes the constant definition to one place, enabling easy modification. A constant definition
is visible as soon as it is defined. The syntax is:

<const-defn> — const <c-def-list>
<c-def-list> — <c-def>; | <c-def-list> <c-def> ;
<c-def> — <identifier> = <i-constant> | <identifier> = <s-constant>

A.3.1 Arrays
Array types are also supported in Logic III(UVic). One dimensional arrays of the base
types can be created. The syntax to define a variable of an array type is:

<array-type> — array <array-size> of <b-iype>
<array-size> — [ <expr1> .. <ezpr2>1 1 [

The <expri> expression must evaluate to an integer, and is the lower bound of the
array’s index range. <expr?> is the upper bound of the array’s index range. Expressions

"The update statement should be removed, since we can figure out from the matching parameter’s type
whether we have connected to the memory element’s input or output
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<ezxpri> and <ezpr2?> can depend on the modules parameters, and thus the size of the
array is determined when a module is instantiated. The <ezpr!> expression must be less
than or equal to the <exzpr2?> expression. If the <array-size> is [1, then the size of the
array depends on the associated argument in the module’s instantiation statement, Its
lower bound is 0 and its upper bound is its size minus one.

For example, given the following array definition and module header:

var counter : array [3..10] of node;
net_module Lin_counter( cnt : array [] of output );

and the instantiation statement:
bin_counter( counter );

the parameter cnt size is (10-3)+1= 8, its first index is 0, and its last index is 7. In Logic
I1I, where the variable size array does not exists, a functionally equivalent module header
is:

net_module bin_counter(sz : integer;
ent : array [0..s2-1] of output );

and the instantiation is:
bin_counter(8, counter );

Although this syntax is accepted by Logic III(UVic), the former is preferable.

The array elements can be referenced as individual elements or as slices. ‘The operation
of array slicing allows a subarray, a continuous segment of the array, to be accessed, The
array access syntax for a slice and an element are:

<array-slice> — <identifier> [ <ezpri> .. <expr2> ]
<array-elem> — <identifier> [ <ezpr> ]

The <ezprl> expression must be less than o equal to the <ezpr2> expression. An
array slice of size one is still an array. Example aray definitions for the variables arr and
fred are:

var
arr : array [1..8] of node;
fred : array [1..167 of integer;
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A slice containing the elements 3, 4 and 5 of arr is arr[3..5]. fred[6..5] is a integer
array of size 1, while £red[6] is an integer. The range of all array access must be in the
lower and upper bounds of the array.

The following properties are associated with arrays:

Property Meaning
first the array’s lower bound
last the array’s upper bound
size the array’s size |

The value of an array’s property is obtained with the syntax:

<prop-ezpr> — <array-ezpr> * <array-property>
<array-ezpr> — <identifier> | <array-slice>

For the first, last, and size property the property expression evaluates to an integer
constant. Using the definition of £red, the following expression values are:

fred‘first = 1
fred‘last = 16
fred‘size = 16

In addition to array variables, one dimensional arrays can be created by concatenating
scalar variables, array variables, and array slices. The syntax is:

<collection> — [ <primary-iist> ]
<primary-list> — <primary> | <primary-list> , <primary>
< primary> —  <identifier> | <array-elem> | <array-slice>

For the following variable definitions:
var

a,b,c : node;
e : array [6..16] of node;

A collection of these variables forming an array can be specified with:
[ a,b,c, el18], el6..7]) ]

This collection’s type is array [0..5] of node. The lower bound of a collection is 0,
its upper bound and size is the sum of the sizes of all the items in the collection minus one.
An example of using a collection is:
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var a,b,c,d,e : node;
net_module And( z : array [] of input; y : output); external;

aAnd( (a,b,c,dl, e );

The collection of scalar eleinents a, b, ¢, and d form a four element array, that is aliased
to the x array of And. In this case, the And module produces a circuit where the y output is
the Boolean AND of the elements in the x array. The collections and variable sized arrays
provide a cc: venient way of describing these kinds of circuits.

A.3.2 Expressions

The syntax for integer, string and net type expression is:

<i-ezpr> — ( <i-expr> )
| =~ <i-expr>
| <i-expr> <i-bop> <i-expr>
| <funct-call>
| <primary>
<i-bop> — ¢+ | =-1*1/ 1| med
<funct-call> — min ( <ezpr-list> )
| max ( <exzpr-list> )
| 1g2 ( <expr> )
| <identifier> ( <expr-list> )

<rel-i-expr> — ( <rel-i-expr> )
| not <rel-i-expr>
| <rel-i-expr> and <rel-i-ezpr>
| <rel-i-expr> or <rel-i-expr>
| <i-expr> <i-rop> <i-expr>

<i-rop> — <> <= ]>|-=

< 3-ezpr> — <primary>

<rel-s-expr> — <s-expr> = <s-expr>

<n-ezpr> — <Zcollection> | <primary>
<ezpr> — <i-expr> | <s-expr> | <n-expr>
<egpr-list>  — <ezpr> | <ezpr-list> , <ezpr>

Integer and string expressions are used in the customization of modules. The integer
operators + - * / mod = <= >= are identical to Pascal’s integer operators. min returns
the minimum integer of its arguments. max returns the maximum integer of its arguments.
log?2 returns the ceiling of log,. The = operator for string expression checks for equality.
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A.4 Module

A.4.1 Headings

A module realizes the primary unit of design for a circuit. Similar to functions/procedures
in Pascal, 2 module allows the designer to specify components that are used in the construc-
tion of a circuit. In a Logic III(UVic), a module is defined once, but can be instantiated
zero or more times. Since modules are templates where the structure depends on its input
arguments, each module instantiation can yield a different structure. A modules defini-
tion can be recursive. A recursive module definition implies that the module structure is
customized.

The two types of module definitions are net.module and function modules. Their
syntax is:

<mod-defn> — [ <func-header> | <mod-header> 1 <mod-body>
< func-header> — function <identifier> ( <ver-param-list> ) : <f-type> ;
<mod-header> -+ net.module <identifier> ( <var-param-list> ) ;
<[-type> — integer | string | output | array <array-size> of <f-type>

Functions and net.modules have almost identical semantics, with the exception that
functions occur in expression and return a value for use in the expression, while net_modules
occur in statements. Functions returning integer or string types do not create structure,
but are used in the customizing descriptions. The return type of a function can neither be
a node nor an input. The net parameters of a module define the modules ports. String and
integer parameters are used to specify how a module is instantiated. Variable sized arrays
also affect how a module is instantiated.

Some example module headers are;

net_module adder2( a0,a1,b0,bi : input; ¢0,c1,c2 :output);
net_module m.and( x : array [] of input; xs._and : output );
function f_and ( x : array [] of input ) : output;
net.module misr( misr.type : string ;

obs : array [1..8] of input;
sig : array [1..8] of output );

Since the parameters of adder2 are only nets, this module is not customizable (i.e., each
instantiation produces exactly the same structure). The m_and and £.and module headers
could define an interface to a module that computes the boolean AND of all the elements
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in the x array. The choice of using a module or a function would depend on how a designer
wanted to use the component. These modules are customized by the size of the x array.
The MISR module instantiation is customized by the misr_type parameter.

A.4.2 Module Body

The component modules and their interconnections defining the moduie’s structure are
contained in the body. The body is composed of three sections, the first defines the local
constants, the second defines the local variables, and the third lists the component modules
that are instantiated.

<mod-body> — <const-defn> <var-defn> begin <inst-stmt-list> end.
< inst-stmi-list>— <inst-stmt> <inst-stmi-list> ; <inst-stmt>

All local net vanables and the customizing string and integer variables are defined in
the var section. Again variables are visible as soon as they are defined.

The final section in the body consists of a list of instantiation statements to define the
component modules. These statements are:

<inst-stmt> — begin <inst-stmt-list> end
| <connect-stmt> | <update-stmt>
| <mod-inst> | <if-inst-stmt> | <if-else-inst-stmt>
| <for-inst-stmt> | <while-i-stmt> | <use-stmt>

The <connect-stmt> statement associates two variables with the same net (i.e., one
variable is an alias for another).

< connect-stmt>— connect ( <identifier> , <identifier> )

It is illegal for a <connect-stmt> statement to alias two variables where the type is
input.

The < update-strit> statement is used to instantiate the structure associated with a reg
variable, and to attach the data input of the instantiated memory element to the given net
variable.

< update-stmt> — <identifier> <- <variable>

The <if-inst-stmt> and <if-else-inst-stmt> statements provide the primary means in
Logic III(UVic) of customizing a modules instantiation. For the <if-inst-stmt> statement,
the statements in the then-clause are instantiated if the condition evaluates as true. For
the <if-else-inst-stmt> statement, the statements in the else-clause are instantiated if the
condition evaluates as false, otherwise the then-clause is instantiated.
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<if-inst-stmt> — if <rel-expr> then <inst-stmt>
<if-else-inst-stmt> if <rel-expr> then <inst-stnit> else <inst-stmt>

it and._flag = 1 then
aZ(x.Y. xy);
olse
02(x,y, 2y);

The above code fragment will instantiate the a2 module if andflag = 1, otherwise the
02 gate is instantiated.

The <maod-inst> statement specifies a component module. The module’s definition must
have already appeared. While net variables are declared in the moduvies parameter list or
var section, they are not instantiated until they occur in an argument list of a module. The
matching of arguments to parameters in an instantiating statement aliases each argument
with its matching parameier.

<mod-inst> — <idenlifier> ( <ezpr-list> )

If the module name in the <mad-inst> statement is the eame name as the one in the
module header then this modules definition is recursive. The parameters of a recursive mod-
ule must include non-net parameters and/or variable sized array parameter. For example:

net_module And( x : array [] of input; y : output);
var
mid : integer;
mi, m2 : input;
begin
it x'size > 2 then begin
mid := x'size / 2 ;
And( x[1..mid], m1 );
And( x[mid+1..x‘sizel, m2);
a2(m1, m2, y);
end
else if x'size = 2 then
a2( x[1], x[2], y);
oelse
connect( x[1], y );
end.

The above module creates a tree of a2 modules to compute the Boolean AND of its
inputs. It is customized by the x array size,

The < for-inst-stmt> and <while-i-stmt> statements are used to repeatily instantiate
the <inst-stmt> statements defined in their bodies. The for-statement will instantiated its
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statements abs( <expr2?> - <ezpri>) + 1 times. The while-statement will instantiate its
body as long as its condition is true.

< for-inst-stmt>— for <identifier> = <capri> <for-dir> <expr?>
do <inst-stmt>

< for-dir> — to downto

<while-i-stmt> — while <rel-expr> do <inst-stmt>

An example is:

for i := 1 to 16 do begin
a2( x[i], pass, xylil);
exor( xy[il, z[i], outli] );
end;

Sixteen a2 and exor modules will be instantiated by the above for statement. An
equivalent Logic III(UVic) design fragment consists of sixteen replications of the a2 and
xor module statements. Thus the looping construct provides a easy way to specify iterative
structures. Inside a for or while statement, the net variables attached to a module'’s output
ports must be an array element, otherwise the scalar net could be attached to more than
one output.

The <use-stmt> statement is provided by the language tu support BIST embedding,
and its semantics is discussed in the next section.

A.5 BIST Embedding Support

The language feature that supports BIST embedding is based on the observations that most
BIST architectures consist of modification to the memory elements. These modification
convert the memory elements into pattern generators and/or response analysis structures,
In Logic II(UVic) memory elements are described with reg variables. The <usc-stmnt>
specifies the structure to be instantiated for the set of reg variables defined in the <use-
stmt> body.

<use-stmt>  — use <identifier> in <inst-stmt>
The <identifier> must be the name of net_module with the following signature:

net_module embedding(d:array[lof input; q:array[lof output);

An embedding module which instantiates each reg variable is:
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net_modu’ e register ( d : array [] of input; q : array [] of output );

var
i : integer;
begin
for i := 1 to d‘siz¢ do
df£(d[i),q(il);
end.

