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Preface

Many new developments have occurred since Electronics
published its first collection of articles, ‘‘Microproces-
sors,”” just five years ago. That volume—and its sequel,
“Applying Microprocessors’ —brought into perspective
the advances made in large-scale integrated circuits as
applied to microprocessors like the 8080, Z80, and 6800.
But these new tools also brought a raft of challenges:
which one to select, how to program them, how to parti-
tion the program memory, how to communicate between
processors, and how to get the data in and out—to name
the most obvious. The microprocessor thus created both
the microcomputer industry and various problems of sys-
tem design.

As both the microprocessor and its markets came to
define themselves, new products emerged that sought to
provide better solutions to processing problems. The low-
end single-chip microcomputer was aimed at adding inex-
pensive intelligence to appliances and games. Second-
and third-generation 8-bit microprocessors came on the
scene to reduce the number of parts in systems and to
enhance processing power. Not surprisingly, several 16-bit
microprocessors —powerful, sophisticated, and as regular
and clean in their architectures as any minicomputer—
were created to satisfy the most demanding data- and
word-processing applications.

At the same time, the task of putting the general-
purpose processor to work to solve specific problems
fostered a host of LsI devices— peripheral chips. Some are
designed to increase processing power, like multipliers
and mathematics chips; others, like cathode-ray-tube and
disk-memory controllers, unburden the central processing
unit from 170 control chores. These peripheral chips, some
more complex than the processor itself, have helped
spawn the development of new board-level microcomput-
ers that are more powerful than the box-size systems built
from the first generation of microprocessors.

Amid all that excitement, however, the industry has
been faced with the fact that the production of software —
the programs that tailor the microprocessor to the appli-
cation—could be the limiting factor in the proliferation of
microcomputers. Only now has the answer begun to
emerge, in the form of high-level languages: programmed
with English-like statements, their commands can be inter-
preted for any of the different processor types.

This book is intended to bring together all these devel-
opments and to provide the designer with an overall view

of microcomputers today. Its nine parts are organized to
reflect the diverse aspects of microprocessor-based sys-
tem design.

Parts 1 through 4 cover major device types that have
entered the market in the past few years. Part 1 intro-
duces the single-chip microcontrollers—like Texas Instru-
ments’ 4-bit TMS 1000 and Mostek’s 3870 family —that
add low-cost, minimum-hardware intelligence to consumer
and industrial products. Part 2 discusses the latest 8-bit
mid-range microprocessors, like Intel's second-generation
8085 and National Semiconductor’s NSC800 family, built
with low-power complimentary-M0s technology. Part 3
presents the high-performance 16-bit processors, includ-
ing Intel’s 8086, Zilog’s Z8000, and Motorola’s 68000. Still
another branch of processors, the fast bipolar types,
including the various bit-slice devices, are in Part 4.

Part 5 assesses the status of the peripheral support
chips that vastly amplify the capability of microproces-
sors. And although it could have been added to the
peripherals section, signal processing is given separate
treatment in Part 6 because of its importance. Including
American Microsystems’ Signal Processing Peripheral, the
2811, and Intel’'s ground-breaking 2920 single-chip signal
processor, this type of circuit represents what will eventu-
ally become one of the most important aspects of micro-
computing. It lays the foundation for speech-synthesis and
-recognition systems, pattern recognition, and other real-
time signal-processing applications yet unthought of.

Part 7 covers some of the board-level microcomputers
that have emerged over the last few years, including a
report on the support products like analog-1/0 and math-
processing boards several manufacturers have added to
their product lines.

Part 8 is devoted to microcomputer software. Spanning
this essential topic from an assortment of simple assem-
bly-language routines to the attributes of high-level lan-
guages like Pascal and Basic, it provides much useful
information on producing software.

Finally, Part 9 brings together a number of microproces-
sor applications that have appeared in the pages of Elec-
tronics. In addition to hardware and software aids to using
microprocessors found in the Engineer’s Notebook section
of the magazine, it includes several detailed applications
articles, like the ones on error-correction designs and
memory-expansion techniques.

