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Preface

About This Book
When Digital System Design with VHDL was published, the idea of combining a
text on digital design with one on a hardware description language seemed novel.
At about the same time, several other books with similar themes were published.
Digital System Design with VHDL has now been adopted by several universities as a
core text and has been translated into Polish, Chinese, Japanese, and Italian. I had
thought about writing Digital System Design with Verilog, but I had (and still have)
some doubts about using Verilog as a teaching language despite its widespread use.
Soon after the second edition of Digital System Design with VHDL was published, a
new hardware description language appeared—SystemVerilog. This new language
removed many of my doubts about Verilog and even offered some noticeable ad-
vantages over VHDL. So the success of the first book and the appearance of the
new language convinced me that the time had come for a new edition.

This book is intended as a student textbook for both undergraduate and post-
graduate students. The majority of Verilog and SystemVerilog books are aimed at
practicing engineers. Therefore, some features of SystemVerilog are not described
at all in this book. Equally, aspects of digital design are covered that would not be
included in a typical SystemVerilog book.

Syllabuses for electrical, electronic, and computer engineering degrees vary
between countries and between universities or colleges. The material in this book
has been developed over a number of years for second- and third-year undergradu-
ates and for postgraduate students. It is assumed that students will be familiar with
the principles of Boolean algebra and combinational logic design. At the University
of Southampton, UK, the first-year undergraduate syllabus also includes introduc-
tions to synchronous sequential design and programmable logic. This book there-
fore builds upon these foundations. It has often been assumed that topics such as
SystemVerilog are too specialized for second-year teaching and are best left to final
year or postgraduate courses. There are several good reasons why SystemVerilog
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xxii Preface

should be introduced earlier into the curriculum. With increasing integrated circuit
complexity, there is a need for graduates with knowledge of SystemVerilog and the
associated design tools. If left to the final year, there is little or no time for the
student to apply such knowledge in project work. Second, conversations with col-
leagues from many countries suggest that today’s students are opting for computer
science or computer engineering courses in preference to electrical or electronic
engineering. SystemVerilog offers a means to interest computing-oriented students
in hardware design. Finally, simulation and synthesis tools and FPGA design kits
are now mature and available relatively inexpensively to educational establishments
on PC platforms.

Structure of This Book
Chapter 1 introduces the ideas behind this book, namely the use of electronic design
automation tools and CMOS and programmable logic technology. We also consider
some engineering problems, such as noise margins and fan-out. In Chapter 2, the
principles of Boolean algebra and combinational logic design are reviewed. The
important matter of timing and the associated problem of hazards are discussed.
Some basic techniques for representing data are discussed.

SystemVerilog is introduced in Chapter 3 through basic logic gate models. The
importance of documented code is emphasized. We show how to construct netlists
of basic gates and how to model delays through gates. We also discuss parameter-
ized models. The idea of using SystemVerilog to verify models with testbenches is
introduced.

In Chapter 4, a variety of modeling techniques are described. Combinational
building blocks, buffers, decoders, encoders, multiplexers, adders, and parity check-
ers are modeled using a range of concurrent and sequential SystemVerilog coding
constructs. The SystemVerilog models of hardware introduced in this chapter and in
Chapters 5, 6, and 7 are, in principle, synthesizable, although discussion of exactly
what is supported is deferred until Chapter 10. Testbench design styles are again
discussed in Chapter 4. In addition, the IEEE dependency notation is introduced.

Chapter 5 introduces various sequential building blocks: latches, flip-flops, reg-
isters, counters, memory, and a sequential multiplier. The same style as Chapter 4
is used, with IEEE dependency notation, testbench design, and the introduction of
SystemVerilog coding constructs.

Chapter 6 is probably the most important chapter of the book and discusses
what might be considered the cornerstone of digital design: the design of finite state
machines. The ASM chart notation is used. The design process from ASM chart to
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D flip-flops and next state and output logic is described. SystemVerilog models of
state machines are introduced.

In Chapter 7, the concepts of the previous three chapters are combined. The
ASM chart notation is extended to include coupled state machines and registered
outputs, and hence to datapath-controller partitioning. From this, we explain the
idea of instructions in hardware terms and go on to model a very basic micro-
processor in SystemVerilog. This provides a vehicle to introduce interfaces and
packages.

The design of testbenches is discussed in more detail in Chapter 8. After re-
capping the techniques given in earlier chapters, we go on to discuss testbench
architecture, constrained random test generation, and assertion-based verification.

SystemVerilog remains primarily a modeling language. Chapter 9 describes the
operation of a SystemVerilog simulator. The idea of event-driven simulation is first
explained, and the specific features of a SystemVerilog simulator are then discussed.

The other, increasingly important, role of SystemVerilog is as a language for
describing synthesis models, as discussed in Chapter 10. The dominant type of
synthesis tool available today is for RTL synthesis. Such tools can infer the existence
of flip-flops and latches from a SystemVerilog model. These constructs are described.
Conversely, flip-flops can be created in error if the description is poorly written,
and common pitfalls are described. The synthesis process can be controlled by
constraints. Because these constraints are outside of the language, they are discussed
in general terms. Suitable constructs for FPGA synthesis are discussed. Finally,
behavioral synthesis, which promises to become an important design technology, is
briefly examined.

Chapters 11 and 12 are devoted to the topics of testing and design for test. This
area has often been neglected, but is now recognized as being an important part of
the design process. In Chapter 11, the idea of fault modeling is introduced. This is
followed by test generation methods. The efficacy of a test can be determined by
fault simulation.

In Chapter 12, three important design-for-test principles are described: scan
path, built-in self-test (BIST), and boundary scan. This has always been a very dry
subject, but a SystemVerilog simulator can be used, for example, to show how a
BIST structure can generate different signatures for fault-free and faulty circuits.

We use SystemVerilog as a tool for exploring anomalous behavior in asyn-
chronous sequential circuits in Chapter 13. Although the predominant design style
is currently synchronous, it is likely that digital systems will increasingly consist
of synchronous circuits communicating asynchronously with each other. We intro-
duce the concept of the fundamental mode and show how to analyze and design
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asynchronous circuits. We use SystemVerilog simulations to illustrate the problems
of hazards, races, and setup and hold time violations. We also discuss the problem
of metastability.

The final chapter introduces Verilog-AMS and mixed-signal modeling. Brief
descriptions of digital-to-analog converters (DACs) and analog-to-digital converters
(ADCs) are given. Verilog-AMS constructs to model such converters are given. We
also introduce the idea of a phase-locked loop (PLL) here and give a simple mixed-
signal model.

The Appendix briefly describes how SystemVerilog differs from earlier versions
of Verilog.

At the end of each chapter a number of exercises have been included. These
exercises are almost secondary to the implicit instruction in each chapter to sim-
ulate and, where appropriate, synthesize each SystemVerilog example. To perform
these simulation and synthesis tasks, the reader may have to write his or her
own testbenches and constraints files. The examples are available on the Web at
zwolinski.org.

How to Use This Book
Obviously, this book can be used in a number of different ways, depending on the
level of the course. At the University of Southampton, I have been using the material
as follows.

