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Introduction

Welcome to Upgrading and Repairing PCs, Tenth Anniversary Edition. This book is for
people who want to upgrade, repair, maintain, and troubleshoot computers. It covers the
full range of PC-compatible systems from the oldest 8-bit machines to the latest in high-
end 64-bit workstations.

In addition, this book covers state-of-the-art hardware and accessories that make the
most modern personal computers easier, faster, and more productive to use. Hardware
coverage includes all the Intel and Intel-compatible processors through the Pentium,
Pentium Pro, and Pentium Il CPU chips; new cache and main memory technology; PCI
local bus technology; CD-ROM drives; tape backups; sound boards; PC-Card and Cardbus
devices for laptops; IDE and SCSI-interface devices; larger and faster hard drives; and new
video adapter and display capabilities.

The comprehensive coverage of the PC-compatible personal computer in this book has
consistently won acclaim since debuting as the first book of its kind on the market in
1988. Now with the release of this Tenth Anniversary Edition, Upgrading and Repairing
PCs continues its place as not only the best-selling book of its type, but also the most
comprehensive and easily used reference on even the most modern system—those based
on cutting-edge hardware and software. The book examines PCs in depth, outlines the
differences among them, and presents options for configuring each system at the time
you purchase it.

Sections of this book provide detailed information about each internal component of a
personal computer system, from the processor to the keyboard and video display. This
book examines the options available in modern, high-performance PC configurations,
and how to use them to your advantage; it focuses on much of the hardware and soft-
ware available today and specifies the optimum configurations for achieving maximum
benefit for the time and money you spend. At a glance, here are the major system com-
ponents and peripherals covered in this edition of Upgrading and Repairing PCs:

m Pentium Il, Pentium Pro, Pentium, 486, and earlier central processing unit (CPU)
chips and “clone” processors from AMD, Cyrix, and other vendors.

m  The latest processor upgrade socket and slot specifications.
m  New motherboard designs, including the ATX and NLX form factors.

m  The latest chipsets for current processor families.
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m Special bus architectures and devices, including high-speed PCI (Peripheral Compo-
nent Interconnect), AGP (Accelerated Graphics Port), and the 100MHz processor
bus.

m  Bus resources that often conflict such as Interrupt ReQuest (IRQ) lines, Direct
Memory Access (DMA) channels, and Input Output (I/O) port addresses.

m Plug-and-Play architecture.

m Larger, faster hard drives and hard drive interfaces and technologies, including new
IDE specifications such as ATA-3 and ATA-4 and the latest on all the variations of
SCsl.

m Floppy drives and other removable storage devices such as Zip and LS-120 drives,
tape drives, and recordable CDs.

m Increasing system memory capacity with SIMM and DIMM modules and increasing
system reliability with ECC RAM.

m  New types of memory, including Synchronous Pipeline Burst cache, EDO RAM,
Burst EDO, Synchronous DRAM, and RAMBUS.

m Large-screen Super VGA monitors, high-speed graphics adapters, and 3D graphics
accelerators.

m Peripheral devices such as sound cards, modems, DVD drives, and network inter-
face cards.

m PC-Card and Cardbus devices for laptops.
m Laser and dot matrix printer features, maintenance, and repair.
m How all these components interact with today’s popular operating systems.

This book also shows you how to troubleshoot the kind of hardware problems that can
make PC upgrading and repairing difficult. Troubleshooting coverage includes IRQ, DMA
channel, and I/O port addressees, as well as memory address conflicts. This book tells
you how to avoid problems with these system resources, and how to make installing a
new adapter board in your computer a simple Plug-and-Play operation. This book also
focuses on software problems, starting with the basics of how DOS or Windows works
with your system hardware to start up your system. You also learn how to troubleshoot
and avoid problems involving system hardware, the operating system, and applications
software.

This book is the result of years of research and development in the production of my PC
hardware, operating system, and data recovery seminars. Since 1982, | have personally
taught (and still teach) thousands of people about PC troubleshooting, upgrading, main-
tenance, repair, and data recovery. This book represents the culmination of many years
of field experience and knowledge culled from the experiences of thousands of others.
What originally started out as a simple course workbook has over the years grown into a
complete reference on the subject. Now you can benefit from this experience and re-
search.
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What Are the Main Objectives of This
Book?

Upgrading and Repairing PCs focuses on several objectives. The primary objective is to help
you learn how to maintain, upgrade, and repair your PC system. To that end, Upgrading
and Repairing PCs helps you fully understand the family of computers that has grown
from the original IBM PC, including all PC-compatible systems. This book discusses all
areas of system improvement such as floppy disks, hard disks, central processing units,
and power-supply improvements. The book discusses proper system and component
care; it specifies the most failure-prone items in different PC systems, and tells you how
to locate and identify a failing component. You’ll learn about powerful diagnostics hard-
ware and software that enable a system to help you determine the cause of a problem
and how to repair it.

The PC-compatible microcomputer family is moving forward rapidly in power and capa-
bilities. Processor performance increases with every new chip design. Upgrading and Re-
pairing PCs helps you gain an understanding of each of the CPU chips used in
PC-compatible computer systems.

This book covers the important differences between major system architectures from the
original Industry Standard Architecture (ISA) to the latest in PCl and AGP systems. Up-
grading and Repairing PCs covers each of these system architectures and their adapter
boards to help you make decisions about which kind of system you may want to buy in
the future, and to help you upgrade and troubleshoot such systems.

The amount of storage space available to modern PCs is increasing geometrically. Upgrad-
ing and Repairing PCs covers storage options ranging from larger, faster hard drives to
state-of-the-art storage devices. In addition, this book provides detailed information on
upgrading and troubleshooting system RAM.

When you finish reading this book, you should have the knowledge to upgrade, trouble-
shoot, and repair almost all systems and components.

Who Should Use This Book?

Upgrading and Repairing PCs is designed for people who want a thorough understanding
of how their PC systems work. Each section fully explains common and not-so common
problems, what causes problems, and how to handle problems when they arise. You will
gain an understanding of disk configuration and interfacing, for example, that can im-
prove your diagnostics and troubleshooting skills. You’ll develop a feel for what goes on
in a system so that you can rely on your own judgment and observations and not some
table of canned troubleshooting steps. This book is for people who are truly interested in
their systems and how they operate.

Upgrading and Repairing PCs is written for people who will select, install, configure, main-
tain, and repair systems they or their companies use. To accomplish these tasks, you
need a level of knowledge much higher than that of an average system user. You must
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know exactly which tool to use for a task and how to use the tool correctly. This book
can help you achieve this level of knowledge.

What Is in This Book?

Chapters 1 and 2 of this book serve primarily as an introduction. Chapter 1, “Personal
Computer Background,” begins with an introduction to the development of the original
IBM PC and PC-compatibles. Chapter 2, “PC Components, Features, and System Design,”
provides information about the different types of systems you encounter and what sepa-
rates one type of system from another, including the types of system bus that differenti-
ate systems. Chapter 2 also provides an overview of the types of PC systems that help
build a foundation of knowledge essential for the remainder of the book.

Chapters 3-6 cover the primary system components of a PC. Chapter 3, “Microprocessor
Types and Specifications,” goes into detail about the central processing unit (CPU), or
main processor, including those from Intel and other companies. Chapter 4,
“Motherboards and Buses,” covers the motherboard, chipsets, motherboard components,
and buses in detail. Chapter 5, “Memory,” gives a detailed discussion of PC memory.
Chapter 6, “Power Supply and Case,” is a detailed investigation of the power supply,
which remains the primary cause for PC system problems and failures.

Chapters 7-11 are about input/output hardware beginning with Chapter 7, “Input De-
vices.” This chapter includes coverage of keyboards, pointing devices, and the game port.
Chapter 8, “Video Hardware,” discusses video display hardware, including video adapters
and monitors. Chapter 9, “Audio Hardware,” focuses on audio hardware including sound
boards and speaker systems. Chapter 10, “I/O Interfaces,” discusses input and output at
the system hardware level including serial and parallel ports, USB, FireWire, and all the
major drive interfaces such as IDE and SCSI. Chapter 11, “Communications and Net-
working,” is a detailed discussion of communications and networking hardware, while
Chapters 12 and 13 are about mass storage systems. Chapter 12, “Magnetic Storage,”
covers all the types of magnetic storage and covers floppy drives, hard drives, tape drives,
and all varieties of drive controllers. Special coverage is given to popular new magnetic
storage types such as Zip and LS-120 drives. Chapter 12 also details the installation re-
quirements and procedures for drives. This information is invaluable when you install
drives as either replacements or upgrades in a system, and if you troubleshoot and repair
malfunctioning drives. Chapter 13, “Optical Storage,” is about optical drives that you
probably see most often as CD-ROM drives, but it also covers CD recorders, rewritable
CDs, and other optical technologies. Chapter 14, “Printers,” is new to this edition. It
covers various printer types and languages, printer upgrades, preventive maintenance,
repair, and the ever troublesome issue of printer drivers.

Chapter 15, “Portable PCs,” covers portable systems including laptop and notebook sys-
tems. It also focuses on all the technology unique and peculiar to portable systems such
as mobile processors, display, battery, and other technologies.

Chapter 16, “Building or Upgrading Systems,” focuses on buying or building a PC-
compatible system as well as system upgrades and improvements. This information is
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useful especially if you make purchasing decisions, and also serves as a general guideline
for features that make a certain compatible computer a good or bad choice. The more
adventurous can use this information to assemble their own custom system from scratch.
Physical disassembly and assembly procedures are also discussed in this chapter.

Chapter 17, “Diagnostics, Testing, and Maintenance,” covers diagnostic and testing tools
and procedures. Chapter 18, “Operating Systems Software and Troubleshooting,” covers
operating system software and troubleshooting. Chapter 19, “File Systems and Data Re-
covery,” is a substantially new chapter covering file systems and data recovery. Chapter
20, “IBM Personal Computer Family Hardware,” covers in considerable depth the origi-
nal classic IBM PC, XT, and AT computers. All modern compatibles are based on these
systems, so this information can serve as a useful reference. This information is useful
not only for supporting actual IBM equipment, but also for PC-compatible systems not
supplied with extensive documentation. You learn how to compare systems with the
original IBM standard, and see how far we have come since these original cornerstone
systems were introduced.

Chapter 21, “A Final Word,” offers closure by tying all the technologies together, and
providing suggestions on additional places to find information.

Appendix A, “Vendor List,” provides an extremely well-detailed vendor list useful for
finding suppliers and vendors of necessary hardware and software. Appendix B, “Useful
Hardware Web Sites,” lists some useful Web sites that are not affiliated with a specific
vendor in the vendor list. Appendix C, “Glossary,” is an informative glossary. Appendix
D, “Technical Reference,” provides a PC technical reference section, including a variety
of technical information tables.

Upgrading and Repairing PCs offers coverage of not only the full breadth of PC-compatible
hardware, but also features a great deal of in-depth coverage of each specific topic. This
book is valuable as a reference tool for understanding how various components in a
system interact and operate, and as a guide to repairing and servicing problems you en-
counter. | think you will find Upgrading and Repairing PCs to be far more than just a re-
pair manual.

