THE 16-BIT

8096

PROGRANMMING,
INTERFACING,
APPLICATIONS.

122 HANDS-ON
. EXPERIMENTS WITH
NTEL’'S iISBE-96 EMULATOR

RDN KATZ
HOWARD BOYET

J PUBLICATIONS

MICROPROCESSOR TRAINING INC.



THE 16-BIT

S8096

PROGRAMMING,
INTERFACING,
APPLICATIONS.

122 HANDS-0ON
EXPERIMENTS WITH
INTEL’S iSBE-96 EMULATOR

by
RON KATZ

[AT&T BELL LABORATORIES]

and

HOWARD BOYET

[MICROPROCESSOR TRAINING INC.)

J PUBLICATIONS

MICROPROCESSOR TRAINING INC.

14 East 8th Street, NYC 10003
(212) 473-4947



DEDICATIONS:

To that special SFR, my daughter Gigi
Rebecca Boyet,

To Linda and Vanessa Katz—the
sparkles of my life,

and

To the Intel Troka: Andy Grove,
Gordon Moore, and Baob Noyce.

Copyright © 1986 by Ron Katz and Howard Boyet.

The information in this book has been checked and is believed
to be entirely reliable. However, neither the authors nor MTI
Publications [Microprocessor Training Inc] assumes re-
sponsibiity for inaccuracies. The book is neither an en-
dorsement of any manufacturer, any product, or any process.
No responsibility is assumed for its use or infringements of
patents or rights of others which may result in its use. No part
of this book may be stored in a retrieval system, reproduced,
transmitted, or copied in any way or form without prior written
permission of the authors and publisher. World rights reserved.

Printing 10, 9, 8, 7, 6, 5, 4, 3, 2, 1.
Library of Congress Catalog Card Number: 85-613954

Printed in the United States of America



iii

FOREWORD

Since the introduction of 8048 (MCé@ZS) MicrocomewoTler in 1976,
Intel has continued to drive the evolution of single chip micro-
controllers. In 1980, Intel introduced the 8051 (MCS-51) the
second generation of microcontrollers integrating more func-
tions, features and a powerful CPU with ability to address
larger memory spaces and improved overall performance. The 8048
and 8051 have since become the industry standard 8 bit micro-
controllers.

In recent years, parallel to the advances in circuit design the
process technologies have continued to evolve allowing more com-
plex circuits to be fabricated on a single piece of silicon.
Microcontroller designers at Intel have exploited the most ad-
vanced process technologies and forged a third genmeration of
single chip microcontrollers called the 8096. (MCS-96 family of
microcontrollers). The 8096 offers the highest level of system
integration every achieved on a single chip microcontroller. It
uses over 120,000 transistors to implement a high performance,
powerful 16 bit CPU, 8K bytes of program memory, 232 bytes of
RAM and analog, digital and serial I/0 subsystems. The 8096
executes most instructions in 1 to 1.5us with the 16 x 16 mul-
tiply and 32 x 16 divide taking 6.25 usec.

The members of the MCS-96 ' microcontroller family (8396 ROM
version, 8096 ROMless version and 8796 EPROM version) contain an
oscillator and clock circuitry, full duplex serial port, watch-
dog timer, pulse width modulated output, 16 bit timer, 16 bit
counter, high speed I/O (HSIO) subsystem, and 20 interrupt
sources. In addition, versions are available with three or
five 8-bit ports and 10 bit A/D converter. ROM options include
8K bytes of ROM or 8K bytes of EPROM. The package offerings in-
clude a 48 pin DIP, 68 pin grid array and a 68 pin plastic lead
chip carrier.

This book provides a hands-on-experience with the MCS-96 system.
Howard and Ron have made enormous efforts to provide experiments
on using every aspect of this powerful single chip system. In-
cluded are experiments using the comprehensive instruction set,
external and internal interrupt structure, the special function
registers, PWM, A/D converters, Serial port, the high speed I/0
units, arithmetic applications, the timer/counters, WDT, and
signal processing.

There is an extensive range of development support tools avail-
able for the 8096 including macro assembler, PL/M, SBE-96
(Single Board Emulator) and VLSiCE-96. The authors have pro-
vided extensive hands-on working knowledge with these tools
especially the SBE-96 which is a low cost, stand-alone emulator
board.
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I believe that this book will provide invaluable assistance to
engineers, scientists, students and all others needing to learn
the 8096 and to design 8096-based applications. Intel highly
recommends this book.