Second Year of MEng/BEng in Electronic Engineering
Chapters 1 and 2 are review material, which the students would be expected to read
independently. Lectures then cover the material of Chapters 3 through 7. Some of
this material can be considered optional, such as Sections 5.3 and 5.7. Additionally,
some constructs could be omitted if time is limited. The single-stuck fault model of
Section 11.2 and the principles of test pattern generation in Section 11.3, together
with the principles of scan design in Section 12.2, would also be covered in lectures.

Third Year of MEng/BEng in Electronic Engineering
Students would be expected to independently re-read Chapters 4 to 7. Lectures
would cover Chapters 8 to 13. Verilog-AMS, Chapter 14, is currently covered in a
fourth-year module.

In all years, students need to have access to a SystemVerilog simulator and an
RTL synthesis tool in order to use the examples in the text. In the second year, a group
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design exercise involving synthesis to an FPGA would be an excellent supplement
to the material. In the third year at Southampton, all students do an individual
project. Some of the individual projects will involve the use of SystemVerilog.

Web Resources
A Web site accompanies Digital System Design with SystemVerilog by Mark
Zwolinski. Visit the site at zwolinski.org. Here you will find valuable teaching and
learning material including all the SystemVerilog examples and links to sites with
SystemVerilog tools.



2Combinational Logic
Design

Digital design is based on the processing of binary variables. In this chapter,
we will review the principles of Boolean algebra and the minimization of Boolean
expressions. Hazards and basic numbering systems will also be discussed.

2.1 Boolean Algebra
2.1.1 Values
Digital design uses a two-value algebra. Variables can take one of two values that
can be represented by

ON and OFF,

TRUE and FALSE,

1 and 0.

2.1.2 Operators
The algebra of two values, known as Boolean algebra, after George Boole (1815–
1864), has five basic operators. In decreasing order of precedence (i.e., in the absence

25



26 Combinational Logic Design

of parentheses, operations at the top of the list should be evaluated first) these are:

1. NOT

2. AND

3. OR

4. IMPLIES

5. EQUIVALENCE

The last two operators are not widely used in digital design. These operators
can be used to form expressions. For example:

A = 1

B = C AND 0

F = (A + B · C )

Z = (Ā + B) · (A + B̄)

The symbol “+” means “OR,” “.” means “AND,” and the overbar, for example,
“Ā,” means “NOT A.”

2.1.3 Truth Tables
The meaning of an operator or expression can be described by listing all the possible
values of the variables in that expression, together with the value of the expression
in a truth table. The truth tables for the three basic operators are given in Tables 2.1,
2.2, and 2.3.

In digital design, three further operators are commonly used: NAND (Not
AND), NOR (Not OR), and XOR (eXclusive OR); see Tables 2.4, 2.5, and 2.6.

The XNOR (A ⊕ B) operator is also used occasionally. XNOR is the same as
EQUIVALENCE.

Table 2.1 NOT Operation

A NOT A (Ā)
0 1
1 0
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Table 2.2 AND Operation

A B A AND B (A · B)
0 0 0
0 1 0
1 0 0
1 1 1

Table 2.3 OR Operation

A B A OR B (A + B)
0 0 0
0 1 1
1 0 1
1 1 1

Table 2.4 NAND Operation

A B A NAND B (A · B)
0 0 1
0 1 1
1 0 1
1 1 0

Table 2.5 NOR Operation

A B A NOR B (A + B)
0 0 1
0 1 0
1 0 0
1 1 0

Table 2.6 XOR Operation

A B A XOR B (A ⊕ B)
0 0 0
0 1 1
1 0 1
1 1 0
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2.1.4 Rules of Boolean Algebra
There are a number of basic rules of Boolean algebra that follow from the precedence
of the operators.

1. Commutativity

A + B = B + A

A · B = B · A

2. Associativity

A + (B + C ) = (A + B) + C

A · (B · C ) = (A · B) · C

3. Distributivity

A · (B + C ) = A · B + A · C

In addition, some basic relationships can be observed from the previous truth
tables.

¯̄A = A

A · 1 = A A + 0 = A

A · 0 = 0 A + 1 = 1

A · A = A A + A = A

A · Ā = 0 A + Ā = 1

The right-hand column can be derived from the left-hand column by applying
the principle of duality. The principle of duality states that if each AND is changed to
an OR, each OR to an AND, each 1 to 0, and each 0 to 1, the value of the expression
remains the same.

2.1.5 De Morgan’s Law
There is a very important relationship that can be used to rewrite Boolean expres-
sions in terms of NAND or NOR operations: de Morgan’s Law. This is expressed as

(A · B) = Ā + B̄ or (A + B) = Ā · B̄
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2.1.6 Shannon’s Expansion Theorem
Shannon’s expansion theorem can be used to manipulate Boolean expressions.

F (A, B, C , D, . . .) = A · F (1, B, C , D, . . .) + Ā · F (0, B, C, D, . . .)

= (A + F (0, B, C , D, . . .)) · (Ā + F (1, B, C , D, . . .))

F (1, B, C , D, . . .) means that all instances of A in F are replaced by a logic 1.

2.2 Logic Gates
The basic symbols for one and two input logic gates are shown in Figure 2.1. Three
and more inputs are shown by adding extra inputs (but note that there is no such
thing as a three input XOR gate). The ANSI/IEEE symbols can be used instead

1.0

0.8
0.4

1.0

0.3

0.8
0.8

0.7

0.7

0.16

&

=1

&

≥1

&

AND

OR

NOT

XOR

NAND

NOR

MIL-STD-806B ANSI/IEEE

≥1

≥1

1

Figure 2.1 Logic symbols.
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(a) (b)

(c)

Figure 2.2 Equivalent circuit representations.

of the traditional “spade”-shaped symbols, but are “not preferred” according to
IEEE Standard 91-1984. As will be seen in Chapter 3, IEEE notation is useful for
describing complex logic blocks, but simple sketches are often clearer if done with
the traditional symbols. A circle shows logic inversion. Note that there are two forms
of the NAND and NOR gates. From de Morgan’s law, it can be seen that the two
forms are equivalent in each case.

In drawing circuit diagrams, it is desirable, for clarity, to choose the form of
a logic gate that allows inverting circles to be joined. The circuits of Figure 2.2
are identical in function. If the circuit of Figure 2.2(a) is to be implemented using
NAND gates, the diagram of Figure 2.2(b) may be preferable to that of Figure 2.2(c)
because the function of the circuit is clearer.

2.3 Combinational Logic Design
The values of the output variables of combinational logic are dependent only on
the input values and are independent of previous input values or states. Sequential
logic, on the other hand, has outputs that depend on the previous states of the
system. The design of sequential systems is described in Chapter 6.

The major design objective is usually to minimize the cost of the hardware
needed to implement a logic function. That cost can usually be expressed in terms
of the number of gates, although for technologies such as programmable logic, there
are other limitations, such as the number of terms that may be implemented. Other
design objectives may include testability (discussed in detail in Chapter 12) and
reliability.
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Table 2.7 Minterms and Maxterms

A B C Z
0 0 0 1 m0

0 0 1 1 m1

0 1 0 0 M2

0 1 1 0 M3

1 0 0 0 M4

1 0 1 1 m5

1 1 0 0 M6

1 1 1 1 m7

Before describing the logic design process, some terms have to be defined. In
these definitions, it is assumed that we are designing a piece of combinational logic
with a number of input variables and a single output.

