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Microprocessor

Today, microprocessors are used in everything from microwave ovens to automobiles to home
computers. They've come a long way in a few short years.

NAMES LIKE UNIVAC AND ENTAC [IAVE MY~
slical connotations for seme of us. Vi-
sions of huge rooms filled with glowing
tubes and punched cards dance before our
eyes. und our cars lill with the all-pervad-
ing murmur of massive air-conditioning
systems. We remember staring awe-
struck as those giant computers flexed
their electronic muscles 1o produce
prinied portraits of George Washington.
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Those machines aren’t really part of

microcomputer history—ithey re part ol
it pre-history. Microcomputer history
reaify began vie day in the carly 1960°
when Jack Kithy of Tex Instruments
made the tirst integrated t. After it
was shown that an entire circuit could be

fubricated trom a single solid chunk of

semi-conductor material. Ih_c. stage was
set for the development of the micro-

processor. But things didn"treally take oft

until the early 1970,

ROBERT GROSSBLATT, CIRCUITS EDITOR

Several important events occurred in
1970
® The development of Large Scale Inte-
gration (LSI) technigues made it possible
to fabricate a complete circuit on a single
picce of silicon.
® Mcmory technology matured to the
point that standard products became
widely available.
® A huge market opened up for hand-
held calculators.

A ycar later Intel introduced 4 general-

se [C that did just about everything
ssary needed to support calculator-
type npemtmm Intel called that IC the
. ithad a four-bit data path, and it was

the first microprocessor.

First generation microprocessors were
designed for specific applications. The
4004 was designed to handle calculator
logic, and the eight-bit 8008, introduced a
vear later. waus designed to control an in-
telligent terminal.

Intel’s IC’s were designed at a time
when memory was very expensive. Con-
sequently, from the beginning. their mi-
croprocessors relied heavily on internal
registers to slorc and transfer data. As
shown in Fig. 1, the 8008’y six storage
registers are eu_ht bits wide, and the pro-
gram counter 1s tourteen bits wide, That
limited the BOOR to 16K of directly ad-
dressable memory. Further. the internal
; s only seven words deep. That's fine
fio ntroller, but it really limits use of
the KB as a computer.

The microcomputer industry really
came into its own with the second genera-
tion of microprocessors: Intel’s BO¥() and

s 6800. Although both are mi-
5, their design philosophies

: different.
sed power in the 80K0 by
moving the stack itself to external memo-
ry. and by giving it a sivieen-bit stack
pointer. As shown in Fig. 2. the 8080 also
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FIG. 1—THE FIRST 8-BIT MICROPROCESSOR, Intel's 8008, had an internal seven-byte stack, and itwas
limited to 16K bytes of memory.
[ ACCUMULATOR | 8 C
| ARITHMETIC LOGIC | H
| STATUS FLAGS | | PROGRAM COUNTER |
| INSTRUCTIONS | L STACK POINTER ]
8-BIT REGISTERS 16-BIT REGISTERS

FIG. 2—THE FIRST GENERAL-PURPOSE MICROPROCESSOR, Intel's 8080, features an eight-bit
accumulator and three general-purpose sixteen-bit registers.
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FIG. 3—MOTOROLA'’S 6800 emphasizes quick memory access at the expense of few internal registers.

has three sixteen-bit registers in addition
to the program counter, which was itself
increased to sixteen bits. That gave the
8080 the capability of addressing the now-
familiar 64K of external memory.

Motorola’s 6800 was designed along
different lines altogether. Instead of em-
phasizing internal registers, temporary
data storage occurs in external memory,
and the microprocessor has only enough
registers to keep track of where things are.
Other than the primary and secondary ac-
cumulators, the only “data™ register in
the 6800 is an index register that is used as
a counter, and to do indexed memory ad-
dressing. The 6800’s internal structure is
shown in Fig. 3.

There are advantages and disadvan-
tages to both design philosophies. For ex-
ample, the 6800 must access memory
much more often than the 8080, but it can
do that much more rapidly than the 8080
can. But by far the most important con-
sequence of the difference in those IC’s is
in overall memory organization.

To the 8080, all addresses are the
same—it takes the same amount of time
to access any location in its 64K range.

Also, the processor goes to location (000
for its first instruction after power up and
after reset.

