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ABSTRACT

A Verilog HDL digital circuit fault simulator to detect permanent stuck-at logic faults for
embedded cores-based synchronous sequential circuits is proposed in this thesis. The fault
simulator can emulate a typical built-in self-testing (BIST) environment that utilizes a test
pattern generator that sends its outputs to a module under test (MUT), with the resuiting
output from the MUT being fed into a test data analyzer. A fault is detected if the module
response is different from that of the fault-free MUT. The fault simulator is suitable for
testing synchronous sequential circuits described at the gate and flip-flop level in Verilog
HDL. The subject thesis describes the detailed architecture and implementation of the fault
simulator. Some simulation experiments on ISCAS 89 sequential benchmark circuits are also
provided and discussed. The thesis also explores possible application of the ideas proposed
to current embedded cores-based systems-on-chip (SOC) technologies, specifically in the

context of testing memory-based synchronous digital systems.



Chapter 1
INTRODUCTION

Even though testing of digital circuits is an established area of research, it requires
continuous revamping to keep pace with the rapid advances in integrated circuit (IC)
technology. As the number of components on a chip and the gate to pin ration increase, the
testing problem becomes more difficult, and the testing cost contributes to an increasingly
larger proportion of the total product cost. Also, classical testing approaches would become
obsolete, and novel and revolutionary approaches will be required to handle the ever-
increasing complexity of Very Large Scale Integration (VLSI) devices.

The primary task of testing is to detect or discover the physical defects produced during
manufacturing processes. In general, logic circuits are tested by a sequence of input stimuli,
known as test vectors, which check for possible faults in the circuit by producing observable
faulty responses at primary outputs. In this process, the most difficult part is the generation
of a set of test vectors that will check faults at all points in the circuit, and therefore, uncover

close to 100% of all possible defects in the chip.
1.1 Digital Circuits Testing — Basic Concepts

Testing is a critical part of the manufacturing process for a digital circuit, circuit board,
or system. Testing a system is an experiment in which we exercise the system (for example,
a chip) and analyze the resulting response to ascertain whether it behaved correctly or not.
Figure 1.1 shows a digital logic circuit module test setup. The test vectors are produced by a
test pattern generator (TPG) and applied to exercise the module under test (MUT). The
operation of the MUT is evaluated by capturing its response to the test vectors and then

comparing the produced response to the expected values.
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Figure 1.1. Digital logic circuit testing setup.
Testing can be carried out at different stages of the manufacturing process. The sooner
a defect is detected, the lower is the cost. For instance, the approximate cost [5] to a

company for detecting a fault at the various levels may be summarized as follows:

o wafer $0.01~%0.1
e packaged-chip $0.10~$1

e board $1~$10

e system $10~$100

e ficld $100~$1000

In general, testing could be of two basic types: functional testing and manufacturing
testing. Functional tests are used to validate the correct operation of a system with respect to
its functional specifications. They are usually implemented early in the design cycle to verify
the functionality of the MUT. Functional tests are said to be exhaustive if they could detect
almost any fault whatsoever. However, exhaustive testing be better used in small circuits
because of the length of the resulting tests. Pseudoexhaustive tests could be significantly
shorter than exhaustive tests and could be used if some prior information about the structure
of the circuit is available, thereby narrowing the universe of search space.

Manufacturing tests try to verify if every transistor in the circuit operates as expected.
They are used after the chip is manufactured to verify that the silicon is intact. Although the
natural flow of design usually has a designer considering manufacturing concerns besides

functionality, in most cases, these two kinds of tests might be similar.



The typical defects, which may be caused during the chip fabrication or accelerated life
testing, are layer-to-layer shorts, discontinuous wires and thin-oxide shorts to substrate or
well. These defects will lead to particular circuit maladies, including nodes shorted to power
or ground, nodes shorted together and inputs floating, or outputs disconnected.

In order to determine the existence of the aforesaid faults in the circuits, a precise fault
model is required. A fault model basically is the representation of the effect of a failure by
means of the change that is produced in the system signals. The fault models help generate
tests and evaluate test quality defined in terms of coverage of the modeled faults. The most
popular model is the single stuck-at-fault model (i.e. stuck-at-one and stuck-at-zero). Other
fault models include stuck-open or -close, bridging-fault or multiple-fault models. In most
cases, the single stuck-at-fault model is extensively used because of its simplicity and
accurate representation of a large class of logic faults.

When a designer or tester desires to measure the output of a gate within a large circuit to
verify if it works correctly, and to assess the degree of difficulty of testing a particular signal
within a circuit, observability and controllability become significantly important. The
concepts of controllability and observability are defined as:

o Controllability: the ease of producing an arbitrary valid signal at the input of a
component by exercising the primary inputs of the circuit.

e Observability: the ease of determining at the primary output of the circuit what
happened at the output of a component.

Test evaluation is an important part of testing, and it determines the effectiveness or
quality of a test. It is usually done in the context of a fault model. The quality of a test is
usually measured by the fault coverage, which refers to the ratio between the number of
faults detected and the total number of faults in a circuit. The test evaluation is carried out by
fault simulation, a process of simulating the occurrence of various faults and determining if
they are detectable by a given set of test vectors. If the response differs from the expected

response of the fault-free circuit module, a fault is detected.

1.2. Testing Problem



Fault modeling: During chip fabrication, many types of defects can occur, for example,
breaks in signal lines, lines shorted to ground, excessive delays, etc. In general, the effect of
a fault is represented by means of a model. The most commonly used model is the single
stuck-at fault model. In this model, one assumes that any one signal line in the circuit may
have a fault such that this signal line is permanently held at either a logic I or a logic 0,
irrespective of the input vectors. The single stuck-at fault model has been found to be
effective in representing the behavior of most faulty circuits, i.e., the test vectors that can
detect a large number of single stuck-at faults can also detect most of the defects in the
actual device. This model is simple to analyze because the faults are considered at the logic
level that is independent of technology. Furthermore, the total number of modeled faults is at
most twice the total number of signal lines in the circuit. This number can be further reduced
by fault collapsing.

Test generation: The problem of generating a test for a given fault has been proved to
be NP-complete even for combinational circuits [6] [7]. Although some test generation
methods guarantee a test if one exists for a fault in a combinational circuit, the NP-
completeness property necessitates the use of clever heuristics in actual practice. Test
generation for purely sequential circuits poses additional complications due to the presence
of memory states.

Measures of test quality: The quality of tests is measured in terms of the size (or length)
of the test sequence and the fault coverage. The length of the test sequence determines the
time required to test the actual device on automatic test equipment. The fault coverage is
defined as the fraction of modeled faults detected by the test sequence. It is evaluated by
fault simulation that computes the test response of the fault-free and the faulty circuits. From
the simulation results, one can determine which faults are detected. It is desirable to achieve

high fault coverage.
1.3. Test Generation Techniques
Large-scale integration has added enormous complexity to the process of testing. This

complexity is due mainly to the reduction in the ratio of externally accessible points

(primary inputs and outputs) to internal inaccessible points in the circuit. We can classify the



integrated circuit testing techniques into three broad categories, namely: (1) testing of purely
combinational circuits or synchronous sequential circuits using scan type of design for
testability (DFT) techniques; (2) self-testing circuits that generate their own test vectors
using built-in hardware; and (3) testing of general digital (sequential) circuits with test
vectors that are externally generated and applied.