A minterm is a Boolean AND function containing exactly one instance of each
input variable or its inverse. A maxterm is a Boolean OR function with exactly one
instance of each variable or its inverse. For a combinational logic circuit with n
input variables, there are 2n possible minterms and 2n possible maxterms. If the
logic function is true at row i of the standard truth table, that minterm exists and is
designated by mi . If the logic function is false at row i of the standard truth table,
that maxterm exists and is designated by Mi . For example, Table 2.7 defines a logic
function. The final column shows the minterms and maxterms for the function.

The logic function may be described by the logic OR of its minterms:

Z = m0 + m1 + m5 + m7

A function expressed as a logical OR of distinct minterms is in sum of products
form.

Z = Ā · B̄ · C̄ + Ā · B̄ · C + A · B̄ · C + A · B · C

Each variable is inverted if there is a corresponding 0 in the truth table and not
inverted if there is a 1.

Similarly, the logic function may be described by the logical AND of its max-
terms.

Z = M2 · M3 · M4 · M6

A function expressed as a logical AND of distinct maxterms is in product of
sums form.

Z = (A + B̄ + C ) · (A + B̄ + C̄ ) · (Ā + B + C ) · (Ā + B̄ + C )
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Table 2.8 Truth Table
for Z = A + Ā · B̄

A B Z
0 0 1
0 1 0
1 0 1
1 1 1

Each variable is inverted if there is a corresponding 1 in the truth table and not
inverted if there is a 0.

An implicant is a term that covers at least one true value and no false values of
a function. For example, the function Z = A + Ā · B̄ is shown in Table 2.8.

The implicants of this function are A· B , A, B̄ , Ā· B̄ , A· B̄ . The non-implicants
are Ā, B , Ā · B .

A prime implicant is an implicant that covers one or more minterms of a function,
such that the minterms are not all covered by another single implicant. In the
example above, A, B̄ are prime implicants. The other implicants are all covered
by one of the prime implicants. An essential prime implicant is a prime implicant
that covers an implicant not covered by any other prime implicant. Thus, A, B̄ are
essential prime implicants.

2.3.1 Logic Minimization
The function of a combinational logic circuit can be described by one or more
Boolean expressions. These expressions can be derived from the specification of
the system. It is very likely, however, that these expressions are not initially stated
in their simplest form. Therefore, if these expressions were directly implemented as
logic gates, the amount of hardware required would not be minimal. Therefore, we
seek to simplify the Boolean expressions and hence minimize the number of gates
needed. Another way of stating this is to say that we are trying to find the set of
prime implicants of a function that is necessary to fully describe the function.

In principle, it is possible to simplify Boolean expressions by applying the
various rules of Boolean algebra described in Section 2.1. It does not take long,
however, to realize that this approach is slow and error prone. Other techniques
have to be employed. The technique described here, Karnaugh maps, is a graphical
method, although it is effectively limited to problems with six or fewer variables.
The Quine-McCluskey algorithm is a tabular method, which is not limited in the
number of variables and is well suited to tackling problems with more than one
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output. Quine-McCluskey can be performed by hand, but it is generally less easy
than the Karnaugh map method. It is better implemented as a computer program.
Logic minimization belongs, however, to the NP-complete class of problems. This
means that as the number of variables increases, the time to find a solution increases
exponentially. Therefore, heuristic methods have been developed that find accept-
able, but possibly less than optimal, solutions. The Espresso program implements
heuristic methods that reduce to the Quine-McCluskey algorithm for small prob-
lems. Espresso has been used in a number of logic synthesis systems. Therefore, the
approach adopted here is to use Karnaugh maps for small problems with a single
output and up to six inputs. In general, it makes sense to use an EDA program to
solve larger problems.

The Karnaugh map (or K-map, for short) method generates a solution in sum-
of-products or product-of-sums form. Such a solution can be implemented directly
as two-level AND-OR or OR-AND logic (ignoring the cost of generating the in-
verse values of inputs). AND-OR logic is equivalent to NAND-NAND logic, and
OR-AND logic is equivalent to NOR-NOR logic. Sometimes, a cheaper solution
(in terms of the number of gates) can be found by factorizing the two-level, min-
imized expression to generate more levels of logic—two-level minimization must
be performed before any such factorization. Again, we shall assume that if such
factorization is to be performed, it will be done using an EDA program, such
as SIS.

2.3.2 Karnaugh Maps
A Karnaugh map is effectively another way to write a truth table. For example, the
Karnaugh map of a general two-input truth table is shown in Figure 2.3.

Similarly, three- and four-input Karnaugh maps are shown in Figures 2.4 and
2.5, respectively. Note that along the top edge of the three-variable Karnaugh map
and along both edges of the four-variable map, only one variable changes at a time—
the sequence is 00, 01, 11, 10, not the normal binary counting sequence. Hence,
for example, the columns in which A is true are adjacent. Therefore, the left and
right edges, and the top and bottom in the four-variable map, are also adjacent—B

0 1

0

1

Z0 Z2

Z1 Z3

A
B

Z:

A B Z

0 0 Z0
0 1 Z1
1 0 Z2
1 1 Z3

Figure 2.3 Two-input Karnaugh map.
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00 01

0

1

Z0 Z2

Z1 Z3

AB
C

Z:

Z6 Z4

Z7

11 10

Z5

Figure 2.4 Three-input Karnaugh map.

Z0 Z4

Z1 Z5

Z12 Z8

Z13 Z9

Z3 Z7 Z15 Z11

Z2 Z6 Z14 Z10 Z8 Z0

Z10
Z2

Z6
Z14

Z15
Z7

00 01

00

01

AB
CD

Z:

11 10

11

10

Figure 2.5 Four-input Karnaugh map.

is false in the leftmost and rightmost columns. The three variable map is therefore
really a tube, and the four-variable map is a torus, as shown in Figure 2.5. Of course,
the maps are drawn as squares for convenience!

A five-variable Karnaugh map is drawn as 2 four-variable maps, one represent-
ing the truth table when the fifth variable, E, is false, and the other when E is true.
Squares at the same coordinates on both maps are considered to be adjacent. Simi-
larly, a six-variable Karnaugh map is drawn as 4 four-variable maps corresponding to
Ē · F̄ , Ē · F , E · F̄ , and E · F , respectively. For this to work, the Karnaugh maps have
to be arranged in the pattern as the entries in the two-variable map. Hence, squares
at the same location in adjacent maps can be considered adjacent. In practice, there-
fore, it is not feasible to consider Karnaugh maps with more than six variables.

Implicants can be read from Karnaugh maps by circling groups of
1, 2, 4, 8, . . . 2n true values. For example, the function Z = Ā · B̄ + Ā · B can
be expressed as shown in Table 2.9.

Table 2.9 Truth Table
for Z = Ā · B̄ + Ā · B

A B Z
0 0 1
0 1 1
1 0 0
1 1 0
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0 1

0

1

1

1

0

0

A
B

Z:

Figure 2.6 Karnaugh map for a two-input function.

00 01

0

1

0

1

AB
C

Z:

1

0

1

0

0

1

11 10

Z = B.C + B.C

Figure 2.7 Groupings on a three-input Karnaugh map.