— Raymond P. Capece, John G. Posa
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Single-chip microprocessor
rules the roast

Device controls microwave oven and allows the cook to program
cooking cycles, temperatures, and speeds

(O Millions of golden-brown Christmas turkeys will pop
out of microwave ovens this year, and some of them will
owe their flavor to microcomputers. These versatile
components are displacing conventional electromechan-
ical timers for controlling microwave ovens. They
provide the same control functions—timing and heat
settings —but they also make life easier for the cook by
offering programable sequences of cooking cycles and
programable temperature-controlled cooking, as well as

programable cooking speeds for these two modes.

The TMS 1100, a one-chip, 4-bit microcomputer (see
“Six chips make up the TMS 1000 family,” ), is
typical of the low-cost microprocessor units controlling
microwave ovens. In combination with the TMS 1976
capacitive-touch interface chip, it provides the mini-
mum-chip-count circuitry of Fig. 1. As well as
controlling the cooking, the circuitry controls a clock, a
digital display and mode lights, the magnetron micro-
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1. Oven electronics. The TMS 1100 controls the circuitry for time and temperature cooking methods, generates a precise time base, and
controls triacs for supplying ac power to the oven’'s magnetron, fan, light, and broil element.
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2. Touch control. A glass control panel with 21 capacitive switches,
a 4-digit LED display, and 11 LED mode indicators is used to enter
program commands to place the microwave oven in one of a number
of cooking modes.

wave power oscillator, a fan, a light, and the broil
element.

The key to the oven’s operation is the control panel
(Fig. 2). A large, four-digit, seven-segment light-emit-
ting-diode display shows the time of day, temperature
settings, or timer settings. Above this display, 11 LEDs
indicate the operation the oven is performing or the
activation of the clock.

How it works

The cook programs through the 21 capacitive switches
below the LED display. For example, to set the clock to
10:20, he or she touches the cLoCK switch, then enters
the time by touching 1, 0, 2, 0 (the clock can be set at
the factory for 12- or 24-hour cycles). Then she or he
pushes the START switch to start the clock’s counting.
The time is displayed on the four-digit display and may
be temporarily displaced during cooking.

Capacitive-touch switches are formed by placing two
capacitors in series for each switch on the plate-glass
control panel, which also seals the circuitry from the
outside environment. Application of the ac-grounded

TABLE 1: FUNCTIONAL OPERATION OF THE TMS 1976

Input set

Detected
and reset i

input

C
Cy
Cs
Ca
Cs
Ce
Cy
Cs
Co
no key

e r e s e e

reset

body capacitance of the cook to the junction of a switch’s
two capacitors alters the net capacitance, thereby
lowering the voltage to the capacitive input lines. The
interface chip (Fig. 3) detects the voltage change and
encodes it into a 4-bit binary word, which goes to the
microcomputer.

What the interface chip actually detects is the absence
of a scan pulse from the R-output lines of the microcom-
puter. The scan pulses generate transitions on the inter-
face chip’s input lines, C,_y. These transitions are 0.5
volts more negative than the reference voltage applied to
the chip’s V. pin, which permits their detection and then
the latching of the level detector’s output. When a switch
is touched, the input voltage becomes at least 0.3 v more
positive than V., sending a new logic condition to the
interface chip’s decoder.

The microcomputer’s R lines are buffered in order to
drive the keys with a large voltage (—42 V) to make level
detection of a switch touch as reliable as possible. Since
the R lines make a positive transition when scanning,
external inverting buffers drive the control switches,
which drive the interface chip’s input buffers.

The chip takes the inputs from the buffers by priority
so as to prevent generation of invalid encoder outputs
from simultaneous touching of two or more switches.
After encoding as shown in Table 1, the output goes out
the Y lines into the K inputs of the microcomputer. No
other interface circuitry is required between the Y
outputs and the K inputs.

A high level on the interface chip’s ISR (input select
and reset) will reset the latches and will maintain the
reset until a low level is sensed. The reset is
accomplished by the R,, R;, and R;s scans from the
microcomputer; the R,, R;, and R4 scans address the
control-switch inputs.

The microcomputer’s O-output and R-output lines
control the four-digit display and the 11 indicator lights.
The R outputs strobe the O-output data to the LED
display and LED indicators.