For purely combinational circuits, a number of methods are known that automatically
generate tests with satisfactory fault coverage. For synchronous sequential circuits, scan
design is often used to reduce the test generation problem to a combinational circuit testing
problem that is considerably less difficult. In scan design, all memory elements of the circuit
are chained into one or more shift registers such that a synchronous sequential circuit can be
partitioned into a purely combinational circuit and a shift register that can be tested
separately. While this technique has been successfully used in commercial systems, the 10-
20% logic added for testability has performance and cost penalties that are not always
acceptable.

Built-in self-test (BIST) is a test technique in which a circuit (chip, board, or system) can
test itself; in other words, the testing (test generation, test application and response
verification) could be accomplished through built-in hardware. Actually, BIST is a
combination of two concepts: built-in test (BIT) and self-test (ST). This technique is
intended to solve the some of major testing problems, like time and volume, the test cost and
diagnosis.

The automatic test generation (ATG) produces the test vectors for application to the
MUT and the response data from an entire test sequence are compressed into a single value
called a signature, which is then compared to the signature of a fault-free circuit, as shown in
Figure 1.2. A fault is detected if the test signature is different from the good signature. A
typical BIST scheme is composed of an automatic test pattern generator, the module under
test and a response compaction unit.

The test data analyzer consists of a response compaction unit, storage for the good

signature, and a comparison unit.
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Figure 1.2. A typical BIST environment.

In BIST approach, the circuit module is designed to have a self-test mode in which it
generates test vectors and analyzes the response. The objective is to apply all possible
vectors to the combinational part of the circuit. In very large circuits, either the
combinational portion is partitioned into independent sections or the whole circuit is tested
by random test vectors. However, the hardware overhead of BIST is even higher than the

scan design; 20% test logic may have to be added for BIST.

LOGIC DESIGN -  copn %ngT S

) /

PHYSICAL AUTO. TEST GEN.

DESIGN AND FAULT SiM.
WAFER FAB. S TESTING
CHIPS

Figure 1.3. Conventional methodology of VLSI chip realization with automatic test

generation.



Figure 1.3 shows the design for testability (DFT) methodology of VLSI chip realization.
Because of the hardware overhead penalty, a majority of VLSI chips manufactured today
contain neither scan nor built-in self-test capability. Most of these chips contain sequential
logic. The test generation problem for general sequential circuits is recognized to be very
difficult, tedious, and as yet, unsolved. The memory elements contribute to the poor
controllability and observability of logic. Most test generators for sequential circuits can
perform reasonably well only on circuits with up to 1,000 gates. Therefore, VLSI designers
manually develop test vectors using the knowledge of the functional behavior of the circuit.
These tests are generated to exercise critical paths and functions with selected data patterns.
In spite of the enormous effort, the quality of manually generated test vectors, as often
verified by fault simulation, appears questionable.

There thus exists a critical need to develop an automatic sequential circuit test generation
methodology that can handle VLSI chips and, at a reasonable computing cost, achieve high
fault coverage. This is the main objective of the present work. Equally important is the

objective to combine the two processes of test generation and fault simulation.

1.4. Organization of the Thesis

Chapter 1 gives an overview of the conventional testing techniques, concepts, and test
generation problem.

Chapter 2 introduces the concepts of logic modeling, event-driven simulation, fault
modeling, and fault simulation.

Chapter 3 describes several test generation approaches that are representatives of the
important work in this area. Specific situations responsible for the high complexity and poor
performance of these approaches are also discussed.

Chapter 4 gives an overview of Verilog HDL to describe the sequential circuits and
simulate the sequential circuits under the Altera MAX PLUS II design environment.

Chapter 5 focuses on the detailed design and implementation of the new fault simulation
method.

Chapter 6 presents test cases and experimental results, and Chapter 7 summarizes the

work, provides a general conclusion, and describes future trends in this field.



Chapter 2
LOGIC SIMULATION AND FAULT ANALYSIS

Knowing the response of every component in a complex design does not imply that the
entire system will function correctly. The system response is usually obtained through
simulation. Since our objective in the thesis is to present a unified methodology for
simulation and test, an understanding of the concepts described in this chapter is essential.
More specifically, we introduce the concepts of logic modeling, event-driven simulation,

fault modeling, and fault simulation.
2.1. Simulation

Simulation normally refers to obtaining the response of a system from a model. For
electronic systems, both hardware and software models are used. While hardware models or
breadboards are the traditional way of verifying designs, software models are becoming
more popular due to their economy and accuracy, derived largely from advances in

computing.
2.1.1. Circuit modeling

Digital circuits are modeled as interconnections of functional elements. The
interconnections are described using a hardware description language. Generally, the level of
modeling refers to the amount of functionality that is included in the elements. At the highest
level, commonly known as the behavior-level, the elements are large functional blocks
described in programming languages like C or Pascal. The next lower level is the gate-level
which consists of Boolean gates like AND, NAND, NOR, NOT, and OR. Next is the MOS
transistor level, also referred to as the switch-level. The lowest level is the circuit-level
where components like transistors, resistors, capacitors, etc. are described through their
electrical characteristics.

In order to effectively deal with the complexity of very large scale integration (VLSI),

mixed-level models are usually used. In a large system, blocks of preverified designs may be



modeled at the behavior level. Other portions of the same system may be modeled at the gate
or transistor levels.

Another useful concept in describing VLSI systems is hierarchy. In a digital system,
functional blocks like registers, adders, and multiplexers may be described as
interconnections of logic gates. The system then can be described as an interconnection of
these functional blocks. If the system uses a particular functional block repeatedly, then the

details of this block are described only once in the hierarchical description.

2.1.2. Signals

In a digital system, the structure of the circuit is not the only thing that is modeled. The
signals flowing through interconnections must also be modeled. Real signals in an electronic
system are voltages and currents. Strictly speaking, these are analog quantities. However, for
digital systems, the common methodology is to model them as having discrete values. Most
simulation systems use either three values (0, 1, X) or four values (0, 1, X, Z). The first two
values 0 and 1 are the false and true logic states. The third value, X, is used to represent the
unknown or ambiguous state of a signal and the fourth state, Z, represents the state of a
floating node in the circuit. Based on the specific situation, a floating node may or may not
retain its previous value.

Another essential attribute of signals is time. All signals are represented as functions of

time. More appropriately, they can be considered as waveforms.

2.1.3. Modeling of delays

All circuit elements manipulate the signals supplied to their input port and produce the
resulting signals at their output port. The manipulation of signals, however, takes finite time.
Thus, irrespective of their speed, all electronic circuits involve delays. The delay is modeled
in many different ways.

The simplest method is to assume that the elements (functional blocks, logic gates, or

transistor switches) have zero delay. This assumption works well if the interconnections



involve no feedback paths. The zero-delay model can be effectively used to analyze
combinational circuits that have no memory states.

When the circuit contains feedback paths or memory elements (e.g., flip-flops), it is
necessary to maintain the order in which signals change. Under fairly general conditions, it
is possible to maintain the proper sequence of events (signal changes) by a unit-delay model.
In this model, each element is assumed to have one unit of delay. Since actual delays of
elements are not all equal, the actual interval of time that this unit represents is meaningless.
The unit-delay model is generally used for logic verification of gate-level and switch-level
circuits. This model is also very popular for fault simulation discussed in a later section.

While the unit-delay model can verify the logical behavior of a digital circuit, it is
inadequate for analyzing the timing behavior. For the timing behavior, a multiple-delay
model is used. Each element is assigned a delay which is an integer multiple of a time unit.
The time unit can be 1 nanosecond, 1 picosecond, or some such interval. Sometimes separate
rise and fall delays are specified. It is also possible to specify propagation delays for
interconnecting paths.

