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Preface

This textbook is intended for a senior-level course in digital systems design. The
book covers both basic principles of digital system design and the use of a hardware
description language, VHDL, in the design process. After basic principles have been
covered, design is best taught by using examples. For this reason, many digital sys-
tem design examples, ranging in complexity from a simple binary adder to a micro-
processor, are included in the text.

Students using this textbook should have completed a course in the fundamen-
tals of logic design, including both combinational and sequential circuits. Although
no previous knowledge of VHDL is assumed, students should have programming
experience using a modern high-level language such as C.

Because students typically take their first course in logic design two years
before this course, most students need a review of the basics. For this reason,
Chapter 1 includes a review of logic design fundamentals. Most students can
review this material on their own, so it is unnecessary to devote much lecture time
to this chapter. However, a good understanding of timing in sequential circuits
and the principles of synchronous design is essential to the digital system design
process. '

Chapter 2 starts with an overview of modern design flow. It also summarizes
various technologies for implementation of digital designs. Then, it introduces the
basics of VHDL, and this hardware description language is used throughout the
rest of the book. Additional features of VHDL are introduced on an as-needed
basis, and more advanced features are covered in Chapter 3. From the start, we
relate the constructs of VHDL to the corresponding hardware. Some textbooks
teach VHDL as a programming language and devote many pages to teaching the
language syntax. Instead, our emphasis is on how to use VHDL in the digital design
process. The language is very complex, so we do not attempt to cover all its fea-
tures. We emphasize the basic features that are necessary for digital design and
omit some of the less-used features. Use of standard IEEE VHDL libraries is
introduced in this chapter and only IEEE standard libraries are used throughout
the text.



VHDL is very useful in teaching top-down design. We can design a system at a
high level and express the algorithms in VHDL. We can then simulate and debug
the designs at this level before proceeding with the detailed logic design. However,
no design is complete until it has actually been implemented in hardware and the
hardware has been tested. For this reason, we recommend that the course include
some lab exercises in which designs are implemented in hardware.

By the time students reach Chapter 3, they should be thoroughly familiar with
the basics of VHDL. At this point we introduce some of the more advanced features
of VHDL and illustrate their use. The use of multi-valued logic, including the IEEE-
1164 standard logic, is one of the important topics covered. A memory model
with tri-state output busses is presented to illustrate the use of the multi-valued
logic.

Chapter 4 presents a variety of design examples, including both arithmetic
and non-arithmetic examples. Simple examples such as a BCD to 7-segment
display decoder to more complex examples such as game scoreboards, keypad
scanners and binary dividers are presented. The chapter presents common tech-
niques used for computer arithmetic, including carry look-ahead addition, and
binary multiplication and division. Use of a state machine for sequencing the
operations in a digital system is an important concept presented in this chapter.
Synthesizable VHDL code is presented for the various designs. A variety of
examples are presented so that instructors can select their favorite designs for
teaching.

Use of sequential machine charts (SM charts) as an alternative to state graphs is
presented in Chapter 5. We show how to write VHDL code based on SM charts
and how to realize hardware to implement the SM charts. Then, the technique of
microprogramming is presented. Transformation of SM charts for different types
of microprogramming is discussed. Then, we show how the use of linked state
machines facilitates the decomposition of complex systems into simpler ones. The
design of a dice-game simulator is used to illustrate these techniques.

Basic techniques for floating-point arithmetic are described in Chapter 6.
A simple floating-point format with 2’s complement numbers is presented and
then the IEEE standard floating-point formats are presented. A floating-point
multiplier example is presented starting with development of the basic algorithm,
then simulating the system using VHDL, and finally synthesizing and imple-
menting the system using an FPGA.

The important topics of hardware testing and design for testability are covered
in Chapter 7. This chapter introduces the basic techniques for testing combina-
tional and sequential logic. Then scan design and boundary-scan techniques, which
facilitate the testing of digital systems, are described. The chapter concludes with a
discussion of built-in self-test (BIST). VHDL code for a boundary-scan example
and for a BIST example is included. The topics in this chapter play an important
role in digital system design, and we recommend that they be included in any
course on this subject. Chapter 7 can be covered any time after the completion of
Chapter 3.