For all reg variables the data inputs, the nets defined in the <update-stmt>, and the
reg outputs are collected in d and q arrays respectively. The embedding module is passed
these two arrays when it is instantiated. Since the user defines the embedding module, any
structure can be instantiated for the memory elements.

A.6 Language Support of Simulation

In addition to the structural description features of Logic III(UVic), constructs that interface
to a simulator are provided. Logic III(UVic) includes features for displaying nets, specifying
observation points, and specifying nets where faults are not considered. The si~ulation
interface constructs appear after a module’s variable declaration section and before its
body. The syntax is:

< circuit> — circuit <identifier> ;
<const-defn> <var-defn> <sim-info> begin <inst-stmt-list> end.
<mod-body> — <const-defn> <var-defn> <sim-info> begin <inst-stmt-list> end.
<sim-info>  — <display-info> | <observer-info> | <faults-info>
<display-info> — display <d-item-list>
<observer-info>— observer <primary-list>
< faults-info> — faults.off <primary-list>
<primary-list> — <primary> | <primary-list> <primary>
<d-ilem-list> — <d-item> | <d-item-list> <d-item>
<d-item> — <primary> [ : <format> [ : <fmt-param>] ]
< format> —  <identifier>
<fmt-param> — <i-constant>

The <format> and <fmt-param> values are specified by the simulator.

For example,
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circuit div7;
const
R_SIZE = 7; Q.SIZE = B; R_SIZE = 3; // upper bound
var
x : array [0..X_SIZE] of input;
q : array [0..Q_SIZE] of output;
r : array [0..R_SIZE] of output;
sig : array [0..9] of node;
display
x:hex, q:hex, r:hex
observer
sig ;
faults_off
r;
begin
m_div?(x. q, !') ’
misr( [q,r], sig);
end.

shows the nets x, q, and r in a <display-info> section, the net aigin a <observer-info>
section, and the net r in a <faults-info> section. The simulator is responsible for displaying
the values of x, q, and r during fault free simulations. The value of the nets sig are used to
determine the fault coverage during fault simulation. The fault simulator will not generate
any faults associated with the nets r.
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Lg3 User’s Manual

B.1 Introduction

L.g3 is a CAD tool that is designed to aiu in the BIST embedding process. This tool parses
a Logic HY(UVic) circnit description and performs functional and fault simulation. A test
script controls the si-aulations. The test script can be included in the Logic III(UVic)
text. The Logic INI(UVic) language has features to easily specify BIST embeddings and to
interface with a simulator. The tool allows designers to evaluate the test effectiveness of a
BIST embedding with fault simulation. The main features of the tool are:

e analysis of the Logic IIl(UVic) text for syntactic and type errors,

¢ a functional circuit simulator,

o a fast combinational fault simulator, and a slower sequential fault simulator,

¢ identification of testing problems at the Logic III(UVic) text level,

e support for common BIST pattern generators,

¢ simulation control hy a test script language,

e compatibility with the QASIS design environment.

The fault simulators use the single stuck-at fault module, with fault collapsing. Faults
are reported as ezposed if during fault simulation the fault effect is observed for at least one

response. Any fault which causes the final state to differ from the fault free state is also
called a detected fault.

232
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B.2 Usage

Le3 is implemented by a C+- p-ogram. It should work in any environment that supports
a C++ compiler and several megabytes of main memory. Under UNIX, it is invoked with
the command:

1g2 [-nf] [-o file] files...

where

-n specifies that an RNL netlist file is produced,
-0 specifies the name of the RNL netlist file produce, the default name is a.all,

-f specifies that no fan outs are added.

Most simulation results are sent to the standard output.

For example, the command:
1g3 sub_modules.lg main.lg

invoker the 1g3 tool, that parses the files sub_modules.lg and main.lg, and performs
any simulation specified by a test script contained in main.lg. The command:

1g3 -n -o logic/main.all sub_modules.lg main.lg

creates the RNL netlist in the file logic/main.all from the Logic HI(UVic) description.
Any simulation script is ignored. After executing the above command, the OASIS system
can process the RNL netlist produced.

B.3 Test Script
The test script, which appears after the circuit module, syntax is:

<test-script> — testing <var-defn> begin [ <tesl-cmd> ; ]+ end.
<var-defn> — var [ <wvdefn> ; 1+

<v-defn> —  <identifier> : <type>

<type> — <b-type> | <array-type>

< b-type> — integer | string
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<array-type> — array of [ <i-ezpr> .. <i-expr> ] of <b-type>
<test-crnd>  — begin [ <test-cmds> ; ]+ end.
| <sim-emd> | <gen-assign> | <if-emd> | <while-cmd>
| <for-emd> | <assign-cmd> | <write-cmd>
<sim-cmd>  — simulate ( <i-ezpr> )
| fault.simulate ( <i-ezpr> )
| par_fault._simulate ( <i-ezpr> )
| clear_inputs skip ( <i-ezpr> )
| re-init_fault_stats
| print_non.detected
| print_non_exposed
<gen-assign> — <orimary> :- <bist-gen>
< bist-gen> — ca ( <i-expr> [ , <s-constant>] )
| zea ( <i-exzpr> [ , <s-comstant>] )
| twodca ( <string> [ , <s-constant>] )
| 1fsr ( <i-expr> [ , <s-constant>] )
| 21fsr ( <i-ezpr> [, <s-constant>] )
| counter ( <i-expr> [ , <i-expr>] )
| seq ( <string> )
| file ( <string> )
<if-emd> — if <condition> then <test-cmd>
| if <condition> then <test-cmd> else <test-cmd>
<while-cmd> — while <condition> do <test-cmd>
< for-cmd> — for <identifier> := <i-ezpr> [downtotol
<i-expr> do <test-cmd>
<write-cmd> — write( <ezpr-list> )

<i-ezpr> and <condition> are integer expressions and boolean expressions as defined
in Logic III(UVic). The <if-cmd>, <while-cmd>, and <for-cmd> testing commands are
the usually control structures. The <write-cmd> is used to print out messages.

The <gen-assign> statement is used to bind input sources to a set of nets. The size of
the input source is determined by the size of target (i.e., the nets it drives). The first bit
of the input source is connected to the first net in the target. The following table describes

the input sources.
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Generator

Type of Pattern Generator

cal initstate [ , machine))

A minimum cost hybrid cellular au-
tomata. The CA’s initial state is
given by the first parameter. The
CA cells that use the 150 rule can
be specified by the optional machine
parameter.

zca( init.state [ , machine] )

A CA with an all zero state.

twodca( init_state, machine, r, ¢ )

A two dimensional CA.

1fsr ( init.state [ , machine] )

A minimum cost linear feed back

shift register, The initial state is
given by the first parameter. 'The
machine parameter specifies the tap
positions.

zlfsr ( init_state [ , machine] ) A zero state LI'SR.

counter ( inil_state [ , increment] ) | A binary counter. The optional
parameter, increment, specifies the

value that is added to the counter,

seq ( sequence ) A repeated sequence.

file ( filename ) The input patterns are contained in
the fiile with the name, filename, A
pattern is represent by a line con-

taining ones and zeros,

An example of a Logic III(UVic) design tha! contains a test script is:

net_module a2( x,y : input; z : output); external;
net_module o2( x,y : input; = : output); external;

circuit fred;

var
a, b, c : input;
o : output;
tmp : node;
display
a, b, ¢, o
observer
o3
begin

a2( a, b, tmp);
02( ¢, tmp, o);

235
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end.

testing

begin
[ a, b, ¢ ] :- counter(0);
write("simulation for fred\n");
simulate( 8 );

end.

236

The test script directs 1g3 to simulate the circuit for 8 cycles, with the inputs a, b, and
c driven by a binary counter. The net a is driven by the least significant bit of the counter.
The variables a, b, ¢ and o are displayed. All the variables visible to the circuit module are
visible to the testing script. The output of 1g3 for the above text is:

simulation for fred
a=0 b=0 c=0 o=0
a=1 b=0 c=0 0=0
a=0 b=1 ¢c=0 o0=0
a=1 b=1 ¢c=0 o=1
a=0 b=0 c=1 o=1
a=1 b=0 c=1 o=1
a=0 b=1 c=1 o=1
a=1 b=1 c=1 o=1

The following table defines the actions caused by the <sim-cmd> statements.

Command

Action

simulate ( <i-expr> )

Simulate for <i-expr> cycles, printing out
all variables that are specified in display
statements. Circuits without memory ele-
ments simulate more efficiently.

fault.simulate ( <i-ezpr> )

Perform single stuck-at fault for <i-ezpr>
cycles. Combinational circuits can use the
PPSFP fault simulation algorithm, and
thus simulate more quickly then sequen-
tial circuits. Sequential circuit fault sim-
ulation uses the parallel fault algorithm.
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par_fault_simulate ( <i-ezpr> ) | Perform afault simulation using the paral-
lel fault algorithm. This command is only
useful for getting the detectable faults for
a combinational circuit.

re.init fault.stats Reset the fault statistics.

print.not.detected Print out the nets where the fault is not
detected.

print._not_exposed Print out the nets where the fault is not
exposed.

clear.inputs Remove the generator bindings.

An example test script for running the fault simulator and priniing out the faunlt coverage
and non-exposed faults for fred is:

testing
begin

fa, b, c] :=-1fsr( 1);

fault_simulate( 2 );

print_non_exposed;

write( "faults = ", number_of_faults );

write( " exposed = ", numb.t_of_eiposed, "\n");
end.

The above script directs 1g3, to drive the inputs by a three-bit LFSR, perform the fault
simulation for 2 cycles, and then print out the faults that are not exposed and the total
number of faults and the total number exposed. The output is:

800:T.c nfd=0 detq:
S00:T.o nfd=0 detQ:
S00:T.tmp nfd=0 detQ:
faults = 6 exposed = 3

Each of the first three lines correspond to one fault. The first line states that the stuck-at-0
fault for the net represented by the variable ¢ in the top-level module is not exposed.

The 1g3 program defines the following integer variables:
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Variable Meaning

number_.of _gates The total number of primitive gates. )
number_of.signals | The number of unique nets,

number_.of _faults The number of stuck-at faults.

number_of _cycles The total number of simulation cycles. This variable is reset
to 0 after the re_init_fault_stats command.
nunber_of_exposed | The total number of faults that have been exposed since the
last re_init_fault_stats command.

number_of _detected | The total number of faults that have been detected since the

last re.init.fault_stats command.

An example of a test script that continues the fault simulation until a specified fault
coverage js achieve or the maximum number of patterns has been applied is:

testing
var
ninety._five_fc : integer;
begin
// code to bind inputs to pattern generators
ninety.five_fc := number_of_faults -
( number_of_faults/20 );
vhile (ninety._five_fc > number_of_exposed) and
(number._of .cycles < 256000) do
begin
fault_simulate( 256 );
write( "fc=", number_of_exposed);
write( "cyc=", number.of_cycles, "\n");
end
end.

For combinational circuits, more efficient simulations are realized if fault.simulate’s ar-
gument is a multiple of 256.

An example of a script that tries different pattern generators is:

// rest of multiply circuit
circuit mply.top;
var
x, y : array [1..8] of input;
2 : array [1..16] of output;
display
x:dec, y:dec, 2:dec;
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observer
zZ;
begin
mply(x,y,2);
end.

testing
begin
[(x,y]) :-2ca( 0);
fault_simulate( 16384 );
write( "zca fc = ", number_of_exposed, "\n");
clear_inputs; ra_init_fau." stats;
[x,y) :-1fsr(1);
fault_simulate( 16384 );
write( "1fsr fc = ", number_of_exposed, "\n");
clear_inputs; re.init_fault_stats;
[ %, y] :~ counter( 0 );
fault_simulate( 16384 );
write("counter fc = ", number_of_oxposed, "\n");
end.