The corresponding Karnaugh map is shown in Figure 2.6. We can now circle
the two adjacent 1s as shown. This grouping represents the function Z = Ā because
it lies in the column A = 0, and because within the grouping, B takes both 0 and 1
values and hence we do not care about its value. Therefore, by grouping patterns of
1s, logic functions can be minimized. Examples of three- and four-variable Karnaugh
maps are shown in Figures 2.7 and 2.8. In both cases, by considering that the edges
of the Karnaugh maps are adjacent, groupings can be made that include 1s at two
or four edges.

00 01

00

01

1

AB
CD

Z:

00 1

0 11 0

0 11 0

1 00 1

11 10

11

10

Z = B.D + B.D

Figure 2.8 Groupings on a four-input Karnaugh map.
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0 1

0

1

0 1

1 0

A
B

Z:

Figure 2.9 Exclusive OR grouping on a Karnaugh map.

The rules for reading prime implicants from a Karnaugh map are as follows.

• Circle the largest possible groups.

• Avoid circles inside circles (see the definition of a prime implicant).

• Circle 1s and read the sum of products for Z .

• Circle 0s and read the sum of products for Z̄ .

• Circle 0s and read the product of sums for Z .

• Circle 1s and read the product of sums for Z̄ .

Diagonal pairs, as shown in Figure 2.9, correspond to XOR functions.
The Karnaugh map of Figure 2.10 has three prime implicants circled. The

function can be read as Z = B · C̄ · D + Ā · C · D + Ā · B · D. The vertical grouping,
shown with a dashed line, covers 1s covered by the other groupings. This grouping
is therefore redundant and can be omitted. Hence, the function can be read as
Z = B · C̄ · D + Ā · C · D.

Assuming that all the prime implicants have been correctly identified, the min-
imal form of the function can be read by selecting all the essential prime implicants
(i.e., those circles that circle 1s—or 0s—not circled by any other group), together
with sufficient other prime implicants needed to cover all the 1s (or 0s). Redundant
groupings can be ignored, but under some circumstances it may be desirable to
include them.

00 01

00

01

0

0 1

AB
CD

Z:

00 0

0 00 0

1 0

1 0 0

11 10

11

10

1

Figure 2.10 Redundant grouping on a Karnaugh map.
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0 1

0

1

1 0

- 1

A
B

Z:

A Z

0 1
0 -
1 0
1

B

0
1
0
1 1

Figure 2.11 “Don’t care” on a Karnaugh map.

Incompletely specified functions have “don’t cares” in the truth tables. These
don’t cares correspond to input combinations that will not (or should not) occur.
For example, consider the truth table of Figure 2.11.

The don’t care entries can be included or excluded from groups as convenient,
in order to get the largest possible groupings, and hence the smallest number of
implicants. In the example, we could treat the don’t care as a 0 and read Z =
Ā · B̄ + A · B , or treat the don’t care as a 1 and read Z = Ā + B .

2.4 Timing
The previous section dealt with minimizing Boolean expressions. The minimized
Boolean expressions can then be directly implemented as networks of gates or on
programmable logic. All gates have a finite delay between a change at an input and
a change at an output. If gates are used, therefore, different paths may exist in the
network, with different delays. This may cause problems.

To understand the difficulties, it is helpful to draw a timing diagram. This is
a diagram of the input and output waveforms as a function of time. For example,
Figure 2.12 shows the timing diagram for an inverter. Note the stylized (finite) rise

Input

Output

1

0

1

0

Time

Causality

Figure 2.12 Timing diagram for inverter.
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Figure 2.13 Circuit with static 1 hazard.

and fall times. An arrow shows causality, that is, the fact that the change in the
output results from a change in the input.

A more complex circuit would implement the function

Z = A · C + B · C̄

The value of C̄ is generated from C by an inverter. A possible implementation
of this function is therefore given in Figure 2.13. In practice, the delay through
each gate and through each type of gate would be slightly different. For simplicity,
however, let us assume that the delay through each gate is one unit of time. To start
with, let A = 1, B = 1. The output, Z , should be at 1 irrespective of the value of
C . Let us see, by way of the timing diagram in Figure 2.14, what happens when C
changes from 1 to 0. One unit of time after C changes C̄ and D change to 1. In turn,
these changes cause E and Z to change to 0 another unit of time later. Finally, the
change in E causes Z to change back to 1 a further unit of time later. This change

Z
1

0

A
1

0

B
1

0

C
1

0

C
1

0

D
1

0

E
1

0

Figure 2.14 Timing diagram for the circuit of Figure 2.13.
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Dynamic 1

Figure 2.15 Types of hazard.

in Z from 1 to 0 and back to 1 is known as a hazard. A hazard occurs as a result of
delays in a circuit.

Figure 2.15 shows the different types of hazard that can occur. The hazard in
the circuit of Figure 2.13 is a static 1 hazard. Static 1 hazards can only occur in
AND-OR or NAND-NAND logic. Static 0 hazards can only occur in OR-AND or
NOR-NOR logic. Dynamic hazards do not occur in two-level circuits. They require
three or more unequal signal paths. Dynamic hazards are often caused by poor
factorization in multi-level minimization.

Static hazards, on the other hand, can be avoided by designing with redundant
logic. For example, the Karnaugh map of the circuit function of Figure 2.13 is
shown in Figure 2.16. The redundant prime implicant is shown as a dashed circle.
The redundant gate corresponding to this prime implicant can be introduced to
eliminate the hazard. The circuit function is therefore

Z = A · C + B · C̄ + A · B

The circuit is shown in Figure 2.17. Now, F is independent of C . If A = B = 1,
F = 0. F stays at 0 while C changes; therefore, Z stays at 1. (See Section 11.3.2 for
another good reason why circuits with redundancy should be avoided.)

00 01

0

1

0 1

0

AB
C

Z:

1 0

10 1

11 10

Figure 2.16 Redundant term on a Karnaugh map.
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Figure 2.17 Hazard-free circuit.

2.5 Number Codes
Digital signals are either control signals of some kind or information. In general,
information takes the form of numbers or characters. These numbers and characters
have to be coded in a form suitable for storage and manipulation by digital hardware.
Thus, one integer or one character may be represented by a set of bits. From the
point of view of a computer or other digital system, no one system of coding is better
than another. There do, however, need to be standards, so that different systems can
communicate. The standards that have emerged are generally also designed such
that a human being can interpret the data if necessary.

2.5.1 Integers
The simplest form of coding is that of positive integers. For example, a set of three
bits would allow us to represent the decimal integers 0 to 7. In base 2 arithmetic,
0002 represents 010, 0112 represents 310, and 1112 represents 710. As with decimal
notation, the most significant bit is on the left.