Most digital circuits can be analyzed by an appropriate discrete delay model as
mentioned above. There can be situations, however, where a continuous delay model is
necessary. Certain interconnections of bidirectional MOS devices (e.g., bus structures) and
mixed analog-digital circuits are some examples requiring a fine-grain timing analysis. For
VLSI circuits, mixed-mode analysis, where different components of the circuit are modeled

at the appropriate level of timing accuracy, is perhaps the right way.

2.1.4. Simulator

A simulator is a computer program whose inputs are the circuit description and the
primary input signal description or the stimuli. The stimuli can be specified as waveforms of
the input signals. However, for digital circuits, a popular way is to specify them as vectors.
A vector contains the values of all input signals. Whenever one or more inputs change, a
new vector must be specified. In most circuits, input signal changes are synchronized with
some periodically changing clock signal. Thus, the input stimuli are a sequence of vectors

applied at specified periodic intervals.

10



The simulator computes the response of the circuit. Some simulators were compiled-
code simulators. Entire circuit description was converted into the form of a computer
program. Execution of this program with the stimuli as data would then lead to the circuit
response. Since signal changes propagate from inputs to outputs, the circuit is levelized from
inputs to outputs and the components are evaluated accordingly.

In a digital circuit, typically, at any instant only about 10% or fewer gates are active.
Larger circuits tend to have smaller activity. However, the location of this activity changes
with time. Circuits with components having different delays are also difficult to simulate. A
compiled-code simulator takes no advantage of the low activity and evaluates all elements.

Accurate and efficient simulation of delays, feedbacks, and the dynamically changing

acttvity is possible by the event-driven method described next.

2.1.5. Event-driven simulation

In the simulation terminology, signal changes are called the events. An event is
characterized by the signal name, the type of change, and the time of change. A signal is
assumed to retain its value until its source (e.g., the gate generating the signal) produces an
event. A gate, on the other hand, cannot produce an event at its output, unless some event
causes a change at its input. An event-driven simulator, therefore, simply follows the paths
of events in the circuit. The simulator also deals with the problem of simultaneous events by

analyzing all events occurring at a time before analyzing any events that would take place in

the future.

Time Slots
Time
Wheel “ Event List
H FW”"

e B |

Figure 2.1. General process of event-driven simulation.
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The general process of event-driven simulation can be easily understood from Figure 2.1.
The time, over which the circuit activity is analyzed, is divided into some suitably selected
unit. All delays in the circuit are specified in terms of this time unit. The simulator contains a
circular stack known as the time wheel [8]. Each element of this stack, called the time slot,
represents one unit of time. The number of time slots in the time wheel should not be less
than the largest delay of any element in the circuit.

Each time slot contains a pointer to a list of events that are to take place at the
corresponding time. Since the number of events at any time can vary, the events are usually
stored in a linked list. Primary input changes also produce events on the input signals. As
explained above, an event is described by specifying the signal name, the new value, and the
time of change. The signal name and new value are stored in the event list, while the time of
change is set by attaching the event to the appropriate time slot.

The simulator processes all events attached to the current time slot. Suppose, we denote
the current time as £ Processing of an event means the following: (1) change the signal
value, (2) evaluate all gates (or blocks) that now become potentially active due to an input
signal change (this is done by tracing the fanout of the signal changed by the event), (3) if
the output of any potentially active gate changes, then schedule the corresponding event. For
scheduling an event, the simulator considers the delay of the gate whose output is changing.
If the delay of that gate is d units, then the new event is attached to the event list of the time
slot representing #+d.

Once an event is processed, i.e., all potentially active gates are evaluated and all new
events are scheduled, the parent event is removed from its event list. When the event list of
the time slot t becomes empty, the current time is advanced to ¢+/ and further event

processing continues.

2.2. Fault Modeling

Just like any other analysis, fault analysis requires modeling (or abstraction). Fault
models serve two purposes. First, they help generate tests, and, second, they help evaluate
test quality defined in terms of coverage of modeled faults. A good fault model is one that is

simple to analyze and yet closely represents the behavior of physical faults in the circuit.
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Fault modeling is strongly related to circuit modeling. Consider a digital circuit
described as an interconnection of logic gates. Even a moderate amount of imagination
provides numerous fault possibilities, for example, missing gates, wrong gate types, missing
interconnections, added interconnections, shorted interconnections, etc. Most of these faults,

although physically real, are too complex to model. The faults most commonly modeled are

stuck-faults.

2.2.1. Stuck-faults

Stuck-faults are not only the simplest faults to analyze, but they also have proved to be
very effective in representing the faulty behavior of actual devices. The simplicity of stuck-
faults is derived from their logical behavior; these faults are often referred to as logical
faults. Stuck-faults was essentially proposed by Eldred [9] in 1959. One of the earliest
theoretical analyses and discussions on stuck-faults was given by Poage [10].

Stuck-faults are assumed to affect only the interconnections. Possible fault sites are the
inputs and outputs of gates. Each line can have two types of stuck-faults: stuck-at-1 and
stuck-at-0. Thus, a line with a stuck-at-1 fault will always have a logical value 1 irrespective
of the correct logical output of the gate driving it.

In general, several stuck-faults can be simultaneously present in a circuit. A circuit with
n lines can have 3"-1 possible stuck-line combinations. This is because each line can be in
any one of the three states: stuck-at-1, stuck-at-0, or fault-free. All combinations except the
one with all lines in the fault-free state are counted as faults. It is easy to realize that even
with moderate values of n, the number of multiple stuck-faults will be very large; therefore,
in practice, we only analyze single stuck-faults. An n-line circuit will have 2n single stuck-

faults, a number that can be further reduced by fault collapsing.
2.2.2. Fault collapsing
Two faults are called equivalent if their effect is indistinguishable at the outputs of a

circuit, which means that any test detecting one of them will also detect the other. Selecting

one representative fault from each class of equivalent faults is called equivalence fault

13



collapsing. Computationally, this is an intractable problem in its general form. In practice,
incomplete yet substantial fault collapsing may be possible with little computational effort.
A good example is the collapsing of faults associated with the inputs and the output of a
logic gate. Consider an n-input AND gate with none of the inputs directly observable. It is
easy to see that an input stuck-at-0 (it is a common practice to write a stuck-at-i as an s-a-i)
is equivalent to the output s-a-0; there is no way to distinguish between the two faults by
observing the inputs and outputs of the circuit. For the purpose of test generation, therefore,
we only consider n+2 of the 2n+2 faults associated with the AND gate: s-a-1 on each input
and s-a-1 and s-a-0 on the output. Similarly, in an n-input OR gate, we test for s-a-0 on each
input and s-a-1 and s-a-0 on the output. Testing considerations for NAND and NOR gates

are similar.

a

Figure 2.2. Collapsing of stuck-faults.

A three-value logic simulator is effective in finding equivalent faults that may be
separated by several gates in a circuit. The three values used in simulation are 0, 1, and X=
unknown or don’t care. Consider the circuit of Figure 2.2. A value 0 on line a uniquely (i.e.,
irrespective of the other inputs of the NAND gate) forces a 1 on line £, and, thereby, forces a
1 on line g. This is easily checked by setting don’t care values on all other input lines and
noticing that the values of lines f and g are still unique. Thus, the faults, a stuck-at-0, f stuck-
at-1, and g stuck-at-1, are equivalent.