Manmohan S. Passi

Product Marketing Manager
Microcontroller Operation

INTEL Corporation, Chandler, AZ

As part of Intel's new open development environment, the iSBE-96
Single Board Emulator can now be used on a wide variety of Intel
development systems and PC-DOS compatible machines.

This low cost, easy to use tool may be run, along with the
experiments in this book, on Intel's Intellec Series III and
Series IV development systems. The SBE96SKIT includes an iSBE-
96 emulator and Intel's assembler ASM-96 (Series III/Series IV
version).

For those engineers who have an IBM PC AT, IBM PC XT, or com-
patible system running DOS Version 3.0 or greater, Intel offers
the SBE96DKIT containing Intel's DOS version of ASM-96, all host
communcation software, and cables needed to run on these sys-
tems. Intel's ASM-96 high quality assembler (both the DOS and
Series III/IV versions) runs with RL-96, (linker and relocater)
makes this a complete symbolic relocatable assembler supporting
full macro capabilities. Intel also offers the PL/M-96 high-
level language which runs on all of the above systems and com-
plements Intel's ASM-96.

For those engineers who have an Intel iPDS system or Series II
development system, iSBE-96 host communication software (ATOP-
96) and cross assembler may be purchased from U.S. Software
Corporation. This software can be used with either of the two
kits SBE96SKIT or SBE96DKIT available from Intel.

Intel highly recommends this book on the 8096. All of the ex-
periments may be run using any of the above host systems. This
excellent hands-on applications book will quickly propel engin-
eers, scientists, designers, technicians and all those with a
need to know, into the technologically advanced world of the
8096 microcontroller. This book makes an excellent supplement
to the Intel Microcontroller Handbook and any other Intel lit-
erature.

Stephen Isacoff

Product Manager

Development Systems

INTEL CORP. Hillsboro, Oregon
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PREFACE

In a word, a powerhouse of a single-chip microcomputer/micro-
controller and a milestone in I/0 controls!

The 16-bit 8096 is a complex chip with enormous power, function-
ality, versatility, and far-ranging, industry-wide applications
capability. In the opinion of the authors, no other chip, as of
this writing, can match it in the area of microcontroller appli-
cations.

And yet, it is also a powerful general purpose microcomputer
which excels in areas aside from the purely microcontroller
domain. It rivals, and even surpasses in a number of areas,
other well-known 16-bit microprocessors.

At this point it is desirable to present a preview of some of
the advanced features of the 8096, so that the reader may gain
insight and perspective as to what this book is about, why it
is needed, and what it will accomplish for the user. In what
follows, we occasionally refer to the 8096 by its family desig-
nation MCS-96 (Intel trademark), as there are presently a num-
ber of versions of the chip (68 pin, 48 pin, ROMLESS, ROM,
EPROM, Digital I/0 only, analog and digital I/0).

The 8096, 68-pin versions with analog and digital I/0 on-chip,
has a 16-bit CPU (register to register architecture) with 8K
bytes of on-chip ROM (8397) or 8K bytes of on-chip EPROM (8797),
232 bytes of RAM (registers), 38 Special Function Registers
(SFRs), 8 A/D input channels (10-bit conversion), pulse width
modulation capability (PWM) with programmable duty cycle for
motor control and D/A conversion, and five 8-pin I/0 ports, one
with alternate function capability. It has on-chip a full dup-
lex serial communications port that is also capable of imple-
menting I/0 port expansion. This serial port also allows effi-
cient realization of interprocessor (master-slave) communica-
tions. The versatile A/D inputs (22 usec. conversion time,
sample and hold) and D/A output (PWM) allow for efficient on-
chip signal processing capability, motor and closed loop con-
trol. 232 registers mean less Push/Pop, more pointers, etc.

A "watchdog Timer" (WDT) on-chip allows the programmer to take
precautions against possible software/hardware malfunctions.
Available to the programmer is the option of selecting at run-
time the external bus width, 8-bits or 16-bits, to offer the
user a choice that best adapts to his/her existing peripherals.
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A 16-bit, free-running, real-time timer (2 usec. intervals) and
a 16-bit event counter (with the unusual feature of two possible
event sources and four software/hardware reset sources), each
with overflow interrupt capability, are on-chip and can be read
as Special Function Registers. The event counter can record
0 to 1 and 1 to O transitions that are separated in time by 2
usec. or more.