For the benefit of human beings, strings of bits may be grouped into sets of
three or four and written using octal (base 8) or hexadecimal (base 16) notation. For
example, 668 is equal to 110 1102 or 5410. For hexadecimal notation, the letters A to
F represent the decimal numbers 10 to 15. For example, E D A16 is 1110 1101 10102

or 73328 or 380210.
The simple translation of a decimal number into bits is sufficient for zero and

positive integers. Negative integers require additional information. The simplest
approach is to set aside one bit as a sign bit. Therefore, 0 1102 might represent +610,
while 1 1102 would represent −610. While this makes translation between binary
and decimal numbers simple, the arithmetic operations of addition and subtraction
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require that the sign bits be checked before an operation can be performed on two
numbers. It is common, therefore, to use a different notation for signed integers:
two’s complement. The principle of two’s complement notation is that the code
for −b, where b is a binary number represented using n bits, is the code given by
2n − b. For example, −610 is represented by 100002 − 01102, which is 10102. The
same result is obtained by inverting all the bits and adding 1: −610 is 10012 + 1 =
10102.

The advantage of two’s complement notation is that addition and subtraction
may be performed using exactly the same hardware as for unsigned arithmetic; no
sign checking is needed. The major disadvantage is that multiplication and division
become much more complicated. Booth’s algorithm, described in Section 5.7, is a
technique for multiplying two’s complement numbers.

2.5.2 Fixed Point Numbers
For many applications, non-integer data needs to be stored and manipulated. The
binary representation of a fixed-point number is exactly the same as for an integer
number, except that there is an implicit “decimal” point. For example, 6.25 is
equal to 22 + 21 + 2−2 or 110.012. Instead of representing the point, the number
110012 (2510) is stored with the implicit knowledge that it and the results of any
operations involving it have to be divided by 22 to obtain the true value. Notice
that all operations, including two’s complement representations, are the same as for
integer numbers.

2.5.3 Floating-Point Numbers
The number of bits that have been allocated to represent fractions limits the range of
fixed point numbers. Floating-point numbers allow a much wider range of accuracy.
In general, floating-point operations are only performed using specialized hardware
because they are very computationally expensive. A typical single precision floating-
point number has 32 bits, of which 1 is the sign bit (s), 8 are the exponent (e), biased
by an offset (2e − 1 = 127), and the remaining 23 are the mantissa (m), such that a
decimal number is represented as

(−1)s × 1 · m × 2e

IEEE standard 754-1985 defines formats for 32-, 64-, and 128-bit floating-point
numbers, with special patterns for ±∞ and the results of invalid operations, such
as

√−1.
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2.5.4 Alphanumeric Characters
Characters are commonly represented by 7 or 8 bits. The ASCII code is widely used.
Seven bits allow the basic Latin alphabet in upper and lower cases, together with
various punctuation symbols and control codes to be represented. For example,
the letter A is represented by 1000001. For accented characters, 8-bit codes are
commonly used. Manipulation of text is normally performed using general purpose
computers rather than specialized digital hardware. Non-European languages may
use 16 or 32 bits to represent individual characters.

2.5.5 Gray Codes
In the normal binary counting sequence, the transition from 0111 (710) to 1000 (810)
causes 3 bits to change. In some circumstances, it may be undesirable that several
bits should change at once because the bit changes may not occur at exactly the
same time. The intermediate values might generate spurious warnings. A Gray code
is one in which only 1 bit changes at a time. For example a 3-bit Gray code would
count through the following sequence (other Gray codes can also be derived):

000
001
011
010
110
111
101
100

Note that the sequence of bits on a K-map is a Gray code. Another application
of Gray codes is as a position encoder on a rotating shaft, as shown in Figure 2.18.
Only 1-bit changes at each transition, so missed transitions are easily spotted.

000

001

011

010110

111

101

100

Figure 2.18 Gray code as shaft encoder.
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Table 2.10 Two-Dimensional Parity

Bit 7 Bit 6 Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 Parity

Word 0 0 1 0 1 0 1 1 0 0
Word 1 0 1 0 0 1 0 0 0 0
Word 2 0 1 0 1 0 0 1 1 0
Word 3 0 1 0 0 1 0 0 1 1
Word 4 0 1 0 0 0 0 1 1 1
Word 5 0 1 0 0 1 0 0 0 0
Word 6 0 1 0 0 0 1 0 0 0
Word 7 0 1 0 0 1 1 0 0 1
Parity 0 0 0 0 0 1 1 1 1

2.5.6 Parity Bits
When data are transmitted either by wire or by using radio communications, there
is always the possibility that noise may cause a bit to be misinterpreted. At the very
least, it is desirable to know that an error has occurred, and it may be desirable to
transmit sufficient information to allow any error to be corrected.

The simplest form of error detection is to use a parity bit with each word of data.
For each 8 bits of data, a ninth bit is sent that is 0 if there is an even number of 1s
in the data word (even parity) or 1 otherwise. Alternatively, odd parity can be used;
in which case, the parity bit is inverted. This is sufficient if the chances of an error
occurring are low. We cannot tell which bit is in error, but knowing that an error has
occurred means that the data can be transmitted again. Unfortunately, if two errors
occur, the parity bit might appear to be correct. A single error can be corrected
by using a two-dimensional parity scheme, in which every ninth word is itself a set
of parity bits, as shown in Table 2.10. If a single error occurs, both the row parity
and column parity will be incorrect, allowing the erroneous bit to be identified and
corrected. Certain multiple errors are also detectable and correctable.

By using a greater number of parity bits, each derived from part of the word,
multiple errors can be detected and corrected. The simplest forms of such codes
were derived by Hamming in 1948. Better codes were derived by Reed and Solomon
in 1960.

Summary
Digital design is based on Boolean algebra. The rules of Boolean algebra allow
logical expressions to be simplified. The basic logical operators can be implemented
as digital building blocks—gates. Graphical methods, such as Karnaugh maps, are
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suitable tools for finding the minimal forms of Boolean expressions with fewer than
six variables. Larger problems can be tackled with computer-based methods. Gates
have delays, which means that non-minimal forms of Boolean expressions may
be needed to prevent timing problems, known as hazards. Data can be represented
using sets of bits. Different types of data can be encoded to allow manipulation. Error
detecting codes are used when data is transmitted over radio or other networks.

Further Reading
The principles of Boolean algebra and Boolean minimization are covered in many
books on digital design. Recommended are those by Wakerly [25] and Hill and
Peterson [6]. De Micheli [10] describes the Espresso algorithm, which sits at the
heart of many logic optimization software packages. Espresso may be downloaded
from www-cad.eecs.berkeley.edu/.

Error detection and correction codes are widely used in communications sys-
tems. Descriptions of these codes can be found in, for example, Hamming [8].

Exercises
2.1 Derive Boolean expressions for the circuits of Figure 2.19; use truth tables to

discover if they are equivalent.