The illustration above can be generalized. To find if a fault, say, an s-a-i can be collapsed
with another fault, we carry out three-value simulation after initializing line a to i and all
other lines to X. If, as a result of simulation, another line, say, b, is forced to a binary value j,
then the fault an s-a-i is equivalent to b s-a-j. This simple procedure has been used in a MOS

simulator where the circuit is described as an interconnection of transistors [11].
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In equivalence fault collapsing, we only collapse the faults that are indistinguishable. If we
are prepared to give up on diagnostic resolution (ability to distinguish between faults), more
collapsing is possible. This is accomplished by using the concept of fault dominance as
explained next. In very large scale integration (VLSI) circuits, where coverage of faults
rather than their exact location is the overriding consideration, dominance fault collapsing
may be desirable.

Consider two faults f1 and f2. Suppose all tests for fl also detect £2 but only some of the
tests for f2 detect fl. Then 2 is said to dominate fl. This definition of dominance is
originally given by Poage [10]. However, some people have used the term dominance in an
opposite sense. If we had to pick one to detect, obviously, we are safer to take f1. Even
though, at times, it may be a little harder to find a test for fl, this test is guaranteed to cover
f2.

In an AND gate, the output s-a-1 dominates any input s-a-1. If we desire dominance fault
collapsing, then for an n-input AND gate we need to consider only n+1 faults.

Equivalence and dominance fault collapsing may be used to reduce the number of faults
that must be considered for detection. In the AND gate example above, we found that the
two stuck-faults on the output line can be collapsed with appropriate input-line faults. This
type of collapsing can be repeatedly used until one arrives at a checkpoint defined as either a
primary input or a fan-out branch. It has been shown that it is sufficient to consider single
faults on checkpoints in a circuit as long as all such faults are detectable. In actual circuits,
however, there can be a small number of faults, referred to as undetectable or redundant
faults, which are not detected by any test. The presence of such faults, by definition, does not
cause malfunction in the circuit. If any checkpoint fault is undetectable, then additional
faults must be considered. Finding checkpoints in sequential circuits requires further
analysis.

In sequential circuits, fault collapsing is often accomplished through multiple passes. In

other related work, fault set reduction algorithms have been studied [12] [13].

2.2.3. Other fault models
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Most VLSI designers encounter situations where stuck-type fault model may not be
suitable. Two common cases are the memory and programmable logic array (PLA) blocks.
For memories, stuck-fault model is still used for I/O registers and address decoders.
However, for the storage cell array, the faults generally modeled are: (1) single cell stuck-at-
1 or -0, (2) adjacent cell coupling, and (3) pattern-sensitive faults. Like memories, PLA fault
models are also closely related to their structure. These include cross-point faults and
bridging faults. For the purpose of logic and fault simulation, a PLA may be modeled as its
two-level logic implementation. Even though stuck-type faults in this implementation are not
a true representation of PLA faults, they are easy to analyze and are widely used. Cross-point
and bridging faults can be represented in the two-level logic model by adding extra gates
[14].

While the above described fault models are used in today’s design environment, there are
others that are gaining importance due to the changing technology. Some of these are the

CMOS stuck-open faults, functional faults in microprocessors, and delay faults.

2.3. Fault Simulation

Simply stated, a perfect chip test must meet two criteria: reject every bad chip and pass
every good one. Since the second requirement is not difficult to fulfill, we will focus on how
well the first criterion can be met. Suppose a total of N chips passed the test and there are M
bad chips among them. Then the fraction M/N, sometimes called the reject ratio of the tested
product, is a measure of deficiency of the test. Unfortunately, appealing as it may be as an
indicator of test quality, accurate reject-ratio data are hard to obtain in practice. Instead, an
indirect but easier-to-estimate measure is used. It is called fault coverage and is defined as
the percentage of modeled faults detected by the test. A good (or acceptable) test may be
defined as one that achieves a certain minimum percentage of fault coverage (typically, in
the high 90s). Accurate evaluation of fault coverage requires the use of a fault simulator,
often working with the model of the circuit at just one level (e.g., transistor), switch, or logic
gate. However, with increasing circuit densities, complete fault simulation using a low-level
nonhierarchical circuit description is becoming very expensive and time consuming.

Hierarchical simulators are being developed in response to this need.
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2.3.1. Methods of fault simulation

Given a set of faults and a set of input vectors, a fault simulator must find out which
faults are detected by the input vectors. Production-quality fault simulators at the logic-gate
level were available well before the advent of large-scale integration (LSI) circuits. Recently,
fault simulators at the transistor level have been developed for more accurate modeling of
faults.

The simplest method of simulating faults is the serial fault simulation. A single fault is
introduced in the circuit and simulation is run like the true-value simulation. Response is
compared with the stored response of the fault-free circuit. As soon as the fault is detected,
the current simulation is suspended and a new simulation is started with another fault. While
this method has found some success in the hardware accelerator based simulators, in most
commercial simulators, an effort is made to reduce computation time by simulating more
than one fault in one pass for a given input vector. The simplest such technique is parallel
fault simulation [15] in which a computer word of W bits is associated with each line in the
circuit. During a pass through the simulator, each bit at a particular position would be
associated with the circuit that has a specific single fault (or no fault). After simulation, the
bit would store the value on the line in the associated circuit. Before the beginning of a pass,
a set of (W-1) as-yet-unsimulated faults is chosen, where W is the word size of the
computer. The remaining bit is used to simulate the fault-free circuit. The gates whose
input/outputs are directly affected by a selected fault are flagged. When a flagged gate is
simulated, the effect of the fault is injected into appropriate bits of the words representing its
inputs and outputs. Each fault simulation passes starts at the primary input lines and
proceeds in a breadth-first fashion towards the primary outputs. For each gate, fault
simulation amounts to computing the output word as the gate’s logical function of its input
words. At the end of the pass, the word at each primary output can be examined to determine
which of the simulated faults would be detected at that output. This is done by comparing the
response of each faulty circuit against the fault-free circuit. As logical operations on
computers can be carried out at the word level, W-1 different faults are simulated in parallel
in each pass; hence, the name of the method. A total of F faults would be simulated in F/ (W-

1) passes.
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The ultimate, in terms of reducing the number of passes, is the deductive fault simulator
[16]. It needs just one pass for simulation independent of the number of faults simulated. The
basic idea here is to associate with each line a list of just those faults sensitized to that line
(that is, signals on the line for the normal and faulty circuits are different) by the simulated
input vector. Simulation of a gate requires deducing the fault list at the gate output from the
input fault lists. This is illustrated for a 2-input AND gate shown in the example of Figure
2.3.

\j

La=[f5,f10,f17]
a

— Lc=[f8,f12,f15,c1]

0 ——— ¢C
10

b

Lb=[f8,f10,f12,f15]

Figure 2.3. Fault lists in deductive simulation.

The gate is assumed to be embedded in a larger circuit. The fault lists associated with the
inputs a and b of the gate are as shown; these would have been computed already in previous
steps of the algorithm. The signal values shown are for the fault-free circuit. Consider the
effect of the fault f5, appearing in La but not in Lb, on the gate output. The signal value on
line a will change from 1 to 0 while that on line b will remain unchanged. Thus, the output
will stay at 0; so f5 cannot be in the fault list Lc. Indeed, no fault in La can occur in Lc, since
the output would not change under the fault. Next, consider the fault £8, which is in Lb but
not in La. Such a fault will change the values on lines b and ¢ and hence, must be included in

Lc. Additionally, the fault “c stuck-at-1" (or ¢1) must be in the output fault list since it

complements the normal value. Thus we obtain the expression Le= (Lbﬂfc—l)U[cl] for the
output fault list shown in the Figure 2.3.