The interrupt system is extremely versatile and highly suited
to the multitasking requirements of a microcontroller environ-
ment. There are 8 interrupt vectors (2 external and 6 internal)
with each vector having 1 or more sources (for a total of 24
different interrupt sources). All activities (related or inde-
pendent) are tied together and kept humming, in a manner trans-
parent to the user, by the 8096's powerful interrupt system.
The main program and its background/foreground activities per-
form in a "well-oiled" manner.

A truly remarkable and advanced feature of the MCS-96 family
are the High Speed Output (HSO) and High Speed Input (HSI)
units. The HSO unit on the chip can be programmed to create
events (transitions) at any one or more of 6 HSO output lines
at any specified times (or to generate interrupts at any pro-
grammed times from four independent "Software Timers'", or to
reset the event counter at any event value, or to start an A/D
conversion at any desired time). The times referred to can be
any multiple of 2 usec. Delay loops are thus circumvented. The
HSI unit can be programmed to record the times of incoming
events (and the nature of those transitions) that may appear at
any one or more of 4 HSI input lines. The recorded times will
be some multiple of 2 usec. The HSO and HSI pins are in add-
ition to the 40 pins at the 5 I/0 ports mentioned earlier. The
resulting vastly increased I1/0 through-put and extremely accu-
rate I/0 control and monitoring is impressive. The HSI/O units
form an independent subsystem that can be programmed to generate
interrupts when their current activity is over. Thus, they may
be commanded to engage in a sequence of independent I/0 control
and monitoring activities that significantly helps alleviate
software overhead and speeds up execution time.

The HSO unit, as mentioned, contains four "Software Timers".
They, too, can be programmed to provide up to four independent
and, importantly, concurrent time delays of specified amount
without the need to write software loops. When the specified
time(s) expire(s), the software timer(s) can generate inter-
rupts(s) to vector the program flow from "other activity" to
the Software Timer Interrupt Routine where action appropriate to
that expiration time is programmed. Again, the effect on I/0
through-put is considerable. Times can be programmed to 2 usec.
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resolution (12 MHz clock) ensuring unusual accuracy.

The many aspects and novel features of the powerful 8096 inst-
ruction set will be brought out in the experiments where they
are used and explained. Some of those unusual features follow.
6 addressing modes (with two variants), allows the programmer to
deal with both internal and external memory in a flexible and
general manner. The ease this affords in operating on any reg-
ister or memory location overcomes the bottleneck often associ-
ated with accumulator-based processors. Another powerful attri-
bute is the ease of, establishing pointers with the ind’ .ect add-
ressing mode (with or without auto-increment). This allows the
use of any on-chip word register location (116 of them) as a
pointer to anywhere in memory, providing an extremely powerful
tool for manipulation of data. Other features are the availabi-
lity of 3-operand instructions (usually associated only with
minicomputers or main frames) which make the programmer's task
easier; inclusion of 16 x 16 (or 8 x 8) multiply and 32 x 16 (or
16 x 8) divide instructions (both signed and unsigned); a very
versatile and complete set of multiple shift instructions; a
normalization instruction ( valuable in floating point arithme-
tic); the existence of the "sticky bit" and "overflow trap"
flags (useful in rounding, truncation, and precision arithme-
tic); "sign extend" and "load extend" instructions (for ease in
matching 8-bit to 16-bit quantities); the flexibility and accu-
racy to be had with the availabilty of byte, word, and double-
word operand instructions -- these are just some of the features
that allow the 8096's instruction set to go beyond some of the
more powerful 16-bit microprocessors, let alone microcontrol-
lers. 1Its arithmetic processing power is formidable, accurate
and fast. Average execution time of the multiply and divide in-
structions is about 6.5 usec. Most of the 8096's instructions
execute in 1 to 1.5 usec. (12 MHz clock).

These are just some of the advanced and powerful features and
attractions of the MCS-96 family of microcontrollers that over
120,000 transistors on-chip have implemented. And that makes
a lot to learn and master.

All these features and functionality in the 8096 make the task
of learning and mastering the 8096 by oneself a formidable one,
even for the experienced microprocessor designer or user.

The purpose of this book is to get you through all aspects of
the 8096 in the quickest and, yet, most thorough manner. We
do this by a logical step-by-step, chapter-by-chapter approach
from ground up. 122 hands-on experiments, programmed in ASM-96
(and assembled in 8096 HEX code) are presented, using Intel's
iSBE-96 emulator as the learning and applications vehicle. All
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the fundamentals behind the 8096 are stressed and investigated,
"and a large number and variety of applications experiments are
presented, either in conjunction with the presentation of the
fundamentals, or separately (but always based on them).

