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Preface

............................................................................................................................

About this book

There are probably tens, if not hundreds, of textbooks in print about digital design. There
are a large number of books about VHDL. Why then did I add to this abundance by
writing yet another textbook on digital design? As the title suggests, this book combines
the discipline of digital design with a guide to the use of VHDL. By doing this, I have
attempted to create an approach that is distinct from either of the other types of book.

The fact that I am trying to provide a different type of book should not be interpreted
to mean that I am necessarily critical of everything that has gone before. There are a
number of very good digital design textbooks, some of which are listed in the
bibliography. Similarly, there are a number of excellent VHDL books. The majority of
VHDL books, however, are aimed at practising engineers. This book is intended as a
student textbook. Therefore, some features of VHDL are not described at all in this
book. Equally, aspects of digital design are covered that would not be included in a
typical VHDL 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 undergraduates and for
postgraduate students. It is assumed that students will be familiar with the principles of
Boolean algebra and with combinational logic design. At the University of Southampton,
the first year undergraduate syllabus also includes introductions to synchronous
sequential design and to programmable logic. This book therefore builds upon these
foundations. It has often been assumed that topics such as VHDL are too specialized for
second year teaching and are best left to final year or postgraduate courses. There are
several good reasons why VHDL should be introduced earlier into the curriculum. With
increasing integrated circuit complexity, there is a need from industry for graduates with
knowledge of VHDL 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 colleagues from many countries suggest that today’s students are
opting for computer science or computer engineering courses in preference to electrical
or electronic engineering. VHDL offers a means to interest computing-oriented students
in hardware design. Finally, simulation and synthesis tools are now mature and available
relatively cheaply 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 of 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.

VHDL 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 parameterized models and
constant and unconnected inputs and outputs. The idea of using VHDL to verify VHDL
models by using testbenches is introduced. Finally, we briefly introduce the concept of
configurations.
I In Chapter 4, a variety of modelling techniques are described. Combinational
building blocks, buffers, decoders, encoders, multiplexers, adders and parity checkers
are modelled using a range of concurrent and sequential VHDL coding constructs. The
VHDL 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 9. In addition, the IEEE dependency notation is introduced.

Chapter 5 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 D flip-flops and next
state and output logic is described. VHDL models of state machines are introduced.

Chapter 6 introduces various sequential building blocks: latches, flip-flops, registers,
counters, memory and a sequential multiplier. The same style as Chapter 4 is used, with
IEEE dependency notation and the introduction of VHDL coding constructs.

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 microprocessor in
VHDL. This provides a vehicle to introduce VHDL subroutines and packages.

VHDL remains primarily a modelling language. Chapter 8 describes the operation
of a VHDL simulator. The idea of event-driven simulation is first explained and the
specific features of a VHDL simulator are then discussed. Although the entire VHDL
language can be simulated, some constructs simulate more efficiently than others;
therefore techniques for writing models that are more efficient are discussed. File
operations are also discussed in this chapter because such functionality is only
appropriate to simulation models.



The other, increasingly important, role of VHDL is as a language for describing
synthesis models, as discussed in Chapter 9. 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 VHDL 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 the language, they are discussed in general terms. Suitable
constructs for FPGA synthesis are discussed. Finally, behavioural synthesis, which
promises to become an important design technology, is briefly examined.

Chapters 10 and 11 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 10 the idea of fault modelling is introduced. This is
followed by test generation methods. The efficacy of a test can be determined by fault
simulation. At the time of writing, there are no commercial VHDL-based fault
simulators available. The final section of this chapter shows how fault modelling and
fault simulation can be performed using a standard VHDL simulator. The VHDL code
also introduces constructs such as pointers and shared (global) variables.

In Chapter 11, 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 VHDL simulator can be used, for example, to show how a BIST structure can
generate different signatures for fault-free and faulty circuits. Boundary scan uses a
subset of VHDL to describe the test structures used on a chip, and an example is given.

In the final chapter, we use VHDL as a tool for exploring anomalous behaviour in
asynchronous sequential circuits. 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 introduce the concept of
the fundamental mode and show how to analyze and design asynchronous circuits. We
use VHDL simulations to illustrate the problems of hazards, races and setup and hold
time violations. We also discuss the problem of metastability.

Three appendices are included. The first appendix lists the various VHDL-related
standards and speculates on the future development of VHDL. The second appendix
briefly describes the Verilog hardware description language. Verilog is the major
alternative to VHDL and it is likely that designers will have to be familiar with both.
The third appendix covers shared variables.

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 simulate
and, where appropriate, synthesize each VHDL example. To perform these simulation
and synthesis tasks, the reader will have to write his or her own testbenches and
constraints files. The examples are available on the World Wide Web at the address
given in the next section.

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 am using the material as follows.