Compared with parallel fault simulation, the penalties paid for a single-pass in deductive
simulation are: (1) dynamically varying storage for fault lists associated with each line and
(2) more complex processing of gates requiring set operations on the line fault lists.

We note that the output fault list computations are essentially dynamic. The expression

for the output list is not just a function of the gate type; it also depends on the signal values
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on the gate inputs. Interestingly, the output fault list may change even though the gate inputs
and outputs remain unchanged. This is because a line’s fault list may change even when its
value does not. For example, when the normal value on line a changes to 0, the value on line
¢ is not changed, but Lc may change nevertheless. This “fault-list event” must be propagated
through all gates to which line ¢ is an input. This undesirable characteristic of the deductive
method is absent from concurrent simulation to which we shall turn next.

The basic idea behind concurrent fault simulation [17] is quite simple. Typically, a fault
changes very few signal values in a large circuit. Thus, most, if not all, of the information for
simulating a fault is contained in the “good-circuit” simulation. In concurrent simulation, the
good circuit is simulated in its entirety, but a faulty one is simulated only for gates whose
states differ from their good-circuit states. For logic gates, the state is simply the
combination of input and output values; however, the concurrent method is general enough
to handle arbitrary elements with stored states.

The term concurrent is derived from the fact that each faulty gate carries enough
information for independent simulation of the associated fault. This is considerably more
information than just the fault index used in deductive simulation. Thus the speed is gained
in concurrent simulation at the expense of additional dynamic storage per node in the circuit.
There is more to the concurrent method, however, than indicated by this simple example.
The ease with which it can be adapted to any level of simulation is evident in the following
sample of implementations: FMOSSIM [18] at the switch level, MOTIS [11] at a mixed
level, and the CHIEFS hierarchical fault simulator [20]. The ability of concurrent simulation
to evaluate each faulty gate independently makes it the method of choice for

implementations on hardware accelerators [21].
2.3.2. A comparison of fault simulation methods

The process of fault simulation can be likened to that of shooting at a progressively
diminishing target. Initially, even a randomly chosen test vector is likely to detect many
. undetected faults, but as their number decreases, this strategy produces diminishing results.
Figure 2.4 shows a typical curve of undetected faults versus number of tests. It can be

partitioned into two phases where random test generation is seen to be a productive strategy
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for Phase I (the exponential decay part of the curve). There is a gradual transition from Phase

I to an almost linear decay in Phase 1.
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Figure 2.4. Undetected faults versus number of test vectors.

Empirical evidence suggests the transition point to lie somewhere between 35 and 15
percent of undetected faults. Taking such a curve as the model, it has been estimated [22]
that the simulation costs for a network with G gates grow proportional to G* and G* for
parallel and deductive (or concurrent) simulations, respectively. A concurrent fault simulator
at the transistor level is reported to take 1527 seconds (approx. 25 minutes) of computation
time for simulating a 9,478-transistor circuit on a 12-MIP computer [11]. A set of 2,241
vectors was used in this simulation. According to the quadratic rise in simulating time, a
100,000-transistor circuit would require over 47 hours on the same machine. Clearly, brute-
force simulation of large circuits is not a practical proposition even for the currently
achievable circuit densities. Attractive alternatives are to use statistical sampling techniques
or hardware accelerators [24].

Another way to compare fault simulation methods is to analyze their capabilities. One
such comparison was carried out for the parallel, deductive, and concurrent methods [25].
The metrics of comparison were abilities to handle multiple signal values, different levels of
abstraction, and accurate timing. The concurrent method scored the highest on all three

measures. The parallel method came a distant second with the deductive not too far behind

it.
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2.4. Fault Simulation Tools

VLSI CAD systems normally incorporate a fault simulator. These fault simulators have
three parts: (1) preprocessing, (2) fault simulation, and (3) output analysis.

A fault simulator processes the circuit connectivity description in much the same way as
a true-value simulator. Often, true-value simulation for design verification precedes fault
simulation, and a preprocessed or compiled description of the circuit already exists.
Additionally, the fault simulator makes a fault list of all stuck-faults on the inputs and
outputs of gates and the functional blocks. Some fault simulators provide an option to
include transistor faults. If the circuit contains functional blocks (e.g., memories or other
blocks described in some high-level language), then stuck-faults are modeled on the inputs
and outputs of those blocks. The fault list is processed to collapse equivalent faults. The user
can select or remove any faults from the fault list or request a random sample of given size.
User inputs also include specification of the signals to be monitored (e.g., all primary
outputs) and the strobe positions. Many fault simulators allow user selectable options for
handling of race and oscillation faults. These faults may introduce potentially unstable states
in the circuit and are often represented by the unknown value (X) in simulators. If an
unknown state due to a fault propagates to a visible point, the fault can be considered as
potentially detectable.

The second part of a simulator performs its main function: simulation of the circuit with
selected faults by using the given vectors. It keeps the detection data (time and output of
detection) for each fault and also stores the true-value response. Most simulators drop a
detected fault from consideration once it is detected. Race and oscillation faults may also be
dropped at user option.

Since fault simulators use a large amount of computing resources, the normal practice is
to divide the vector set according to the available memory in the automatic test equipment
(ATE). Each vector set (often called a vector load) is run through the simulator by using the
list of undetected faults up to that point. At the end of a run, the simulator can store the
internal states of the circuit in a checkpoint data set for use by the next vector set. However,

if the ATE requires each vector set to reinitialize the circuit, the simulator checkpointing will
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give a coverage that is too optimistic. Also, for realistic fault detection data, the user should
set the observation strobes in the same way as the ATE’s strobes.

The results of the second part are fault coverage and the expected response. The latter is
provided to the test program. The third part of a fault simulator analyzes the fault coverage
data and displays it in an easy-to-interpret form. A popular way of presentation is a graph
showing fault coverage as a function of the vector number in the test sequence. The simplest
way, of course, is to list faults under the following categories: detected, undetected, race, and
oscillation. These lists may be used by other programs such as automatic test generators.
Displaying undetected faults on the schematic can be a great help in manual test generation.
For an undetected fault, tracing the activity caused by this fault can also be useful to the
designer in writing a test.

Another effective method of displaying the fault simulator result would be to display the
detected faults on the chip layout. Such a display will easily isolate the portions of the chip

where fault coverage needs enhancement.
2.5. Fault Coverage and Product Quality

Independent of whether the whole class of single line stuck-faults is simulated or only a
sample thereof, the obtained fault coverage is at best an imperfect measure of test
effectiveness. This must be so because a fault simulator cannot evaluate the coverage of
actual physical faults (shorts or opens in metal, diffusion, or polysilicon, shorts between
layers, parametric irregularities, etc.). Multiple faults are also not simulated because of their
very large number, even though with the small geometries used, a processing defect is quite
likely to lead to multiple faults. The obtained value of fault coverage may also depend on the
specific simulator used for evaluation, since different simulators could employ different
criteria to detect fault-induced races and oscillations. Redundant lines are not uncommon in
real circuits though they may not always be identifiable because of the provable intractability
of the problem. The effect of unidentified redundancies is unduly pessimistic fault coverage.

In spite of the above reservations, fault coverage data provided by simulators continue to
be relied on as a figure of merit for a test. One may consider that how this figure of merit is

related to the quality of the tested chips? A quantitative answer to this question can be given
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based on a model of fault distribution on a chip. In one such model, it is assumed that a
random number of logical faults are spawned by each physical defect on the chip. The
physical defects themselves are randomly distributed over the chip but form clusters for a
variety of processing related reasons. Thus a compound distribution is used for logical faults
[26] [27] with an appropriate clustered distribution used for physical defects. It is possible to
estimate the parameters of the compound distribution from the wafer-level test data and
produce the curve shown in Figure 2.5. The vertical ordinate in the figure is reject ratio. The

horizontal axis represents the fault coverage for single stuck-type faults.
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Figure 2.5. Reject ratio versus fault coverage.