The 8096 and this book are not for beginners. While no prior
8096 background is assumed, it is assumed that the reader has
a solid classical microprocessor background (architecture, asse-
mbly language, a thorough working facility with HEX and binary,
interfacing/digital logic, and programming). While not neces-
sary, previous exposure to microcontrollers (e.g. the 8051)
might be helpful (see the book "The 8051: Programming, Inter-
facing, Applications. 81 Hands-On Experiments with Intel's
SDK-51" by the authors of this book). Except for their serial
ports, the 8051 and 8096 are completely different microcontrol-
lers.

The keys to understanding and mastering the 8096 are: 1) its
Special Function Registers, through which efficient control of
all 8096 I/0 (or its monitoring) is accomplised, 2) its ver-
satile interrupt system which makes possible the transparent
execution of a large number of related or unrelated tasks, 3)
its ultra-fast independent HSI/O input/output units, and 4) the
unique and powerful features of its instruction set. Keep that
in mind as you go through this book and as you read the descrip-
tions of the various chapters which follow.

The experienced user may find that chapters 2 and 3 can be
skipped or given brief attention. In that case the reader can
go directly to chapter 4. All the experiments in this book
were entered in ASM-96 assembly language, with the program
print-outs showing both ASM-96 mnemonics and HEX object code
(chapter 10 gives examples using the high level language PL/M-
96).

Chapter 1 presents the relevant 8096 information, gathered in
one place for the convenience of the user. It is to be refer-
red to, as necessary, when the experiments are studied. A list
of Intel references, from which the information was taken, and
others, are presented, should the reader need additional 8096
information.

Chapter 2 is concerned with the iSBE-96 emulator. Relevant and
necessary information on it is presented. We then discuss our
approach in downloading programs to the iSBE-96 in HEX format
object code from ASM-96 assembly language input to an IBM PC.
A listing of other host systems and PCs on which the experiments
in this book can be performed is given (see also the FOREWORD
to the book). After the interfacing requirements needed to do
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the experiments are given, 9 experiments are performed demon-
strating the use of the iSBE-96, its relevant commands, and the
important features of the iSBE-96 monitor's stack that the user
should be alerted to. Debugging techniques (single-step, break-
points, etc.) using the SBE's commands are covered.” The first
I/0 experiment involving ports PO and Pl is presented, as well
as one on the Watchdog Timer.

Chapter 3 focuses on the 8096 instruction set and its capabili-
ties. 18 experiments demonstrate all the addressing modes, the
flags, the shift instructions, the "sticky bit", the "overflow
trap", the load/extend, the normalization, and the multiply and
divide instructions. Also covered are the indirect branch and
generic branch instructions, the conditional jumps, the PUSHF,
POPF, PUSH, and POP instructions, the System Reset instruction,
the CALL and JUMP instructions (of various kinds), use of 3-
operand instructions, and more.

Chapter 4 on the 8096's interrupt system is a key chapter in
coming to grips and working with the 8096. 10 experiments are
presented covering every facet of the 8096's interrupt struc-
ture. While the experiments center on the 8096's two external
interrupts (to more easily and conveniently demonstrate the
interrupt facilities), their understanding will lead to a di-
rect understanding of the 8096's six internal interrupt vectors
(and their sources). The fundamentals are identical. (The
internal interrupts are introduced in Chapter 5 and used in all
their aspects thereafter through-out the book). Conditions for
interrupt servicing (immediate or pending) are established. The
interplay among the pending interrupt, interrupt mask, and glo-
bal interrupt bits in the relevant SFRs is thoroughly investi-

gated. Both hardware and software-generated interrupts are
explored. Nesting of interrupts with the 8096 is thoroughly
covered. A powerful user option available with the 8096 is

the possibility of establishing one's own priority interrupt
structure among the 8 interrupt vectors. This is covered in
two experiments.

Chapter 5 is extremely important to understanding and applying
the 8096. It involves a study of all the 8096's SFRs (except
the serial I/0 SFRs that are deferred until chapter 8). To
this end, 25 experiments are presented in which all SFR bits are
examined as they relate to I/0 control and status or data moni-
toring. A good number of these experiments already project a
strong applications orientation. It should be kept in mind that
the 8096 on-chip devices (A/D, PWM, WDT, HSI/O, serial I/0,
timers, counters, digital I/0 ports) and interrupt facilities
are controlled and monitored by means of on-chip (RAM) register-
mapped I/0 through the SFRs. This reduces software overhead and
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results in extremely efficient I/0 processing. Half the experi-
ments in this chapter deal with the HSI/O SFRs.