What’s New and Special About the Tenth
Anniversary Edition

This edition of the book is much more than just a celebration of my ten years of work
writing this book for Que. Many of you who are reading this have purchased one or
more of the previous editions. And based on your letters, e-mails, and other correspon-
dence, | know that as much as you value each new edition, you want to know what new
information I’m bringing you. So, here is a short list of the major improvements to this
edition:

m  As the PC industry has moved further away from “IBM compatible” thinking and
nomenclature, this edition is doing the same. This change shows up most visibly in
Chapter 2 where | discuss who controls PC hardware now but is also reflected

5
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subtlety throughout the rest of the book as any remaining references to specific
IBM models and compatibility have been updated to refer to system types and
families that are common to all PC vendors.

The updating of Chapter 3, “Microprocessor Types and Specifications,” involved a
major reorganization of the chapter and adding some 50 pages of new coverage.
The new organization looks at all the relevant processors (and coprocessors and
processor upgrades) in terms of the family of processor they belong to. The cover-
age of Intel Pentium, Pentium Pro, and Pentium Il processors has been strength-
ened with up-to-date listings of steppings, processors from AMD, Cyrix, and other
vendors have been given more coverage, and cutting-edge features such as Dual
Independent Bus (DIB) Architecture are explained in more detail. | hope that you
will like the substantial additions of illustrations and photographs to better show
items such as socket types, processor features, and markings.

Chapter 4, “Motherboards and Buses,” takes the new approach of covering the
motherboards and the buses found on the motherboards together as one topic. In
addition, you will find extensive new coverage of Pentium, Pentium Pro, and
Pentium Il chipsets, which form the basis of all modern motherboards. This chap-
ter includes coverage of the features, capabilities, and limitations of the chipsets in
common use today.

Chapter 5, “Memory,” has been reorganized to begin by looking at types of
memory and how they are installed first. All of the more recent types of memory
including EDO RAM and SDRAM are explained in more detail in this edition.
You’ll also find answers to often asked questions relating memory speed to proces-
sor speed and a more thorough explanation of why error checking is still an impor-
tant memory feature. This chapter also features many new illustrations to make it
easier to identify SIMM and SIMM types and how to insert them.

Chapter 10, “1/0 Interfaces,” represents a major reorganization for the book. In this
chapter, you will now find information about any standard input and output inter-
face on the PC. This includes everything from standard serial and parallel ports to
ATA (IDE), SCSI, USB, and FireWire.

Chapter 12, “Magnetic Storage,” takes what used to be three separate chapters
about floppy drives, hard disk drives, and drive installation and treats this as part
of the larger topic of magnetic storage. Everything about magnetic storage is cov-
ered here.

Chapter 14, “Printers,” is new to this edition. | thank the many readers who have
suggested this recently (as well as their many other suggestions) helping to make
this a reality.

Chapters 17, “Diagnostics, Testing, and Maintenance,” and 18, “Operating Systems
Software and Troubleshooting,” both have much new and different coverage.
Much of this is a reflection of newer operating systems such as Windows 98. The
fact that troubleshooting and configuration tools are less dependent on hardware
system vendors (such as IBM or Compaq) and more generally are third-party soft-
ware tools necessitates a new way to look at setup and testing.
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m Chapter 19, “File Systems and Data Recovery,” is substantially new for this edition.
m Chapter 21, “A Final Word,” looks at the new A+ certification exam.

Although those are the major changes to the core of the book, every chapter has seen
substantial updates. | can say without hesitation that this edition represents the most
major overhaul of this book since the original edition. In addition to those updates to
the core chapters, you may also be interested in these major changes to the appendixes:

m  Although there will always be some vendor with a new phone number or address,
we have checked every vendor’s contact information for Appendix A, “Vendor
List.” As always, if you notice any of these that have changed, contact me at the e-
mail address listed in my biography and let me know the change.

m  Appendix B, “Useful Hardware Web Sites,” is new to this addition, listing Web sites
that are of interest that aren’t related to any of the specific vendors listed in Appen-
dix A.

m  Appendix C, “Glossary,” has been greatly expanded. Over 100 new terms are listed
in this edition to make it easier to look up and understand the ever-growing tech-
nical language of the PC field.

m By popular demand, the technical reference that was cut from the previous edition
has been added back. You’ll find all new tables of modern hard drive parameters,
updated BIOS error codes, and much more to make this a valuable reference.

m If you have trouble keeping track of the meanings of abbreviations and acronymes, |
hope you’ll make extensive use of the new listing of these along with their ex-
panded meaning.

m \We’'ve added a new index of vendors to make it easy to find references to products
and technologies by vendor.

m The main index of the book is substantially improved. Although I’m sure most of
you don’t “read” the index, you can tell a good one from a bad one based on
whether you can find what you are looking for in the book from the index. Thanks
to a new indexing process at Que, this index is more detailed and comprehensive
than any of the editions that preceded it.

The Tenth Anniversary Edition CD-ROMs

As if everything included in the printed book isn’t enough, this edition contains two all-
new CD-ROMs. Whether or not you have ever purchased a previous edition of this book
with a CD-ROM, you’ll find the new content on these CDs to be a valuable treat to
supplement the book. Here is an overview of the content of the CDs:

m  One of the hardest things to do in supporting hardware is finding documentation
for legacy systems. Thanks to Micro House, that doesn’t have to stop you any
more. The CDs with this book contain a portion of Micro House’s Support Source
Hardware module. This fully searchable electronic database includes technical
documentation showing configuration, and diagrams for today’s most popular PC
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products. The portion included with this book includes drive parameters for over
3,600 hard drives and configuration and setup information for over 100 models
each of modems, NICs, hard drive, drive controllers, and motherboards. The Sup-
port Source engine also links you to their Tech Crawler, which is a Web-based
search engine tuned to index and search 1,200 hardware-related Web sites and
their FCC ID locator, which helps you locate the company who manufactured any
PC product by entering the FCC ID number found on the product.

m  Are you thinking about taking A+ certification classes or testing to improve your
professional standing? The CD contains a tutorial preparing you for the new A+
core exam module. As A+ certification is rapidly becoming a criterion for employ-
ment in this industry, those of you looking at a career working with PCs will find
this essential. Note that Upgrading and Repairing PCs has always been the most
widely used and recommended reference in preparing for the A+ certification tests,
and now it will be even more useful!

m A new collection of digital videos showing key excerpts from my seminars and
demonstrations of hardware procedures that just can’t be shown in the printed
book.

m A collection of utilities from Micro House highlighted by their Image Cast LE. This
program makes it a snap to duplicate entire hard drives (making up to three simul-
taneous copies) and is a must-have for anyone configuring PCs for end-user use.

A Personal Note

I am so excited about all the new changes in this edition, | can hardly wait for everybody
to see it. | and everybody else at Que have worked hard to make this the best edition
ever. | am so grateful to everybody who has helped me with this book over the last 10
years as well as all of the loyal readers who have been reading this book, many of you
since the first edition came out. | have had personal contact with many thousands of
you in the seminars | have been teaching since 1982, and all | can say is | enjoy your
comments and even criticisms tremendously. Using this book in a teaching environment
has been a major factor in its development. Some of you may be interested to know that
| originally began writing this book all the way back in 1985; back then it was used ex-
clusively in my PC hardware seminars before being published by Que in 1988. | just
realized that | have been writing and rewriting this book almost continuously for more
than 13 years! In the more than 10 years since it was first published, Upgrading and Re-
pairing PCs has proven to be not only the first but absolutely the best book of its kind on
the market, and now with the new Tenth Anniversary Edition, it is even better than ever.
Your comments, suggestions, and support have helped this book to become the best PC
hardware book on the market. | look forward to hearing your comments after you see
this exciting new edition.

Scott



Chapter 1

Personal Computer
Background

Many discoveries and inventions have directly and indirectly contributed to
the development of the personal computer. Examining a few important de-
velopmental landmarks can help bring the entire picture into focus.

Personal Computing History

A modern digital computer is largely a collection of electronic switches. These
switches are used to represent and control the routing of data elements called
binary digits (or bits). Because of the on or off nature of the binary informa-
tion and signal routing used by the computer, an efficient electronic switch
was required. The first electronic computers used vacuum tubes as switches,
and although the tubes worked, they had many problems.

The tube was inefficient as a switch. It consumed a great deal of electrical
power and gave off enormous heat—a significant problem in the earlier sys-
tems. Primarily because of the heat they generated, tubes were notoriously
unreliable—one failed every couple of hours or so in the larger systems.

The invention of the transistor, or semiconductor, was one of the most im-
portant developments leading to the personal computer revolution. The tran-
sistor was invented in 1948 by Bell Laboratories engineers John Bardeen,
Walter Brattain, and William Shockley. The transistor, which essentially func-
tions as a solid-state electronic switch, replaced the much less suitable
vacuum tube. Because the transistor was so much smaller and consumed
significantly less power, a computer system built with transistors was much
smaller, faster, and more efficient than a computer system built with vacuum
tubes.

The conversion to transistors began the trend toward miniaturization that
continues to this day. Today’s small laptop (or palmtop) PC systems, which
run on batteries, have more computing power than many earlier systems that
filled rooms and consumed huge amounts of electrical power.
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In 1959, engineers at Texas Instruments invented the integrated circuit (IC), a semiconduc-
tor circuit that contains more than one transistor on the same base (or substrate mate-
rial) and connects the transistors without wires. The first IC contained only six
transistors. By comparison, the Intel Pentium Pro microprocessor used in many of
today’s high-end systems has more than 5.5 million transistors, and the integral cache
built into some of these chips contains as many as an additional 32 million transistors!
Today, many ICs have transistor counts in the multimillion range.

In 1969, Intel introduced a 1Kbit memory chip, which was much larger than anything else
available at the time. (1Kbit equals 1,024 bits, and a byte equals 8 bits. This chip, therefore,
stored only 128 bytes—not much by today’s standards.) Because of Intel’s success in chip
manufacturing and design, Busicomp, a Japanese calculator manufacturing company,
asked Intel to produce 12 different logic chips for one of its calculator designs. Rather than
produce 12 separate chips, Intel engineers included all the functions in a single chip.

In addition to incorporating all the functions and capabilities of the 12-chip design into
one multipurpose chip, the engineers designed the chip to be controlled by a program
that could alter the function of the chip. The chip was generic in nature, meaning it
could function in designs other than calculators. Previous designs were hard-wired for
one purpose, with built-in instructions; this chip would read from memory a variable set
of instructions that would control the function of the chip. The idea was to design al-
most an entire computing device on a single chip that could perform different functions,
depending on what instructions it was given.

The first microprocessor—the Intel 4004, a 4-bit processor—was introduced in 1971. The
chip operated on 4 bits of data at a time. The successor to the 4004 chip was the 8008
8-bit microprocessor, introduced in 1972.

In 1973, some of the first microcomputer kits based on the 8008 chip were developed.
These kits were little more than demonstration tools and did little except blink lights. In
late 1973, Intel introduced the 8080 microprocessor, which was 10 times faster than the
earlier 8008 chip and addressed 64K of memory. This was the breakthrough the personal
computer industry had been seeking.

MITS introduced the Altair kit in a cover story in the January 1975 issue of Popular Elec-
tronics magazine. The Altair kit, considered to be the first personal computer, included an
8080 processor, a power supply, a front panel with a large number of lights, and 256
bytes (not kilobytes) of memory. The kit sold for $395 and had to be assembled. The
computer included an open architecture bus (slots) that prompted various add-ons and
peripherals from aftermarket companies. The new processor inspired other companies to
write programs, including the CP/M (Control Program for Microprocessors) operating
system and the first version of the Microsoft BASIC (Beginners All-purpose Symbolic
Instruction Code) programming language.