Figure 2.19 Circuits for Exercise 2.1.

www-cad.eecs.berkeley.edu/
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2.2 Minimize

(a) Z = m0 + m1 + m2 + m5 + m7 + m8 + m10 + m14 + m15

(b) Z = m3 + m4 + m5 + m7 + m9 + m13 + m14 + m15

2.3 Describe two ways of representing negative binary numbers. What are the
advantages and disadvantages of each method?

2.4 A floating-point decimal number may be represented as:

(−1)s × 1 · m × 2e

Explain what the binary numbers s , m, and e represent. How many bits would
typically be used for s , m, and e in a single precision floating-point number?
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VHDL (Very High Speed Integrated

Circuit), 3
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Hexadecimal (base 16) numbers, 40
High impedance states, logic values in

SystemVerilog, 52
$hold, 300
Hold time, checking, 298–300

I
I/O, Boolean values, 25
ICs (integrated circuits)

designing, 283–285
designing asynchronous circuits, 277–281
designing high-performance, custom, 10
fault models and, 232
formal analysis of asynchronous circuits,

283–285
informal analysis of asynchronous

circuits, 281–282
logic gates, 8–10
synchronous circuits, 297
testing with boundary scan, 271–272

Identifiers, SystemVerilog, 48–50
idt (time integral) function, 314
IEEE (Institute of Electrical and

Electronics Engineers)
boundary scan standard. See Boundary

scans (IEEE 1149.1)
floating point numbers (754-1985), 41
logic gate symbols, 29–30
synthesis (1364.1-2002), 201
SystemVerilog vs. Verilog standards,

325–326
Verilog standards (1364 and 1800), 2–3

if statements, in combinatorial logic,
206–209

IIR (infinite impulse response) filter,
219–220

Immediate mode addressing, in computer
programming, 151

Implicants
in combinatorial logic design, 32
reading from K-maps, 34

IMPLIES operator, Boolean operators, 26
Inactive event region, SystemVerilog

simulation, 190
Inertial cancellation, SystemVerilog, 54
Inertial delay, SystemVerilog, 54
Infinite impulse response (IIR) filter,

219–220
Initial blocks, as non-synthesizable

SystemVerilog construct, 201
initial procedure, 168
Initialization, enhancements when

designing for testability, 252
input, 47
Inputs, testbenches and, 167
Insert buffers, synthesis tools recognizing,

218
Instantiation, of microprocessor,

162–163
Instruction register (IR), in microprocessor,

152
Instruction registers, boundary scans, 268
Instructions, in computer programming,

150–151
Integers, 40–41
Intersection rules, for D algorithm, 240
Inverter, timing diagram for, 37
IR (instruction register), in microprocessor,

152

J
Jitter, clock, 298
JK flip-flops, 86–87
Johnson counters, 92–94

K
Karnaugh maps (K-maps)

for 3-bit counter, 113
for don’t cares, 123
as logic minimization technique, 32–33
overview of, 33–37
for traffic signal controller, 120
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module description with, 47

L
Latch up, 232
Latches

avoiding in state machines, 132
D latch, 81, 279–281
flip-flops compared with, 79
inferred in RTL synthesis, 202
level-sensitive latches, 202–204
RS latch, 281
RTL synthesis rules, 210
SR latch, 79–81

Latency, arithmetic operations and clock
cycles, 220

Level-sensitive latches, in RTL synthesis,
202–204

LFSR (linear feedback shift registers)
BILBO modes, 262
BIST (built-in self-test) and, 256
overview of, 95–97

Linked state machines, 143–147
Liveness property, 181
Logic gates. See also Gates

CMOS technology, 8–10
symbols for, 29–30

Logic values, SystemVerilog, 52

M
Machine code instructions, in computer

programming, 150
MAR (memory address register), 152
Maxterms, 31
MCMs (multi-chip modules), on PCBs

(printed circuit boards), 265
MDR (memory data register), 152
Mealy machines, 110
Mean time between failures (MTBF),

300–302

Memory
FPGAs (field programmable gate areas)

based on static RAM, 216
overview of, 97
ROM, 98
SRAM, 98–100

Memory address register (MAR), 152
Memory circuits, corruption of, 232
Memory data register (MDR), 152
Memory module, for microprocessor,

162–163
Metal oxide semiconductor FET

(MOSFET), 11
Metastable state, 283, 300–302
Methods, in OOP, 175
Microcode, 150
Microprocessors, 151–166

adding branch instructions to,
154–156

ASM charts for, 154–155
clock for, 164
components of, 152
controllers for, 158–161
control signals, 153
datapath/controller partitioning, 150
datapath for, 161
instantiation of, 162–163
interface for control signals, 157
memory module for, 162–163
overview of, 156
package definitions for modules,

156–157
program counter for, 161–162
sequencers for, 158–161

Minterms, 31
MISR (multiple input signature registers)

BILBO modes and, 262
BIST (built-in self-test) and, 257–261

Mixed-signal modeling. See also
Verilog-AMS (analog and
mixed-signal)



Index 359

mixing analog and digital in same model,
314–319

overview of, 310
Möbius counter. See Johnson counters
Model-checking techniques, for synthesis

verification, 225–226
modport, 157–158
Modular structure, of testbenches, 171
module

assertions included in modules not
programs, 182

declaring clock generator, 173–174
module description in SystemVerilog,

47–48
$monitor

indicating form of circuit response, 178
monitoring responses in testbenches, 169
postponed events in simulation, 189

Monostables, avoiding when designing for
testability, 252

Moore machines, 110
MOSFET (metal oxide semiconductor

FET), 11
MTBF (mean time between failures),

300–302
Multi-chip modules (MCMs), on PCBs
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Multi-valued logic, 73
Multiple bit registers, 88
Multiple input signature registers (MISR)
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4 to 1 multiplexer, 63
sharing resources via, 223
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N
n-type MOS (NMOS), 11–13
NAND gates

CMOS, 14
de Morgan’s Law, 28–29
operators used in digital design, 26
truth table for, 27

nature, 310–312
NBAs (nonblocking assignments) (<=)

circuit synthesized by, 205–206
D flip-flop and, 82
D latches and, 81
modeling sequential logic in, 172
race conditions and, 192–193
reading from K-maps, 36
regions in SystemVerilog simulation, 190
in state machines, 132

Negative numbers, sign bits for, 40
negedge statements, for edge-sensitive

flip-flops, 204–206
Netlists

generating following synthesis, 226
overview of, 51

Nets, 51
Network equations, of analog models,

313–314
NMOS (n-type MOS), 11–13
Noise margins, electrical properties,

20–21
Non-overlapping implication (|=>), in

assert statements, 180
Nondeterminism, in SystemVerilog, 191
NOR gates

CMOS, 14
de Morgan’s Law, 28–29
operators used in digital design, 26
truth table for, 27

NOT gates
Boolean operators, 26
in digital circuits, 12

NP-complete, logic minimization and, 33
Number codes

alphanumeric characters, 42
fixed point numbers, 41
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overview of, 40
parity bits, 43

O
Object-oriented programming (OOP),

174–175
Objects, in OOP, 174
Observability

designing for testability, 251
factors in testability, 235

Observe event regions, in SystemVerilog
simulation, 190

Octal (base 8) numbers, 40
ON/OFF, Boolean values, 25
One-hot encoding, 122
OOP (object-oriented programming),

174–175
OP block, for setting output in

SystemVerilog, 129–130
Operators

overview of, 25–26
SystemVerilog, 52–53
truth tables, 26–27

OR
Boolean operators, 26
sum of products form, 31
truth table for, 27

output, 47
Output table, in ASM charts,

119–120
Outputs

comparing Moore and Mealy machines,
110

setting with OP block, 129–130
testbenches and, 167

Overlapping implication |->, in assert
statements, 180

P
p-type MOS (PMOS), 11–13
PAL (programmable array logic), 10,

17–19
Parallel fault simulation, 243–244
parallel case attributes, in synthesis,

214–215
Parameterizable decoders, 65–66
Parameters, SystemVerilog, 56
Parity bits, for error detection, 43
Parity checkers, 72–73
Parity detectors, 132–133
Partitioning datapath/controller, in state

machines, 143, 147–149
PC (program counter), in microprocessor,

152
PCBs (printed circuit boards)

boundary scan tests, 265
probe testing, 264

Phased-locked loops (PLLs), 319–323
PLAs (programmable logic arrays)

fuses/antifuses in, 233
PLA fault model, 233–234
structure of, 10

PLDs (programmable logic devices), 10
PLLs (phased-locked loops), 319–323
PMOS (p-type MOS), 11–13
PODEM algorithm, for testing faults,

