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LiMiTs OF LIABILITY AND DISCLAIMER OF WARRANTY

The author and publisher have exercised care in preparing this book and
the programs contained in it. They make no representation, however, that
the programs are error-free or suitable for every application to which a
reader may attempt to apply them. The author and publisher make no
warranty of any kind, expressed or implied, including the warranties of
merchantability or fitness for a particular purpose, with regard to these
programs or the documentation or theory contained in this book, all of
which are provided “as is.” The author and publisher shall not be liable for
damages in an amount greater than the purchase price of this book, or in
any event for incidental or consequential damages in connection with, or
arising out of the furnishing, performance, or use of these programs or the
associated descriptions or discussions.

Readers should test any program on their own systems and compare
results with those presented in this book. They should then construct their
own test programs to verify that they fully understand the requisite calling
conventions and data formats for each of the programs. Then they should
test the specific application thoroughly.
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Preface

Microcontrollers are digital computers particularly designed to supervise,
manage, monitor, and control various processes in industry, business,
defense, aerospace, and other areas of application. With the advent of
VLSI technology, microcontrollers are becoming essentially single-chip
microcomputers. As the technology advances, microcontroller chips attain
higher density, and more and more equivalent transistors can be placed on
a single chip—over a million at the beginning of the nineties and over 50
million around 2000, as promised by some chip manufacturers. A microcon-
troller chip, being a self-sustained microcomputer, contains in addition to a
central processing unit (CPU), cache, main memory (more memory is
placed on a chip as technology develops), input/output (I/0) interfaces,
direct memory access (DMA) controllers, interrupt handlers, timers, and
other subsystems necessary to implement an efficient microcontroller.

Microcontrollers, being a particular case of digital computers, have to be
programmed so that they can perform their assigned tasks. In the control
of relatively simple processes, such as a single traffic intersection, one can
probably get by with a relatively short and simple assembly language
program. However, many processes are very complicated and require
lengthy and sophisticated software. In such cases, assembly language
programming is too time-consuming and impractical. Thus, high level
language (HLL) programming (such as in C, ADA, or PASCAL) becomes
an indispensable necessity. Naturally, one has to develop efficient
approaches for generating useful and reliable microcontroller software, be
it in assembly, HLL, or a combination of the above.

The goal of this book is to present to the reader a unified document
containing a variety of aspects involved in the design and implementation
of microcontrollers. The book covers microcontroller architecture, orga-
nization, structure, and assembly and HLL (with a stress on the C lan-
guage) programming. In addition, the text presents a number of examples
of actual microcontrollers of different capabilities, currently available on
the market. Design examples based on existing commercial microcontrol-
lers are also included.



X Preface

The book is not intended for beginners in computers. It is assumed that
the reader has had a basic course in computer organization and in program-
ming of at least one assembly and one HLL computer programming
language. The book can be used as a reference text by practicing en-
gineers, computer scientists, and other professionals involved in the de-
sign and implementation of microcontrollers. It can also be used as a
textbook in special senior level or first-year graduate courses on microcon-
trollers. Such a course (ECE 447) is indeed being taught at the authors’
school, the George Mason University (GMU). It is a senior course, and a
significant part of the material in the text was successfully presented in it.
Parts of the book were also taught in other GMU courses, such as a senior
course on computer design and a graduate course on advanced micro-
processors. Since microcontrollers are applied in practically all industrial
areas, the text can be used in any engineering curriculum. It can also be
used by computer science students interested in practical applications.

The book is subdivided into two major parts. The first part (Chapters 1
to 4) presents a unified, generic coverage of the principles of microcontrol-
lers, covering their architecture, organization, and software. The second
part (Chapters 5 to 7) presents a selection of modern leading microcontrol-
lers, including practical design examples involving some of them. The
chapters covering the examples are subdivided according to the basic
microcontroller word (or data bus) size: Chapter 5 deals with 4- and 8-bit
microcontrollers, Chapter 6 with 16-bit, and Chapter 7 with 32-bit sys-
tems. Concluding comments are given in Chapter 8. Although every
attempt has been made to include the most current manufacturers data,
current detailed design information should be obtained from the individual
manufacturers before designing a production microcontroller system.