The 6800, on the other hand, has a
special set of two-byte “‘zero page" ad-
dressing instructions that allow page
zero—the first 256 bytes of memory—to
be accessed rapidly. All other address in-
structions are three bytes long. That
makes zero-page real estate valuable—
the microprocessor can address page zero
locations in two-thirds the time it can ad-
dress locations in other pages. Since zero-
page addresses are, in a sense, the 6800’s
substitute for registers, the operating sys-
tem is put at the top of memory. When a
6800 is first powered up, it goes to address
FFEE for its first instruction.

The Motorola and Intel design philoso-
phies have shaped the architectures of just
about all microprocessors that have fol-
lowed, down to the latest sixteen- and
thirty-two bit microprocessors.

CPM

In 1973 the microcomputer industry
was rather limited. First-generation mi-
cros like the Altair and the Imsai stored
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data on paper tape or cassettes. Floppy
disk drives had just begun to appear when
Gary Kildall, a consultant working for
Intel. developed CP/M, a Disk Operating
System (DOS) for Intel’s 8080. When Im-
sai licensed CP/M and began distributin
it, the home computer market exploded.
Since CP/M was just about the only DOS
available, the 8080 became the micro-
processor of choice for most home com-
puters.

Because of the popularity of CP/M, any
heir to the 8080’s throne would have to
have an instruction set compatible with
that microprocessor. Since most of the
software available for home computers
was coded in the 8080’s native tongue,
microprocessor manufacturers realized
that it was a matter of simple economic
survival to make sure that such software
would run on any new microprocessor.

By the time that the second generation
of microprocessors began winding down,
the home-computer market was an eco-
nomic reality. CP/M gave birth to a variety
of sophisticated systems-programming
languages, and user-oriented application
programs began to fill the market. That
caused more CP/M computers to be sold
and more programs to be written for them.
Then, when major manufacturers like
IBM and Xerox began adopting CP/M for
use in their products, the stage was set for
the birth of the third generation of micro-
Processors.

Intel introduced the 8085, an improved
version of its 8080, and then upgraded
that with the 8085A. The old 8080 re-
quired rhree voltages to operate: +12,
+5 and —5. The 8085A required only
+ 5 volts, and a much simpler clock cir-
cuit now sufficed. In addition, a series of
new interrupt and /O signals were tied to
various pins on the IC—in an attempt,
perhaps, to simplify the complex I/O set-
up of the 8080.

Unfortunately, Intel paid a high price
for that increased flexibility. Because they
dedicated so many pins to I/O, and be-
cause they remained locked to a standard
forty-pin package. the data bus had to be
multiplexed with the lower eight bits of
the address bus. And that meant that the
8085 would always need external Jalcl-
ing. A big gripe with the 3U%U was that it
needed extra support IC’s (an 8224 Clock
Generator and an 8228 System Control-
ler); and since the ¥0¥S also needed at
least an eight-bit latch and some decod-
ing, the 8085 never became as popular as
Intel had hoped. However, a CMOS ver-
sion became available relatively early;
Tandy used it in their portable computers,
and that prevented it from becoming total-
ly obscure. But perhaps the real reason for
its lukewarm reception was that it was
introduced three years after the Z80.

Zilog's Z80
From the moment it appeared. the Z80
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FIG. 4—2ZILOG'S Z80 has the same registers as the 8080, but it provides a duplicate register set for

quick response to interrupts.
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FIG. 5—MOS TECHNOLOGY'S 6502 has no general-purpose 16-bit registers, but it has the most
flexible addressing schemes of all the early eight-bit processors.
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FIG. 6—MOTOROLA'S 6809 was intended to bridge the 8/16-bit gap; but it never really caught on, in

spite of its having some really powerful features.

was a winner. It incorporated all the 8080
instructions as a subset of its own greatly-
expanded instruction set. And that al-
lowed it to run all the existing 8080-based
software. In terms of hardware, the Z80
was designed according to the Intel phi-
losophy. Zilog maintained the register
structure of the 8080, but also added a set
of alternate registers that duplicated the
main set, as shown in Fig. 4. The alternate
registers allow an increase in processing
speed because, during an interrupt, the
main registers can be swapped with the
alternates by using a fast one-byte instruc-
tion.

Combined with the other advantages it
had over the 8080—a single supply-volt-
age and a simple clock—the Z80 became
the upgrade for the 8080. It had built-in
features that required extra IC’s in an
8080-based system. The Z80, for exam-

ple, can refresh dynamic RAM IC’s auto-
matically.