Interestingly, it is observed that making a transition to a finer feature size, while keeping
other parameters fixed, has the effect of moving the curve to the left. This means that for
denser chips actually a lower value of fault coverage would suffice for a given value of reject
ratio; an encouraging result considering the disproportionately high costs involved in
increasing the fault coverage in Phase II of Figure 2.4 to cover such faults.

In some related works, a uniformly random defect distribution model is used for logical
faults. The term is used as defect level to denote what we have called as reject ratio.
Although the results have been applied to both chips and boards, the uniformly random fault

distribution gives pessimistic results for chips where the defects may be clustered [28].
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Chapter 3
TEST GENERATION APPROACHES

Test generation approaches can be classified into three categories: exhaustive, random
and algorithmic. For combinational circuits, if the number of primary inputs is small, using
exhaustive tests consisting of all possible input vectors to ensure 100% fault coverage is an
obvious candidate. Exhaustive techniques can be extended to larger circuits by partitioning
into subcircuits such that each subcircuit is tested exhaustively by a reasonably small number
of test vectors. However, finding suitable partitions is neither easy nor guaranteed.

Random test generation is a simple and low-cost method in which input vectors are
generated randomly. Outputs of the faulty and the fault-free circuits for each random vector
are compared by a fault simulator. If any fault is detected, the random vector is retained as a
test. The number of random vectors needed for high fault coverage can be very large in some
cases. If the numbers of levels of logic and gate fan-ins are large, this approach becomes less
effective. Random test generation techniques can be improved by generating vectors with
selected input signal probability. Also, the random test generation methods can be
augmented by deterministic methods.

Since early 1960s, numerous algorithms have been proposed for generating test vectors
for combinational and sequential circuits. Some of these are effective and widely used in
practice; others are of limited practical interest. Most approaches are topological, i.e., they
construct the input vector by analyzing the circuit topology. Several famous algorithms for
combinational circuits like D-Algorithm, PODEM and FAN are widely used and can usually
produce satisfactory results. These are commonly known as path sensitization algorithms.
Some algebraic methods have also been reported and are quite elegant and complete.
However, their high complexity makes them impractical for large circuits.

Even though several sequential circuit test generators have been developed, their
performance is questionable. They have one or more of the following limitations: (1) circuit
must be synchronous, (2) circuit must have limited number of flip-flops, (3) must have
limited number of gates, (4) must have limited number of vectors per fault, and (5) the

circuit delays must be neglected.
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In the following sections of this chapter, we review the basic concepts of the widely used

path sensitization approach. Some representative algorithms for both combinational and

sequential circuits are also discussed.
3.1. Test Generation for Sequential Circuits

The response of a sequential circuit depends on its primary inputs and the stored internal
states. The stored states can retain their values over time. Thus, combinational test

generation methods can be applied to sequential circuits if the element of time is introduced.
3.2. Approaches for Test Generation
3.2.1. Iterative array approach

Many sequential circuit test generators have been devised on the basis of the
fundamental combinational algorithms. A combinational model for a sequential circuit is
constructed by regenerating the feedback signals from previous-time copied of the circuit.
Thus, the timing behavior of the circuit is approximated by combinational levels.
Topological analysis algorithms that activate faults and sensitize paths through these
multiple copies of the combinational circuit are used to generate tests.

We illustrate this approach by a simple example. Consider the latch in Figure 3.1. Let us
assume that all gates have zero delay. The result of applying the combinational test
generation approach is shown in the figure. The process stops with inputs 1 0 and the output

1. Since the output is the same in both good and faulty circuits, a test is not found.
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Figure 3.1. A NAND latch example.

Figure 3.1 also shows that the faulty fuﬁction, when “line ¢ is stuck-at-17, is z =b . The
fault blocks the feedback and the circuit no longer has the storing capability. It can be easily
detected by first applying a 1 0 input and then following it up by 11. The first pattern will
produce a 1 output irrespective of the fault. The second pattern simply stores the state of the
latch. In the good circuit, the output will remain 1 while it will change to 0 in the faulty
circuit.

Our combinational test generator was not able to solve this problem due to the zero-delay
assumption. If we consider finite delays of gates, it is possible to first apply the value of z =
1 to d and then change b to 1 to sensitize the path for the fault. A common practice is to cut
the feedback path. This is shown in Figure 3.2. A copy of the circuit is attached to generate
the feedback signal d. The test generation begins from the copy shown as current time frame.
In general, any number of time frames (previous or future) can be added on either side of the
current time frame. However, the complexity of the model increases with the number of time
frames. Another problem occurs due to the signals left unspecified by the test generator. For
example, the test in Figure 3.2 is a 1 1 pattern that is preceded by X 0 where X denotes the
don’t-care state. If we set X to 1, we get the desired test. But if X is set to 0, the test will
cause a race in the fault-free circuit. Thus, sequential circuit tests generated by such

procedures require special processing to avoid timing problems.
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Figure 3.2. Time frame extension of NAND latch.
3.2.1.1. Extended D-algorithm

A general model for synchronous sequential circuit is shown in Figure 3.3.

Primary E‘““ W Primary
Inputs T Combinational Outputs

‘ > Logic

Flip-Flops |-
-——————  clock

Figure 3.3. General model for synchronous sequential circuit.

The output is a logic function of primary inputs and the present state of flip-flops. This

circuit can be modeled by a combinational network as shown in Figure 3 4.
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Figure 3.4. Iterative combinational model.

Feedback lines are cut and the combinational portion is duplicated. The block CCn is the
nth copy of the combinational portion and corresponds to the time frame n. The inputs of
CCn include the primary inputs In and the pseudoinputs SIn obtained from the feedback
signals produced by CC,.. Similarly, On and SOn are the primary outputs and
pseudooutputs of the time frame n.

In order to find a test sequence to detect a single stuck-at fault, we must first determine
the number of time frames needed in the combinational model. The D-Algorithm [29] is then
applied to the jth copy of the combinational model, called the current time frame. If the D-
Algorithm assigns a value to any pseudoinput, this assignment is then justified in the (j-1)th
copy. Similarly, if the fault effect is propagated to a pseudo-output, propagation must
continue into the (j+1)th and subsequent copies until the fault effect reaches a primary
output. It is worth noting that a single stuck-at fault in the sequential circuit corresponds to a
multiple fault in the combinational model, since the complete model contains one fault per
time frame. Therefore, the D-Algorithm applied to the combinational model should be
modified to deal with fault multiplicity. The multiple fault consideration and the extra

complexity of the replicated logic make this approach unrealistic for large circuits.
3.2.1.2. Nine-value algorithm
Muth [30] extended the five-value algebra used in the D-Algorithm to nine-value

algebra. These nine values (1/1, 1/0, 1/X, 0/1, 0/0, 0/X, X/1, X/0, and X/X) represent ordered

pairs of states of the fault-free and faulty circuits. The five values used in the D-Algorithm
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are actually a subset of these nine values; a 1 used in D-Algorithm is equivalent to 1/1, a 0 is

0/0,an X is X/X,aDis 1/0, and a D is 0/1. The additional partly specified values, 0/X, 1/X,
X/1 and X/0, provide a greater degree of freedom in test generation. The nine-value
algorithm takes into account the possible repeated effects of the fault in a sequential circuit
and a test can be generated for asynchronous circuits also. Even for synchronous circuits, the

implementation of the algorithm is very complex and may be inefficient for large circuits.