The interface chip also provides a time-base input for
the clock, the four cooking timers, and the alarm timer.
The time-base reference is the frequency of the ac line.
A line pulse is recorded every 16.6 milliseconds at 60
hertz or every 20 ms at 50 Hz. This signal is tied to the

3



Six chips make up the TMS 1000 family

The TMS 1000 series is a family of p-channel metal-oxide-
semiconductor 4-bit microcomputers with. read-only and
random-access memories, arithmetic/logic unit, oscilla-
tor, and clock generator fabricated on a single chip. The
TMS 1000 (28 pins) and the TMS 1200 (40 pins with two
additional outputs) are the basic family members. They
have 1,024 instruction words of ROM and 256 bits of
RAM. The TMS 1070 (28 pins) and TMS 1270 (40 pins
with four additional outputs) interface directly to high-
voltage displays of up to 35 volts. Otherwise they are
functionally identical to the TMS 1000/ 1200. The TMS
1100 (28 pins) and TMS 1300 (40 pins with five additional
outputs) are extensions of the basic TMS 1000/ 1200 with
2,048 words of ROM and 512 bits of RAM.

Customers’ application programs are reproduced on

the internal ROM during wafer processing by a single-level
mask. The ROM program controls data input, storage,
processing, and output, plus branching, looping, and
subroutines. The RAM is used to store input data, flags,
and results for later use.

When an input instruction is executed, the four external
data inputs, K, K, Ks, and K, are gated to the adder. The
inputs can be stored in the RAM for subsequent use.

The R outputs are individually latched and can be used
to multiplex inputs, to strobe O outputs or other R outputs,
and to address external devices such as memories. The
O-output latches are set when a transfer-data-to-output
instruction is executed. This transfers the 4-bit accumu-
lator and 1-bit status-register contents to the O register,
which is decoded by a user-programable logic array.
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TABLE 2

CONVERSION TABLE FOR TEMPERATURE COOKING

Type of cooking

extra rare

rare

medium rare

medium

medium well

well

high temperature 1

high temperature 2

high temperature 3

chip’s F (fixed) input pin. A high on the ISR gates the F
input to the Y, output and resets the C,_, inputs. A low
on ISR gates the C inputs.

The microcomputer polls the interface chip, alterna-
tely checking the C inputs and the F input. If a high-
level input is received on the F input, a high level appears
on Y, and is transferred to the microcomputer’s K,
input. The microcomputer records the inputs in a subsec-
ond counter used for the clock and the timers that are
required for the various cooking cycles.

Interfacing with hardware

Since the system’s power supplies settle slowly, an
external reset in the power-on circuit avoids false
programs when the oven turns on. A voltage comparator
circuit holds the initializing input of the microcomputer
to a source-voltage level until the power supply reaches
the required drain-voltage level, then switches the input
to the drain level to start program execution.

The LeD digital display and indicators need a full
source-to-drain 15-v swing, so interfacing for the micro-
computer’s O and R outputs is simplified by making the
transistor-transistor-logic decoder’s ground equal to the
—15 v drain. This means the O lines require only a
simple two-resistor voltage divider to drive the seven-
segment decoder driver. The R lines require one resistor
and a Darlington pair to strobe the digits.

Triacs driven by R lines control the magnetron,
broiler, lamp, and fan. The R lines are buffered through
optical isolators to the gates of the triacs.

The interface chip converts signals from the control
panel and the time-base input to a signal compatible
with the microcomputer. Other inputs are diode-Or-ed
together and are gated to the microcomputer’s K lines by
its R lines. These inputs are the temperature-sensing
circuit, the 50-/60-Hz line-frequency and 12-/24-hour
clock options (set at the factory), and the power-on and

Vgg — . s Y,
Vop—» s Yz

INPUT SELECT
AND RESET

3. Capacitive keying. The TMS 1976 converts keyboard imbalance
signals, caused by touch capacitance, to signals compatible with the
TMS 1100. Another of the chip’s functions is to convert a line-voltage
frequency signal, fed in at pin F, to a precise time base.

oven-activation circuits. The microcomputer’s algorithm
(Fig. 4) controls the actual sequence of operations and
subdivides the main program into three separate
routines: scan, program, and cook.

After power-up, the program clears the internal RAM
and enters the scan routine. This routine serves four
basic functions: display, check for 50-/60-Hz input,
check for a switch touch, and check for the cooking
program chosen. When the scan routine detects a switch
touch, it transfers control to the program routine. After
entering a cooking sequence, the scan routine transfers
control to the cook routine.