This script prints the fault coverage achieved by a zero state CA, a LFSR, and a counter.
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Lib/stdinc.lg

(=

= Define the library modules

*)
global
includedef (" /vlsiflib/oasis/scmos2.0/standard.def” );
var

Reset, PhilH, Phi2H, Phil_test : input;

end.

net_.meodule fan(

net.module 1( r -

net.module ai2(
unet.module as3(
net_meoedele asj(
net_mmodule ai5(
oet.module as6(
uet_tnodule a17(
aet.module asS(
net.nodule ai9(
vet.module os2(
uet.module 019(
net.module o4
uet.module os5(
net.module os6(
net.module o37(
net.module 0i8{
vet.module o0s9(

pet.modole a0i2%(r,s, t,u : input: s -
net.module o0as28(r,s, tu : i :
netumodule goi2I{rs, ¢t : input; :

(1,

. r?

’!’,

z : input; z : ontput ); external;
mpnt z antpnt ); external;
%, 9 lnpnt z ¥ ¢ 1;
w, £, y : inpus; 2z : outpnt ); external;
v, w, I, y . input; z : output ); external;
v, v, w, £, y- input; : : output ), external;

u, v, w, z, y: Inpt; z : ontput ); external;
s, 1, v, v, w, I, g inpat; : : cutput ); external;

s, t, v, v, w, 7, y: input; : : cutput ); external;
g. 7, s. t, u, v, w, 1, y: inpat; 2z ontpm ); external;
x, y : input; : : output ),

w, 1, y : input; z:tmtpnt)extemal

o, w, r, y - input; : : cutput ); external;

u, v, w, I, Yy input; : : ocutput ); external;

t, u, v, w, r, y: Input; : : t ); external;

s, &, u, v, w, , y: inpus; : : ontput ); external;

s, t, u, v, w, 7, y: input; : ontpnt ); external;
¢ TS touor w, I, 9 mpnt, s : ontpnt ); external;
x, y : input; : : output );
w,x,y:mpnt,. . output ); external
v, w. 1, y : input; - : cutput ); external;

u, v, w, r, y; input; : : ocutput ); external;

t, u, v. w, r, y- input; > : ocutput ); external;

s, t, u, v, w, 7, y: input; : : output ); external;

r. s t u v, w T, 4 inpnt; : - output ); external;

g 7 s t v v, w I y inpat; : output ); external;
r, ¥ : input; : : output );

w, r, y : inpust; * : output ); extemal

v, w, z, y : input; : - output ); external;

o, v, w r Yy input; : : cutput ); external;

t, 8, v, w, r y: inpat; - : ountput ); external;

s, t uw v, w, 1, y- input; : : cutput ); external;

v. s, ¢t u v. w I y: input; - : output ); external;

g, 7, s ¢t u v, w ¥, y iopur. : : ousput }; external;

1. external;
: output ); exterual; )

net.module o0asfi{r,s, ¢t : input; : : output ); external;

net.nodule z0i221(rs. &u, v :

input. : : ocutput ); external;

net_module

uet_module
net.module

net_module
net_module
net_module
unet.module
net.module
net.module
net_module

net_module
net_module
net_module
net_module
net_module

g0i222(r,s, t,u, v,w : input; z : ountput ); external;
03i222(r,s, t,u, v,w : input; z : output ); external;
0ai221(r,s, t,u, v: input; z : cutput ); external;
aoi211(r,s, t, u: input; z : cutput }); external;
0ai211(r,s, t, u: input; z : ocutput ); external;
aoi2221(r,s, t,u, v,w, r : input; z:output ), external,
0ai211i(r,s, t, u, v: input; z : cutput ), external;
aoi2111(r,s, t, u, v: input; z : output ); external,
0ai2211(r,s, t, u, v, w: input; z : cutput ), external;
aoi2211(r,s, t, u, v, w: input; z : output ); external;
0aid2(r,s,t, u,v: input; z : output ); external;
oaid1(r,s,t, v. input; z put ); external;
aoi81(r,s,t, u: input; : @ outpui ), external;

0ai32(r,5,t, u,v : input; z : output ); external;
a0i82(r,s,t, u,v : input; : : output ); external;
eror( z, y : input; : : output ); external,

exmor( 1, y °

input; z : ocutput ); external;
buf2 (3 : external

input; o : output };

Ve




Lib/utility.lg

(= memory stuff

net_module n_register(
Bold : input;
a : array|] of input;
g : asrvayla‘first..a-last] of outpaut; );

var
hold_bar : node;
dffin, dffin_bar : array[a‘first..a‘last] of nede;
me : arrayla'first..a‘last] of reg;
i : integer;
begin
i1 { hold, hold.tar );
for i := a'first to a‘'last do begin
a0i22( afi], hold bar, qli}, hold, dffin.bar[s} );
$1( dffin_barfi}, dffin[s] );
mefi] <~ dffinfs};
f~- meli}, qli]);
end.

net.module n_reg(d : amay [] of input;
g : array [d‘first..d'last] of output;);

var
r : array [ d'first .. d'lest | of reg;
TR 3
for i = d'first to d‘.st do begin
r[t] <=- i b ]
connect(r i}, qf:]);
end,
end.
(= BIG gates *)

net.medule Or_hidden( flag: integer;
r : array [0.] of input; y : cutput),

const

size = zx'size;

left_size = sizef2;
var

t1, t2: node;

i : integer;
begin

if flag = 0 then begin

then
connect( z{0], y)

else if size = 2 then
- o2( rfo]. 1], v)
else if size = 3 then
o3( 0], z(1}), 2}, ¥
else if size = 4 then
o4 xl0), x[1], z[2], s3] ©)
else if size > 4 then i
Or_hidden(1, z[0. Left_size-1], t1);
Or hidden(", r[left_size. _size—1}, t2);
as2(t, t2, y)
end
end
else

if size = 1 then
i1( ={o], v)
else if size = 2 then
0i2( z[0), r[1], v)
else if size = 3 then
oi3( z[0], #[1], =[2), v)
else if size = 4 then
oi( =[0], =[1}, =[2), =[3]. v)
else if size > 4 then begin
Or_hidden(0, z{0. feft_size-1}, t1);
Or_hidden(0, rfleft_s ze..size—1], t2);
ei2(t1, t2, y)
end
end.

net_module Or( r : arvay [] of input; y : output );
begin

end.

Or_hidden(0, z, y);

net_module Nor_hidden( flag: integer,
z : array [0.] of input; y : output);

const
stze = x'size;
left_size = sizef2;
var
t1, t2: node;
i : integer;
begin
if flag = 0 then begin

0
if size = 1 then
i1( =0}, v)
if size = 2 then
oi2( £[0), ={1), v)
else if size = 3 then
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ois( s{0}, =01], =iz, v)
else if size = 4 then
oi4( [0}, 1[11 I["] {3}, v)
else if size > 4 then
Nor_hidden(1, 1[0 Left_size—1], t1);

Nor_hidden(1, zlleftsize. size—1), t2);

oi2(t1, t2, y)

end
else
if size = 1 then
cannect( z{0], y)

else if size = 2 then
o2( zf0], z[1}, )

else if size = 3 then
o3( x[o], flll 2], y)

else if size = 4 th
o4 ( [0}, z[11 ={2], 3], v)

else if ze > 4 then begin
Nor_hidden(0, z{0. feft_size—-1], t1);
Nor_hidden(0, zfleft_size. size—1j, t2);
ai2(t1, t2, y)

end

end.

net_.module Nor{ r : array [] of input; y : output );
begin

end.

Nor_hsdden(0, r, y);

net.module And.lndden( flag: integer;
r : array [0..] of input; y : output);

const

sire = I'size;

left.size = sizef2;
var

ti, t2: node;

s : integer:
begin

if flag = 0 then "egin

if size = 1 then

connect( [0}, v)
else if size = 2 then

a2 =f0], 1} v)
else if size = 3 then

a3{ rfo]. r[1]. r[2}. ¥
else if size = 4 then

a4l =lo]. (1], =[2). s8], v

else if size > 4 then
And_hidden(1, z[0. Left_size~1], t1);
And_hidden(1, s{left_size. size-1], 12);

0i2(t1, t2, y)

end
else
if size = 1 then
i1( =[0), v)
else if size = 2 then
as2( o], =M1}, v)
else if size = 3 then
aig( s[u], 1], ={2}. v)
else if size = 4 then
aig( +(0], (1) =L2l s3], )
else if size > 4 then begin
And. hidden(0, r[0. teft_size~1], t1);
And_hidden(0, z{left_size. .size—1], t2);
ai2(t1, 12, y)
end
end.

net_module And{ r : avray [] of input; y : output )
begin

end.

And_hidden(0, z, y);

net_module Xor ( r : array [0..] of input; y : output);
const

stze = x'ssze;

left_size = sizef2;

t1, t2: mode;
. integer;

if s1ze = 1 th.n
connect( z[0]. v}

else if size = 2 then
exor{ zf0], z[1]. v)

else if size > 2 then begin
Xor{ x[0. Left_size—1], tI1);
Xor{ z[left_size size-1], t2);
exor(tl, t2, yj

end

end.

(= Bitwise Gates ——————————=)}
net_module Fan{ r : array [] of input;

£re
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y : array [z'first..z°last] of output );

var
+ : integer;
begin
for 1:= z'first to r'last do
fan( =[], uli] )
end.

function FFan( r : arrvay [] of input )
:  array [z‘first. .z'last] of cutput;

var
s : integer;
display r;
begin )
far i:= z'first to z‘last do
fan( z[i], FFan[i] );
end.

net_module bitwise_and(
rarray []; of input;
s:array [r'first..—‘last] of input;
z : arrvay [r'frst..r'last] of ocutpat );

var
i : integer
begin
for i:= r'first to r‘last do
a2( r[i], 5[‘]! z[i] );
end.

net_module bitwise_inv(z : arvay [] of input;
y : avray [z'first. x‘last] of output);

var
i : integer;
begin
for i := z'‘first to z‘last do
i1(zli}, oli]):;
end.

net_module bitwise.eror(
z : array [] of input;
y : array [zr'first. z'last] of input;
z : array [z'first. .x'last] of output;

)
var
) i : integer;
for i = r‘first to z‘last do
exor(z{i}, olil. =[]
end.

net_module mur2{ sel, r, y : inpat; : : ocutput );
var
sellb, t : node;
faunlts_off;
s1(selsel b);
a0s22( z, seld, y, sel t);
a( t, 2);
end.

net_moadule n_mur2(
sel : input;
r : array [] of input;
y : array [r'first. r'last] of input;
z : arvay [r'first. r'last] of output; );

var
sel.bar : node;
z_bar : array [r‘first. r'last] of node;
i : integer;
begin
i1 ( sel, selbar ),
far i = r'first to r‘last do begin
a0i22( x[i], selbar, y[s], sel, z_barfs] );
11( z-bar{s], z[i])
end
end.
(» ————————— decoders —————————— @)

net.module min_term_tc( minterm : integer;
lit : array [] of input;
lit_bar : arvay [ lit'first ..
out : cutput; );

lit‘'last } of input;

var
mask : integer;
i : integer;
tmp : arvay [ lit‘first .. lit‘last ] of node;
begin
mask = 1;
for i := lit‘'first to lLit'last do begin
if ((minterm |/ mask) mod 2) = 1 then
connect(lit{i], tmp[i])
else
conneet(lit_bar{i}, tmpli]);
mask = mask = 2
end;
And(tmp. out);
end.