Some of the examples of actual systems were reviewed by professionals
within the particular manufacturing company. The authors would particu-
larly like to thank Mr. Lindsay Wallace of Intel, Mr. Rob Tobias of LSI
Logic, Mr. Mike Johnson of AMD (Advanced Micro Devices), Mr. Edward
Goldberg of NEC Electronics, Inc., and Mr. Reuven Marko of National
Semiconductor for their valuable comments and material made available to
the authors. The authors would like to express particular appreciation to
Prof. Jack Lipovski (University of Texas, Austin) for reviewing the text
for McGraw-Hill and for many helpful suggestions. The authors acknow-
ledge with thanks the editorship of Mr. Daniel Gonneau of McGraw-Hill.
This work was partially supported by the Virginia Center for Innovative
Technology (CIT) through the Center of Excellence in Command, Control,
Communications and Intelligence (C®I) at George Mason University. Last
but not least, the authors would like to express their appreciation to their
wives Sue Hintz and Pnina Tabak for their patience and moral support.

Kenneth J. Hintz
Daniel Tabak
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Chapter

Computer, Microprocessor and
Microcontroller Architectures

There is a great distinction between computer architecture and organiza-
tion; the following discussion focuses primarily on computer architecture.
Computer architecture is a description (definition) of the attributes of a
computing system as seen by amachine language programmer or a compiler
writer.! Writable control stores for modifying microcode during computer
operation are not considered available to the normal machine language
programmer. Computer organization pertains to the various methods that
canbeused toimplement a specific computerarchitecture. The demarcation
between these two components of microcontroller implementation is be-
coming less distinct with the advent of reconfigurable designs. This will
become more evident as this book progresses from the earliest to the most
recent designs.

The categorization of computers was once easy because there was a clear
difference in cost, amount of memory, type of peripherals, and physical
operating speed. While there are still supercomputers, specialized array
and pipelined processors, and expensive multiuser computers, the com-
putational capabilities of the most powerful machines of afew yearsagohave
trickled down to the level of personal computers (PCs). An inspection of
computer specifications shows that the capabilities of computers in terms of
complex arithmetic operations, memory addressing capabilities (virtual
address space), as well as amount of connected memory (physical address

1



2 Chapter One

TABLE 1.1 MATLAB Benchmarks of Various Computers Showing the Favorable
Performance of Microprocessor-Based Machines Relative to Larger Computers

Computer - Figure of Merit Relative to | KFlop/Second
PC/XT @ 4.7 MHZ
MAC (8 MHz 68000) 0.2233 3
PC/AT (6 MHz/80286/EGA) 1.3570 15
PC/XT (4.7 MHz/8088/CGA) 1.0000 17
AT&T 6300 (8 MHz/8086) 1.8760 29
Mac II (68020/68881) 6.2358 85
Apollo DN3000 (16 MHz) 5.4287 72
Sun-3/50 (15 MHz with 68881) 5.1628 89
Apollo DN4000 (25 MHz) 9.0300 140
MicroVAX II (VMS/D_floating) 4.1810 140
Mac Ilcx (68030/68882) 9.6776 168
803886/80387 (20 MHz, 386-MATLAB) 14.3466 232
Sun-386i (25 MHz) 10.7024 198
VAXStation 3100 (VMS/D_floating) 18.9047 365
Sun-3/260 (25 MHz with FPA) 19.4267 490
Sun-4/110 354397 730
Sun SparcStation 65.5196 1196
Ardent Titan 61.6884 3614

space), have inexorably migrated from the larger to the smaller machines.
EvenPCsthat operate in a single-user mode have comparable computation-
al capabilities to those of much larger machines as is shown by the compari-
son of MATLAB benchmarks in Table 1.1. The seven standard benchmarks