Chapter 8 presents three complete design examples that illustrate the use of
VHDL synthesis tools. First, a wristwatch design is presented. It shows the progress
of a design from a textual description to a state diagram and then a VHDL model.
This example illustrates modular design. The test bench for the wristwatch illustrates
the use of multiple procedure calls to facilitate the testing. The second example
describes the use of VHDL to model RAM memories. The third example, a serial
communications receiver-transmitter, should easily be understood by any student
who has completed the material through Chapter 3.

This book is the result of many years of teaching a senior course in digital systems
design at the University of Texas at Austin. Throughout the years, the technology for
hardware implementation of digital systems has kept changing, but many of the same
design principles are still applicable. In the early years of the course, we handwired mod-
ules consisting of discrete transistors to implement our designs. Then integrated circuits
were introduced, and we were able to implement our designs using breadboards and
TTL logic. Now we are able to use FPGAs and CPLDs to realize very complex designs.
We originally used our own hardware description language together with a simulator
running on a mainframe computer. When PCs came along, we wrote an improved hard-
ware description language and implemented a simulator that ran on PCs. When VHDL
was adopted as an IEEE standard and became widely used in industry, we switched to
VHDL. The widespread availability of high-quality commercial CAD tools now
enables us to synthesize complex designs directly from the VHDL code.

All of the VHDL code in this textbook® has been tested using the ModelSim sim-
ulator. The ModelSim software is available in a student edition, and we recommend
its use in conjunction with this text. The CD that accompanies this text provides a
link for downloading the ModelSim student edition and an introductory tutorial to
help students get started using the software. All of the VHDL code in this textbook
is available on the CD. The CD also contains two software packages, LogicAid and
SimUaid, which are useful in teaching digital system design. Instruction manuals
and examples of using this software are on the CD.
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1.1

Review of Logic Design
Fundamentals

This chapter reviews many of the logic design topics normally taught in a first course
in logic design. Some of the review examples that follow are referenced in later chap-
ters of this text. For more details on any of the topics discussed in this chapter, the
reader should refer to a standard logic design textbook such as Roth, Fundamentals
of Logic Design, 5th Edition (Thomson Brooks/Cole, 2004). First, we review combi-
national logic and then sequential logic. Combinational logic has no memory, so the
present output depends only on the present input. Sequential logic has memory, so
the present output depends not only on the present input but also on the past
sequence of inputs. The sections on sequential circuit timing and synchronous design
are particularly important, since a good understanding of timing issues is essential to
the successful design of digital systems.

Combinational Logic

Some of the basic gates used in logic circuits are shown in Figure 1-1. Unless otherwise
specified, all the variables that we use to represent logic signals will be two-valued, and
the two values will be designated 0 and 1. We will normally use positive logic, for which
a low voltage corresponds to a logic 0 and a high voltage corresponds to a logic 1. When
negative logic is used, a low voltage corresponds to a logic 1 and a high voltage corre-
sponds to a logic 0.

For the AND gate of Figure 1-1, the output C = 1 if and only if the input A = 1
and the input B = 1. We will use a raised dot or simply write the variables side by side
to indicate the AND operation;thus C= AANDB=A - B = AB. For the OR gate,
the output C = 1 if and only if the input A = 1 or the input B = 1 (inclusive OR). We
will use + to indicate the OR operation; thus C= A OR B = A4 + B.The NOT gate,
or inverter, forms the complement of the input; that is, if A = 1,C=0,andif A =0,
C =1. We will use a prime (') to indicate the complement (NOT) operation, so
C = NOT A = A’. The exclusive-OR (XOR) gate has an output C=1if A =1 and
B =0orif A=0and B = 1.The symbol @ represents exclusive OR, so we write

C=AXORB=AB'+A'B=A®B (1-1)

The behavior of a combinational logic circuit can be specified by a truth table
that gives the circuit outputs for each combination of input values. As an example,
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FIGURE 1-1: Basic
Gates

FIGURE 1-2: Full
Adder

A A
i e g O«

AND: C=AB OR:C=A+B
A
C
NOT: C=4A" Exclusive OR: C=A® B

consider the full adder of Figure 1-2, which adds two binary digits (X and Y) and a carry
(C,) to give a sum (Swm) and a carry out (C_ ). The truth table specifies the adder out-
puts as a function of the adder inputs. For example, when the inputs are X = 0,Y =0
and C,, = 1, adding the three inputs gives 0 + 0 + 1 = 01, so the sum is 1 and the carry
out is 0. When the inputs are 011,0 + 1 + 1 = 10,50 Sum = 0 and C__, = 1. When the

out

inputsare X=Y=C =1,1+1+1=1l,s0Sum=1andC , = 1.