444




Lib/utility.lg

net.module min_term{ minterm : integer;
lit : array [ ] of input; out : output);

var
mask : integer;
i : integer;
tmp : arvay [ ht'first .. ht'last ]| of node;
begin
mask = 1;
for : = lit'first to lit'last do begin
if ((minterm [/ mask) mod 2) = 1 then
connect(litfs], tmpli))
else
11 (liefi), emp[s]);
mask = mask = 2
end,;
And(tmp, out);
end.

net.anodule sel_mar_term{ marterm : integer;
sel : array [] of imput; out : cutput);

var
mask : integer:
vinder : integer:;
tmp : array [ sel'first .. sel'last | of node;
begin
if marterm = 0 then
write{"no max terms’);
mask = 1
indexr = sel'first;
for 1 = sel'first to sel'last do begin
if ({(marrerm / mask) mod 2) = 1 then begin
connect(s<i:], tmplinizrl}):
mder = index 4 1:
end:
mask = mask = 2
end;
Ovr{tmp[sel first ander—1]. out):
end.

{® select_lines to n.lines decoder =)
netmodule decoder( sel : arvay [] of input. cr: : array [] of output
var
sel dar . arvay [sel'first sel*last] of node:
mmder : integer:.
begin
assert{ sel'size <= logfieutsize) )
betwisesnvert{sel selbar)

(= now generate the AND gates +)
for inder := out‘first to out'last do begin
min.erm_te( inder—out'firs*, sel, sel_bar, out[indez] );

end;
end.
(s —————— Arithmetic Modules ————————=)
net_module half_adder2(a, b: input; s, c: output);
begin

eror(a,b,s);

a2(ab,c);
end.

net_module adder2(a, b, cin: input; s, cout: output;);

var
rl1, couth: node;
begin
exor(a, b, xl1j};
eror{cin,zl, s);
a01222(a,b, a,cin, b,cin, couth);
11(couth, cout);
end.

net_module tc_adder(
a: array [] of input;
t. array [a‘first. .a‘last] of input;
cn: input:
sum: array [a‘'first. a‘last] of output;
carry : output . };

var
1.aze @ integer;
cout : array [a‘first..a‘last—1} of node;
begin
$313€ = a‘size;
adder2{afa first]. b[a*first], cn.
sum[a‘first], coutla‘first]),
for 1 = a‘first4+l to a'last—-1 do
adder2(af1], 8[:]. cout{s-1]. sumli]. coutls]}
adder2(ala-last]. b[a‘last], cout{a‘last—1].
sum[az‘last]. carryj;
end.

net_module n_agdd_sub(
add_sub_ctrl : input;
a4 array [] of inpaut;
suni: arvay [] of output; i

b_ones_comp © amay [0. 2'size—1] of node;

2
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end.

tl, carry :@ node;
tmpl,i : integer;

for 1+ == 0 to a‘size~1 do
exor!b[i}, add_sub_ctrl, b_ones_comp[i] );
tmpl = a‘stze—1;
te.adder( a[d..tmpl—1], b.ones.comp{0..tmpl~1},
add_sub_ctrl, sum[0. tmpl~1], carry ),
eror(afa‘size—i], boones.compla‘size~1], t1);
exor( t1, carry, sum[a‘size—-1] );

net_module n_add_sub_c(

begin

end.

add_sub_ctrl : input;

a: array [] of input;

b: array [a‘first..a'last] of input;
sum: array [a'first..a'last] of output;
carry : output; );

b_ones_comp : array [ a‘first..a‘last] of node;
i . integer;
for i = a‘first to b'last do

exor(b[i}, add_sub_ctrl, b_ones.compl[i} );
tc_adder(a, b_ones_comp, add_sud_ctrl, sum, carry )5

net_module accumulator(

begin

end.

add_sub.mode,hold,load_acc : input;

load_in : array [] of input;
ace-in : arvay [load_in'fArst. load_in‘last] of input;
acc_out : array [load_in'first. load.in‘last] of output;

t_load_in,sum_out: array [load_in‘fisst. leclin'las!] of pode;

n.add_sub(add_sub_mode, acc_out, acc_in, sum_out);
n_isur2(load-ace, sum_out, load_in, t.doad_in);
n.register(hold, t_load.in, acc_out);

net_.module n_buf(o : array {] of input;

var
begin

end.

g : array [o‘first..o'last] of output);
i : integer;

for ¢ := o'first to o'last do

buf2(oli], glil:

{(® ————— A set of utility functions.

————— s)

function ebs( r : integer ) : integer;

begin
if £ < 0 then abs := -1 <lse abs = 1
end.
(=
= computes: x == y {ala fortran)
)

function pow( » vy : integer ) : imteger;
vair

i : integer;
res : integer:

begin
if y >= 0 then begin
res = 1;
for i := 1 to y do
res = res « I,
pow = res;
end
else
pow = 0;
end.

// find first least signiticant bit
function first.Isb( val : integer ) : integer ;
var

flag : integer;

begin
firstIsdb =
flag = 1;
while firstst < 32 and flag = 1 do begin
if (val mod 2) = 1 then
flag = 0O
else begin
val ;= val [ 2
first_lsb = first.isd + 1;
end
end
end.

// find first least significant - :
function first.msb( val : ‘.teger ) : integer ;
var
mask, flag : integer;
begin
firstumsd = 31,
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mast = 1073741824, end;
Rag = 1; ms_bit_run := .em;
while firstimsd > 0 and flag = 1 do begin end.
if val >= mask then
flag == O
else begin
mask = mast [ 2;
first.msb = first_msb - 1;
end
end

cnd.

// find the lenght of a string of ones starting at position Isb
function Is.bit_run( r, isb, msb : integer ) : integer;

var
len, mask, flag : integer,;
begin )
// mask bit for 2" (lsb) note position 1 is bit 0
mask = pow(2,Isd);
len = 1;
Rag = 1;
while len <= ((msb—Isb}+1) and flag = 1 do begin
if ( (x/mask) mod 2 ) = 0 then
Rag == 0
else begin
len := len + 1;
mask = mask = 2;
end
end;
Is.bit_run = len;
end.

// find the lenght of a string of ones starting at position msb
fanction ms_bit_run( r, IsB, msd : integer ) : integer;
var

begin

len, mask, flag : integer;

// mask bit for 2" (msb-1) note position 1 is bit 0
mask := pow{2,msb-2);
len = 1;
Rag = 1;
wh™e len <= {{msb~Isk)+1)} and flagg = 1 do begin
if ( (r/mask) mod 2 ) = 0 then
Rag := 0O
else begin
len = len + 1;
mask = maskf2;

end

e
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( -
= BIST generators and response analyzers based
= on LFSM are found here.

»
= Note: the faults have been turned off.

*)
fanctioa Ifsr_tap( size, indexr : integer ) : integer ;
var
T : array [3..902] of integer;
begin
assert( (size > 0) and (s1ze <= 300) j;
T[ 3] := -1; Tf 4] = -1; T[ 58} := =1; [/ size=1
T[ 6] = LT[ 7= -1, T[ 8] := -1; /] size=2
T[897] := 21; T[898] := 2, TI899] := 1; // size=299
Tlsuo] := 7, T(9o01] = -1; T[902] := -1; // size=300
if (inder = 0) then
Ifsr_tap := 1
else begin
size = size = 3J;
if (T[size] = inder) or (T[size+1] = inder)
ar (Tlsize42] = index) then
Ysrtap = 1
else
ifsr_tap = 0
end
end.
(=

» function that returns true if the current index for the memory
« element in the embedding module initial state should be 1.

*)

function embed_state( p, i : integer) : integer;
begin
if p = 0 then
embed_state = 0
else if p = 1 the:: begin
embed_staie := 1,

~nd
else if p = 2 then begin
if i = 1 then //thisthis does not guarantte a 1
embed_state := 1
else

end.

embed_state := 0;

end
else begin
if (¢ mod p) = 0 then
embed_state = 1
else
embed_state = 0;
end;

net_module me( init : integer; d - input; ¢ : output; };

begin

end.

if init = I then cdff(d, ¢) else dff(d, )

net_module misr_tap_me( sin, din, tap : input; reg_out : output;);

var

begin

end.

tl,regin : node,

exor(sin, tap, t1),
exor(din,tl regsn);
dff(reg-in, reg_out);

net.modile misr_ms( sin, din : input; reg_out : cutput; );

vay
begin

eud.

reg_in : node;

eror(sin, din, reg.in);
dff (reg-in, reg.out);

not_module misr_me_0( sin, din : input; rej.out : ou*put; );

var
begin

end.

reg-in : node;

exor(sir, din, reg_in);
cdff (reg-in, reg-out);

ret_medule Ifsr_tap_me(i : integer; sin, data : input;

vayr

begin

end.

reg.out : output; );
t! : node;

exor(sin, data, t1);
me(i, t1, reg-ocut),

8%
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net.meodule Ifsr( pat

const
var

begin

eqd.

net.module init_lfsr{ init :

const
var
begin

end.

wet_module fsr :( pat

canust

var

begin

: arvay [0.] of output; );
s1ze = sig'size;
[ : integer;

assert{ size > 0);
me(l, patlpatilast], pat{0]);
far i := 1 to patlast do begin
if lfsr_tap(size,i) = 0 then begin
me(0,patfi-1], pat[s])
end
else begin
a Ysr_tap-me(O,patfi—1}, pat{par-last], patli]};
en
end

integer; pat : array [0.] of output; );

s1ze = pat'size;
[ : integer;

assert( size > 0);
me( embed.state(inst, 1}, pat[pat Iast] pat{0});
far 1 := 1 to patlast do
if Ifsr_tap(size;s) = 0 then
me(embed_state(inat.i41),patli~1], pats])

end
else begin
lrsrotapome{ embed_state(snit,i+ 1), pat[i-1],
patipat last]. pat[s]);
end

end

array {1 of autput: );
s1Ie = parssie;

' o iategew;
3 2., 3 : mode;

asserd{ sice > 0 );

Ov{pat[l. patiast]. :
s1fz, )k

me(l, pat[pat‘last], pat[0}]);
if Ifsr.tap(size,l) = 0 then
Ifsr_tap.me(0, pat[0], z-, pat{l])
else begin
eror( z., pat[patlast], t_z);
ifsr_tap_me(0, pat[0], t_z, pat{i])

for i := 2 to pat'last do begin
if Ifsr_tap(size,s) = 0 then
me(0, pat[i-1)}, pat{i])
else
Ysr_tap.me(0, pat[s—1}, pat{pat‘last], pat[i])
end
end.

wet_module misr{ d : array [0.] of input;
sig : arvay [d‘first..d'last] of output j;

const
size = d'size;
var
[ : integer;
begin
assert( size > 0
misr.me(sig[sig‘ last] a[o), s:90});
for i := 1 to d'last do
if Yfsrtap(size,s} = O then
misr_me(sigls—1), d{s], sigli})
else
misr_tap_me(siglt—1),d{s],s1g]s1g°last], sig[s]};
end.

// big misr with smaller number of inputs,
wet_module part_misr( d : asrray {0..] of input;
sig : array [0..] of output );

const

dsice = d'size;

ssize = si1gisize;
var

1 : integer:
begin

assert{ dsize > 0 );
assert{ dsize <= ssize };
misr_me( sig[sig'last], d[0], ssgfOl:
for 1 = 1 to d'last do
if Ilfsr.tap(ssizei) = O then
masr_me(sigls—1], di]. sigl])
else
masr_tap_me{ ssgs—1},d{:], ssglsaglast] sigls}); .