The microwave oven requires about 1,700 program
instructions of the 2,048 in the microcomputer’s instruc-
tion set, depending upon the efficiency in programing the
ROM. Similarly, storing four programable timers, two
programable power settings, the clock, flags, and other
data requires 75% of the available RAM locations

Cooking modes

With any oven, it’s possible to cook by time or by
temperature. But an oven with a TMS 1100 microcom-
puter takes over much of the work in both modes.

The timed mode consists of four programable cooking
cycles controlled by the microcomputer’s timers: defrost,
cook cycle 1, cook cycle 2, and broil. The cook programs
each of the four to the desired time. For example, to
defrost for 25 minutes, he or she touches DEFROST, then
2 and 5, and then either START or another of the cycles.
The cycles occur'in the sequence listed above, but any of
them may be skipped by skipping it in the programing.

Microcomputer control simplifies the task of figuring
out total cooking times and turning on the oven at the
proper time. For example, suppose a frozen roast is to be
served at 6:40 p.m., and it needs 45 min defrosting, 50
min for cook cycle 1, 20 min for cook cycle 2, and 25 min
for broil (since microwaves cook from the inside out,

5
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4. Oven algorithm. The oven program is subdivided into scan, program, and cook routines. The scan routine continually monitors the other
two routines and transfers control from the program to the cook routine.
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The dedicated, calculator-oriented, 4-bit microprocessor
is rapidly finding itself a niche as the controller for home
appliances and electronic cash registers. As well as the
TMS 1000 series, three other families are available, from
Rockwell International Corp.’s Microelectronic Product
division, Anaheim, Calif., National Semiconductor Corp.,
Santa Clara, Calif., and ITT Semiconductors, Woburn,
Mass.

Rockwell's PPS-4/1 family is composed of the MM-76,
MM-77, and MM-78, all with read-only memory, random-
access memory, and arithmetic/logic unit on one chip.
The MM-76 is the firm’s simplest and cheapest micropro-
cessor, at less than $5 in volume. It has 640 bytes of ROM
and 48 4-bit characters of RAM. The MM-77 has 1,344
bytes of ROM and 96 4-bit characters of RAM, and the
MM-78 has 2,000 bytes of ROM and 128 4-bit characters
of RAM. All three devices have 31 input/output lines.
Rockwell has major contracts from microwave-oven
makers for the MM-76 and MM-77, with the lower-cost
device proving more popular. The MM-78 is suitable for
electronic cash registers and word processors.

National’'s entry is its calculator-oriented process

Three other firms offer low-cost microprocessors

system (COPS), composed of the two-chip 5781/5782
and the single-chip 5799 and 57140. The 5781/2 is aimed
at sophisticated applications such as electronic cash
registers, rather than at appliances. The set, which costs
around $12, has 23 170 lines, a 2,048-by-8-bit ROM, and
a 160-by-4-bit RAM. The 5799, which is suitable for a
microwave oven, has 21170 lines, a 1,536-by-8-bit ROM,
and a 96-by-4-bit RAM. In large quantities, it costs around
$5. The 57140 costs less than $3 in large quantities and is
intended for less complex products than multiprogram
ovens. It has 18 output and 7 input lines, a 630-by-8-bit
ROM, and a 55-by-4-bit RAM.

The newest entry is the ITT 7150, designed specifically
for appliance control [ Electronics, Sept. 16, 1976, p. 138].
It already is in extensive use as the controller of many
European programable washing machines, and is just
beginning to penetrate the same U.S. market. It has two
ROMs with a total capacity of 2,000 bits and 17 input and
10 output lines. In order to keep costs down, it does not
use a RAM. Price range is $4 to $8, depending on
package, quantity, program, and so on.

Jerry Lyman, Packaging & Production Editor

broiling at the end will give the roast the desired outer
browning).

The cook simply enters the cooking program, touches
DELAYED START, enters the time it is to be finished, and
touches START. The microcomputer will subtract the
total program time of 2 hr, 20 min from 6:40 p.m. and
will turn on the oven at 4:20 p.m. All the cook need do is
put the roast in the oven when setting the program. If he
or she has waited until after 4:20, the program is flagged
as an error, and the panel’s delayed start LED indicator
and digital readout flash to alert the cook.