IBM introduced what can be called its first personal computer in 1975. The Model 5100
had 16K of memory, a built-in 16-line by 64-character display, a built-in BASIC language
interpreter, and a built-in DC-300 cartridge tape drive for storage. The system’s $9,000
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price placed it out of the mainstream personal computer marketplace, which was domi-
nated by experimenters (affectionately referred to as hackers) who built low-cost Kits
($500 or so) as a hobby. Obviously, the IBM system was not in competition for this low-
cost market and did not sell well.

The Model 5100 was succeeded by the 5110 and 5120 before IBM introduced what we
know as the IBM Personal Computer (Model 5150). Although the 5100 series preceded
the IBM PC, the older systems and the 5150 IBM PC had nothing in common. The PC
IBM turned out was more closely related to the IBM System/23 DataMaster, an office
computer system introduced in 1980. In fact, many of the engineers who developed the
PC at IBM had originally worked on the DataMaster.

In 1976, a new company called Apple Computer introduced the Apple I, which sold for
$695. This system consisted of a main circuit board screwed to a piece of plywood. A case
and power supply were not included. Only a few of these computers were made, and
they reportedly have sold to collectors for more than $20,000. The Apple I, introduced
in 1977, helped set the standard for nearly all the important microcomputers to follow,
including the IBM PC.

The microcomputer world was dominated in 1980 by two types of computer systems. One
type, the Apple I1, claimed a large following of loyal users and a gigantic software base that
was growing at a fantastic rate. The other type, CP/M systems, consisted not of a single
system but of all the many systems that evolved from the original MITS Altair. These sys-
tems were compatible with one another and were distinguished by their use of the CP/M
operating system and expansion slots, which followed the S-100 (for slots with 100 pins)
standard. All these systems were built by a variety of companies and sold under various
names. For the most part, however, these companies used the same software and plug-in
hardware. It is interesting to note that none of these systems were PC-compatible, or Mac-
compatible, the two primary standards in place today.

The IBM Personal Computer

At the end of 1980, IBM decided to truly compete in the rapidly growing low-cost per-
sonal computer market. The company established what was called the Entry Systems
Division, located in Boca Raton, Florida, to develop the new system. This small group
consisted of 12 engineers and designers under the direction of Don Estridge. The team’s
chief designer was Lewis Eggebrecht. The division developed IBM’s first real PC (IBM
considered the 5100 system, developed in 1975, to be an intelligent programmable ter-
minal rather than a genuine computer, even though it truly was a computer). Nearly all
these engineers had been moved to the new division from the System/23 DataMaster
project, which in 1980 introduced a small office computer system that was the closest
predecessor to the IBM PC.

Much of the PC’s design was influenced by the DataMaster’s design. In the DataMaster’s
single-piece design, the display and keyboard were integrated into the unit. Because
these features were limiting, they became external units on the PC, although the PC
keyboard layout and electrical designs were copied from the DataMaster.

11
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Several other parts of the IBM PC system also were copied from the DataMaster, includ-
ing the expansion bus (or input/output slots), which included not only the same physi-
cal 62-pin connector, but also almost identical pin specifications. This copying was
possible because the PC used the same interrupt controller as the DataMaster and a simi-
lar direct memory access (DMA) controller. Also, expansion cards already designed for
the DataMaster could easily be redesigned to function in the PC.

The DataMaster used an Intel 8085 CPU, which had a 64K address limit, and an 8-bit
internal and external data bus. This arrangement prompted the PC design team to use
the Intel 8088 CPU, which offered a much larger (1M) memory address limit, and an
internal 16-bit data bus, but only an 8-bit external data bus. The 8-bit external data bus
and similar instruction set allowed the 8088 to be easily interfaced into the earlier
DataMaster designs.

Estridge and the design team rapidly developed the design and specifications for the new
system. In addition to borrowing from the System/23 DataMaster, the team studied the
marketplace, which also had enormous influence on the IBM PC’s design. The designers
looked at the prevailing standards, learned from the success of those systems, and incor-
porated into the new PC all the features of the popular systems—and more. With the
parameters for design made obvious by the market, IBM produced a system that filled its
niche in the market.

IBM brought its system from idea to delivery in one year by using existing designs and
purchasing as many components as possible from outside vendors. The Entry Systems
Division was granted autonomy from IBM’s other divisions and could tap resources out-
side the company, rather than go through the bureaucratic procedures that required
exclusive use of IBM resources. IBM contracted out the PC’s languages and operating
system to a small company named Microsoft. That decision was the major factor in
establishing Microsoft as the dominant force in PC software today.

Note

It is interesting to note that IBM had originally contacted Digital Research (the company that
created CP/M, then the most popular personal computer operating system) to have them develop
an operating system for the new IBM PC, but they were leery of working with IBM, and especially
balked at the nondisclosure agreement IBM wanted them to sign. Microsoft jumped on the oppor-
tunity left open by Digital Research, and as a result has become one of the largest software compa-
nies in the world. IBM’s use of outside vendors in developing the PC was an open invitation for the
aftermarket to jump in and support the system—and it did.

On Wednesday, August 12, 1981, a new standard was established in the microcomputer
industry with the debut of the IBM PC. Since then, hundreds of millions of PC-compatible
systems have been sold, as the original PC has grown into an enormous family of comput-
ers and peripherals. More software has been written for this computer family than for any
other system on the market.
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The IBM-Compatible Marketplace 17 Years
Later

In the more than 17 years since the original IBM PC was introduced, many changes have
occurred. The IBM-compatible computer, for example, advanced from a 4.77MHz 8088-
based system to 300MHz or faster Pentium ll-based systems—nearly 2,000 times faster
than the original IBM PC (in actual processing speed, not just clock speed). The original
PC had only one or two single-sided floppy drives that stored 160K each using DOS 1.0,
whereas modern systems easily can have 10G (10 billion bytes) or more of hard disk
storage. A rule of thumb in the computer industry is that available processor perfor-
mance and disk-storage capacity at least double every two to three years. Since the begin-
ning of the PC industry, this pattern has shown no sign of changing.

In addition to performance and storage capacity, another major change since the origi-
nal IBM PC was introduced is that IBM is not the only manufacturer of “PC-compatible”
systems. IBM originated the PC-compatible standard, of course, and it continues to set
standards that compatible systems follow, but the company does not dominate the PC
market as it once did. More often than not, new standards in the PC industry are devel-
oped by companies and organizations other than IBM. Today, it is Intel and Microsoft
who are primarily responsible for developing and extending the PC hardware and soft-
ware standards, respectively. Some have even taken to calling PCs “Wintel” systems,
owing to the dominance of those two companies.

»» See “Who Controls PC Software,” p. 16

»» See “Who Controls PC Hardware,” p. 18

Even so, there are literally hundreds of system manufacturers producing computers that
are fully PC-compatible, not to mention the thousands of peripheral manufacturers
whose components expand and enhance PC-compatible systems.

PC-compatible systems have thrived, not only because compatible hardware can be as-
sembled easily, but also because the primary operating system was available not from
IBM but from a third party (Microsoft). The core of the system software is the BIOS (Basic
Input/Output System), and this was also available from third-party companies such as
AMI, Award, Phoenix, and others. This situation allowed other manufacturers to license
the operating system and BIOS software and to sell their own compatible systems. The
fact that DOS borrowed the functionality and user interface from both CP/M and UNIX
probably had a lot to do with the amount of software that became available. Later, with
the success of Windows, there would be even more reasons for software developers to
write programs for PC-compatible systems.

One of the reasons why Apple Macintosh systems will likely never enjoy the success of
PC-compatibles is that Apple controls all the software (BIOS and OS), and until recently
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had not licensed any of it to other companies for use in compatible systems. Apple now
seems to recognize this flawed stance because they have begun to license this software.
However, it seems too late for them to effectively compete with the PC-compatible jug-
gernaut. It is fortunate for the computing public as a whole that IBM created a more
open and extendible standard. The competition among manufacturers and vendors of
PC-compatible systems is the reason why such systems offer so much performance and
so many capabilities for the money.

The IBM-compatible market continues to thrive and prosper. New technology continues
to be integrated into these systems, enabling them to grow with the times. These systems
offer a high value for the money and have plenty of software available to run on them.
It’s a safe bet that PC-compatible systems will dominate the personal computer market-
place for the next 15 to 20 years.



Chapter 2

PC Components,
~eatures, and System
Design

This chapter defines what a “PC” really is and then continues by defining the
types of PCs on the market. In addition, the chapter gives an overview of the
components found in a modern PC.

What Is a PC?

I normally ask the question, “What is a PC?” when | begin one of my PC
hardware seminars. Of course, most people immediately answer that PC
stands for personal computer, which in fact it does. Most would define a per-
sonal computer as any small computer system purchased and used by an
individual. Unfortunately, that definition is not nearly precise or accurate
enough for our purposes. | would agree that a PC is a personal computer, but
certainly not all personal computers are PCs. For example, an Apple
Macintosh system is clearly a personal computer, but nobody | know would
call a Mac a PC, least of all Mac users! For the true definition of what a PC is,
you must look deeper.

Calling something a PC implies that it is something much more specific than
just any personal computer. One thing it implies is an origin in the first IBM
PC from 1981. In fact, I’'ll go so far as to say IBM literally invented the PC; that
is, they designed and created the first one. However, it is also clear that IBM
did not invent the personal computer. (The historical origins of the personal
computer are in the MITS Altair introduced in 1975.) Some people would take
this further and define a PC as any personal computer that is “IBM compat-
ible.” In fact, many years back we used to call PCs either IBM compatibles or
IBM clones, in essence paying homage to the origins of the PC at IBM.

The reality is that although IBM clearly designed and created the first PC in
1981, and controlled the development and evolution of the PC standard for
several years thereafter, IBM is no longer in control of the PC standard. IBM
lost control of the PC standard in 1987 when they introduced their PS/2 line
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of systems. Up until then, other companies producing PCs literally copied IBM’s systems
right down to the chips, connectors, and shapes (form factors) of the boards, while after
1987 IBM abandoned many of the standards they created in the first place. That’s why |
have refrained from using the designation “IBM compatible” when referring to PCs.

If a PC is no longer an IBM compatible, then what is it? The real question seems to be—
Who is in control of the PC standard today? That question is best broken down into two
parts. First, who is in control of PC software and second, who is in control of PC hard-
ware?

Who Controls PC Software?

Most people don’t even hesitate for a split second when | ask that question in my semi-
nars; they immediately respond “Microsoft!” | don’t think there is any argument with
that answer. Today Microsoft clearly controls the operating systems used on PCs, which
has migrated from the original MS-DOS to Windows 95/98 and Windows NT. Microsoft
has used their control of the PC operating system as leverage to also control other types
of PC software, such as utilities and applications. For example, many utility programs
that were originally offered by independent companies such as disk cacheing, disk com-
pression, defragmentation, and even calculators and notepads are now bundled (in-
cluded with) in Windows. They have even bundled applications like Web browsers,
insuring an automatic installed base for these applications, much to the dismay of
companies producing competing versions. Microsoft has also leveraged their control

of the operating system to integrate networking software and applications suites more
seamlessly into the operating system than others. That’s why they now dominate most
of the PC world, from word processors to spreadsheets to database programs.