6¥e




Lib/bist.lg

for 3 = d'last4l to sig'las* do
if lYsr_tap(ssizes) = 0 then
me(0,sigli—1), sigli])

Ifsv_tap.me(0,sig{i—1], sig[sig‘last]), ssgli]);

end.

net_module n_sh_register( sh.cti : input;
sin : input;
din : arvay [] of input;
sout @ cutput;
dout : array [din‘first. din‘last] of output; );

const
b = din'first;
ud = din‘last;
var
m : array [ Ib..ub ] of node;
i : integer;
begin
mur2( sh_ctl, Lia[lb], sin, m[id] );
dff( m[], dout{id] );
for i = ib+1 to »d do begin
muz2( -h_ctl, dinli], dout{i—1}, m{i]);
af( mli], doutls] );
connect( dout{ud], soui;
end
global
var
act bisted_nor : input;
act_bisted_nor_ : input;
end.

net.module Bisted_Norl( z : arvay [0.] of input; y :
external;

net.module Bisted_Nor( r : array [0..] of input; y : output);

const

sz = x'size;

Ie” sz = s2/2;
var

i : integer;

t1, t2: node;

J-t1, f-22: node;

t1_, t2_: node;
begin

if sz = ! then

cutput);

end.

end;

8 8 8 5
Ll @ b @
(Y [ ~ L

( :I:!l];e:)

os2( sfol, =l1], 9)
= 3 then

0i3( zfo], =f1), (2], v)

= 4 then

oig( =fo]. z[1], {2}, ={3}, o)

> 4 then begin

Basted_ Nor1( z[0. teft_s:-1}, t1);
Bisted Nor1( z{leftsz. s:-1}, t2);

// in normal mode a nor gate
Jan(t1, ft1);

ai2(act bisted_nor, f t1, t1.);
fan(e2, fr2);
ai2(actdisted_nor, f.12, t2.);
aoi2°(t1, t2., 2, ti_, y):

net_module Bisted_Nor1! = : array [0.] of input; y : output);

const

vay

sz = x'size; leftsz = szf2;

i : integer;

t1, t2: node;
f-t1, §-£2: node;
ti_, t2_ node;

if sz
else
else
else

= 1 then
connect( r{0], y)

if sz = 2 then
o2(_z[0), #{1), v)

if sz = 3 then
03( #la), =01}, =(2), v)

if sz = 4 then
o4( =fo], (1), =[2], «(3], v)

if sz > 4 then begin
Bisted_Nor(z[0. eft_sz-1}, t1);
Bisted_Nor(z]left_sz. .sz—1], t2);
// in normal mode a nand gate
Jan(t1, j-t1);
oi2(actbistednor., jt1, t1.);
fan(t2, fr2);
0i2(act.bisted_nor_, f-£2, t2.),
0ai22(t1, 2., 2, ti_, y);

0sc
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unet_module wt.25(
d : arvay [1.] of input;
¢ : array [d‘ﬁrst .d'last] of output ),

var
i . integer;
begin )
a2( did‘first), d[d‘last}, gld‘first]);
Jan( d{d‘first+1}, q[d‘first41]);
for 1+ = d'first42 to d‘size do
d(d["llr d(']‘ Q[il);
end.

anet.module wt 125(
d : arvay [1.] of input;
g : ayvay [d'first. d‘last] of output );

var
i : integer;
begin )
a3( d[d'first], d[d‘last-1], d[d‘last], q[d'first]);
a3( dfd:first+1], dld‘last], d[d‘first], g[d‘first+1]);
for s = d'first4+2 to d'size do
a3(dli-2], dli-1]. df], o)
end.

et module we_25_50(
d : array [1..] of input;
¢ : apray [d‘first..d‘last] of output ):

var
s : integer;
a2( dfd first], d{d'last], g¢[d‘first]);
for 1 = d'first+l to d'size do
if 1 mod 2 = O then
a2(dfi-1]. 4[], 4D
fan{dli], ofs));
end.
{=
» just embed the normal memory elements
-
)

net.module dﬂ.armg {
d : aypay [1..] of imput;
g : arvay [d‘first. . d‘last] of output );

var
Ld : arvay [d'first. d'last] of uode;
Lg : array [d‘first._d‘'last] of node;
i : integer;

faults.off;

Fan( d, Ld ),
far i = d‘'first to d'lasc do
df(Ldli], Lqls])

Fan( Lg, ¢ );
end.
(=
= combinational approach
L d
)
global
var
coinb.generator : ayray [1..300] of input;
comb.index . integer;
end.
fanction init_comd( rinteger ) : integer;
begin
combnder = 1;
wnit_comd = 1;
end.
net_module comb_embed(
obs : ay [} input;
gen : array [obs‘first._obs‘last] of output );
var
s : integer;
tLobs : array [obs'first..obs‘last] of node;
Lgen : array [gen'first._gen‘last] of node;
obsepver
Lobs;
faults_off
Lobs;
begin
Fan(obs, Lobs);
for i := Lobs'first to Lobs‘last do begin
assert( (comdunder > 0) and
(comb_inder <= comb._gensrator‘last) j);
connect{ comb.generator{comb.inder], Lgen[s]
comb_inder = combander + 1;
end;
Fan(lgen, gen};
end.

/] conbinational embedding with weights
net_module wt_comb_embed(
obs : areay [] of input;
gen . array [obs'first. obs‘last] of output }:
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-

i : integer;
Lobs : array [obs‘first..obs'last] of node;

l_gen : array [gen‘first..gen'last] of node;
ohserver
Lobs;
fanlts_off
Lobs;
begin ,
Fan(obs, Lobs);
for i := Lobs'first to Lobs'last do begin
assert( (combander > 0) and
(comb.inder <= comb_generatorilast) );
connect( comb_gsaerator{combinder], Lgenli] );
comb_index = comb.snder + 1;
end;
wt-25(Lgen, gen);
end.

net.module finish_combd(du:nmy:integer);
comb_generator{l. comb_inder—1};

Begin
dummy = 1;

end.

(=

(= STUMPS embedding )

glotul

var
stumps_gen : arvay [l..16] of node;
stumps_gen_indez : integer;
stumps_obs : arvay [1..16] of node;
stumps_obs.index : integer;
stumps_maz_size : integer;
stumps_init_pattern : integer;
stumps_shift : node;

end.

fanction init_stumps( init : integer) : imteger ;

begin )
stumps_gen_index = stumps_gen‘first;
stumps._obs_snder = stumps_obs'first;
stumps_init_pattern = init;
stumps.mar.size = 0;
snst_stumps = 1;

end.

net_module stumps.embed(
obs : urvay {] of input;
gen : array [obs‘first. .obs'last] of output );

Lobs : array [obs‘first. .obs'last] of mnode;
Lgen : array [gen‘first. gen‘last] of node;
faults_off;
begin
assert(stumps_gen.inder > 0
and stumps_gen.nder <= stumps_gen‘last);
assert(stumps_obs_indexr > 0
and stumps_obs.index <= stumps_obsilast);
stumps_mar_size = mar(stumps_mar_size, obs‘size);

Fan(obs, Lobs);
n_sh_register{ stumps.shift, stumps_gen|stumps_gen_indez],
Lobs, stumps_obs[stumps_cobs_index], Lgen :
Fan(lgen, gen);
stumps_gen_index = stumps_gen_indexr + 1;
stumps_obs.index := stumps_obs_inder + 1
end.

net_module stumps_generator.ctri(gsize :
var

integer ),

pat : array[l..gsize] of node;
ij : integer;
faults..off;
begin
assert( gsice >= stumps_gen_index—1 );
init_Ifsr(stumps_init_pattern pat),
j = pat‘first;
for i = stumps_gen‘first to stumps_gen_index—1 do begin
connect( pat(j], stumps_genli] );
Jj=3 4+ 1
end;
end.

net.mcdule stumps_observer( osize : integer );
var
sig : arpay(l..osize] of node;
observer
sig;
faunlts_off;
begin .
assert( sig‘size >= 16 );
part_misr(stumps_obs[1. stumps_obs_index—1}, sig);
end.
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net.module finish_stumps(dummy:integer);

fanlts_off
stumps_obs{l. stumps_obs_inder—1),
stumps_gen{l. stumps_gen_inder—1},
stumps_shift;

begin
dummy = 1;

end.

(=

(=

= the classic BILBO

*)

global

var
bilbo_sin : array [1..16] of input;
bilbo_sininder : int H
bildo_sout: array [1..16] of output;
bilbo_sout_inder : integes;
biibo. b1, bilbo_b2 : arvay(l..16] of input;
bislbo_inder : integer;

end.

fanction snit_bilbo{ dummy : integer) : integer ;
begin
bilbo_snder = 1:
b "o-sin_indexr = bilbo_sin®first;
bilbo_sout.ander = bilbo_sout first;
snat_bilbo = 1;

end.
net.module bilbo_me(d s : input; 3.9 - output);
vay
d.b1, s 22, dian : node;
begin
a2(d, dulbo bi{bsibosnder], d_b1):
012(s, bsibo_b2[bslboander], s B2):
eror{d b1, s b2, d.an},
df(dsn, 9k
11(q. ¢bY);
end.
net.modute dulbo_embed(
obs : areay [1..] of input:
gen : array [obs'first. obs’last] of output ):

vonst
stze = obs'size;

Lobs : array [obs‘first. .obs‘last] of node;
Lgen : arvay [cen'first. gen‘last] of node;
taps : array [1.size] of node;
s : arvay [0. size] of neode;
feedback: node;
i, wo.taps . integer;

observer
Lgen;

faults_off;

assert(bilbo_inder >= bilbo 21 first
and bilbo_index <= bilbo_bi‘last);

Faa(obs, Lobs);

no.taps = 1;

for 1 := 1 to Lobs‘last do begin
bilbo_me(lLobsfs), sli—1], Lgen[s], s[s]):
if Ifsr_tap(sizesize—i) = 1 then i

connect(s{i], taps[no_taps] );
no_taps = no_taps + 1;

end;

end;

Xor(taps[l..no_taps—1], feedback);

mur2(bilbo_b1[bilbo_inder],
bilbo_sin[bilbo_sin_indez). feedback, s[O]);

bilbo.sin.inder = bilbo_sin_inder + I;

i1{ s[lobs‘last}, bilbo_sout[bilbo_sout_tnder]);

bilbo_sout_inder := bslbo_sout_indexr + 1;

bilboinder = bilbo_snder + 1;

Fan{lgen, gen);

end.

net-module finisk_bilbo(dummy:integer):
faults _off
bulbe_sin{l. bilbo_sin_snder~1},
bilbo_sout[l .bitbo_sout.inder—1],
balbo_b1{1. bitbo.snder—1},
bilbo_b2[1. bilbo_inder—1};

begin
dummy = 1;
end.
[
(.
« - simple sr generator/register, misr/generators
=)
global
var

gen_on : ayray [1..16] of input,
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Alu/alu.lg

(=
» an n by m unsigned multipiier.
*)
net_module mpy_ by.one ( z :
y : input;
z : array [l..x‘size] of ocutput );

array [1.] of input;

var
t : integer;
begin
for i+ .= z'first to :'last do begin
a2(y, =fi], z[i]);

end.

net_module mpy_add( z : array {1..] of input;
y : array [1..x‘'size] of input;
s : array [l..x‘'size+1) of output );
const
.8z = I‘size;
var
zl1, coutd : mnode;
carry : array [1..x'size] of node;
i : integer;

half.adder2( z[1], wl1], s[1], carryli]);
for i := 2 to r.sz do begin
adder2( z{i}, y[i], carryfi—1], s[i), earry[iD);
d,
e?c.nnect(carry[uz], sfz_sz+1});
end.

net.module maultiplier( 7,y : array [1..] of input;
z : array [1..x‘'size4y'size] of output );

canst
2.8z = =z'ssze;
y-sz = y'size;
z_sz = zx‘size;

pp-sz = z.sz - 1;
pp-ind = (pp-sz — z.sz) + 1;

var
part.prod : array [1..pp-sz] of nede;
part_sum : asray [1..x-sz] of node;
mpy-by_1 : array [1..x-sz] of node;
mpy-by_1_a : array [1..x.s:z] of nede;
begin

if y'size > 2 then begin
mpy-by-one ( =, yly-sz], mpydy-1 );
multiplier ( = y[l..y-sz—-1], part_prod);

end
else

end.