XY G |Cou Sum

00 0O 0 0

X —> — Cout 00 1 0 1
Y Full 01 0 0 1
Adder (1) (1) (1) (1) (1)

Cin Sum 10 1|1 0
11 0 1 0

11 1 1 1

(a) Full adder module (b) Truth table

We will derive algebraic expressions for Sum and C_, from the truth table. From
the table, Sum = 1 when X = 0,Y = 0,and C,, = 1.The term X'Y'C, equals 1 only
for this combination of inputs. The term X'YC; =1 only when X=0, Y =1,
and C; = 0.The term XY 'C,. is 1 only for the input conibination X = 1,Y = 0, and
C, = 0.The term XYC, is 1 only when X = Y = C, = 1. Therefore, Sum is formed
by ORing these four terms together:

Sum =X'Y'C, + X'YC,,+ XY'C,,+ XYC, (1-2)

Each of the terms in this sum of products (SOP) expression is 1 for exactly one
combination of input values. In a similar manner, C_ is formed by ORing four
terms together:

C,,=X'YC_+ XY'C_ + XYC. + XYC, (1-3)

Each term in Equations (1-2) and (1-3) is referred to as a minterm, and these
equations are referred to as minterm expansions. These minterm expansions can
also be written in m-notation or decimal notation as follows:

Sum=m +m,+m, +m,=3m(1,2,4,7)
Co =my+mg+mg+m,=3m(3,56,7)

The decimal numbers designate the rows of the truth table for which the correspon-
ding function is 1. Thus Sum = 1 in rows 001, 010, 100, and 111 (rows 1,2,4,7).
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A logic function can also be represented in terms of the inputs for which the func-
tion value is 0. Referring to the truth table for the full adder, Cu=0OwhenX=Y=
C,, =0.The term (X + Y + C,)) is 0 only for this combination of inputs. The term (X
+Y+Cp)isOonlywhen X =Y =0and C, = 1.The term (X + Y’ + C,)) is O only
when X = C =0and Y =1.The term (X' + Y + C, ) is 0 only when X =1 and Y =
C, =0.C,, is formed by ANDing these four terms together:

Cod =(X+Y+CHX+Y+CHX+Y +CYX +Y+C)  (1-4)

C,,. 1s 0 only for the 000, 001, 010, and 100 rows of the truth table and, therefore,
must be 1 for the remaining four rows. Each of the terms in the Product of Sums (POS)
expression in Equation (1-4) is referred to as a maxterm, and (1-4) is called a maxterm
expansion. This maxterm expansion can also be written in decimal notation as

Cou =M, - M -M, M,=TIM(0,1,2,4)

where the decimal numbers correspond to the truth table rows for which Cu=0.

Boolean Algebra and Algebraic Simplification

The basic mathematics used for logic design is Boolean algebra. Table 1-1
summarizes the laws and theorems of Boolean algebra. They are listed in dual
pairs; for example, Equation (1-10D) is the dual of (1-10). They can be verified
easily for two-valued logic by using truth tables. These laws and theorems can be
used to simplify logic functions so they can be realized with a reduced number of
components.

A very important law in Boolean algebra is the DeMorgan’s law. DeMorgan’s
laws stated in Equations (1-16, 1-16D) can be used to form the complement of an
expression on a step-by-step basis. The generalized form of DeMorgan’s law in
Equation (1-17) can be used to form the complement of a complex expression in
one step. Equation (1-17) can be interpreted as follows: To form the complement
of a Boolean expression, replace each variable by its complement; also replace
1 with 0, 0 with 1, OR with AND, and AND with OR. Add parentheses as
required to assure the proper hierarchy of operations. If AND is performed
before OR in F, then parentheses may be required to assure that OR is per-
formed before AND in F’.

Find the complement of F if

F=X+EK(CAB+D')-1+WZ (G'H+0))
FF=X'"(E+K' +{(C+(A+B)YD+0O) (W' +Z+(G+H"- 1))
Additional parentheses in F’ were added when an AND operation in F was replaced with an

OR. The dual of an expression is the same as its complement, except that the variables are
not complemented.