One interesting point about the Z80 is
that, when it was first introduced, Zilog
believed that the huge new instruction set
would be responsible for most sales of the
IC. As it turned out, 8080 code had be-
come the standard, and the Z80’s extra
instructions were, for the most part, ig-
nored. Intel, on the other hand, showed
awareness of that need for compatibility,
because the 8085 added only two instruc-
tions to the 8080’s repertoire.

The 6502

In 1975 MOS Technology introduced
the 6502. Just as the Z80 is a high-perfor-
mance version of the 8080, the 6502 is a
souped up 6800—but with differences.
You can run 8080 code on a Z80, but 6800
code is gibberish to a 6502. What the

Microprocessor Speed

How fast a program runs on your com-
puter depends on more than just its clock
speed. The clock frequency determines
microprocessor speed, but the instruction
set, as well as the way a program is writ-
ten,determine how fast a program runs.

Most of a microprocessor's time is spent
accessing locations in your computer's
memory, and the instruction that tells the
microprocessor to do that can be two, four
or even more bytes long. The overall
speed of your computer is a function of
how many cycles of the system clock it
takes to complete a particular instruction.

A computer running at 8 Mhz will com-
plete a four-byte instruction in exactly the
same length of time that it takes a 2-MHz
computer to complete a one-byte instruc-
tion. Overall program execution speed,
therefore, depends on how much the mi-
croprocessor has to do and how quickly it
can do it. The same program running on
two computers with different micro-
processors will undoubtedly run at two
different speeds. Which runs faster de-
pends on what the program is asking the
microprocessor to do.

Some microprocessors have instruc-
tion sets that are quick at number crunch-
ing, while others are better at memory
access. In general, microprocessors with
internal registers, like the Z80, are better
at number crunching because they have
one-byte commands to manipulate regis-
ter data. Microprocessors like the 6502,
on the other hand, which do most things in
memory, access that memory quicker
than the register-oriented type of micro-
processor. R-E

6502 got from the 6800 was its design
philosophy. The 6502 is a top-down pro-
cessor; its strength is in powerful address-
ing modes, rather than a lot of internal
registers. Among its advantages over the
6800 were: on-IC clock generator, an im-
proved instruction set, new addressing
modes, faster access to the stack, and
built-in BCD arithmetic.

At first glance, the 6502's architecture
might look like a step backward. As
shown in Fig. 5, the sixteen-bit index regi-
ster of the 6800 was split into two eight-bit
registers, and the stack pointer is only
eight bits wide. That limits the stack to
256 bytes, but the designers of the 6502
decided that a 256-byte stack is more than
adequate for most applications. By limit-
ing its length, it could be placed in a
dedicated area of memory (100 to 1FF).
And that allowed the stack to be accessed
very quickly, which increased overall ex-
ecution speed. Splitting the index register
allows both halves to be used indepen-
dently for some very powerful indexed
addressing modes.

What saved the 6502 from obscurity
was being chosen as the microprocessor
for the Apple, Atari, and Pet computers.

The huge successes enjoyed by those ma-
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FIG. 7—INTEL'S 8088/86, workhorse of the IBM PC, provides one-megabyte memory addressing

through the use of segment registers.
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FIG. 8—MOTOROLA'S 68000, heart of Apple’s Macintosh, is probably the most powerful sixteen-bit

microprocessor on the market.

chines transformed the 6502 into one of
the few silicon superstars.

The fourth generation of micro-
processors began to emerge around 1980.
The home-computer market was a mam-
moth economic reality by that time, and
IC manufacturers were selling micro;
processors as fast as they could make
them. The third generation’s last gasp was
Motorola’s 6809. It included advanced
addressing and a multiply instruction.
That instruction was innovative, unique,
and it allowed a substantial increase in
program execution speed. The 6809s
structure is shown in Fig. 6.

Unfortunately for Motorola, the 6809
came late in the history of microcomput-
ing, so few machines were designed
around that IC. (Radio Shack’s Color
Computer is a notable exception.—Edi-
tor) One interesting footnote to computer
history is that Apple was so impressed

with the 6809 that they used it in early
Macintosh designs.

Fourth-generation microprocessors
came about through refinements in IC
technology. The advent of Very Large
Scale Integration (VLSI) vastly increased
on-IC component density. Results include
sixteen-bit microprocessors, 64K (and
larger) dynamic RAM’s, as well as perfor-
mance upgrades for the previous genera-
tion of microprocessors.