m; y-add( mpy_by_1, part_prodppand. pps:], :[pp.nd. =_s:])%
connect( part_prod[l. pp_snd-1), :[1..pp.imd-1} %
mpy-by-one ( r, .11}, mpyby.1 )

connect( mpy-by_1{1}, :[1] %

mpy-by-one ( =, y[2], mpyby_1a );

mpy_add( mpy by_1[2. x_sz], mpy.dy_1.a[l. x_s:—1],part_sum),
connect(partsum|l. x.sz—1], z[{2. x_s:z]);
half.adder2(partsum[r_sz),mpy_by_1_a[r_sz},z[z_s:-1], z[z—s2]%
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&include 7. ./..[include/stdinclg”
#include "..[..[include/utilitylg”
#include ..[..finclude/mpy.lg”
#include . .[..Jinclude/bist.lg”
#include "../..[include/embed.ig”

net.module sn74181 (

var

m : input;

s : array [1..4] of input;
a,b : arvay [1..4] of input;
cin @ input;

f : array [1..4] of output;
cout,p,g, e : output;);

I : array [1..14] of node;
O : array [72..79] of node:
L : array [15..71] of node;

begin

connect(s{1].7{4]);
conneet(s{2].7{3]):
connect(s(3]./{2])
connect(s[4]./{1]):

22(b4], I15]):
s1(3[3). I{7j)
(82} Ifsh,
ar(dfn], Iy

v1(al4], 118D,
i1{af3]. I[8]):
srqaf2]. 10}y
wr{af1], I[12]:

connect{'n. [[13]%
connect{cn. I[14]):
11 (OS] 3]

s (O[7T4LA3:

i1 (O73LA2]:
(O[PS
connect{ O[79}.¢¢):
+2(OfT8]. £}
s2{Of7s]. g%
coanect; G377 ceur):

(-

s1 {I[3}]. Llish:

a8 (I3} I, risl Llish:
a3 (e} 2. Ifis], LiTh:
022 {Lfas], I[17). L{18:
ag (If1s}. I3]. 1Lnsh:

a2 (If4], Ii5], L{20});

bufz (I[6], L[21]);

ois (L[is], Lf20], Lj21], Lf22));
i1 (1[7), L{23]);

a3 (1[7]' l[llr 1[811 L[24]);

a3 (1(8), rf2], L[23], L[25});
0i2 (L[24). L{25}, il26));

a2 (Lf23], 113}, Li27));

a2 (Ifa], 1{7), L[28]);

buf? (I[8], L{29]); )
013 (L[27], L[28], L{29], L[30]):
i1 (I[9), L[31];

a3 (I[9]. I01). IDe], L{32]);
a3 (If10}, I[2], L{31}. L[33])
oi2 (1|32}, L[33], L[34])

a2 (L[31], (3}, L[35));

a2 (If4], I[9]. L[36])

bufz (I[10], L[37D);

0i3 (L[33], L[36). L[37]. L{38)]);
w1 (11, L{39));

a3 (I[11], 1), 712}, L{40}:
a3 (IM12], 12}, L[39), Lfa1l:
012 (L[40], L[41], L[42])

a2 (L[39], I[3], Li3]x

a2 (I3}, 1M1}, L{44]);

bufe (I{12}, L[43]);

0i3 (L[43). L[s4]. L[43], L[4s]):
i1 (I[13}), L[a7]);

ai2 (I[14), L[47], L[48]);

a3 (I[14), L[a2), L[37], L[49]):
a2 (L{16], L[47], L[50]);

oe2 (L[49}. L[50], L[51])

eror (L[42], L[46]. L{52]);

exor (L[52], L[48]. O[72]).
eror (L[34]. L[38], L[33]):

ezor (L[53] L{51], J[73:

as (I[14]. 1ls2}. L:34]. L[s7] Liss]):
a8 (LIf34], L[], L[47). Lis5':
a2 (L[38], L[37], L34}k

013 (L[34). L[35]. L[38]. L{57]:

a5 (J{14]. L{42]. L{34]. {261 L[47] L{38]};

a4 (L[34], Ll€]. Liss]. Lis7). L[ss]):
a? (Lf2e], L[38]. i{47]. LIso}:

a2 (L[30], L{47]. L[51]}:

ot§ (L[58], L{59]. L[60], Lf6i]. Lil62}):
ezor {L{26], L{30]. L{s3};,

eror {1[63], L[57]. O[74]r

ero {1[18]. L[22}. Lis4]1

eror (L{64]. L[e2]. O[7s]n
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bufz (L[23], Ll6s]);

a2 (L[18], L[30], L[66]);

a3 (L[18], L[26]. i[38], LI67])

a4 (L{18], L{26], L[34], L[46], L[68]);

oi4 (Lj65], Lisa], Ll67], L[e8], O[7el);

ai5 (L{18], Li26], L[34], L{a2], I[14], L[s9]);

i1 (of7e], L[70}};

i1 (L[69), L[71});

o2 (L[70], L[71], {7

ai4 (L[18), L[26], L[34], L[42], O[78]);

a4 (Ofrsl, of74}, O[73], O[72], O[79])
end.

net_module sn74182(
an : input,
g : array [0..2] of input;
p : array [0..2] of input;
ce : array [1..3] of output });

co_b: array [1..2] of node;
$1.b, t2, t3 : mode;
begin
oai22(g[o],pl0), gl0]l, cin, co_bf1]);
i1{cob{1}], co[i]):
0ai332(g[1}.9[0],cin, g[1).g{0).p[0], gl1).p[1), co-B[2]);
ir(co_b[2], col2]);
oai32(g[2},el1}.711], gl2].p[2], t1.3);
oi4(g[2}.9[1],9[C].P[0}, ¢2);
0i4 (912,901,910}, cin, " 23);
0ig(t1b ,12,t3, cof3]); // really a3
end.

net_module alul6{
m : input;
s : array [1..4] of input;
a,b : array [1..16] of input;
cin : input;
f : array [1..16] of output;
cout, eg : output );

e : array (0..3] of node;
co : array [3..3] of node;
g, p : array [0..2] of node;
¢ : array [1..3] of node;
t_cin : node;
begi
sn74182(cin, 0.2}, pl0..2}, ¢);
sn74181.nc(m,s,a1. 4],b{1. 4}, cin f(1. 4],p[0],900],el0]);

sn74181nc(m,s,a[5. .8],5[5. 8],¢[1].f[5. .8],p[11,g{1].[1]);
sn74181.nc(m,s,af9. .12],5[9. .12],c[2}.7[9. .12],p{2].4(2]. e[2]);
sn74181.npg(m,s,a[13..16],5[13..16],c[3].f[13. .16],c0[3].€{3]):
connect(cof3], cout);
ad(ef0], ef1], e[2], 3], eq);

end.

circuit alu;
var
// the register inputs and outputs
m : input; r.m : node,
s : array [1..4] of input; r.s : arrry [!..4] of mnode;

z,y : array [1..8] of input; r.rr_y : array [1..8] of node;

cin : input; r-cin : node;
zy, r-ry : array [1..16] of node;
§ : arrvay !1..16] of node; r_f : array [1..16] of output;
cout,eq : node; r_cout,r.eq : nutput;
display
r_s, r.m, r_cin, x:dec, y:dec, r_ry:dec,r_f:dec, f:dec, r_cout,
begin
use Dff_array in begin
n_reg(z,r_x);
n.reg(y,7-y);
n_reg([m,s,csn], [rom,r_s,r_cin]);
end;
use stumps_embed in begin
n_reg{xy,r-xy);
end;
use stumps_embed in begin
n_reg(f,r-f);
n.reg([cout,eq), [r-cout,r.eq));
end,;

multiplier(r_r,ruy, sy);
alul6(rom,r_s,r_zy,r_f,r_cin, fcout, eq);
end.

r-eq;
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#include 7. /. [include/stdinc.lg”
#include "..J/..Jinclude/utility.lg”
finclude ™. /. Jinclude/bist.lg”
#include "..[. [includejembed.lg”
(= counter ———————————— =)
net_-module countev_cell ( enable, clear_bar : imput; data, propagate :
var
data.in, nrt : nade;
cnt_me ©oreg;
faults_off
data_in, propagate, data;
begin

a2(data, enable, propagate);

exor(data, enable, nrt);

a2{ nzxt, clear_bar, data.in);

cntume <— datain;

connext(cnt_me, data);
end.

net_module counter( enable, clear : input; count : array [] of output };

var
ena : array [count'first .. couni‘last—1 of uwade;
nrt : mode;
cnt.me T reg;
data_in : mnode;
clear_bar . node;
[ : inseger;
begin

t1{clear, clear.bar};

counter.cell{ enable, clear_bar, crunt[count'first]. ena[countfirst]);

for 1 = count'first+l to counut‘iast—1 do begin
counterwcell{enaft—1], clea-_bar, count{s], enzli]);

end;

exor{ ena[count last — 1], cecunt{countlast], nrt);

a2(nxt, clear_bar, data_in);

entume <— datan;

connect{cnt.me, count{count'last] );

end.
{* . shifter »)
net.module sign_ertend(

shft : asvay [] of imput,

s1gn . input;

aata : ayray [] of input;

extend : arvay [data'first._data‘last] of output );
var

propagate: arvay [shft*first. shjt'last] of node;
sign_ext : array [shft'first. shft'last] of node;

%) : integer;
begin
faor i = shft'first to shft‘last do
Or( shft[s. shft'last], propagaic(i] );
i = data'‘last;
j = propagate'first;
while 7 <= propagate‘last do begin
a2{ sign, propagate[s), ign_ext{j]);
o%( data[i], sign_ert]s], extend[s] );
[N B H
=3+
end;
if 1 >= datae‘'first then
connect( data[data‘first..i], ertend{data‘first..s] });
end.

net_module sign_eztention( left_sh, right_sh : integer;
sh_ctl : array [(0-le;t_sh).] of input;
sigr : input;
data : array [] of input;
sign_ert: array [data'first. data‘last+1] of output );
var
sign_ena : node;
begin
connect( sign, sign_ex:[sign_ext'last] };
of rightsh > 0 then
sign_extend( sh_ctl[l..right_sh)], sign, data,
sign_ext{data‘first..data‘last] )
else
connect{ data, sign_eztl-lata'first. data‘last] );

eng.

net_module shifter_bit_position{pos, left_sh, right_sh : integer;
data : array [0..] of imput;
sh_ctl : array [(0—left_sh)..] of input;
sh_data: output };

and.-data : array [data‘first._data‘last] of node;

dccadb  : integer;

data_ub : integer;

shift_Ib : integer,

shift.ub : integer;

begin

if (pos—left_sh) > data’first then begin
data lb = pes—left_sh,
shaft Ib .= sh_ctlfirst;

end

else begin
aatalt = data'firse;
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shift Ib = sh_ctl‘first — (data‘first4{pos—leftsh));
end,

if (pos+right_sh) < data‘last then begin
data_ub = pos4right_sh;
shift_ub = sh_ctl'last;
end
else begin
data_ub := data‘'last;
shift.ub = sh_ctl‘last — ((rightsh+4pos)—data‘last);
end;

bitwise_and(data{data_ld. .data_ub],sh_ctl[shiftdb. shift_ub],
and_data[datald. .data ub});
Or( and_data[datalb. data_ub), sh_data };
end.

(=
= arithmetic shifter — performs left and right shifts
= left_sh — maximum left shift
= right_sh — maximum right shift
* d — twos complement d'size-bit number, sign bit is d[d'last]
= sh_ctl — shift control
* sh_d — shifted result

L d
)
net_module arithmetic_shifter( left_sh, right_sh : imteger ;
d : array [0..] of input;
sh_cti : array [(0—left_sh)..right_sh] of input;
sh_d : array [0.] of output );
var
i : integer;
sign_bit: node;
shift : array [sh_d‘first..sh_d'last--1] of node ;
begin

connect( d[d‘last], sign_bit };
.