In the early days of the PC when IBM was in control of the PC hardware standard, they
hired Microsoft to provide most of the software for the PC. IBM developed the hardware,
wrote the BIOS (Basic Input Output System), and hired Microsoft to develop the Disk
Operating System (DOS) and several other programs and utilities for IBM. In what would
later be viewed as the most costly business mistake in history, IBM failed to secure exclu-
sive rights to DOS, either by purchasing it outright or by an exclusive license agreement.
Instead, IBM licensed it non-exclusively from Microsoft, which subsequently allowed
Microsoft to sell the same MS-DOS code developed for IBM to any other company who
was interested. In retrospect, that single contractual error made Microsoft into the domi-
nant software company it is today, and subsequently caused IBM to lose control of the
very PC standard they had created.

»p» See “BIOS,” p. 208

The reason IBM lost control of this standard is that software enjoys copyright protection,
while hardware can only be protected by patents, which are difficult and time consum-
ing to get and which also expire after 17 years. To patent something requires that it be a
unique and substantially new design, while the IBM PC was designed using previously
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existing parts that anybody could purchase! In fact most of the important parts for the
original PC came from Intel, such as the 8088 Processor, 8284 clock generator, 8253/54
timer, 8259 interrupt controller, 8237 DMA (Direct Memory Access) controller, 8255
peripheral interface, and the 8288 bus controller. These are the chips that made up the
heart of the original PC.

Because the design of the original PC was not patentable, anybody could duplicate the
hardware of the IBM PC. All they had to do was purchase the same chips from the same
manufacturers and suppliers as IBM did, and design a new motherboard with a similar
circuit. To aid in this, IBM even published complete schematic diagrams of their
motherboards and all their adapter cards in very detailed and easily available Technical
Reference manuals. | have several of these early IBM manuals and still refer to them from
time to time for specific component-level PC design information.

The difficult part in copying the IBM PC was the software, which is protected by copy-
right law. Phoenix Software was among the first to develop a legal method around this
problem, thus enabling them to functionally duplicate (but not copy) software such as
the BIOS. They hired two teams of software engineers, the second of which had to be
specially screened to consist only of people who had never seen or studied the IBM BIOS
code. The first team did study the IBM BIOS, and wrote as complete a description of what
it did as possible. The second team read the description written by the first team, and set
out to write from scratch a new BIOS that did everything the first team described. The
end result was a new BIOS written from scratch with code that, although not identical to
IBM’s, would have exactly the same functionality.

Phoenix called this a “clean room” approach to reverse engineering software, and it can
escape any legal attack. Because IBM’s original PC BIOS consisted of only 8K worth of
code and had limited functionality, duplicating it through the clean room approach was
not very difficult. As the IBM BIOS evolved, other BIOS companies found it relatively
easy to keep in step with any changes IBM would make. Discounting the POST (Power-
On Self Test) portion of the BIOS, most BIOSes even today have only about 32K of active
code. Today not only Phoenix, but others such as Award, AMI, and Microid Research are
producing BIOS software for PC system manufacturers.

After the hardware and the BIOS of the IBM PC were duplicated, all that was needed to
produce a fully IBM-compatible system was DOS. Reverse engineering DOS even with the
clean room approach would have been a daunting task, because DOS is much larger than
the BIOS, and consists of many more programs and functions. Also, the operating system
has evolved and changed more often than the BIOS, which by comparison has remained
relatively constant. This means that the only way to get DOS on an IBM compatible
would be to license it. This is where Microsoft comes in. Because IBM (who hired
Microsoft to write DOS in the first place) did not force Microsoft to sign an exclusive
license agreement, Microsoft was free to sell the same DOS to anybody. With a licensed
copy of MS-DOS, the last piece was in place and the floodgates were open for IBM-
compatible systems to be produced whether IBM liked it or not.
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In retrospect, this is exactly why there are no clones or compatibles of the Apple
Macintosh system. It is not that Mac systems cannot be duplicated; in fact, the Mac
hardware is fairly simple and easy to produce using off-the-shelf parts. The real problem
is that Apple owns the MAC OS, and because they have seen fit not to license it, no other
company can sell an Apple-compatible system. Also, the Mac BIOS and OS are very
tightly integrated; their BIOS is very large, complex, and is essentially a part of the OS.
This has allowed both their BIOS and OS to escape any clean room duplication efforts, so
without their blessing (licensing), no Mac clones are likely to ever exist.

Because IBM did not own DOS (or Windows) but licensed it non-exclusively from
Microsoft, anybody else who wanted to put MS-DOS or Windows on their system could
license the code from Microsoft. This allowed any company who wanted to develop an
IBM-compatible system to circumvent IBM completely, and produce a functionally iden-
tical machine whether IBM liked it or not. Because people desire backward compatibility,
when one company controls the operating system, they naturally control all the software
that goes around it, including everything from drivers to application programs. As long
as we use PCs with Microsoft operating systems, they will have the upper hand in con-
trolling PC software.

Who Controls PC Hardware?

Although it is clear that Microsoft has always controlled PC software by virtue of their
control over the PC operating system, what about hardware? It is easy to see that IBM
controlled the PC hardware standard up through 1987. After all, IBM invented the core
PC motherboard design, expansion bus slot architecture (8/16-bit ISA bus), serial and
parallel port design, video card design through VGA and XGA standards, floppy and hard
disk interface and controller designs, power supply design, keyboard interface and de-
sign, mouse interface, and even the physical shapes (form factors) of everything from the
motherboard to the expansion cards, power supplies, and system chassis. All these pre-
1987 IBM design features are still influencing modern systems today.

But the real question is what company has been responsible for creating and inventing
new PC hardware designs, interfaces, and standards? When | ask that question, | nor-
mally see some hesitation in the response—some people say Microsoft (but they control
the software not the hardware), some say Compaq or name a few other big name system
manufacturers, and a few surmise the correct answer—Intel.

I can see why many people don’t immediately realize this, | mean how many people
actually own an Intel PC? No, not just one that says “intel inside” on it (which refers
only to the system having an Intel processor), but | mean a system that was designed and
built by Intel or even purchased through them. Believe it or not, | would say that most
people today do have Intel PCs!

Certainly that does not mean that they purchased their systems from Intel, because it is
well known that Intel does not sell complete PCs. You cannot currently order a system
from Intel, nor purchase an Intel brand system from somebody else. What | am talking
about is the motherboard. In my opinion, the single most important part in a system is
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the motherboard, and I’d say that whoever made your motherboard should be consid-
ered the legitimate manufacturer of your system.

»» See “Motherboards” p. 167

The top tier system manufacturers do make their own motherboards. According to Com-
puter Reseller News magazine, the top three desktop systems manufacturers for the last
several years have consistently been Compaq, Packard Bell, and IBM. These companies
do design and manufacture their own motherboards, and many other system compo-
nents. In some cases they even design their own chips and chipset components for their
own boards. Although sales are high for these individual companies, there is a larger
overall segment of the market that can be called the second tier.

In the second tier we find companies who do not really manufacture systems but as-
semble them. That is, they purchase motherboards, cases, power supplies, disk drives,
peripherals, and so on, and assemble and market the components together as complete
systems. Dell, Gateway, and Micron are some of the larger system assemblers today, but
there are hundreds more who can be listed. In overall total volume, this ends up being
the largest segment of the PC marketplace today. What is interesting about the second
tier systems is that with very few exceptions, you and | can purchase the same
motherboards and other components any of the second tier manufacturers can (al-
though we will pay more than they do). We can also assemble a virtually identical sys-
tem from scratch ourselves, but that is a story for another chapter, and is covered in
Chapter 16, “Building or Upgrading Systems.”

If Gateway, Dell, Micron, and others do not manufacture their own motherboards, then
who does? You guessed it—Intel. Not only do those specific companies use pretty much
exclusively Intel motherboards, if you check around you’ll find today that most of the
systems on the market in the second tier come with Intel motherboards. | just checked a
review of 10 Pentium Il systems in the current Computer Shopper magazine, and I’m not
kidding, eight out of the 10 systems they evaluated had Intel motherboards. In fact,
those eight used the exact same Intel motherboard. That means that these systems differ
only in the cosmetics of the exterior case assembly and by what video card, disk drives,
keyboards, and so on the assembler used that week.

The other two systems in the review had boards from manufacturers other than Intel,
but even those boards used Intel Pentium Il processors and Intel motherboard chipsets,
which together comprise more than 90% of the motherboard cost.

»p» See “Pentium II,” p. 140
»» See “Chipsets,” p. 183

How and when did this happen? Of course, Intel has always been the dominant PC pro-
cessor supplier since IBM chose the Intel 8088 CPU in the original IBM PC in 1981. By
controlling the processor they naturally had control of the chips needed to integrate
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their processors into system designs. This naturally led Intel into the chipset business.
They started their chipset business in 1989 with the 82350 EISA (Extended Industry
Standard Architecture) chipset, and by 1993 had become the largest volume major
motherboard chipset supplier. Now | imagine them sitting there thinking that they make
the processor, and now all the other chips needed to produce a motherboard, so why
not just eliminate the middle man and make the entire motherboard too? The answer to
this, and a real turning point in the industry, came about in 1994 when Intel became the
largest-volume motherboard manufacturer in the world. And they have remained solidly
on top ever since. They don’t just lead in this category by any small margin; in fact,
during 1996 Intel made more motherboards than the next five largest motherboard
manufacturers combined, with sales of more than 20 million boards worth more than

$2 billion! These boards end up in the various system assembler brand PCs you and |
buy, meaning that most of us are now essentially purchasing Intel-manufactured sys-
tems, no matter who actually wielded the screwdriver.

Without a doubt, Intel controls the PC hardware standard because they control the PC
motherboard. They make not only the vast majority of motherboards being used in sys-
tems today, but they also supply the vast majority of processors and motherboard
chipsets to other motherboard manufacturers. This means that even if you don’t have an
actual Intel motherboard, the motherboard you do have probably has an Intel processor
and/or chipset.

Intel also has a hand in setting several of the more recent PC hardware standards. It was
Intel who originally created the PCI (Peripheral Component Interconnect) local bus in-
terface and the new AGP (Accelerated Graphics Port) interface for high performance
video cards. Intel designed the ATX motherboard form factor that replaces the (some-
what long in the tooth) IBM-designed Baby-AT form factor used since the early ’80s. Intel
also created the NLX motherboard form factor to replace the proprietary and limited LPX
design used by many lower-cost systems, which finally brought motherboard
upgradeability to those systems. Intel also created the DMI (Desktop Management Inter-
face) for monitoring system hardware functions, and the DPMA (Dynamic Power Man-
agement Architecture) and APM (Advanced Power Management) standards for managing
power usage in the PC.

It was Intel who has pushed for advancements in motherboard chipsets, supporting new
types of memory, such as EDO (Extended Data Out), SDRAM (Synchronous Dynamic
RAM), and RDRAM (Rambus Dynamic RAM); new and faster bus interfaces; and faster
memory access. They are also having a major effect in the portable market, bringing out
special low-power processors, chipsets, and mobile modules (combining processor and
chipset together on a daughter board) to ease portable system design and improve func-
tionality and performance. It doesn’t take much to see that Intel is clearly in as much
control of the PC hardware standard as Microsoft is in control of the PC software stan-
dard.