Temperature control

Turkeys, large roasts, and similar food items often are
cooked by temperature, but with an MPuU-controlled oven
the cook need not monitor the cooking process. He or she
inserts a temperature probe into the meat, and the
circuitry in the upper left of Fig. 1 monitors the cooking.
When the meat reaches the programed temperature, the
oven turns off and the alarm sounds. For safety, the
other cooking mode is disabled when the temperature
sensor is plugged in.

The cook does not enter the temperature, but a
number relative to the desired temperature taken from
Table 2, which can be either on the touch panel or in an
instruction book. For example, to cook a roast medium
rare, the cook touches TEMP COOK, then the relative
temperature setting, 3, then START.

As the temperature goes up, the sensor’s resistance
goes up. A resistor network converts this resistance
charge to a voltage change. By feeding its O outputs to a
digital-to-analog converter consisting of a 1R, 2R, 4R,
8R network, the microcomputer compares the two
voltage changes to control the magnetron’s power
output. There are nine temperature settings. When the
temperature setting reaches the programed value, the
magnetron shuts down, and the alarm sounds.

Whether using the time or temperature mode, the
cook can vary the speed to control more accurately the
extent of the cooking and to provide more uniform
cooking. For example, if a 70% cooking speed is wanted,
the cook touches COOKING SPEED, then 7. By removing ac
power to the high-voltage dc supply of the magnetron at
the proper time, the microcomputer keeps the magnetron
on for 70% of its 30-second duty cycle. The microcom-
puter can calculate ten different speed settings in 10%
increments.

For proper operation, the magnetron has to be turned
on during the peak of the 50-/60-Hz ac line waveform.
The microcomputer controls this by detecting the 0
voltage crossover of the ac input power, both on rising
and falling. It divides the interval between the crossovers
by two to determine the midpoint and switches on the
magnetron at the appropriate instant in the next cycle.

Better than a multichip

The TMS 1000 series one-chip microcomputers have
several advantages over multichip microprocessors in
controlling microwave ovens. With a multichip MPU, an
oscillator, clock generator, ROM, RAM, logic interfaces,
and output latches all have to be added. Of course, a
minimum chip count is essential for high reliability and
low cost.

Since high production volume is a factor with micro-
wave ovens, the multichip approach not only presents a
substantial increase in parts cost, but also hikes the cost
of inspecting incoming devices, stocking parts, and
assembling and testing the system. The additional parts
count also increases the times for design, printed-circuit
layout, and debugging, thereby delaying production
start-up. Finally, the relatively simple one-chip micro-
computer does not need the software and hardware
interrupts and larger program storage and memory area
of more sophisticated MPUs. (]

7



Four design principles get the most
out of microprocessor systems

Careful attention to programing, partitioning by speed, adjunct-chip use,
and networking produce more cost-effective applications

[J Imagination was the magic ingredient in the creation
of the microprocessor. Now, with the architecture stan-
dardizing, imagination is even more crucial in the
optimal exploitation of these devices. Often a well-
thought-out microprocessor application is many times
more cost-effective than a brute-force solution.
Imagination can get a big boost from careful attention
to certain key aspects of design. An analysis of some
outstanding applications suggests that there are four
fundamental approaches to the creative utilization of the
MICroprocessor:
® Minimizing total hardware by clever programing.
® Partitioning the system by speed requirements.
® Using adjunct medium- or large-scale-integrated
circuit chips astutely.
® Arranging microprocessors in networks.
These approaches point up the contrast between
programing microprocessors and larger computers:

specialized software programing of the dedicated chips
can minimize hardware and reduce costs, while the goal
for the bigger computers is to write as general as possible
programs that allow for future options.

In the application of microprocessor technology to
high-volume consumer goods such as automobiles,
appliances, television sets, telephones, and others where
production runs into millions of units per year, the prime
factor is cost. Since microprocessors undoubtedly will
follow the downward price trend of the calculator chip,
the essential question is whether entire systems can be
made simple and cost-effective. The answer is emphat-
ically yes, provided that programs are efficiently written
to capitalize on all the features of the processor.