« shift the data bits, the si*n ! : is not shifted.
»)
for i ;= 0 to sh_d‘last—1 do begin
shifter_bit.posstion(i, left_sh, right_sh,
dfo. d'last—1), sh.ctl, shif[s]);
end;

sign_extention( left_sh, rightsh, sh_ctl, sigr.bit, shift, sh_d);

end.

(» Cordic Daia Path ———————— =)
net_module cor_datapath_controller(

ru-mode : input;

sign_y : input;

sign_: : input;
r.mode : output;
y.mode : output;
:_mode : output ):

var
rv_bar : node;
sign_z_bar : mode;
rz_mode . node;
begin

12( rv-mode, ruv.bar );

$1( sign.z, sign.z_ bar);

a0122(sign__bar, rv_bar, sign_y. rv.mode, y_mode);
i1{ y-mode, rz_mode };

connect( z:.mode, r.mode );

connect( r:.mode, z_mode ),

end.
(‘
= state s0: x_hd = y_hd = z_hd = 1; if start then state = sl;
= state si: x.ld = y.Ild = z.1d = 1; siate = s2;
= state s2: enable = 1; if finished then state = s0;
-
= s0 = 00, sl = 01, s2 = 11 : encodings
-
= next state equations:
» S04 = Sisfinished’

» S14 = SO'sstart 4+ Slsfinished’
)

function f.and2(z,yiinput) : output;
begin

a2(z,y, f-and2});
end.

net_madule cor.seg_rontroller(
start, finished : input;
load, hold, enable : output );
var
state : array [0..1] of reg;
nrt_s’ ite : array [0..1] of node;
S0_, ;i .shed. : node;
display
state, load, hold, enabie;

i1{ state[0]. S0.);
i1{ finish:d, finished.);
a2( state[l). finish=d_ nxt_state[0] );
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02(f-and2(S0_,start), nxt_statef0}, nzt_state[l});
state[0] <- nxi_statefo);
statefl] <— nxt_state[1],
0i2( state[0], state[l], hold );
a?( stateld}, state(l], enable ),
a2( So0_, state[l], load);
end.

net_module cordic.controller (

start, rv.mode, lc_mode : input;
y-sign, z_sign : input;
shaft_sel : array [] of output;
z.md, x_hd. z_ld . output;
y.md, y.hd, y.ld : output;
z.md, z.hd, z_ld : output );
coust
counter_size = ioyZ2(shiftsel'size);
var
count : array [1..coun.er.size] of node;
enable finished : mode;
hold : node;
load, load. . node;
begin

cor_seg_controller( start, finished, load, hold, enable );
i1( load, load.}:

02( hold, f.and2(load_lc_mode), r.hd );

connect( hold, y-hd );

connect( hold, :_hd };

connect{ load, r.ld ):

connect( load, y.id ):

vonnect{ load, :=.ld );

// uase the load line to also cleir the counter
counter( enable. hold, count );

deceder( count, shift_sely:

connect{ shift_sel[shift_sel'’ast]. finished ):

cor_datapatk.controller{ rv.mode, y_sign, :_sien, r.md, y.md,
end.

net_module cordic_csrcular_table_bit_positson (

cor_snt.ssIe - integer;
cor_ssie : integer;
inder : integer:
shaft_ctl - array [] of input,
cordsc_dst : cutput };

canst

atan_first = // entry contains atan{27(-2}

z.md };

tatle_int_size = 1;
table_frac.size = 29;

VAP
(=
= the atan table is stored in an integer array
= in a fixed poini format.
-
)
cor_table : array [ntan_first. .atan_last] of integer;
sel_bit . integer;
sel_mask : integer;
or_sel bits : integer;
tab.inder, i : integer;
begin

(= start of table definition »)
cor.table[-2] := 1423585876; cor_table[—1] := 1188791883;

cor_tablef0] := 843314856; cor_tablefl] := 497837829;
cor.table[?] = 263043836; cor_table[3] := 133525158,
cor-table[d] = 67021686; cor_table[5] = 33543515;
cor_table[6] = 16773850; cor_table[7] := 8388437;
cor_table[8] := 4194282; cor_table[9] := 2097149;

104857%; cor_table[11] = 524287;
262143; cor_table[13} := 131071,
65535; cor.table[15] = 3276T;
16383; cor_table[17] = 8191;
3095; cor_table[15) := 2047;
1023; cor.table[21] := 311;
255; cor_table[23] := 127;

63; cor_table[25] := 31;
cor_table[26 15; cor_table27] := T;
cor_table[28] := 3; curtable[29] = 1;
(= end of table definition =)

cor.table{10
cor_table[12
cor_table[14
cor.table[16] :
cor_table[18] :
cor_table[20] -
cor-table[22
cor_table{24

assert{ tablent.size < cor_intusize );

]/ assumes index is ” hased, and ints are 32 bits

sel_bit := 31—{ (tableint.size—cornt_size} + (cor_size—index)),
selmask = pouw(2,sel bu});

orsel bits = O;
for i = shift_ctl'first to shift_ctllast do begin
tab_inder = (1-shift_ctlfirst}) — tableant_size;
if ((cor_table[tab_index] [ sel.mask) mod 2) = . then begin
or_sel bsts = or.selbsts + pow(2(t—shiftctlfirst});
end;
end;
selLmaz_termi orsel_bits, shift_ctl, cordic bit)
end.

net_module cordicinear_table_bit_gosstion [
cor_size : integer;
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sndex - integer;
shift.ctl : array [] of input;
cordic_bit . ocutpunt );
var
ctlsnder : integer;
// agrin zero based index assumption
ctlindezr = shift_ctl'‘first 4+ ({cor_size—1)—index);
connect( shsft_cti{ctlindex], cordic.bit );
end.

net_module cordic..table (
bits_before.radiz : integer;
le.md : input;
shift_ctl : array [] of input;
2_table : array [] of outpu* );
var
lin : array [2-table'first. .z teble'last—1] of node;
cir : array [z_table‘first. .z _table‘last—1] of node;
z_tadle_bar: array [z_table'first. .z_table‘lust—1] of node;
zero : node;
a, a bar: node;
i . integer;
cannect{ shift_cti[shift_ctl'first], a);
i1(a, a-bar);
a2(a, a.bar, zero),
connect(zero, z_table[z_table‘last] ),

for i = z.table'first to z_table‘last-1 do
cordic_carcular_tuble_bit_position(bits before_radis,
<_table‘size—1, i, shift_ctl, cirls} );

for & := z.table‘first to z_tabdle‘last—-1 do
cordic_linear_table_bit_position( z_table‘size~1,
i, shift_ctl, tin[i] );
n_muzr2( lcomd, cir, lin, z_table[z_iable'first. .z_table‘last—~1] );
end.

net_module cordic(

start, rv.mode, lc.mode . input;
z_load : array [] of inpu®;
y-load, 2.load : erray [z-load‘fivst. .x_load'last] of input;

z_ace, y-aee, z-aee : avray [z_load‘first. x_load'last] of output);

const
leftsh = 1;
right_sh = x.load'size-1;

var
shift_sel : array [ —left_sh..right_sh ] of node;
z.sh, u_sh, :.table : avray [r_lcad‘first..z_load'last] of node;
romd, 3_hd, r_ld : node ;
y-md, y_hd, y_ ld : node ;
zmd, :_hd, =.ld : node ;
Iy, yr, 27 : arvay [r.lcad'first. .t lvad'last] of veg;
str, roor, leor . reg;
begin

use Dff_array in begin
cordic.controller( st_r, rv_r, lc_r,
y-acc[y.accilast], z_acc[z_accilast], shift_sel,
z_md, r_hd, rid, y.md, y_hd, ydd, :_md, z_hd, z.1d )

accumulator{ z_md, r_hd, r_ld, r_r, 1_sk, x_acc);
arithmetic_shifter( left_sh, right_sh, y_acc, shift_sel, r_sh):

accumulator( y.md, y-hd, yId, y_r, y_sh, y_acc);
arithmetic_shifter( left_sh, right_sh, r_acec, shift_vel, y_sh):

accumulator( :.md, :_hd, :.ld, z.r, z.table, z_acc);
// the table produces a sign bit which is always zero.
cordic_table (left_sh, lc_r, shift <¢! z_table ),
end,;
use Dff.array in begin
st.r <— start; ro.r <~ Tv.mode; le.r <— lc_mode;
zr <— z_load; yr <— yload; : v <~ zload;
end;
end.

circuit cordic_main;

sonst
word_size = 16;
var
st, rv, lc : input;
I,y z : array [1..word_size] of input;

r.acc, y.aecc, z-acc : array [1..word_size] of autput;

cordic( st, rv, Ic, 7, y, 2, z_acc, y-ace, z-ace);
end.
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#include ” /home/rbyrne/Bist/include/stdinc.lg”
#include " fhome/rbyrne/Bist /include/ utility lg”
#include " fhome/royrne/Bist/include/dff lg”
#include " fhome/rbyrne/Bist/include/bist.ig”
#include " fhome/rbyre/Bist/include/embed.lg”

glabal
const

bisted_nors = 1,
end.

net.module half_sud( r,y : input; dd : ocutput);

var
r. : node;
begin
eror{r,y, d);
s1(r, r);
a2(r_ y, b)
end.
net.module fullsub( r,y, ¢ : input, d, bout : cutput );
var
el, x., dout. : node;
begin
eror{zr, y, el);
exor{el, b, d);
tI(xr, i)
301222(x.y, 1_b, yb, boutl);
11{bout_, bout):
end.

net_module subtracter (
r : arvay [] of input:

y : array [rfirst. r‘last] of input;
d : avray [rifirst..r'last] of output:
b : outpu: X
var
1 : integer;
bb . arrmy [r first..r'last] of node.
begin
half_sub{ r[rfirst]. ylr-first]. dlr'fivst]. bblr first]}:
for 1 ‘= rifirst+l to r-last do
fullsudics], wls]. bB[s-1]. d[s]. B3[:]).
conpect{ db{r last]. B):
end.
« pet-module muxrs . g 5 88, sl 32 : input: ¢ : output)
var

o~ : node;

begin
a0i222(z,s0, y,s1, 2,52, o.);
if(o-, o);

end.

uet_-module mur3_arrey( z : array [] of input;
y, z : array [1‘'first. z'last] of input;
s0, s1, s2 : input;
o : avray [r'first. x'iast] of o ‘tput);

var
i : integer;
begin
for 1 = r'first to rilast do
mur3( {1}, uli], z[i], s0, s1, s2,
end.
(.