3.2.1.3. SOFTG

Primarily, SOFTG [32] is a sequential version of PODEM [31]. Tests are constructed by
tracing backward through the circuit in much the same way as a combinational test
generator, but all forward signal propagation is carried out by an event-driven simulator. The
close interaction with the simulator allows SOFTG to effectively model the timing behavior
of a sequential circuit such that the tests will not cause races or hazards in the fault-free
circuit. The method is very effective for circuits of moderate complexity (few hundred gates)
but the backtracking for alternative choices in the combinational algorithm restricts its use
for very large circuits. A similar idea is reported by Kjelkerud and Thessen [33]. They
implemented the D-Algoritym by using a table-driven logic simulator for forward
implication and a deductive fault simulator for D-propagation. The fault simulator can

ensure that the vectors are hazard-free.

3.2.1.4. Backtrace algorithms

All sequential test generation algorithms discussed above have a process flow that is
bidirectional in time where time refers to the time of events in the circuit. This is because the
starting event is the fault activation at the site of the fault. In general, the detection will take
place at a future time while the primary inputs must assume their values in the past. Marlett
[34] proposed a unidirectional single path sensitization algorithm that works backward, both
spatially and in time, from a selected output toward the fault. For a given fault, a path and an
output pin with best observability are first selected. The test generator begins by setting up

sensitizing conditions at the path output and proceeds backward. The unidirectional
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(backward) time flow simplifies implementation. However, it might lose some accuracy
because only one path is allowed to be sensitized at a time. This algorithm is generally
known as the extended backtrace (EBT) and its implementations have produced practical test
generation programs.

While the EBT algorithm sensitizes a preselected path, the other proposed BACK

algorithm [35] only preselects a primary output to which it sensitizes all paths starting at the
fault site.

3.2.2. Verification-based approaches

The verification approach relies on determining whether or not the module under test is
operating in accordance with its state table. This requires finding a sequence that forces the
circuit to go through all states and output transitions. Actually, this approach can be
considered a form of functional testing. Unfortunately, the high complexity of building the
complete state table limits its application for large circuits. In addition, test sequences are
usually excessively long for highly sequential circuits. However, the technique has been

successfully applied to protocol testing.
3.2.2.1. SCIRTSS

SCIRTSS (Sequential CIRcuit Test Search System) [41] divides the test generation
process into three steps. The D-Algorithm is first applied to the combinational portion of the
circuit. The test vector, thus obtained, is then split between primary inputs and the present
state. At this point, the problem becomes one of finding an input sequence to bring the
circuit to this state and finding another sequence to propagate the stored fault effect to a
primary output. These two steps require finding suitable paths through the state graph. In
order to limit the effort, the searches for these paths are only conducted over a restricted state
diagram and a small portion of the much lafger set of data states. The data states included in
search depend on user-supplied heuristic information.

A test generator for finite state machines [36] applies PODEM with iterative-array type

of processing for forward propagation. The backward justification phase is replaced by a
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procedure that attempts to search for a path in the state transition graph from a given reset
state to the present state required by PODEM. In order to limit the complexity of the state
transition diagram, a partial state diagram is constructed containing all valid states of the
finite state machine but only a few transition edges. In searching for a path through the state
transition graph (STGQG), the STGs of faulty circuits are assumed to be the same as that of the
fault-free circuit. Since this assumption may not be universally true, the generated vectors

must be verified by a fault simulator.

3.2.3. Functional and expert system approaches

A functional approach [19] [23] uses a high-level description of the circuit to generate
test sequences that will verify whether the designed functions are being performed correctly.
This approach often uses restricted fault models like the line stuck-faults on inputs and
outputs of functional blocks or higher-level fault models such as errors in the truth table of a
combinational block, or a change in the state table of a sequential functional block. The
functional testing is often the method of choice for testing very large circuits like
microprocessors. However, it is difficult to evaluate the quality of functional test vectors. In
many cases, these tests may not be capable of detecting every possible failure that can occur.

The expert-system approaches [42] [65] incorporate the knowledge of human test
programmers and a variety of algorithmic and heuristic techniques into an interactive
software environment. These approaches require intensive user interaction, higher-level
modeling libraries, and often restricted architectures. For these reasons, it has been difficult

to effectively integrate them into existing design methodologies.
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Chapter 4
FAULT SIMULATION UNDER ALTERA MAX PLUS I DESIGN
ENVIRONMENT

4.1. Designing Sequential Circuit with Verilog HDL
4.1.1. Developing Verilog hardware description language

Hardware description languages, or HDLs are the languages used to design hardware
with. As the very name implies, an HDL can also be used to describe the functionality of
hardware as well as its implementation. HDLs allow designers to describe designs at higher
levels of abstraction, such as architectural or behavioral, and provide a path to logic
synthesis.

HDLs allow the design to be simulated earlier in the design cycle in order to correct errors
or experiment with different architectures. Designs described in HDL are technology-
independent, easy to design and debug, and are usually more readable than schematics,
particularly for large circuits.

The principal feature of a hardware description language is that it contains the capability
to describe the function of a piece of hardware independently of the implementation. The
great advance with modern HDLs was the recognition that a single language could be used
to describe the function of the design and also to describe the implementation. This allows
the entire design process to take place in a single language, and thus a single representation
of the design.

Verilog HDL is one of the most common hardware description languages (HDLs) used
by integrated circuit (IC) designers.

Verilog HDL also allows for mixed-level designs, where users can describe a design at
both high and low levels of logic simulation and synthesis. Designers are choosing top-

down design and mixed-level design to contend with ever-increasing complexities and

shrinking time-to-market cycles.
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The Verilog hardware description language, usually just called Verilog, was designed
and first implemented by Moorby [37] at Gateway Design Automation. It was first used
beginning in 1985 and was extended substantially through 1987.

The implementation was the Verilog simulator sold by Gateway. The first major
extension was Verilog-XL, which added a few features and implemented the "XL algorithm"
which was a very efficient method for doing gate-level simulation. This marked the
beginning of Verilog's growth period. Many leading-edge electronic designers began using
Verilog at this time because it was fast at gate level simulation, and had the capabilities to
model at higher levels of abstraction. Users began to do full system simulation of their
designs, where the actual logic being designed was represented by a netlist and other parts of
the system were modeled behaviorally. In 1995, Verilog became an IEEE standard.

Many companies began working on Verilog simulators. Now, Verilog simulators are
available for most computers at a variety of prices, and which have a variety of performance
characteristics and features. Verilog is more heavily used than ever, and it is growing faster
than any other hardware description language. It has truly become the standard hardware

description language.

4.1.2. Digital circuit design and Verilog HDL

The Verilog hardware description language is widely used in both industry and academia
for describing digital systems. The language supports the early conceptual stages of design
with its behavioral level of abstraction, and the later implementation stages with its structural
level of abstraction. The language provides hierarchical constructs, allowing the designer to
control the complexity of a description. Now, the language is openly available for any tool to
read and write.

Digital systems are highly complex. At their most detailed level, they may consist of
millions of elements, as would be the case if we viewed a system as a collection of logic
gates or pass transistors. From a more abstract viewpoint, these elements may be grouped
into a handful of functional components such as cache memories, floating-point units, signal

processors, or real-time controllers. Hardware description languages have evolved to aid in

33



the design of systems with this large number of elements and wide range of electronic and
logical abstractions.