240–241
posedge statements, 204–206
Postponed event regions, in SystemVerilog

simulation, 189
potential nature, 311
Preponed event regions, in SystemVerilog

simulation, 190
Prime implicants

in combinatorial logic design, 32
reading from K-maps, 36

Primitive flow table, 286–287
Principle of duality, 28
Printed circuit boards (PCBs)
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boundary scan tests, 265
probe testing, 264

Priority encoders, 68–69
Probe testing, 264
Procedural blocks, state machines

OP block for setting output,
129–130

SEQ block for modeling state machine,
129

Procedural statements, for converting
analog to digital, 316

Product of sums, logical AND, 31
program

assertions included in modules not
programs, 182

for grouping testbench assignments,
172–174

reactive events in simulation, 189
Program counter (PC), in microprocessor,

152
Programmable array logic (PAL),

10, 17–19
Programmable logic

advantages of, 16–17
CPLD structure, 19
PALs and FPGAs and, 17–19
reconfigurable logic, 17
types of integrated circuits, 10

Programmable logic arrays. See PLAs
(programmable logic arrays)

Programmable logic devices (PLDs), 10
PRSG (pseudo-random sequence

generator). See LFSR (linear feedback
shift registers)

Pulses, gate
cancelation, 188
zero-width, 187

Q
Quine-McCluskey, as logic minimization

technique, 32–33

R
R-2R ladder, as digital-to-analog converter,

307
Races

in SystemVerilog simulation, 192–193
transition table showing critical race, 289

RAM (random access memory)
FPGAs (field programmable gate areas)

based on static RAM, 216
overview of, 97
SRAM, 98–99
synchronous RAM, 99–100

rand, 176
randc, 176
Random access memory. See RAM (random

access memory)
Randomization

constrained random stimulus generation,
174

testbenches and, 176–178
Reactive event regions, in SystemVerilog

simulation, 189
Read-only memory (ROM), 98
Reconfigurable logic, 17
Redundant logic, avoiding, 252
Reduction operator, 73
Regions

relationship between, 190
in SystemVerilog simulation, 189

Register transfer operation, in
datapath/controller partitioning, 148

Registers
boundary scan registers, 267–268
datapath, 148
linear feedback shift registers, 95–97
in microprocessor, 152
multiple bit registers, 88
process for modeling in state machines,

130
shift registers, 88–90
state machines, 110–112
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Reset
deterministic signals for testbenches, 169
synchronous vs. asynchronous, 216

Resolution, digital-to-analog converters,
306

Resource constraints, in synthesis, 212–213
Reusability, digital design and, 4–5
Ripple adder, 70–71
Ripple counter, 92
ROM (read-only memory), 98
RS latch, 281
RTL (register transfer level)

behavioral synthesis compared to,
218–219

checking RTL code against assertions,
182

combinational logic, 206–210
edge-sensitive flip-flops, 204–206
inferred flip-flops and latches, 202
level-sensitive latches, 202–204
overview of, 200–201
simulation modeling constructs and, 194
standard for, 326
summary of RTL synthesis rules, 210
synthesis design flow, 7–8
synthesis tools, 4
SystemC and, 174
SystemVerilog constructs ignored or

rejected by RTL synthesis tools, 201
Rules, Boolean algebra, 28

S
Scan-in, scan-out (SISO) principle, in

testing, 253–255
Scan mode, BILBO, 262
Scheduling

ALAP (as late as possible), 221–222
ASAP (as soon as possible), 220–221

Schematic capture, 2
Selective trace algorithm

single-pass event scheduler, 187–189

SystemVerilog simulation based
on, 189

Sensitive path algorithm, for testing faults,
235–237

SEQ block, 129
Sequence detector

ASM chart for, 122
state and output table for, 123

Sequencers, 152–153, 158–161
Sequential blocks

asynchronous set/reset, 82–84
binary counters, 90–92
checking responses, 104–106
clock generation, 102–104
D latch, 81
deterministic signals (set/reset), 104
edge-triggered D flip-flop, 82
JK and T flip-flops, 86–87
Johnson counters, 92–94
linear feedback shift registers, 95–97
memory, 97
multiple bit registers, 88
overview of, 79
ROM, 98
sequential multiplier, 100–102
shift registers, 88–90
SR latch, 79–81
SRAM, 98–100
summary, further reading, and exercises,

106–107
synchronous set/reset and clock enable,

84–86
testbenches for, 102

Sequential logic
combinatorial logic compared with, 30
modeling in nonblocking assignments,

172
Sequential multiplier, 100–102
Sequential systems

combinatorial systems compared with,
109
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complex. See Complex sequential systems
designing for testability, 253
general sequential system, 110
synchronous. See Synchronous sequential

systems
Serial-in, parallel-out (SIPO) registers, 88
Set/reset

asynchronous, 82–84
deterministic signals, 104
synchronous, 84–86
synchronous vs. asynchronous, 216

Setup, modeling violations, 298–300
Sever-segment decoders, 66–67
Shannon’s expansion theorem, 29
Sharing resources, via multiplexers, 223
Shift registers

linear feedback shift registers, 95–97
overview of, 88–90

Simulation
of asynchronous circuit, 290
comparing testbenches and FPFAs, 167
delay models, 194
EDA tools performing, 2
event-driven, 185–189
event sequence in, 189–190
fault simulation, 6
model checking tools as alternative

to, 182
overview of, 185
races, 192–193
regions, 189
simulation cycle, 191–192
simulator tools, 195–196
stratified event queue showing

relationship between regions, 190
summary, further reading, and exercises,

196–198
verifying state minimization, 295–296
Verilog and VHDL simulators, 3–4

Simulators
tool options, 195–196

uses of, 185
Verilog-AMS, 323

Single assignment form, 220
Single-input signature register (SISR),

256–261
Single precision floating point

numbers, 41
Single-stuck fault model (SSFM), 233
SIPO (serial-in, parallel-out) registers, 88
SISO (scan-in, scan-out) principle, in

testing, 253–255
SISR (single-input signature register),

256–261
Source, in NMOS transistor voltage, 11
Spaces, in SystemVerilog syntax,

48–50
specify blocks, 226–227
Speed, digital-to-analog converters

and, 306
SPICE simulator, 323
SR latch, 79–81
SRAM (static RAM)

asynchronous, 152
defined, 97
FPGAs based on, 216
overview of, 98–100

SSFM (single-stuck fault model), 233
STA (static timing analysis), 227
State

compatibility of, 287
in digital design, 109

State and output table
asynchronous sequential systems and,

287
as equivalent of ASM chart, 119
for vending machine example, 127

State assignment, ASM charts
guidelines for multiple state models,

121–125
in simple two state model, 119

State encoding, 212
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State machines
enumerated type representing state, 129
hazards in sequential systems, 111
linked state machines, 143–147
Moore and Mealy machines, 110
OP block for setting output, 129
parity detector example, 132–133
partitioning, 143
SEQ block for modeling state machine,