Whoever controls the operating system controls the software for the PC, and whoever
controls the processor, and therefore the motherboard, controls the hardware. Because it
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seems to be a Microsoft and Intel combination for the software and hardware control in
the PC today, it is no wonder the modern PC is often called a Wintel system.

PC 9x Specifications

Even though Intel has full control of PC hardware, Microsoft recognizes their power over
the PC from the operating system perspective and has been releasing a series of docu-
ments called the “PC 9x Design Guides” as a set of standard specifications to guide both
hardware and software developers creating products that work with Windows. The re-
quirements in these guides are part of Microsoft’s “Designed for Windows” logo require-
ment. In other words, if you produce either a hardware or software product and you
want the official “Designed for Windows” logo to be on your box, then your product has
to meet the PC 9x minimum requirements.

The documents produced so far are the following:
m Hardware Design Guide for Microsoft Windows 95
m Hardware Design Guide Supplement for PC 95
m PC 97 Hardware Design Guide
m PC 98 System Design Guide
m PC 99 System Design Guide

All of these are available for download from Microsoft’s Web site and have also been
available as books from Microsoft Press.

These system design guides present information for engineers who build personal com-
puters, expansion cards, and peripheral devices that will be used with Windows 95, 98,
and NT operating systems. The requirements and recommendations for PC design in
these guides form the basis for requirements for the “Designed for Microsoft Windows”
logo program for hardware that Microsoft sponsors.

These guides include requirements for basic (desktop and mobile) systems, workstations,
and even entertainment PCs. They also address Plug-and-Play device configuration and
power management in PC systems, requirements for universal serial bus (USB) and IEEE
1394, and new devices supported under Windows, including new graphics and video
device capabilities, DVD, scanners and digital cameras, and other devices.

System Types

We can break PCs down into many different categories. | like to break them down two
different ways—one by the type of software they can run, the other by the motherboard
host bus, or processor bus design and width. Because this book concentrates mainly on
hardware, let’s look at that first.

When a processor reads data, the data moves into the processor via the processor’s exter-
nal data bus connection. The processor’s data bus is directly connected to the processor
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host bus on the motherboard. The processor data bus or host bus is also sometimes re-
ferred to as the local bus because it is local to the processor that is connected directly to
it. Any other devices connected to the host bus essentially appear as if they are directly
connected to the processor as well. If the processor has a 32-bit data bus, then the
motherboard must be wired to have a 32-bit processor host bus. This would mean that
the system could move 32-bits worth of data into or out of the processor in a single
cycle.

Different processors have different data bus widths, and the motherboards designed to
accept them would require a processor host bus with a matching width. Table 2.1 lists all
the Intel processors and their data bus widths.

Table 2.1 Intel Processors and Their Data Bus Widths

Processor Data Bus Width
8088 8-bit
8086 16-bit
286 16-bit
386SX 16-bit
386SL 16-bit
386DX 32-bit
486SX 32-bit
486SX2 32-bit
487SX 32-bit
486DX 32-bit
486DX2 32-bit
486DX4 32-bit
486Pentium OD 32-bit
Pentium 60/66 64-bit
Pentium 75-200 64-bit
Pentium MMX 64-bit
Pentium Pro 64-bit
Pentium Il 64-bit

A common misconception arises when discussing processor widths. Although the
Pentium processors all have 64-bit data bus widths, their internal registers are only 32
bits wide and they process 32-bit commands and instructions. Thus, from a software
point-of-view, all chips from the 386 to the Pentium Il have 32-bit registers and execute
32-bit instructions. From the electronic or physical perspective, these 32-bit software
capable processors have been available in physical forms with 16-bit (386SX), 32-bit
(386DX, 486), and 64-bit (Pentium) data bus widths. The data bus width is the major
factor in motherboard and memory system design as that dictates how many bits move
in and out of the chip in one cycle.



System Types

The future P7 processor, code-named Merced, will have a new 64-bit instruction set but
will also process the same 32-bit instructions as 386 through Pentium processors do. It is
not known whether Merced will have a 64-bit data bus like the Pentium or whether it
will include a 128-bit data bus as some suspect.

»» See “Processor Specifications,” p. 31

From Table 2.1 you can see that 486 systems have a 32-bit processor bus, which would
mean that any 486 motherboard would have a 32-bit processor host bus. Pentium pro-
cessors, whether they are the original Pentium, Pentium MMX, Pentium Pro, or even the
Pentium 11, all have 64-bit data busses, which means that Pentium motherboards have a
64-bit processor host bus. You cannot put a 64-bit processor on a 32-bit motherboard,
which is one reason that 486 motherboards cannot accept true Pentium processors.

As you can see from this table we can break systems down into the following hardware
categories:

m 8-bit
m 16-bit
m 32-bit
m 64-bit
What is interesting is that besides the bus width, the 16-bit through 64-bit systems are

remarkably similar in basic design and architecture. The older 8-bit systems are very
different, however. This gives us two basic system types, or classes, of hardware:

m 8-bit (PC/XT-class) systems
m 16/32/64-bit (AT-class) systems

PC stands for personal computer, XT stands for an eXTended PC, and AT stands for an ad-
vanced technology PC. The terms PC, XT, and AT as used here are taken from the original
IBM systems of those names. The XT basically was a PC system that included a hard disk
for storage in addition to the floppy drive(s) found in the basic PC system. These systems
had an 8-bit 8088 processor and an 8-bit Industry Standard Architecture (ISA) Bus for
system expansion. The bus is the name given to expansion slots in which additional
plug-in circuit boards can be installed. The 8-bit designation comes from the fact that the
ISA Bus found in the PC/XT class systems can send or receive only 8 bits of data in a
single cycle. The data in an 8-bit bus is sent along eight wires simultaneously, in parallel.

»» See “The ISA Bus,” p. 233

16-bit and greater systems are said to be AT-class, which indicates that they follow cer-
tain standards and follow the basic design first set forth in the original IBM AT system.
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AT is the designation IBM applied to systems that first included more advanced 16-bit
(and later, 32- and 64-bit) processors and expansion slots. AT-class systems must have
any processor that is compatible with Intel 286 or higher processors (including the 386,
486, Pentium, Pentium Pro, and Pentium Il processors) and must have a 16-bit or greater
system bus. The system bus architecture is central to the AT system design along with the
basic memory architecture, Interrupt ReQuest (IRQ), DMA (Direct Memory Access), and
1/0 port address design. All AT-class systems are similar in the way these resources are
allocated and how they function.

The first AT-class systems had a 16-bit version of the ISA Bus, which is an extension of
the original 8-bit ISA Bus found in the PC/XT-class systems. Eventually, several expan-
sion slot or bus designs were developed for AT-class systems, including those in the fol-
lowing list:

m  16-bit ISA bus

m 16/32-bit Extended ISA (EISA) bus

m 16/32-bit PS/2 Micro Channel Architecture (MCA) bus
m 16-bit PC-Card (PCMCIA) bus

m 32-bit Cardbus (PCMCIA) bus

m 32-bit VESA Local (VL) bus

m 32/64-bit Peripheral Component Interconnect (PCI) bus
m 32-bit Accelerated Graphics Port (AGP)

A system with any of these types of expansion slots is by definition an AT-class system,
regardless of the actual Intel or Intel-compatible processor used. AT-type systems with
386 or higher processors have special capabilities not found in the first generation of
286-based ATs. The 386 and higher systems have distinct capabilities regarding memory
addressing, memory management, and possible 32- or 64-bit wide access to data. Most
systems with 386DX or higher chips also have 32-bit bus architectures to take full advan-
tage of the 32-bit data transfer capabilities of the processor.

Most PC systems today incorporate 16-bit ISA slots for backward compatibility and lower
function adapters, and PCI slots for truly high performance adapters. Most portable sys-
tems use PC-Card and Cardbus slots in the portable unit, and ISA and PCI slots in op-
tional docking stations.

Chapter 4, “Motherboards and Buses,” contains a great deal of in-depth information on
these and other PC system buses, including technical information such as pinouts, per-
formance specifications, and bus operation and theory.

Table 2.2 summarizes the primary differences between the older 8-bit (PC/XT) systems
and a modern AT system. This information distinguishes between these systems and
includes all IBM and compatible models.
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Table 2.2 Differences Between PC/XT and AT Systems

System Attributes (8-bit) PC/XT (16/32/64-bit)
Type AT Type

Supported processors All x86 or x88 286 or higher

Processor modes Real Real/Protected/Virtual Real

Software supported 16-bit only 16- or 32-bit

Bus slot width 8-bit 16/32/64-bit

Slot type ISA only ISA, EISA, MCA, PC-Card,
Cardbus, VL-Bus, PCI

Hardware interrupts 8 (6 usable) 16 (11 usable)

DMA channels 4 (3 usable) 8 (7 usable)

Maximum RAM M 16M/4G or more

Floppy controller 250 Kbit/sec 250/300/500/

speed 1,000 Kbit/sec

Standard boot drive 360K or 720K 1.2M/1.44M/2.88M

Keyboard interface Unidirectional Bidirectional

CMOS memory/clock None standard MC146818-compatible

Serial-port UART 8250B 16450/16550A

The easiest way to identify a PC/XT (8-bit) system is by the 8-bit ISA expansion slots. No
matter what processor or other features the system has, if all the slots are 8-bit ISA, then
the system is a PC/XT. AT (16-bit plus) systems can be similarly identified by having 16-
bit or greater slots of any type. These could be ISA, EISA, MCA, PC-Card (formerly
PCMCIA), Cardbus, VL-Bus, or PCI. Using this information, you can properly categorize
virtually any system as a PC/XT type or an AT type. There really have been no PC/XT
type (8-bit) systems manufactured for many years. Unless you are in a computer mu-
seum, virtually every system you would encounter today is based on the AT type design.

System Components

A modern PC is both simple and complicated. It is simple in the sense that over the years
many of the components used to construct a system have become integrated with other
components into fewer and fewer actual parts. It is complicated in the sense that each
part in a modern system performs many more functions than the same types of parts in
older systems.

In this section, we briefly examine all the components in a modern PC system. Each of
these components will be expanded on in later chapters.

Here are the components needed to assemble a basic modern PC system:
m Motherboard
m  Processor

m Memory (RAM)

25



26 Chapter 2—PC Components, Features, and System Design

m  Case (chassis)
m  Power supply
m Floppy drive

m Hard disk

m CD-ROM drive
m Keyboard

m Mouse

m Video card

®  Monitor (display)
® Sound card

m  Speakers

Motherboard

The motherboard is the core of the system. It really is the PC, everything else is con-
nected to it, and it controls everything in the system. Motherboards are available in sev-
eral different shapes or form factors. The motherboard usually contains the following
individual components:

m Processor socket (or slot)

m Processor voltage regulators

m  Motherboard chipset

m Level 2 cache

® Memory SIMM or DIMM sockets
m Bus slots

m ROM BIOS

m Clock/CMOS battery

m Super I/O chip

The chipset contains all the primary circuitry that makes up the motherboard, in essence
the chipset is the motherboard. The chipset controls the CPU or processor bus, the L2
cache and main memory, the PCI (Peripheral Component Interconnect) bus, the ISA
(Industry Standard Architecture) bus, system resources, and more. If the processor repre-
sents the engine of your system, then the chipset represents the chassis in which the
engine is installed. As such, the chipset dictates the primary features and specifications of
your motherboard, including what types of processors, memory, expansion cards, disk
drives, and so on. the system supports.