Sixteen bit microprocessors weren't
really new. For example, TI's TMS9900,
was a second-generation, top-down, six-
teen-bit microprocessor with two sixteen-
bit registers: a stack pointer and a program
counter. All other data storage occurred in
external memory. The TMS9900 has sep-
arate address and data buses because it
comes in a 64-pin package. The
TMS9900 is a powerful microprocessor,
and the way it was marketed is a perfect

T —— T

example of how norto doit. TI used the IC
in its home computer, the 7/99, but TI did
nothing to support outside developers.
When the computer failed to catch on,

Texas Instruments let it die, and tl"
i

TMS9900, essentially an IC ahead of
time, died with it.

The second-generation design philoso-
phies of the 8080 family and the 6800
family showed up in third generation six-
teen-bit IC’s. Intel released the 8086 and
8088; they’re direct descendents of the
original 8080, so they emphasize the use
of internal registers for storing and manip-
ulating data. Zilog’s Z8000 is a more-
powerful, sixteen-bit version of the well-
established Z80. Motorola’s 68000, a
muscular, sixteen-bit version of the ne-
glected 6809, is more powerful than either
Intel’s or Zilog’s microprocessors. We'll
look at each in tum.

The 8086 family

As we mentioned earlier, it takes more
than good design to make a silicon super-
star. Intel struck it rich when IBM jumped
into the home-computer market with a
machine based on the 8088. Intel was a bit
surprised, as well. The 8088 is a watered-
down version of Intel’s more powerful
8086. As shown in Fig. 7, the 8086 has a
number of 16-bit registers, but the 8088
has an eight-bit-wide data bus, and that
means that sixteen-bit data must be load-
ed into the microprocessor eight bits at a
time. That's why it’s called an 8/16 bit IC.
The 8086, on the other hand. is a true
sixteen-bit microprocessor.

IBM’s choice of the 8088 was a serious
miscalculation of both their marketing
ability, and the viability of the market.
One of the forgotten oddities of the IBM
PC is that it originally showed up in the
market with only 16K of RAM. The in-
credible popularity of the PC led to the
development of huge amounts of applica-
tions software, and much mainstream
eight-bit software was rewritten to operate
on the 8088. Once again, Intel had pro-
duced the microprocessor that became the
industry standard.

Several new features showed up in the
new sixteen-bit series that had no counter-
part in their eight-bit predecessors. A
multiply instruction was added (as
Motorola had done with the 6809), but it
could be used effectively only in the
8086. The 8088 had a tough time handling
thirty-two bit results, so most IBM-PC
programmers do multiplication with the
traditional shift and add approach, and
that slows the PC down drastically.

Although the 8086 and 8088 are stand-
alone microprocessors, Intel has some
support IC’s that can speed things up. The
8087 Math Co-Processor, for example,
does high-speed number crunching, and it
substantially increases the computing
speed of the 8086. Note that the eight-bit
data bus of the IBM PC restricts the

4




e

| ACCUMULATOR |

[ ARITHMETIC LOGIC B

GENERAL PURPOSE 1

SEGMENTED STACK POINTER 1

GENERAL PURPOSE 2

SEGMENTED STACK POINTER 2

GENERAL PURPOSE 3

NON-SEGMENTED STACK POINTER 1

GENERAL PURPOSE 4

NON-SEGMENTED STACK POINTER 2

GENERAL PURPOSE 5

GENERAL PURPOSE 6

PROGRAM STATUS FLAG ADDRESS 1

GENERAL PURPOSE 7

PROGRAM STATUS FLAG ADDRESS 2

GENERAL PURPOSE 8

GENERAL PURPOSE 9

PROGRAM COUNTER 1

GENERAL PURPOSE 10

PROGRAM COUNTER 2

GENERAL PURPOSE 11

GENERAL PURPOSE 12

STATUS FLAGS

GENERAL PURPOSE 13

INSTRUCTIONS

16-BIT REGISTERS

16-BIT REGISTERS

FIG. 8—ZILOG'S Z8000 has not been very popular, in spite of powerful register and memory-address-
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FIG. 10—THE GENEALOGY OF THE FIRST FOUR GENERATIONS OF MICROPROCESSORS s indi-

cated here. What will be next? Stay tuned . ..

usefulness of the 8087 in that computer.