Clever programing

Such a system is the automobile-engine controller in
Fig. 1 designed to extract maximum energy from the
fuel while minimizing pollutants. The strategy is moni-
toring in real time all pertinent parameters (engine
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pressures, temperatures, speed, etc.) in order to arrive at
the optimum gasoline-air mixture and precise instant of
ignition. This process must be repeated at least 100 times
a second.

The controller first multiplexes the analog inputs to
permit sharing of an analog-to-digital converter. The
digitized inputs go to the algorithmic portions for real-
time solutions. One of these sections is for fuel injection,
another for ignition timing, and the third for optimum
spark energy (dwell time). All three blocks share the use
of a single arithmetic unit.

These activities are coordinated by the logic control
section and sent to the elapsed-time modifier, which
provides the correct real-time distribution of the control
functions. An elapsed timer supports the modifications.
Lastly, the signals are converted to forms suitable for the
driven devices: a pulse of precise timing and width is
required for engine ignition; an analog signal of proper
amplitude must be generated for fuel-injection control,
and several digital lines for communications and display
must be available.

If this concept is realized by a brute-force approach,
the result could be a 200-chip system, hardly meeting the
cost objective of a mass-consumer product. Use of a
first-generation 4-bit microprocessor might reduce the
count to the still-unacceptable level of 100, while a
second generation unit can get the count down to 20.
But, with a little ingenuity, a controller using the F8
microprocessor can be a four-chip system (Fig. 2). The
two-chip F8 microcomputer system includes random-
access memory, read-only memory, timer, interrupt
hardware, and input/6utput ports, in addition to the
traditional central processing unit.

To achieve minimum cost, the processor chips must
assume analog-to-digital conversion, all computation,
timing tasks, and digital-to-analog conversion. The

d
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microprocessor can perform the computation effort-
lessly, and a major savings in a-d and d-a circuits can be
realized if pulse width is used as the intermediate analog
signal at the inputs and the outputs. The most difficult
task is keeping the timing under control.

Many functions must be timed simultaneously. The
microprocessor must maintain elapsed time, perform a
complete input/output cycle in less than 10 milliseconds,
monitor the engine rotation, sample the analog input
pulse widths, and generate the correct ignition time and
spark pulse width. Perhaps the most stringent timing
requirement is measuring the pulse widths of the analog
inputs—in particular, the 200-microsecond engine pres-
sure pulse—to an accuracy of £ 1 us. This is a formi-
dable task for any processor with a timer resolution of
15.5 us and a tightest counting loop no better than 17
us.
To accomplish all these functions, the microproces-
sor’s role as a real-time controller must be enhanced.
Several methods of enhancement have been devised,
which provide valuable insight into next-generation
processors.

Enhancing real-time control

First, a “timed binary-search” algorithm has been
developed, which quickly resolves the high-speed pulse
width in much the same manner as a sampling oscillos-
cope resolves a very fast waveform. In a standard
sampling technique, the processor would sample the
waveform every 17 us, adding a time skew of precisely 2
us with each “look,” in the form of a NO-OP instruction.
The information for a complete picture of the waveform
would then be given after about a hundred samples.

This process is greatly speeded by using a standard
binary search technique, in which the skew is added in
binary multiples of 2 us—17 + 8 ps, then 17 + 4 ps,
and so on—resolving the pulse width to X1 us after just
a few looks.

Second, a method has been devised for greatly
improving the accuracy of the interrupt, which can occur
randomly during any instruction. This method of regis-
tering the instant of interrupt improves timing accuracy
by a factor of almost 10. The interrupt routine is able to
determine exactly the variable time delay between the
instant the interrupt occurs (during an instruction that
must be completed) and the time it is activated. It is the
precision of the time skew that determines the overall
timer resolution.

A third method proves extremely useful when multiple
timing functions are controlled by a single microproces-
sor. Called a time window, the technique makes use of
the fact that a measurement will be within a given range
of the last such measurement.

For example, if the automobile engine is running at
5,000 revolutions per minute, mechanical inertia ensures
that there is no possibility the speed within the next
revolution will be faster than 5,500 rpm or slower than

1. Automotive controller. The large number of input and output
variables, as well as the complicated sequencing of real-time events,
detail what seems to be a microprocessor system with extensive
hardware, if not a difficult programing task for a minicomputer.