The ROM BIOS contains the initial POST (Power-On Self Test) program, bootstrap loader
(which loads the operating system), drivers for items built-in to the board (the actual
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BIOS code), and usually a system setup program (often called CMOS setup or BIOS setup)
for configuring the system. Motherboards are covered in detail in Chapter 4.

Processor

The processor is often thought of as the “engine” of the computer. Also called the CPU
(Central Processing Unit), it is the single most important chip in the system, as it is the
primary circuit that carries out the program instructions of whatever software is being
run. Modern processors contain literally millions of transistors etched onto a tiny square
of silicon called a die, which is about the size of your thumbnail. The processor has the
distinction of being one of the most expensive parts of most computers, even though it
is one of the smallest parts. In most modern systems, the processor costs from two to ten
times the cost of the motherboard it is plugged into.

Microprocessors are covered in detail in Chapter 3, “Microprocessor Types and Specifica-
tions.”

Memory (RAM)

The system memory is often called RAM for Random Access Memory. This is the primary
memory that holds all the programs and data the processor is using at a given time. RAM
requires power to maintain storage, so when you turn off the computer everything in
RAM is cleared, and when you turn it back on the memory must be reloaded with pro-
grams for the processor to run. The initial programs for the processor come from a spe-
cial type of memory called ROM (Read Only Memory), which cannot normally be erased.
This contains instructions to get the system to load an operating system and other pro-
grams from one of the disk drives into the main memory so that the system can be run-
ning normally and perform useful work. Newer operating systems allow several programs
to run at one time, with each program or data file loaded using some of the memory.
Generally, the more memory your system has, the more programs you can run simulta-
neously.

Memory is normally purchased and installed in a modern system in SIMM (Single Inline
Memory Module) or DIMM (Dual Inline Memory Module) form. Formerly very expen-
sive, more recently memory prices have dropped, significantly reducing the cost of
memory as compared to other parts of the system. Even so, the cost of the recommended
amount of memory for a given system is usually equal or greater than that of the
motherboard.

Memory is covered in detail in Chapter 5, “Memory.”

Case (Chassis)

The case is the frame or chassis that houses the motherboard, power supply, disk drives,
adapter cards, and any other physical components in the system. There are several differ-
ent styles of cases available, from small or slim versions that sit horizontally on a desktop
to huge tower types that stand vertically on the floor, and even some that are designed
to be rackmounted for industrial use. In addition to the physical styles, different cases
are designed to accept different form factor motherboards and power supplies. Some
cases have features that make installing or removing components easy, such as a
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screwless design that requires no tools to dissasemble, side open panels or trays allowing
easy motherboard access, removable cages or brackets that give easy access to disk drives,
and so on. Some cases include additional cooling fans for heavy-duty systems, and some
are even available with air filters to ensure the interior remains clean and dust free. Most
cases include a power supply, however, you can also purchase bare cases and power sup-
plies separately.

The case is covered in detail in Chapter 6, “Power Supply and Case.”

Power Supply

The power supply is what feeds electrical power to every single part in the PC. As such it
has a very important job, yet it is one of the least glamorous parts of the system, so it
receives little attention. Unfortunately, this often means it is one of the components that
is most skimped on when constructing a system. The main function of the supply is to
convert the 110v AC wall current into the 3.3v, 5v, and 12v power that the system re-
quires for operation.

The power supply is covered in detail in Chapter 6.

Floppy Disk Drive

The floppy drive is a simple, inexpensive, low-capacity, removable, media magnetic stor-
age device. For many years floppy disks were the primary media for software distribution
and system backup. With the advent of CD-ROM and DVD-ROM discs as the primary
method of installing or loading new software in a system, and inexpensive high-capacity
tape drives for backup, the floppy drive is not used often in most modern systems, except
perhaps by a system builder, installer, or technician. Because the floppy drive is the first
device a PC attempts to boot from, it is still the primary method to load initial operating
systems startup software as well as core hardware diagnostics. Recently some advance-
ments in technology have created new types of floppy drives with as much as 120M or
more of storage, making the drive much more usable for temporary backups or for mov-
ing files from system to system.

Floppy disk drives are covered in detail in Chapter 12, “Magnetic Storage.”

Hard Disk Drive

The hard disk is the primary archival storage memory for the system. It is used to contain
copies of all programs and data not currently active in main memory. A hard drive is so
named because it consists of spinning platters of aluminum or ceramic that are coated
with a magnetic media. The platters come in various sizes, and by the density, size, and
number of platters, hard drives can be created with many different storage capacities.
Most desktop systems today use drives with 3 1/2-inch platters, while most laptop or
notebook computers use 2 1/2-inch platter drives.

Hard disk drives are also covered in detail in Chapter 12.

CD-ROM Drive
CD- (Compact Disc) and DVD- (Digital Versatile Disc) ROM (Read Only Memory) drives
are relatively high-capacity, removable, media optical drives. They are primarily a
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read-only medium, which means the drives can only read information, and the data on
the discs cannot be altered or rewritten. There are writeable or rewriteable versions of the
discs and drives available, but these are much more expensive than their read-only coun-
terparts and therefore are not standard in most PCs. CD-ROM and DVD-ROM are the
most popular media for distributing software or large amounts of data, because they are
inexpensive when produced in quantity and they can hold a great deal of information.

CD-ROM drives are covered in detail in Chapter 13, “Optical Storage.”

Keyboard

The keyboard is the primary device on a PC used by a human being to communicate
with and to control a system. Keyboards are available in many different languages, lay-
outs, sizes, shapes, and with numerous special features or characteristics. One of the best
features of the PC as designed by IBM is that it was one of the first personal computers to
use a detached keyboard. Most systems prior to the PC had the keyboard as an integral
part of the system chassis, which severely limited flexibility. Because the PC uses a de-
tached keyboard with a standardized connector and signal design, in most cases it is
possible to connect any PC-compatible keyboard you like to your system. This gives you
the freedom to choose the one that suits you best.

Keyboards are covered in detail in Chapter 7, “Input Devices.”

Mouse

With the advent of computer operating systems that used a Graphical User Interface
(GUI), it became necessary to have a device that enabled a user to point at or select items
shown on the screen. While there are many different types of pointing devices on the
market today, the first and most popular device is the mouse. By moving the mouse
across a desk or tabletop, a corresponding pointer can be moved across the computer
screen, allowing items to be more easily selected or manipulated than by using a key-
board alone. Standard mice as used on PCs have two buttons, one used for selecting
items under the pointer and the other for activating menus. Mice are also available with
a third button, wheel, or stick that can be used to scroll the display or for other special
functions.

The mouse is covered in detail in Chapter 7.

Video Card

The video card controls the information you see on the monitor. All video cards have
four basic parts—a video chip or chipset, Video RAM, a DAC (Digital to Analog Con-
verter), and a BIOS. The video chip is what actually controls the information on the
screen by writing data to the video RAM. The DAC reads the video RAM and converts the
digital data there into analog signals to drive the monitor. The BIOS holds the primary
video driver that allows the display to function during boot time and at a DOS prompt in
basic text mode. More enhanced drivers are then usually loaded from disk to enable
advanced video modes for Windows or applications software.

Video cards are covered in detail in Chapter 8, “Video Hardware.”



30

Chapter 2—PC Components, Features, and System Design

Monitor (Display)

In most systems, the monitor is housed in its own protective case, separate from the
system case and chassis. In portable systems and some low-cost PCs, the monitor is built
into the system case. Monitors are generally classified by three criteria—diagonal size in
inches, resolution in pixels, and refresh rate in hertz (Hz). Desktop monitors usually
range from 14" to 21" diagonal measure (although as you will see in Chapter 8, the actual
viewable area is smaller than the advertised measure) and LCD monitors in portable
systems range from 11" to 14". Resolution ranges from 640x480 pixels (horizontal mea-
surement first, then vertical) to 1600x1200 pixels. Each pixel in the monitor is made up
of a trio of dots, one each for the colors red, blue, and green. An average monitor is ca-
pable of refreshing 60 times per second (60 Hz) while higher quality monitors may re-
fresh at 100 Hz. The refresh rate measures how often the display of the screen is redrawn
from the contents of the video adapter memory. Both resolution and refresh rate of the
monitor are tied to the capability of the system video adapter. Most monitors are capable
of supporting several different resolutions and refresh rates (with the common exception
of LCD screens in portables).

Monitors are covered in detail in Chapter 8.
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Microprocessor Types
and Specifications

The brain or engine of the PC is the processor (sometimes called microproces-
sor), or Central Processing Unit (CPU). The CPU performs the system’s calculat-
ing and processing. The processor is easily the most expensive single
component in the system, costing up to four or more times greater than the
motherboard it plugs into. Intel is generally credited with inventing the mi-
croprocessor in 1971 and they have almost total control over that market
today, at least for PC systems. This means that all PC-compatible systems use
either Intel processors or processors from a handful of competitors (such as
AMD or Cyrix).

The following sections cover the different types of processor chips that have
been used in personal computers since the first PC was introduced almost two
decades ago. These sections provide a great deal of technical detail about
these chips and explain why one type of CPU chip can do more work than
another in a given period of time.

Processor Specifications

Many confusing specifications often are quoted in discussions of processors.
The following sections discuss some of these specifications, including the data
bus, address bus, and speed. The next section includes a table that lists the
specifications of virtually all PC processors.

Processors can be identified by two main parameters: how wide they are and
how fast they are. The speed of a processor is a fairly simple concept. Speed is
counted in megahertz (MHz), which means millions of cycles per second, and
faster is better! The width of a processor is a little more complicated to discuss
because there are three main specifications in a processor that are expressed
in width. They are

m Data input and output bus
m Internal registers

m Memory address bus
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Table 3.1 lists the primary specifications for the Intel family of processors used in IBM
and compatible PCs. The following sections explain these specifications in detail.

Note that the Pentium Il processor includes 512K of 1/2-core speed L2 cache on the pro-
cessor card.

The transistor count figures do not include the standard 256K or 512K Level 2 cache
built in to the Pentium Pro and Pentium Il CPU packages. The L2 cache contains an
additional 15.5 (256K), 31 (512K), or optionally 62 million (1M) transistors!