that were run are

1. N = 50 real matrix multiply
2. N = 50 real matrix inverse

3. N = 25 real eigenvalues
4. 4096-point complex FFT
5. LINPACK benchmark
6. 1000 iteration FOR loop
7. N = 25 3-D mesh plot
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The geometric mean of the execution times was computed to determine a
figure of merit relative to a PC/XT machine. Table 1.1 also lists the KFlop/s
throughputs of the various machines. Initially microcontrollers were
thought to be simpler implementations of computers with a limited instrue-
tion set and enhanced I/0 capabilities that could be mass-produced inexpen-
sively. With the advent of increasingly complex microcontrollers, including
single-chip microcontrollers with complex computational capabilities and
82-bit architectures, microcontrollers have taken on a new set of problems
such as digital signal processing, computer peripheral control, and real-time
detection and modulation/demodulation of FAX signals as well as complex
non-linear control problems. One can no longer look at just simple para-
meters such as number of instructions, quantity of virtual and physical
memories, and processing speed to separate supercomputers from micro-
controllers. The functional use of the computer determines whether it is a
microcontroller, computer, or supercomputer. It is not too difficult to
conceive of a massively parallel computer that uses all of its computational
resources to maintain tracks of aircraft and direct the air traffic control
(ATC)in aspecific geographic area. There is alot of computation performed
in correlating radar returns, merging and splitting tracks, and predicting
trajectories of aircraft for collision avoidance and routing. However, the
computations are incidental to the primary function of the computer, which
is air traffic control. There is, however, a clear distinction on closer
inspection, when one studies the capabilities of an instruction set relative to
a particular problem. Continuing with this example, if there are included in
the instruction set single instruction operations for performing the discrete
Fourier transform (DFT) as well as matrix operations, the computations
necessary for target tracking can be performed more efficiently. If thereare
many I/O instructions that can interact directly with the contents of
memory, then the computer can be interfaced more easily with radar inputs
and control outputs. If there is a complex set of graphical primitive
operators, then the computer can more effectively display the information
to the human operators. When it comes to control, the application, more
than the descriptive title of the computer or integrated circuit, must be used
in selecting the correct hardware. However, microcontrollers will be
considered to have all of the elements of a computer on a single integrated
circuit (IC) and be able to operate with few or no external components.

Control and microcontrollers mean different things to different people.
The ATC system is an example of control, but so is the control of motors in
industrial settings, the control of microwave ovens, the control of videocas-
sette recorders (VCRs), the control of drug administration to hospital
patients, the replacement or bypassing of human nervous systems that
have been damaged, the control of bank (automatic) teller machines
(ATMs), the control of remotely piloted or autonomous vehicles for opera-
tions in hazardous environments and the control of automotive engines for
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pollution reduction and improved efficiency. It is not possible for one type of
controller to meet all of the diverse requirements of these various applica-
tions; this prompts the impartial study of the various architectures and
organizations of microcontrollers. No single computer or microcontroller is
the best for all applications, and only a thorough understanding of the
alternative implementations and their impact on design will allow one to
select the correct hardware and software configuration for a particular
application. This is the source of our egalitarian approach to computers,
which implies that there is no hierarchy among computers, only the correct
computer as determined by the particular application. Thereisno hierarchy
between software and hardware, only the right application of each capabil-
ity to solve the task at hand.

1.1 THE ESSENTIAL ELEMENTS OF A
COMPUTER

There are five essential elements of a computer: the arithmetic logic unit
(ALU), the input section, the output section, the control unit (CU), and the
memory. These are shown in the block diagram of Fig. 1.1. The input and
output sections are commonly referred to by their collective name of
input/output (1/0), and depending on the convenience of the situation, they
may be treated collectively or individually. All of these elements are
necessary to form a complete computer. If there is no input, the computer
cannot respond to its environment. If there is no output, the computer
cannot effect changes in its environment. If there isno ALU, the computer
cannot perform alterations of its input but only move it from one storage
location to another and/or pass it from inputs to outputs. If there is no
memory, the system is no more than a finite-state machine. And while most
microcontroller applications can be represented by and behave as finite-
state machines, computers’ memory allows them to realize any finite-state
machine as well as compute any computable number. For an expansion of

|Con1ro|| [Inpu‘r] IOutputl lA_A_Gﬂ"ﬂl '_A[LFU—J Essential
) \

Instruction/Data Bus

T
|
!
|
S i Yoo miion L PCRPI f
Watchdog! | Cache 1 | Timer 1 | DMA | Optional

———————l - - FESPEOAL i ——————

Figure1.1 Required and typical optional elements of a single-chip computer.