Second year of MEng/BEng in Electronic Engineering and Computer
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, 4, 5, 6 and 7. Some
of this material can be considered optional, such as Sections 3.8, 6.3 and 6.7.
Additionally, constructs such as with select could be omitted if time presses.
The single-stuck fault model of Section 10.2 and the principles of test pattern
generation in Section 10.3, together with the principles of scan design in section
11.2 would also be covered in lectures.

Third year of MEng/BEng in Electronic Engineering and Computer
Engineering

Students would be expected to independently re-read Chapters 3 to 7. Lectures
would cover Chapters 8, 9, 10, 11 and 12.

In both years, students need to have access to a VHDL simulator and an RTL synthesis
tool in order to use the examples in the text. In the second year, a group 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. There is no
additional formal laboratory work. Some of the individual projects will involve the use
of VHDL. ‘

The VHDL code for all the examples in the text is available on the World Wide Web at:

http://www.ecs.soton.ac.uk/~mz/VHDL

Mark Zwoliviski
Southampton
August 1999
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1.1 Modern digital design 1
1.2 CMOS technology 6
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1.4  Electrical properties 15

In this chapter we will review the design process, with particular emphasis on the
design of digital systems using hardware description languages such as VHDL. The
technology of CMOS integrated circuits will be briefly revised and programmable logic
technologies will be discussed. Finally, the relevant electrical properties of CMOS and
programmable logic are reviewed.

@83 Modern digital design

Electronic circuit design has traditionally fallen into two main areas: analogue and
digital. These subjects are usually taught separately, and electronics engineers tend to
specialize in one area. Within these two groupings there are further specializations,
such as radio frequency analogue design; digital integrated circuit design; and, where
the two domains meet, mixed-signal design. In addition, of course, software engineer-
ing plays an increasingly important role in embedded systems.

Digital electronics is ever more significant in consumer goods. Cars have sophisti-
cated control systems. Many homes now have personal computers. Products that used
to be thought of as analogue, such as radio, television and telephones, are or are
becoming digital. Digital compact discs have almost entirely replaced analogue LPs for
recorded audio. With these changes, the lifetimes of products have lessened. In a period
of less than a year, new models will probably have replaced all the digital electronic
products in your local store.
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1.1.1

1.1.2

Design automation

To keep pace with this rapid change, electronics products have to be designed
extremely quickly. Analogue design is still a specialized (and well-paid) profession.
Digital design has become very dependent on computer-aided design (CAD) — also
known as design automation (DA) or electronic design automation (EDA). The EDA
tools allow two tasks to be performed: synthesis, in other words the translation of a
specification into an actual implementation of the design; and simulation, in which the
specification or the detailed implementation can be exercised in order to verify correct
operation.

Synthesis and simulation EDA tools require that the design be transferred from the
designer’s imagination into the tools themselves. This can be done by drawing a dia-
gram of the design using a graphical package. This is known as schematic capture.
Alternatively, the design can be represented in a textual form, much like a software pro-
gram. Textual descriptions of digital hardware can be written in a modified program-
ming language, such as C, or in a hardware description language (HDL). Over the past
thirty years or so, a number of HDLs have been designed. Two HDLs are in common
usage today: Verilog and VHDL (VHSIC Hardware Description Language, where
VHSIC stands for Very High Speed Integrated Circuit). Standard HDLs are important
because they can be used by different CAD tools from different tool vendors. In the
days before Verilog and VHDL, every tool had its own HDL, requiring laborious trans-
lation between HDLs, for example to verify the output from a synthesis tool with
another vendor’s simulator.

Logic gates

The basic building blocks of digital circuits are gates. A gate is an electronic compo-
nent with a number of inputs and, generally, a single output. The inputs and the outputs
are normally in one of two states: logic O or logic 1. These logic values are represented
by voltages (for instance, 0 V for logic O and 3.3 V for logic 1) or currents. The gate
itself performs a logical operation using all of its inputs to generate the output.
Ultimately, of course, digital gates are really analogue components, but for simplicity
we tend to ignore their analogue nature.

It is possible to buy a single integrated circuit containing, say, four identical gates,
as shown in Figure 1.1. (Note that two of the connections are for the positive and neg-
ative power supplies to the device. These connections are not normally shown in logic
diagrams.) A digital system could be built by connecting hundreds of such devices
together — indeed many systems have been designed in that way. Although the indi-
vidual integrated circuits might cost as little as 10 cents each, the cost of designing the
printed circuit board for such a system and the cost of assembling the board are very
significant and this design style is no longer cost-effective.

Much more complicated functions are available as mass-produced integrated circuits,
ranging from flip-flops through to microprocessors. With increasing complexity comes
flexibility — a microprocessor can be programmed to perform a near-infinite variety of
tasks. Digital system design therefore consists, in part, of taking standard components
and connecting them together. Inevitably, however, some aspect of the functionality will