Table 3.1 Intel Processor Specifications

Data Memory
Internal 170 Address
CPU Register Bus Bus Maximum

Processor Clock Voltage Size Width  Width Memory
8088 1x 5v 16-bit 8-bit 20-bit 1M
8086 1x 5v 16-bit 16-bit 20-bit 1M
286 1x 5v 16-bit 16-bit 24-bit 16M
386SX 1x 5v 32-bit 16-bit 24-bit 16M
386SL 1x 3.3v 32-bit 16-bit 24-bit 16M
386DX 1x 5v 32-bit 32-bit 32-bit 4G
486SX 1x 5v 32-bit 32-bit 32-bit 4G
486SX2 2X 5v 32-bit 32-bit 32-bit 4G
487SX 1x 5v 32-bit 32-bit 32-bit 4G
486DX 1x 5v 32-bit 32-bit 32-bit 4G
486SL? 1x 3.3v 32-bit 32-bit 32-bit 4G
486DX2 2X 5v 32-bit 32-bit 32-bit 4G
486DX4 2-3x 3.3v 32-bit 32-bit 32-bit 4G
486Pentium OD 2.5x 5v 32-bit 32-bit 32-bit 4G
Pentium 60/66 1x 5v 32-bit 64-bit 32-bit 4G
Pentium 75-200 1.5-3x 3.3v¢ 32-bit 64-bit 32-bit 4G
Pentium MMX 1.5-3x 1.8-2.8v 32-bit 64-bit 32-bit 4G
Pentium Pro 2-3x 3.3v 32-bit 64-bit 36-bit 64G
Pentium Il MMX 3.5-5x 1.8-2.8v 32-bit 64-bit 36-bit 64G
Pentium Il Celeron  3.5-5x 1.8-2.8v 32-bit 64-bit 36-bit 64G
PIl Celeron 300A+ 3.5-5x 1.8-2.8v 32-bit 64-bit 36-bit 64G
Pentium Il Xeon 3.5-5x 1.8-2.8v 32-bit 64-bit 36-bit 64G

FPU = Floating-Point Unit (internal math coprocessor)

WT = Write-Through cache (caches reads only)

WB = Write-Back cache (caches both reads and writes)

1 The 386SL contains an integral-cache controller, but the cache memory must be provided outside the chip.

2 Intel later marketed SL Enhanced versions of the SX, DX, and DX2 processors. These processors were available in both
5v and 3.3v versions and included power-management capabilities.
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Processor Speed Ratings

A common misunderstanding about processors is their different speed ratings. This
section covers processor speed in general and then provides more specific information
about Intel processors.

L1 L2
Level 1 Cache Level 2 Cache Integral No. of Date
Cache Type Cache Speed FPU Transistors Introduced
- - - - - 29,000 June '79
- - - - - 29,000 June '78
- - - - - 134,000 Feb. 82
- - - - - 275,000 June '88
OK? WT - - - 855,000 Oct. '90
- - - - - 275,000 Oct. '85
8K WT - - - 1,185,000 April '91
8K WT - - - 1,185,000 April '94
8K WT - - Yes 1,200,000 April ’91
8K WT - - Yes 1,200,000 April '89
8K WT - - Opt. 1,400,000 Nov. '92
8K WT - - Yes 1,100,000 March '92
16K WT - - Yes 1,600,000 Feb. 94
2x16K WB - - Yes 3,100,000 Jan. 95
2x8K WB - - Yes 3,100,000 March '93
2x8K WB - - Yes 3,300,000 Oct. '94
2x16K WB - - Yes 4,100,000 Jan. ‘97
2x8K WB 256K* Core Yes 5,500,000 Nov. '95
2x16K WB 512K 1/2 Core Yes 7,500,000 May "97
2x16K WB OK - Yes 7,500,000 April ’98
2x16K WB 128K Core Yes 7,500,000 April ‘98
2x16K WB 512K/1M/2M  Core Yes 7,500,000 April '98

3 There are several different voltage variations of Pentium processors, including what Intel calls VRE (3.5v), STD (3.3v),
and newer 3.1v, 2.8v, 2.5v, 2.1v, and 1.8v versions.

4 There are versions of the Pentium Pro processor with 256K, 512K, or 1M of full core speed L2 cache in a separate die
within the chip.
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A computer system’s clock speed is measured as a frequency, usually expressed as a num-
ber of cycles per second. A crystal oscillator controls clock speeds, using a sliver of quartz
in a small tin container. As voltage is applied to the quartz, it begins to vibrate (oscillate)
at a harmonic rate dictated by the shape and size of the crystal (sliver). The oscillations
emanate from the crystal in the form of a current that alternates at the harmonic rate of
the crystal. This alternating current is the clock signal. A typical computer system runs
millions of these cycles per second, so speed is measured in megahertz. (One hertz is
equal to one cycle per second.)

Note

The hertz was named for the German physicist Heinrich Rudolf Hertz. In 1885, Hertz confirmed the
electromagnetic theory, which states that light is a form of electromagnetic radiation and is propa-
gated as waves.

A single cycle is the smallest element of time for the processor. Every action requires at
least one cycle and usually multiple cycles. To transfer data to and from memory, for
example, a modern processor such as the Pentium Il needs a minimum of three cycles to
set up the first memory transfer, and then only a single cycle per transfer for the next
three to six consecutive transfers. The extra cycles on the first transfer are normally
called wait states. A wait state is a clock tick in which nothing happens. This ensures
that the processor isn’t getting ahead of the rest of the computer.

»p» See “SIMMs and DIMMs,” p. 324

The time required to execute instructions also varies. The original 8086 and 8088 proces-
sors take an average of 12 cycles to execute a single instruction. The 286 and 386 proces-
sors improve this rate to about 4.5 cycles per instruction; the 486 drops the rate further
to about two cycles per instruction. The Pentium architecture includes twin instruction
pipelines and other improvements that provide for operation at one or two instructions
per cycle, while the Pentium Pro and Pentium Il can execute as many as three or more
instructions per cycle.

Different instruction execution times (in cycles) make it difficult to compare systems
based purely on clock speed, or number of cycles per second. How can two processors
that run at the same clock rate perform differently, with one running “faster” than the
other? The answer is simple: efficiency.

The main reason why the 486 is fast compared to a 386 is that it executes twice as many
instructions in the same number of cycles. The same thing is true for a Pentium; it ex-
ecutes about twice as many instructions in a given number of cycles as a 486. Thus, a
133MHz 486 (such as the AMD 5x86-133) is not even as fast as a 75MHz Pentium! That is
because Pentium megahertz are worth about double what 486 megahertz are worth. The
Pentium Il is about 50% faster than an equivalent Pentium at a given clock speed be-
cause it can execute about that many more instructions in the same number of cycles.
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Comparing relative processor performance, you can see that a 500MHz Pentium Il is
about equal to a (theoretical) 750MHz Pentium, which is about equal to a 1400MHz 486,
which is about equal to a 2800MHz 386 or 286, which is about equal to a 5600MHz
8088. Considering that the original PC’s 8088 ran at only 4.77MHz, we have systems
today that are comparatively more than 1,000 times faster. As you can see, you have to
be careful in comparing systems based on pure MHz alone; many other factors affect
system performance.

Evaluating CPU performance can be tricky. CPUs with different internal architectures do
things differently and may be relatively faster at certain things, slower at others. To fairly
compare different CPUs at different clock speeds, Intel has devised a specific series of
benchmarks that can be run against Intel chips to produce a relative gauge of perfor-
mance. It has recently been updated to reflect performance on 32-bit systems, and is
called the iCOMP 2.0 (intel COmparative Microprocessor Performance) index. Table 3.2
shows the relative power, or iCOMP 2.0 index, for several processors.

Table 3.2 Intel iCOMP 2.0 Index Ratings

Processor iCOMP 2.0 Index
Pentium 75 67
Pentium 100 90
Pentium 120 100
Pentium 133 111
Pentium 150 114
Pentium 166 127
Pentium 200 142
Pentium-MMX 166 160
Pentium-MMX 200 182
Pentium-MMX 233 203
Pentium Pro 180 197
Pentium Pro 200 220
Pentium Il 233 267
Pentium Il 266 303
Pentium Il 300 332
Pentium Il 333 366
Pentium Il 350 386
Pentium Il 400 440

The iCOMP 2.0 index is derived from several independent benchmarks and is a stable indication of relative
processor performance. The benchmarks balance integer with floating point and multimedia performance.

Processor Speeds and Markings Versus Motherboard Speed. Another confusing
factor when comparing processor performance is that virtually all modern processors
since the 486DX2 run at some multiple of the motherboard speed. For example, a
Pentium Il 333 runs at a multiple of five times the motherboard speed of 66 MHz, while
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a Pentium Il 400 runs at four times the motherboard speed of 100MHz. Most mother-
boards run at 66 MHz because that is all Intel supported with their processors until early
’98 or they then released processors and chipsets designed to run on 100MHz mother-
boards. Cyrix has a few processors designed to run on 75MHz motherboards, and many
Pentium motherboards are capable of running that speed as well. Normally, you can set
the motherboard speed and multiplier setting via jumpers or other configuration mecha-
nism (such as CMOS setup) on the motherboard.

Modern systems use a variable-frequency synthesizer circuit usually found in the main
motherboard chipset to control the motherboard and CPU speed. Most Pentium
motherboards will have three or four speed settings. The processors used today are
available in a variety of versions that run at different frequencies based on a given
motherboard speed. For example, most of the Pentium chips run at a speed that is some
multiple of the true motherboard speed. For example, Pentium processors and
motherboards run at the speeds shown in Table 3.3.

Table 3.3 Intel Processor and Motherboard Speeds

CPU Type/Speed CPU Clock Motherboard Speed
Pentium 60 1x 60
Pentium 66 1x 66
Pentium 75 1.5x 50
Pentium 90 1.5x 60
Pentium 100 1.5x 66
Pentium 120 2x 60
Pentium 133 2X 66
Pentium 150 2.5x 60
Pentium/Pentium Pro/MMX 166 2.5x 66
Pentium/Pentium Pro 180 3x 60
Pentium/Pentium Pro/MMX 200 3x 66
Pentium-MMX/Pentium Il 233 3.5x 66
Pentium-MMX(Mobile)/Pentium-II 266 4x 66
Pentium Il 300 4.5x 66
Pentium Il 333 5x 66
Pentium Il 350 3.5x 100
Pentium Il 400 4x 100
Pentium Il 450 4.5x 100

If all other variables are equal—including the type of processor, the number of wait states
(empty cycles) added to different types of memory accesses, and the width of the data
bus—you can compare two systems by their respective clock rates. However, the con-
struction and design of the memory subsystem can have an enormous effect on a
system’s final execution speed.
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In building a processor, a manufacturer tests it at different speeds, temperatures, and
pressures. After the processor is tested, it receives a stamp indicating the maximum safe
speed at which the unit will operate under the wide variation of temperatures and pres-
sures encountered in normal operation. The rating system usually is simple. For example,
the top of the processor in one of my systems is marked like this:

A80486DX2-66

The A is Intel’s indicator that this chip has a Ceramic Pin Grid Array form factor, or an
indication of the physical packaging of the chip. The 80486DX2 is the part number,
which identifies this processor as a clock-doubled 486D X processor. The —66 at the end
indicates that this chip is rated to run at a maximum speed of 66 MHz. Because of the
clock doubling, the maximum motherboard speed is 33MHz. This chip would be accept-
able for any application in which the chip runs at 66 MHz or slower. For example, you
could use this processor in a system with a 25MHz motherboard, in which case the pro-
cessor would happily run at 50MHz.

Most 486 motherboards also have a 40MHz setting, in which case the DX2 would run at
80MHz internally. Because this is 14MHz beyond its rated speed, many would not work;
or if they worked at all, it would be only for a short time. On the other hand, | have
found that most of the newer chips marked with —66 ratings seem to run fine (albeit
somewhat hotter) at the 40/80MHz settings. This is called overclocking and can end up
being a simple, cost-effective way to speed up your system. However, | would not recom-
mend this for mission-critical applications where the system reliability is of the utmost
importance; a system pushed beyond specification like this can often exhibit erratic
behavior under stress.

Note

One good source of online overclocking information is located at http://www.sysopt.com. It
includes, among other things, fairly thorough overclocking FAQs, and an ongoing survey of users
who have successfully (and sometimes unsuccessfully) overclocked their CPUs.

Sometimes, however, the markings don’t seem to indicate the speed directly. In the older
8086, for example, -3 translates to 6MHz operation. This marking scheme is more com-
mon in some of the older chips, which were manufactured before some of the marking
standards used today were standardized.