The 80186 and 80188 were introduced
by Intel in 1983 as upgrades of the 8086
and the 8088, respectively. Those two
IC’s took advantage of new VLSI tech-
niques, but didn’t really represent any ad-
vance in performance. However, they
include a lot of the support circuitry for
timing and bus control that had to be done
externally with the earlier IC’s.

Intel’s 80286, which IBM uses in its
PCIAT, is a major enhancement of the
8086. Besides having an on-IC memory-
management system, it has a “‘virtual
memory” mode in which the internal reg-
isters can generate 24-bit addresses. In
practical terms, this means that the 80286
can directly address as much as sixteen
megabytes of memory. By contrast, the
8086 can generate only 20-bit addresses,
and that allows it to address “only” one
megabyte of memory directly.

The 68000

Motorola’s 68000 is probably the most-
powerful sixteen-bit microprocessor to
show up on the market; Apple chose to
use it for the ill-fated Lisa and for the

Maclntosh. Because its design is similar
to that of the 6800, it has a variety of
powerful addressing modes. Motorola
learned a few things from Intel, appar-
ently. because they added sixteen thirty-
two-bit registers, as well as two stack
pointers—one for the user and one for
internal housekeeping. Unlike most other
microprocessors, the 68000 doesn't have
a dedicated accumulator. Rather, any of
the data registers can be used as an ac-
cumulator. The 68000’s organization is
shown in Fig. 8.

Motorola designed the instruction set
so that there could be as many as 64,000
instructions. The Intel IC’s, by way of
comparison, continued the 8080’s prac-
tice of limiting the IC to a maximum of
256 instructions. In fact, the 68000 has
only 56 basic instructions, but the IC’s
addressing flexibility makes it easy for
programmers to access the full power of
the IC without having to remember sepa-
rate instructions for each special case.

One strength of the 68000 is the width
of its registers. If the 8088 is an 8/16 bit
microprocessor, then the 68000 should be
called a 16/32 bit microprocessor. It has,

like the 80286, a ‘“‘virtual memory”
scheme, but its wider registers allow
some versions of the 68000 to manage
more than 4 gigabytes of memory.

The 28000

The Z8000 from Zilog is a sixteen-bit
version of the Z8O0. It is a well-designed,
true sixteen-bit microprocessor with thir-
teen general-purpose sixteen-bit regis-
ters, several stack pointers, and the ability
to address as much as sixteen megabytes
of memory. The Z8000’s organization is
shown in Fig. 9.

In spite of its potential, however, the
78000 has not enjoyed the popularity of
its eight-bit predecessor. When the Z80
hit the market, it was successful because it
was compatible with the 8080. Unfor-
tunately, the 8086 and the Z8000 are total-
ly incompatible.

Other improvements

The last major advance of the fourth
generation had to do with IC technology.
Faster versions of popular eight- and six-
teen-bit microprocessors began to appear.
The Z80. whose original operating speed
was a mere 2.5 MHz, became available in
4- and 6-MHz versions (the Z80A, and
Z80B, respectively). The original 6502
ran at | MHz: its upgrade, the 6502C,
runs at 4 MHz. Rockwell, NCR. and GTE
each came out with CMOS versions of the
6502. the 65C02, that uses less power,
runs faster, and has a larger instruction set
than the original.

The 65816

New microprocessors like Western De-
sign Center’s 65816 aim at higher speeds,
better memory handling, and increased
compatibility. The 65816 has a software-
selectable mode in which it can emulate a
6502, and it's the first sixteen-bit micro-
processor to use the mainframe technique
of **‘cache memory,” which is similar to
the virtual memory modes we've already
mentioned. In a cache system, intermedi-
ate data and program information are
stored in high-speed memory, and less-
important data is stored in a slower memo-
ry system such as a disk.

Conclusions

The overall genealogy of the important
microprocessor families is outlined in
Fig. 10. As you can see, the trend in new
products is toward wider buses, higher
speeds, and more flexibility. True 32-bit
microprocessors are now showing up.

When the 8080 first appeared, it cost
over $250. Today you can buy one for less
than three dollars. And when you hold
one of those twelve-year-old IC’s in your
hand, keep in mind that you're looking at
more computing power and speed than
was ever dreamed of in the pre-historic
days of the Univac—all of twenty-five
years ago. R-E
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