» 5t4 = Z'sst 4 ssst’
= notbusy = st’
s xs = It’ = st
sxl=yl=s=st’
= xw = It » st
= yw = (It 4+ y_eq.0) » st
= yh = s'sst’ 4 It sstey_eq.0’
-
)
net_module gcd.controller( s, z, y.eq.0, It : input;
s, I, rw, yh, yl, yw, notbusy : output );

var
st_nrt : node;
st T reg;
$., 2z, st_, lt. node;
t1,t2¢5 : node;
yw.-, y-eg-O. : node:
faunits_off
y-eq-0.;
begin )
(s, s-);
11(z, )

11{ y-eq-0. y-eq-0-);

11(st, st.); conuect(st. notbusy);
i1(de, It.);

a2{ s, st-, xl); connect( zi yl};
a2( k., st, zs);

a2( It, st. Tw)

0ai21(lt, y-eg-0, st. yu-}), l{yw. ywj;
a2( z., st. t1});

o2{ t1, zl. stonrt),

a2{ s, st 2});

a2( rs, y-eg-d-. t3});

o[s] )
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end.

o2( 12, 3, yh):
st <— stnrt;

net_module gcd(

start : input;

z : avrmy [] of input;

y : array [r'first. .z'last] of input;
ry.ged : array [zifirst. .r'last] of ocutput:
notbusy : output; );

r_r : avray [z‘first. .z last] of reg;

y_r : array [r‘first..r'iast] of 1 :g;

r_r_in : arvay [z'first. z'last] of node;

yr_in : arrey [z'first. .r'last] of node;

zy.sub : arvay [r‘first. z'last] of node;

zs, zl, Tw : node; [/ s-Subtractor, Load, w-sWap
yh, yl, yr : node; // h-Hold, }-Load, w-sWap
zerof), zerol, zero, x_lt_y : mnode;

i : integer;
zerof, zevol, r_r:dec, y.r:dec;

muzd_array(zysud, r, y_r, rs, xl, rw, z.r.in);
muzI_array(y.r, y. -7, vh, yl, yw, y.r_inj):
use dff-array in

for i := r'first o z'las. do xr_rfi] <~ z.r_mfs};
use dff_array in

for i = r'‘first to z'last do y_r{i] <- yr_infi);
subtractor( z.r, y.r, zy_sud, r_H.y);
if bistedmors = 1 thken begir

Bisced_Nor( ry.sub, zcred);

Bisted_Nor{ y-_r, zerol);

end
elze begin
Nor( zy.sud, zerof);
Nor( y_r, zerol);
end,;

02(zerod, zerol, zero);
use Dff.array in
ged_contraller(start, zero, zerol, x.lt g,
zs, zrl, zw, gh, yl, vw, notbusy);
connect( y.r, ry-ged);

(

Deveioped by Wilhiam Gardner

String Searching Circuit — MMT {n-by-m mesh tree) algorithm
CODING CONVENTIONS: SAMPLE

- module/circuit 1/0 vanable Width Start with caps
- local vanables store All small letterse
= for all variables, suffix “.” indicates a real net or register;

without suffix indicates a compile-time paramete:
- constants and module names SIZE All caps

#include 7..[finclude/stdinc.lg”
#include ~..[/include/dtf.lg”

global
const
ROWS=8; // max pattern bi% length { “m™)
COLSZ=16;// max text bit length {“n”); m<=n
VROWS=8;// ROWS rounded up to power of 2
VCOLS=16;// ditto for COLS
TRUE=};
FALSE=0;
var
/! internode connections for leaf nodes & trees
leaf_row_init_, leaf row_data_,
leaf_col_init_, leaf_col_data_,
leaf_result_ : array[l. VROWS+ VCOLS] of node;
end.

(---..-

leaf_index converts a pair of row/column numbers to un index
into the various leaf_. . arrays

)
fanction leaf_index( Row_no, Colno : iuteger ) : integer;

leaf_inder = (Row.no~-1)»VCOLS 4+ Colno;
end.

{

overlap returns TRUE if the ranges L1. R1 (left/right)
and L2. R2 have any numbers in common

)
fanction overlap( L1, R1, L2, R2 : integer ) : integer;
begin
if Ri1<L2 or L1>R2 then overlap := FALSE
else overlap := TRUE;
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end.

(weessveanssrsrse saw
Leaf comparator node
SRR EEBPERES ST ESSSSEY
INPUTS Row_init. d=companson->FF; 1=init FF to 1
Col.init. same
Row_data. row (pattern) bit to be compared
Col_data_ column (text) bit to be compared

OUTPUT Result_ G=no match; l=every bit matched

CONNECTIONS
(1) Row_<init, data> come from row parents,
Col_<init, data> from column parents.
(2) Result goes to diagonal parent.

csasssuREssERS R EERn)

net_module LEAF(Rew.init_ Col.init_ Row_data_Coel.data_input;

Result_ : ocutput );
var
equiv_. match_, storeost_ : node;
store_ : reg;
begin
// compare row/col data
ernor( Row_data., Col data_. equiv. X:
// AND with result so
// far to give statusof match
aZ( equiv_, store_, match. Y,
03{ match, Row.mst_. Collinst_. storeat. ):
J/ if either init hine set
// => store loutput register
store_ <— storelil.:
// node output to diagonal parent
connect( store_, Result_ );
end.

(sesoeseresssnnsvanss

Recursive tree builders — common inputs

SRS AE RS ARSRTE BB

INPUTS L.ovirt bottom level virtual node numbers: left
Rovirt right {left<right})
L_real actual node numbers to create. left
R_real right (left <right)

NOTES

(1) Lovirt and Rovirt determine the depth of the tree to be
bui’t. For example. L=1 and R=38 would create a 4-level

binary tree, with leaves numbered from 1 on the left to 8 on
the right. Normally, L_real and R_real will be the same as
L._virt and R_virt respectively.
(2) In the case of a tree that is not fully populated, L_real
and R_real may specify a smaller range, e.g., 6 and 8 for the
example above. In this case, all the levels are generated to
satisfy the structure of virtya! tree, but actual hardware
connections are only made to the real nodes, with single
branches (vs. binary branches) stretching down to them.
(3) As recursive calls are generated, L_virt and R.virt
shrink with each level down to the same number, while L_real
and R.real are passed intact as the overriding parameters.

)

Row tree (recursive)

INPUTS  Init. init signal to be passed down tree
Data. pattern bit to be passed down tree
Row.no  no. of row for this tree [1. .ROWS])
L_virt column nos. (see common inputs)
R_virt
L_real
R_real
GLOBALS leaf_row.init. array of leaf inputs to connect to
leaf_row.data. ditto
NOTES

(1) This module generates a binary tree to connect to the
designated leaf comparator nodes. (2} If L_virt = R_virt,
the connection takes place. Otherwise the tree spli s and
the module is called recursively to generate the left half and
right half of the connections respectively. Flip-flops are
created at this level to buffer the wit/data signals
(3) The leaves will be numbered by columns from L_real to
R_real. This column no. and Row_no for the tree are used to
index the correct leaf node.
.---.."-..---u-..--.)
net_module ROW_TREE( Inu.. Data_ : input;
Row_no, L.virt, R_virt. L_real. R.real - integer };
var
storenit.. store_data_ © reg:
new R : integer:
begin
/7 finally down at leaf level
if L.virt = R_virt then begin
cannect{ Inst..
leaf.rowanitfleaf tnder{ Rowns, Lorirt )]}
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cannect( Data.,
leaf_row_data {leaf.index( Powno,L_virt)});
end

]/ generate subtree: divide leaf numbers in half
else i
new_R = L_virt4(R_virt—L virt)/2;

if overlap(L_virtnew_R,L_realf_real) = TRUE tnen
ROW_TREE( storeanst., store.data.,
Row_no, L_virt, new R, L_real, R_real );

if overlap(new R+1,R._virt, L_realR_real ) = TRUE then
ROW_TREE( store.nit., stove_data,
Row_no, new_R+41, R.virt, L_real, R_real };

/] create output registers at this level
store_init. <- Init_;
store.data. <— Data,;

end

Column tree (recursive)

INPUTS Init_ init signal to be passed down tree

Data. text bit to be passed down tree
Col.no no. of column for this tree [1..COLS]
L_virt row nos. (see common inputs)

R.virt

L_real

R_real

GLOBALS leaf_col.init_ array of leaf inputs to connect to
leaf.col.data_ ditto

NOTES
(1) This module generates a binary tree to connect to the
designated leaf comparator nodes. (2) If L_virt = R_virt,
the connection takes place. Otherwise the tree splits and
the module is called recursively to generate the left half and
right half of the connections respectively. Flip-flops are
created at this level to buffer the init/data signals
(3) The leaves will be numbered by rows from L.real to
R_real. This row no. and Col.no for the tree are used to
index the correct leaf node.

)
net_moduole COL_TREE( Init., Data. : input;
Colne, L_virt, R_virt, L_vreal, R.real : integer );

var
store_inst., store_data. : reg;
new.R : integer:
begin
// finally down at leaf level
if L_virt = R_wuirt then begin
connect( Init_,
leaf_colinst{ leaf.index( L.virt, Colne ) | 1
connect( Data.,
leaf_col data | leafandex( R_vart, Colno ) } ):
end
]/ generzte subtree: divide leaf numbers in half
else i
new_R = L_virt4+(R._virt—L_virt)/2;
if ouerlap(L.virt,new.'!,L.real,R.’real):TRUE then
COL_TREE( store.nst., store_data.,
Colno, L_virt, new_R, L_real, R_real );
if overlap(new.R+1,R_virt,L_real, R_real)= TRUE then
COL_TREE( store.init_, stove_data_
Colno, new_R+1, R_virt, L_real, R_real );
/] create output registers at this level
storeanit. <~ Inst_;
store_data. <- Data_;
end
end.

" Diagonal tree (recursive)

INPUTS Col-no # of column where row-1 starts [1. .DIAGS]
L.virt column nos. (see common inputs)
R.virt
L.real
R_real

OUTPUT Result. result bit to be passed up tree

GLOBAL leaf_result. array of leaf outputs to connect to
NOTES
(1) This module generates a binary tree to connect to the
designated leaf comparator nodes.
(2) If L_virt = R_virt,
the connection takes place. Otherwise the tree splits and
the module is called recursively to generate the left half and
right half of the connections respectively. Flip-flops are
created at upper levels to buffer the AND’ed results from the
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subtree.
(3) The leaves will be numbered by colui..as from L_real to
R_real. This column no. and Row.no for the tree are used to
index the correct leaf node.

)
net.module DIAG_TREE( Col_no, L_virt,

R_virt, L.real, R_real : integer;
Result. : output );
var
result_L_, result_R_ : node; // results from subtree
storest- : node;
store. : ¥eg;
new_R : integer;
begin .
if L_virt = R_virt then // finally down at leaf level
connect( Result_,
leaf_result leaf_index(L.virt, Collno+L_virt—1) ] )
/! generate subtree: divide leaf numbers in half
else begin
new R = L_wirt4(R_vert—L_virt}/2;
DIAG_TREE(Cel-no L_virt new_R,L_real,R_real result_L_):
if overlap(new R+1,R_vart L_real, R.real}=TRUE then begin
DIAG_TREE(Colnonew_R+1.R_virt L_real R_real result_R_};
// AND child results together
a2( result_L_ result R_ store.it_ );
store. <~ store gt 7/ output register
end
else stors. - result_[_:
connect{ HResult_ store. )i// node output to parent
ead.
end

R L L L i Atk t dt bl bl b d bkl
String Searching Circuit — top level description
- seens

circuit string_mesh;

NSNS SERSERETRRERREW

wesmsmsuanas)

var /{ primary 1/0O
P_data., P_mmit. : array{l. ROWS] of imput; // patrer
T.data. T_mat. . array{l. .COLS] of imput. // text

{7/ match output for diag tree

Match_ : arvay[l..COLS] of output;

/] compile-time variables

i, r, ¢ : integer:
display

P_init., P_data_, T.init_, T.data., Match_
observer

Match;

use Dff_array in begin

/] 1st create the m-by-n array of leaf comparator nodes
// but suppress the unused lower-left triangle
for r ;= 1 to ROWS do

for ¢ ;= r to COLS do begin

i = leaf-index( r, ¢ );

LEAF( lea].row.mxt.[a] leaf_col.anit [s],
lea;.row_datas], leaf-col.dat-fi},
leaf_result {1} ):

end;

// next create the 3 sets of binary trees: row trees first
for i := 1 to ROWS do
ROW.TREE(P.inat i}, P.data{s],1,1,VCOLS s, COLS);

// now column trees
for : := 1 to COLS do
COL_TREE( T-mitls], T-datals],
1, 1, VROWS, 1, min{s, ROWS) ),

// finzlly diagonal trees
for : ;= 1 to COLS do
DIAG.TREE( 3, 1, VROWS, 1,
COLS-mazr{1, COLS-ROWS41)+1.

end.

Match s} ).
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