A more modern example would be the Cyrix/IBM 6x86 processors, which use a PR (Per-
formance Rating) scale that is not equal to the true clock speed in megahertz. For ex-
ample, the Cyrix/IBM 6x86MX-PR200 actually runs at 166MHz (2.5 x 66MHz). This is a
little misleading—you must set up the motherboard as if a 166MHz processor were being
installed, not the 200MHz you might suspect.

A manufacturer sometimes places the CPU under a heat sink, which can prevent you
from reading the rating printed on the chip. (A heat sink is a metal device that draws heat
away from an electronic device.) Fortunately, most CPU manufacturers are placing marks
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on the top and bottom of the processor. If the heat sink is difficult to remove from the
chip, you can take the heat sink and chip out of the socket together and read the mark-
ings on the bottom of the processor to determine what you have. Most processors run-
ning at 50MHz and later should have a heat sink installed to prevent the processor from
overheating.

Data Bus

Perhaps the most common way to describe a processor is by the width of the processor’s
external data bus. This defines the number of data bits that can be moved into or out of
the processor in one cycle. A bus is simply a series of connections that carry common
signals. Imagine running a pair of wires from one end of a building to another. If you
connect a 110v AC power generator to the two wires at any point and place outlets at
convenient locations along the wires, you have constructed a power bus. No matter
which outlet you plug the wires into, you have access to the same signal, which in this
example is 110v AC power. Any transmission medium that has more than one outlet at
each end can be called a bus. A typical computer system has several internal and external
buses.

The processor bus discussed most often is the external data bus-the bundle of wires (or
pins) used to send and receive data. The more signals that can be sent at the same time,
the more data can be transmitted in a specified interval and, therefore, the faster the bus.
A wider data bus is like having a highway with more lanes, which allows for greater
throughput.

Data in a computer is sent as digital information consisting of a time interval in which a
single wire carries 5v to signal a 1 data bit, or Ov to signal a O data bit. The more wires
you have, the more individual bits you can send in the same time interval. A chip such
as the 286 or 386SX, which has 16 wires for transmitting and receiving such data, has a
16-bit data bus. A 32-bit chip, such as the 386DX and 486, has twice as many wires dedi-
cated to simultaneous data transmission as a 16-bit chip; a 32-bit chip can send twice as
much information in the same time interval as a 16-bit chip. Modern processors such as
the Pentium series have 64-bit external data buses. This means that Pentium processors
including the original Pentium, Pentium Pro, and Pentium Il can all transfer 64 bits of
data at a time to and from the system memory.

A good way to understand this flow of information is to consider a highway and the
traffic it carries. If a highway has only one lane for each direction of travel, only one car
at a time can move in a certain direction. If you want to increase traffic flow, you can
add another lane so that twice as many cars pass in a specified time. You can think of an
8-bit chip as being a single-lane highway because one byte flows through at a time. (One
byte equals eight individual bits.) The 16-bit chip, with two bytes flowing at a time, re-
sembles a two-lane highway. You may have four lanes in each direction to move a large
number of automobiles. This structure corresponds to a 32-bit data bus, which has the
capability to move four bytes of information at a time. Taking this further, a 64-bit data
bus is like having an 8-lane highway moving data in and out of the chip!
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Just as you can describe a highway by its lane width, you can describe a chip by the
width of its data bus. When you read an advertisement that describes a 32-bit or 64-bit
computer system, the ad usually refers to the CPU’s data bus. This number provides a
rough idea of the chip’s performance potential (and, therefore, the system).

Perhaps the most important ramification of the data bus in a chip is that the width of
the data bus also defines the size of a bank of memory. This means that a 32-bit proces-
sor, such as the 486 class chips, reads and writes memory 32 bits at a time. Pentium class
processors, including the Pentium |1, read and write memory 64 bits at a time. Because
standard 72-pin SIMMs (Single Inline Memory Modules) are only 32 bits wide, they must
be installed one at a time in most 486 class systems they’re installed two at a time in
most Pentium class systems. Newer DIMMSs (Dual Inline Memory Modules) are 64 bits
wide, so they are installed one at a time in Pentium class systems. Each DIMM is equal
to a complete bank of memory in Pentium systems, which makes system configuration
easy—they can then be installed or removed one at a time. This information is discussed
in more detail in Chapter 5, “Memory.”

»p See “Memory Banks,” p. 338

Internal Registers

The size of the internal registers indicate how much information the processor can oper-
ate on at one time, and how it moves data around internally within the chip. The regis-
ter size is essentially the internal data bus size. A register is a holding cell within the
processor; for example, the processor can add numbers in two different registers, storing
the result in a third register. The register size determines the size of data the processor
can operate on. The register size also describes the type of software or commands and
instructions a chip can run. That is, processors with 32-bit internal registers can run
32-bit instructions that are processing 32-bit chunks of data, but processors with 16-bit
registers cannot. Most advanced processors today—chips from the 386 to the Pentium
Il—use 32-bit internal registers and can therefore run the same 32-bit operating systems
and software.

Some processors have an internal data bus (made up of data paths and storage units
called registers) that is larger than the external data bus. The 8088 and 386SX are ex-
amples of this structure. Each chip has an internal data bus twice the width of the exter-
nal bus. These designs, which sometimes are called hybrid designs, usually are low-cost
versions of a “pure” chip. The 386SX, for example, can pass data around internally with
a full 32-bit register size; for communications with the outside world, however, the chip
is restricted to a 16-bit-wide data path. This design enables a systems designer to build a
lower-cost motherboard with a 16-bit bus design and still maintain software and instruc-
tion set compatibility with the full 32-bit 386.
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Internal registers often are larger than the data bus, which means that the chip requires
two cycles to fill a register before the register can be operated on. For example, both the
386SX and 386DX have internal 32-bit registers, but the 386SX has to “inhale” twice
(figuratively) to fill them, whereas the 386DX can do the job in one “breath.” The same
thing would happen when the data is passed from the registers back out to the system
bus.

The Pentium is an example of this type of design. All Pentiums have a 64-bit data bus
and 32-bit registers—a structure that may seem to be a problem until you understand
that the Pentium has two internal 32-bit pipelines for processing information. In many
ways, the Pentium is like two 32-bit chips in one. The 64-bit data bus provides for very
efficient filling of these multiple registers. Multiple pipelines are called superscalar archi-
tecture. See the section on the Pentium processor for more information on superscalar
architecture.

More advanced sixth-generation processors such as the Pentium Pro and Pentium Il have
as many as six internal pipelines for executing instructions. Although some of these
internal pipes are dedicated to special functions, these processors can still execute as
many as three instructions in one clock cycle.

Address Bus

The address bus is the set of wires that carry the addressing information used to describe
the memory location to which the data is being sent, or from which the data is being
retrieved. As with the data bus, each wire in an address bus carries a single bit of informa-
tion. This single bit is a single digit in the address. The more wires (digits) used in calcu-
lating these addresses, the greater the total number of address locations. The size (or
width) of the address bus indicates the maximum amount of RAM that a chip can ad-
dress.

The highway analogy can be used to show how the address bus fits in. If the data bus is
the highway and the size of the data bus is equivalent to the number of lanes, the ad-
dress bus relates to the house number or street address. The size of the address bus is
equivalent to the number of digits in the house address number. For example, if you live
on a street in which the address is limited to a two-digit (base 10) number, no more than
100 distinct addresses (00 to 99) can exist for that street (10 to the power of 2). Add an-
other digit, and the number of available addresses increases to 1,000 (000 to 999), or 10
to the third power.

Computers use the binary (base 2) numbering system, so a two-digit number provides
only four unique addresses (00, 01, 10, and 11) calculated as 2 to the power of 2; a three-
digit number provides only eight addresses (000 to 111), which is 2 to the 3rd power. For
example, the 8086 and 8088 processors use a 20-bit address bus that calculates as a maxi-
mum of 2 to the 20th power or 1,048,576 bytes (1M) of address locations. Table 3.4 de-
scribes the memory-addressing capabilities of Intel processors.
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Table 3.4 Intel Processor Memory-Addressing Capabilities

Processor Family =~ Address Bus Bytes Kilobytes = Megabytes Gigabytes
8088/8086 20-bit 1,048,576 1,024 1 -
286/386SX 24-bit 16,777,216 16,384 16 -
386DX/486/Pentium  32-bit 4,294,967,296 4,194,304 4,096 4

Pentium Pro/II 36-bit 68,719,476,736 67,108,864 65,536 64

The data bus and address bus are independent, and chip designers can use whatever size
they want for each. Usually, however, chips with larger data buses have larger address
buses. The sizes of the buses can provide important information about a chip’s relative
power, measured in two important ways. The size of the data bus is an indication of the
chip’s information-moving capability, and the size of the address bus tells you how
much memory the chip can handle.

Internal (Level 1) Cache

All modern processors starting with the 486 family include an integrated (Level 1) cache
controller. That controller has 8K (or more) built-in full core-speed cache memory. This
cache basically is an area of very fast memory built into the processor and is used to hold
some of the current working set of code and data. Cache memory can be accessed with
no wait states because it can fully keep up with the speed of the processor core.

Using cache memory reduces a traditional system bottleneck because system RAM often
is much slower than the CPU. This prevents the processor from having to wait for code
and data from much slower main memory, therefore improving performance. Without
the Level 1 (L1) cache, a processor frequently would be forced to wait until system
memory caught up.

L1 cache is even more important in modern processors because it is often the only
memory in the entire system that can truly keep up with the chip. Most modern proces-
sors are clock multiplied, which means they are running at a speed that is really a
multiple of the motherboard they are plugged into. The Pentium Il 333MHz, for ex-
ample, runs at a very high multiple of five times the true motherboard speed of 66MHz.
Because the main memory is plugged into the motherboard, it can also run at only
66MHz maximum. The only 333MHz memory in such a system is the L1 cache built in
to the processor core. In this example, the Pentium Il 333MHz processor has 32K of inte-
grated L1 cache in two separate 16K blocks.

»p See “Memory Speeds,” p. 312

If the data that the processor wants is already in the internal cache, the CPU does not
have to wait. If the data is not in the cache, the CPU must fetch it from the Level 2 cache
or (in less sophisticated system designs) from the system bus, meaning main memory
directly.
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The organization of the cache memory in the 486 and Pentium family is called a four-way
set associative cache, which means that the cache memory is split into four blocks. Each
block also is organized as 128 or 256 lines of 16 bytes each.

To understand how a four-way set associative cache works, consider a simple example. In
the simplest cache design, the cache is set up as a single block into which you can load
the contents of a corresponding block of main memory. This procedure is similar to
using a bookmark to locate the current page of a book that you are reading. If main
memory equates to all the pages in the book, the bookmark indicates which pages are
held in cache memory. This procedure works if the required data is located within the
pages marked with the bookmark, but it does not work if you need to refer to a previ-
ously read page. In that case, the bookmark is of no use.

An alternative approach is to maintain multiple bookmarks to mark several parts of the

book simultaneously. Additional hardware overhead is associated with having multiple

bookmarks, and you also have to take time to check all the bookmarks to see which one
marks the pages of data you need. Each additional bookmark adds to the overhead, but

also increases your chance of finding the desired pages.

If you settle on marking four areas in the book, you have essentially constructed a fo