129
storing data, 135–137
testbenches for, 137–138
three process model, 132
two process model, 130–131
vending machine example, 133–135

State minimization, ASM charts, 125–129
benefits of, 125
with essential hazard, 295
vending machine example, 126–129

State registers, 110–112
State tables

for D latch, 284
transitions, 285
for vending machine example,

127–128
State transition diagram, 286–287, 291
State variables, 283, 284
Static faults, 233
Static hazards, 39
Static RAM. See SRAM (static RAM)
Static timing analysis (STA), 227
Stimuli, determining what stimuli to apply

in testbenches, 174
Storing data, in SystemVerilog, 135–137
Stratified event queue

dividing event list into regions, 189
showing relationship between regions,

190
$strobe

monitoring responses in testbenches, 169
postponed events in simulation, 189

Structural testing
approaches to testing, 232
designing for testability, 253–255

Structure representation, in HDL, 3
Structured design techniques, for

asynchronous sequential systems, 278
Sum of products, logical OR, 31
Symbols, for logic gates, 29–30
Synchronous circuits, 297
Synchronous RAM, 99–100
Synchronous sequential systems

ASM charts for, 114–118
vs. asynchronous sequential systems,

277–278
designing for testability, 253
Moore and Mealy machines, 110
overview of, 109–110
state registers, 110–112
summary, further reading, and exercises,

138–141
synthesis from ASM charts. See ASM

(algorithmic state machines) charts
in SystemVerilog. See State machines
three-bit counter example, 112–114

Synchronous set/reset, 84–86, 216
Synthesis

from ASM charts, 119
attributes, 211
behavioral synthesis, 218–225
constraints, 210–211
EDA tools performing, 2
FPGAs (field programmable gate areas),

216–218
full case and parallel case

attributes, 214–215
HDL and, 4
overview of, 199–200
resource constraints, 212–213
RTL synthesis. See RTL (register transfer

level)
state encoding, 212
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summary, further reading, and exercises,
228–230

timing constraints, 213–214
timing simulation, 226–227
verification, 225–226

Synthesizable models, distinguishing
testbenches from, 167–168

SystemC
overview of, 3
RTL and, 174
Verilog-AMS simulators, 323

SystemVerilog
classes in, 175
constructs ignored or rejected by RTL

synthesis tools, 201
differences from Verilog 1995, 2005,

328–329
OOP features in, 175
overview of, 2–3
simulation. See Simulation
state machines. See State machines
synthesis. See Synthesis
verification features, 5–6

SystemVerilog modeling
continuous assignments, 52
delays, 53–56
gate models, 50–51
identifiers, spaces, and comments,

48–50
logic values, 52
modules, 47–48
netlists, 51
operators, 52–53
parameters, 56
summary, further reading, and exercises,

58–59
testbenches, 56–57

T
T flip-flops, 86–87
TAP controller, 267

TAP (test access port), 266–267
tasks, 71–72
Test access port (TAP), 266–267
Test data registers, 267
Test pattern generation. See Fault-oriented

test pattern generation
Test vectors, accessing from text file, 170
Testability

controllability and observability factors
in, 234–235

designing for. See Design, for testability
Testbenches

assertion-based verification, 178–182
clock generation, 169
for combinational building blocks,

74–76
constrained random stimulus generation,

174
deterministic signals, 169
dumping responses, 169–170
monitoring responses, 169
OOP (object-oriented programming),

174–175
overview of, 167–168
program block for grouping testbench

assignments, 172–174
randomization, 176–178
structure of testbenches, 170–172
summary, further reading, and exercises,

182–184
SystemVerilog, 56–57
for SystemVerilog state machines,

137–138
test vectors accessed from text file, 170
for verification, 5–6

Testbenches, for sequential blocks
checking responses, 104–106
clock generation, 102–104
deterministic signals (set/reset), 104
overview of, 102

Testcases, 171
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Testing digital systems
concurrent fault simulation, 244–246
D algorithm, 237–240
fault collapsing, 241–242
fault models, 232–233
fault-oriented test pattern generation,

234–235
fault simulation, 242–243
need for, 231–232
overview of, 231
parallel fault simulation, 243–244
PLA faults, 233–234
PODEM algorithm, 240–241
sensitive path algorithm, 235–237
single-stuck fault model, 233
summary, further reading, and exercises,

246–249
undetectable faults, 237

Text file, accessing test vectors from, 170
Three-bit counter, 112–114
Three-process model, SystemVerilog, 132
Three-state buffers

CMOS technology, 14–15
SystemVerilog model of, 73–74

Threshold voltage, NMOS
transistors, 11

Time representation, in HDL, 3
timeprecision, 299
timeunit, 299
Timing constraints, synthesis, 213–214
Timing controls

delay and event, 137
in event-driven simulation, 186
synthesis and, 201

Timing diagrams, 37–40
Timing files, 226
Timing simulation, 226–227
Tracking ADC, 308–309
transition function, 316–317
Transistor-transistor logic (TTL), 11
Transistors, types of, 11

Transition table
in ASM charts, 119–120
with critical race, 289
with a cycle, 290
with essential hazard, 292
implied by don’t cares, 124
for state variables, 284

Transmission gate circuits, CMOS
technology, 16

True/False, Boolean values, 25
Truth tables

for 2 to 4 decoder, 64
basic relationships, 28
Boolean operators and expressions, 26–27
counters, 112
D algorithm, 239
JK and T flip-flops, 86
RS latch, 281

TTL (transistor-transistor logic), 11
Two-process model, SystemVerilog,

130–131
Two’s complement, in notation of signed

integers, 41

U
Uniqueness, 68
Universal shift register, 89

V
Vacuous pass, assertions and, 180
Values, Boolean algebra, 25
VCO (voltage controlled oscillator),

319–320
Vending machine example, state machines

in SystemVerilog, 133–135
Vera language, 5
Verification

assertion-based, 178–182
contrasted to testing, 231
digital design and, 5–6
synthesis and, 225–226
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Verification languages, 5
Verilog

standards, 325
Verilog-A, 3

Verilog-AMS (analog and
mixed-signal), 3

contribution statements, 313–314
fundamentals, 310–313
mixed-signal modeling, 314–319
overview of, 305, 310
simulators, 323

Very large scale integration (VLSI) circuits,
255

VHDL-AMS simulator, 323
VHDL (Very High Speed Integrated

Circuit)
ease of learning, 4
overview of, 3
Verilog-AMS simulators, 323

Virtual buffers, D latch with, 283
VLSI (very large scale integration) circuits,

255
Voltage controlled oscillator (VCO),

319–320

W
White space, in SystemVerilog syntax, 49
Wild cards (.*), using with adder, 75
wire, 51
$write, 169

X
Xilinx, 17, 19
XNOR operator, 26
XOR (exclusive OR) operator

in digital design, 26
reading from K-maps, 36
truth table for, 27
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