Chapter 6 covers 26 applications experiments centered around the
SFRs. Half are devoted to the HSI/O units. In several examples
the applications are purposely implemented first the "classical
way'", to point out the major software and hardware I/0 advan-
tages the HSI/O units afford. A glance at the table of contents
will reveal the broad scope of this important chapter. A mas-
tery of this chapter is essential to working successfully with,
and applying, the 8096's SFRs and HSI/O units.

Chapter 7 is devoted to a discussion of the important arithmetic
features of the 8096 that give it its extraordinary arithmetic
processing capability where speed, accuracy, versatility, and
reductions in software overhead are essential. In particular,
the normalization instruction (very useful in floating point
arithmetic), the sign-extend and load-extend instructions, the
"sticky bit", "overflow trap", and '"negative" flags are all
discussed and used to illustrate the 8096's efficiency and power
in the arithmetic realm. Three experiments involving sign ex-
tension, the sticky bit (in rounding operations), and the nega-
tive flag are presented to illustrate some of the points brought
out in the chapter. More extended arithmetic is cound in ch. 9.

Chapter 8 deals with the 8096's serial port. Serial communi-
cations is the medium employed in many real world applications.
A thorough discussion and explanation of the relevant SFRs and
how to program them to achieve desired transmission/reception
characteristics in the various serial modes are first presented.
Six applications experiments are then studied demonstrating
serial communciations via the TXD and RXD pins on the 8096. The
first two are concerned with I/0 port expansion (most important
for a microcontroller), and are implemented in serial mode 0.
Reception from, and transmission back (echo) to a CRT terminal
involving mode 1 is next covered in three experiments. Two
involve polling of the serial port's status SFR and the other
is based on the serial port's interrupt vector. All three ill-
ustrate either a simple echo or the processing of the received
data before re-transmission (in the latter case processed data
buffer tables are created). Finally, an experiment on inter-
processor communciations between master and slave(s) is pre-
sented (here an iSBE-96 master and another iSBE-96 slave).
Serial modes 2 and 3 and serial interrupts are involved.

Chapter 9, in a sense, is the culmination point of the book. It
presents applications with the 8096 in a broad range of areas
beyond those covered in previous chapters. The vehicle is again
the iSBE-96. As always, we attempt to emphasize the unique
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features of the 8096 that make it the microcontroller of choice
in the applications covered (or suggested in the problems). It
is not our intent (nor within our capability) to focus on
everyone's areas of interest, or to implement the reader's spe-
cific problem(s) and needs with the 8096. In this chapter we
endeavor to present a series of broad applications in various
areas with the purpose of suggesting ideas and methods of imple-
mentation, and of illustrating the far-ranging capabilities,
power, versatility, and efficiency of the 8096. The chapter
puts to use everything learned in the previous chapters. The
applications presented may themselves be of direct interest and
use to the reader. They span a wide range from areas involving
frequency measurement and control, to serial (remote) control of
I1/0s, to high speed manufacturing operations, to materials hand-
ling, to closed loop control, to digital filters, to smoothing,
and more-much more (consult the table of contents under chapter
9). We could go on and on with a microcomputer like the 8096.

Chapter 10, the final one of the book, attempts to make the
reader aware, albeit in a small way, of some of the Intel soft-
ware/hardware development tools available for the 8096 besides
the iSBE-96 emulator board that we have been working with.
Thus, 2 applications using the high level language PL/M-96 are
offered (one of which is a PL/M-96 version of a previous experi-
ment from chaper 6 that used ASM-96 assembly language). FPAL-96
routines are used. Also presented is some information on the
Intel VLSiCE-96P (Intel trademark): In-Circuit Emulator for the
MCS-96 Family of Microcontrollers. These software/hardware dev-
elopment tools are often indispensable in achieving quicker and
more economical solutions to specific applications.

We should like to bring to your attention that a large number of
problems have been added in the book. They appear at the end of
various experiments and suggest either other ways of accompli-
shing the same application with the 8096 and/or new or further
applications to explore based on that experiment. We believe
these problems will add significant value to the book.

Also to be kept in mind is the fact that in many experiments
we have ended the main program part of the application in a self
loop, simulating "other tasks" rather than a mere "halt". The
various interrupt sources employed in the particular experiment
then achieve multitasking over and above the main activity, as
various interrupt routines are alternately entered and serviced.
The multitasking capability of the 8096 is impressive.

The various applications and programs represented in the numer-
ous experiments can themselves possibly serve as a library of
modules in building more encompassing programs for still larger
applications.
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