The creative process of digital system design begins with a conceptual idea of a logical
system to be built, a set of constraints that the final implementation must meet, and a set of
primitive components from which to build the system. Design is an iterative process of either
manually proposing or automatically synthesizing alternative solutions and then testing them
with respect to the given constraints. The design is typically divided into many smaller
subparts (following the well-known divide-and-conquer engineering approach) and each
subpart is further divided, until the whole design is specified in terms of known primitive
components.

The Verilog language provides the digital system designer with a means of describing a
digital system at a wide range of levels of abstraction, and, at the same time, provides access
to computer-aided design tools to aid in the design process at these levels. The language
supports the early conceptual stages of design with its behavioral coﬁstructs, and the later
implementation stages with its structural constructs. During the design process, behavioral
and structural constructs may be mixed as the logical structure of portions of the design is
designed. The description may be simulated to determine correctness, and some synthesis
tools exist for automatic design. Indeed, the Verilog language provides the designer entry
into the world of large, complex digital systems design.

The ability to describe a design is either in terms of the abstract behavior of the design or
in terms of its actual logical structure. The behavioral description allows for early design
activities to concentrate on functionality. When the behavior is agreed upon, then it becomes
the specification for designing possibly several alternate structural implementations.

The Verilog language describes a digital system as a set of modules. Each of these
modules has an interface to other modules as well as a description of its contents. A module
represents a logical unit that can be described either by specifying its internal logical
structure — for instance, describing the actual logic gates it is comprised of, or by describing
its behavior in a program-like manner — in this case focusing on what the module does rather

than on its logical implementation. These modules are then interconnected with nets,

allowing them to communicate.
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4.1.3. Design styles and abstraction levels in Verilog HDL

Verilog HDL, likes any other hardware description language, permits the designers to
design a design in either bottom-up or top-down methodology.
A. Bottom-Up Design

The traditional method of electronic design is bottom-up. Each design is performed at the
gate-level using the standard gates. With increasing complexity of new designs, this
approach is nearly impossible to maintain. New systems consist of ASIC or microprocessors
with a complexity of thousands of transistors. These traditional bottom-up designs have to
give way to new structural, hierarchical design methods. Without these new design practices,
it would be impossible to handle the new complexity.

B. Top-Down Design

The desired design-style of all designers is the top-down design. A real top-down design
allows early testing, easy change of different technologies, structured system design, and
offers many other advantages. But it is very difficult to follow a pure top-down design. Due
to this fact, most designs are mix of both the methods, implementing some key elements of
both design styles.

Verilog supports design at many different levels of abstraction. Three of them are very
important:

a) Behavioral level:

This level describes a system by concurrent algorithms (behavioral). Each algorithm
itself is sequential, which means it consists of a set of instructions that are executed one after
the other. Functions, Tasks and Always blocks are the main elements. There is no regard to
the structural realization of the design.

b) Register transfer level:

Designs using the register transfer level specify the characteristics of a circuit by
operations and the transfer of data between the registers. An explicit clock is used. RTL
design contains exact timing possibility; operations are scheduled to occur at certain times.
¢) Gate level

Within the logic level, the characteristics of a system are described by logical links and

their timing properties. All signals are discrete signals. They can only have definite logical
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values ("0, *1', "X, °Z"). The usable operations are predefined logic primitives (AND, OR,
NOT, etc. gates). If we require high speed and low power, then better to use gate level

design to optimize the design. Some designs do full custom design, where logic is optimized

at transistor level, like processors.
4.1.4. An example: s27 benchmark circuit described by Verilog HDL

There are two types of code (Structural and Procedural) in HDLs.

a) Structural is a verbal wiring diagram without storage, for example:
Assigna=b & ¢ | d;
Assign d=e & (~c);

Here the order of the statements does not matter, changing e will change a.

b) Procedural that is used for circuits with storage, or containing conditional logic is as
follows:

Always @ (posedge clk) // Execute the next statement on every rising clock edge.
Count <=count+1;

Procedural code is written like ¢ code and assumes every assignment is stored in
memory. For synthesis, with flip-flop storage, this type of thinking generates too much
storage. However, people prefer procedural code because it is usually much easier to write.
For example, if and case statements are only allowed in procedural code. As a result, the
synthesizers have been constructed which can recognize certain styles of procedural code as
actually combinational.

s27 is a basic sequential circuit in ISCAS 89 benchmark circuits. There are different

numbers of D flip-flops in every such sequential circuit as memory units. We first describe a

D flip-flop (Figure 4.1) by Verilog HDL.
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Figure 4.1. A D flip-flop.

The Verilog HDL description of the D flip-flop is given below:

module ndff{q,d, rst,clk);
input clk, rst,d;
output gy

reg q;
always @(posedge clk or posedge rst)
if {rst==1) g<=0;

else qg<=d;

endmodule

We now present the schematic of s27 benchmark circuit in Figure 4.2.
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Figure 4.2. s27 gate-level schematic.

We use Verilog HDL to describe the s27 sequential circuit as given below.

527

inputs

outputs

D-type flipflops

inverters

gates (1 ANDs + 1 NANDs + 2 ORs + 4 NORs)

EEE
W R W5

module ndff{rst,clk,q,d):
input clk,rst,d;
output q;
reg qi

always @ (posedge clk or posedge rst)
if (rst==1) g<=0;
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else g<=d;

endmodule

module s27(CK,rst,G0,G1,G17,G2,G3);
input CK,rst,G0,Gl,G2,G3;
output G17;

wire G5,G10,G6,G11,G7,G13,G14,G8,G15,G12,G16,G9;

ndff DFF O (rst,CK,G5,G10);
ndff DFF 1(rst,CK,G6,G1ll);
ndff DFF 2{rst,CK,G7,G13);
not NOT 0(G14,G0);

not NOT 1(G17,Gl1l1);

and AND2 0(G8,G14,G6);

or OR2 0(G15,G12,G8);

or ORZ2 1(G16,G3,G8);

nand NAND2Z 0(G9,G16,G15);

nor NOR2 0(G10,G14,G1l1); "~

nor NORZ 1(Gl1,G5,G9);

nor NOR2 2(G12,G1,G7);

nor NORZ 3(G13,G2,G12);

endmodule

After completing the description of s27 with Verilog HDL, we can start to compile the

code and do simulation under Altera MAX PLUS 1I design environment.

4.2. Simulation Under MAX PLUS I1 Version 10.1

Figure 4.3 shows a simulating window for D flip-flop used in s27 sequential circuit.
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Figure 4.3. Simulation of a D flip-flop under Altera MAX PLUS II.

Altera MAX PLUS II development software is a fully integrated programmable logic
design environment. This easy-to-use software supports the Altera ACEX, FLEX, MAX, and
Classic programmable device families, and works in both PC and UNIX environments.
Altera MAX PLUS I development software offers flexibility and performance, and allows
seamless integration with industry-standard design entry, synthesis, and verification tools.
Altera MAX PLUS 1I software is a comprehensive tool for the design, compilation, and
simulation of digital circuit designs. Today, lots of designers like to develop, compile,
verify, and program their digital circuit designs using Altera MAX PLUS 1I development
software, which operates on personal computers (PCs) and engineering workstations.

Altera MAX PLUS II development software gives designers the flexibility to enter a
design using all the major design entry methodologies, including:

e Verilog HDL

e VHDL

e Schematic capture

e Design entry utilizing megafunctions and the library of parameterized modules

(LPM)
e Altera hardware description language (AHDL)
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